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Abstract Thymic B cells are a unique population of B
lymphocytes that reside at the cortico-medullary junction
of the thymus, an organ that is specialized for the devel-
opment and selection of T cells. These B cells are distinct
from peripheral B cells both in terms of their origin and
phenotype. Multiple lines of evidence suggest that they
develop within the thymus from B lineage-committed
progenitors and are not recirculating peripheral B cells.
Furthermore, thymic B cells have a highly activated phe-
notype. Because of their location in the thymic medulla,
they have been thought to play a role in T cell negative
selection. Thymic B cells are capable of inducing negative
selection in a number of model antigen systems, including
viral super antigen, peptides from immunoglobulin, and
cognate self antigen presented by B cell receptor-mediated
uptake. These findings establish thymic B cells as a novel
and important population to study; however, much work
remains to be done to understand how all of these unique
aspects of thymic B cell biology inform their function.
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Introduction

Thymic B cells were first identified in human thymic sec-
tions in 1987 and a year later, a similar population was
reported in mice [1, 2]. From these initial descriptions, it
was clear that these cells possessed a distinctive phenotype
relative to other B cell subsets. First, thymic B cells were
detectable very early in ontogeny, even during fetal life.
Second, they showed signs of activation, and particularly,
the presence of mitotic figures and significant Ki-67
staining. Third, thymic B cells resided exclusively in the
thymic medulla, specifically at the cortico-medullary
junction.

Much of the thymic B cell research over the last few
decades has expanded on these initial findings. The three
major questions in the field have been: (1) Given the early
appearance of thymic B cells in ontogeny, what are their
developmental origin? (2) Despite their surface phenotype,
thymic B cells seem refractory to conventional stimulation
in vitro, what are the factors governing B cell activation in
the thymus? (3) Given the cortico-medullary localization of
thymic B cells, do they play a role in T cell negative
selection?

Development of thymic B cells

The earliest suggestion that thymic B cells may develop
independently of the bone marrow comes from the finding
that mature thymic B cells are detectable at embryonic day
18 in mice, prior to the onset of B cell development in the
bone marrow [1, 3]. The finding that peripheral B cells
inefficiently migrate into the thymus when splenocytes are
injected intravenously or during parabiosis, further sug-
gested that this population did not recirculate to the thymus
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from the periphery [4-6]. Finally, the identification of a B
cell progenitor-like population within the thymus gave
some support to the idea that there may be an intrathymic
pathway for B cell development. Most of our understand-
ing of thymic B cell development comes from analysis of
these fairly differentiated B lineage-committed precursors.
As we trace this developmental pathway back towards its
earliest progenitors in the thymus, it is difficult to make
definitive statements about the lineage of these cells. The
potential developmental pathways of thymic B cells are
summarized in Fig. 1. In this review, we will discuss the
better-defined later stages of thymic B cell development
before moving on to the earlier, less well-defined stages.
B lineage committed progenitors in the thymus can
be identified by their B220'°% CD43" surface Ig~ pheno-
type [4, 7, 8]. When these cells are purified and
injected intrathymically, they readily develop into
B220™E"CD43 IgM ™" cells with similar levels of CD5
expression as mature thymic B cells [4, 7]. The progenitors
can also be expanded intrathymically by the addition
FLT3L and IL-7 in thymic organ cultures [8]. In vitro,
these thymic progenitors differentiate into B cells in the
presence of IL7, but only when cultured on thymic stromal
cells [9]. Culture on bone marrow stromal cells, or even
thymus-derived stromal cell lines did not support B cell
development from these progenitors. Characterization of
the thymic stromal cells that supported B cell development
in these experiments found that they were largely cortical
in nature, suggesting that these progenitors, like T lineage
progenitors, may initially develop in the cortex before

migrating into the medulla [9]. Supporting this interpreta-
tion is the fact that while IgM™ cells are located in the
medulla, B220 staining appears to extend into the cortex
[4].

Two main findings define our understanding of how
these progenitors are regulated by the thymic environment.
First, early disruption of T cell development leads to an
outgrowth of thymic B cell progenitors, and mature thymic
B cells. This outgrowth is observed most readily in
TCRB_/ ~ but can also be observed in CD3 ™~ mice [4, 10].
These data would suggest that a shared niche is occupied
by thymocytes and B cells, and when early T cell devel-
opment is disrupted, B cells expand to fill that niche.
However, the expansion of mature thymic B cells in these
cases is always modest relative to the loss of total thymic
cellularity, indicating the niche for thymic B cells is much
smaller than the niche for thymocytes as a whole, and
suggesting that while there may be competition for thymic
niches between thymocytes and thymic B cells (and po-
tentially their progenitors), other factors likely contribute
to the different levels of T and B cells development ob-
served in the thymus.

The second finding is that the numbers of thymic B cell
progenitors and mature thymic B cells expand when
Notch signaling is disrupted [11, 12]. This relates closely
to the first point, since Notch signaling is critical for
proper T lineage commitment and Notch deficiency
clearly disrupts T cell development. These data are often
interpreted as evidence that thymic B cell development is
the fate of cells that do not encounter Notch signaling in
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Fig. 1 Two models for timing and location of progenitor commit-
ment to the thymic B cell lineage. This figure shows two possible
pathways for how cells might undergo B lineage restriction within the
thymus. (/) Circulating progenitors (such as the CLP-2 and CTP
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the T or B cell lineage, and (2) Lineage decision occurs intrathymi-
cally from multipotent progenitors
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the thymus; however while there is expansion of B cells in
the Notchl deficient animals, these B cells are pheno-
typically distinct from the B cells seen in WT mice. Most
notably in Notch™~ chimera mice, very few thymic B
cells express CD5 and many express high levels of AA4, a
marker of BM bone marrow development that is surpris-
ingly absent from WT thymic B cells, even at the
progenitor stage [5, 12]. This phenotype is further clar-
ified in mice where Cpa3-Cre causes deletion of Notchl
during the DN1-2 stage of early T cell development. It
was hypothesized that deletion of Notch in these early
progenitors would divert them towards a B cell fate, and
this deletion does lead to an increase in the same type of B
cells observed in the Notchl total knockout (pre-
dominantly CD19°¥B220'°YAA4™ progenitors) [13].
However, when Notchl deletion is examined in the cells
that phenotypically resemble WT mature thymic B cells at
the single cell level (CD19"B220™ cells), most of these
cells still carry a functional copy of Notch, despite robust
deletion in other thymic subpopulations. Instead, most of
the Notch-deleted cells go on to become dendritic cells.
These results suggest that when T cell differentiation is
blocked, thymic T cell progenitors do not simply adopt a
thymic B cell fate, and that the thymic T and B cell lin-
eages may diverge quite early, possibly prior to the DN1
thymocyte stage.

It has been shown in mice when Stat5 is constitutively
active, there is a very large expansion of thymic B cells
[14]. Additionally, it has been shown through targeted
mutations of the individual zinc fingers of Ikaros that mice
with a variant of lkaros lacking the Ist finger are almost
entirely deficient in thymic B cell development, while most
other peripheral B cell compartments appear largely intact,
although it should be noted this is only one of the many
observed immune defects in these mice [15]. Whether these
transcription factors exert their activities through interac-
tions with the Notch pathway, or in the case of Stat5
potentially through the IL7 or FLT3 pathways, remains
unclear.

These results clearly raise questions about the nature of
the thymic progenitors upstream of these B220+CD43'™
cells. The literature surrounding the lineage potential of
various thymic progenitor populations is extensive, con-
tentious, and very well-reviewed elsewhere [16, 17]. The
major consensus seems to be that the classical early thy-
mic progenitor or ETP (CD3~CD8 CD447CD25~ Kit™)
lacks B cell potential. This ETP population (divided into
DNla and DNI1b) is generally accepted to be the
population that gives rise to the bulk of mature thymo-
cytes, due to its T lineage restriction and large capacity
for expansion [18]. DN1lc and DNI1d cells, which are
distinguished from the ETP by their differential expres-
sion of CD117 and CD24, are present in the thymus at

similar frequencies as DN1a and DN1b cells, possess B
cell potential, but seem to lack the same proliferative
capacity. DN1a/DN1b do not pass through DNlc and
DNI1d on their way to the DN2 stage of T cell develop-
ment, and is unclear whether DN1c and DN1d cells are
developmentally downstream of the ETP at all, with some
groups suggesting they may derive from distinct pro-
genitors [18]. However, despite their B lineage potential,
it seems that the DN1c population largely gives rise to
dendritic cells intrathymically [18].

At a potentially earlier stage of development, work
from Benz and Bleul demonstrated that a very early
progenitor in the thymus, distinguished by its expression
of the thymus homing chemokine receptor CCR9 and Flt3
retains B cell potential, but that this potential is lost as
these cells downregulate CCR9 and FlIt3 and acquire more
of a traditional ETP phenotype, suggesting that B lineage
diversion could occur very early following progenitor
importation into the thymus as shown in path 1 of Fig. 1
[19, 20]. It is known that mice that are doubly deficient in
CCR9 and CCR7 have dramatic reductions in ETP num-
bers, but the status of the thymic B cell development in
these mice was not reported [21].

In addition to ETPs, there are a number of different cell
populations that are capable of homing to the thymus and
giving rise to thymocytes, and these cells exist along a
broad spectrum of lineage commitment. While some
populations are fully T lineage restricted in the blood be-
fore they even enter thymus, such as the Circulating
Thymic Progenitor (CTP), there are also cells such as CLP-
2 (based on their similarity to the Common Lymphoid
Progenitor) that are B220" and retain B cell potential, but
still develop into T cells in the thymus [22, 23].

It is still unclear whether any of these pathways di-
rectly contribute to the development of the thymic B cell
lineage. Most of what we know about their B cell po-
tential is derived from culture on OP-9 cells. However,
when the development of these populations is tracked
intrathymically, the amount of B cell development is
rarely reported. Interestingly the CCR9™ population de-
scribed by Benz, is capable of differentiating into B cells
even in the presence of Notch ligands (1:20 mixed stromal
cultures of OP9-DL4 and OP9, however, not on OP9-DL4
exclusively), suggesting that they might be able to give
rise to B cells even in the presence of Notch signals in the
thymus [19].

It has been reported that in fetal thymic organ culture
systems, a single thymic precursor can generate as many as
10° thymocytes in 12 days [24]. So while the relative B cell
potential of the various thymic progenitors is low, the size
of the thymic B cell pool is also fairly small. Therefore, it
is possible that the number of progenitors needed to sustain
this population may be quite low.
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Thymic B cell activation

From the human histological studies, thymic B cells appear
to be highly activated and many have visible mitotic
spindles. Further characterization in mice confirms that
these cells express a number of activation and costimula-
tory markers, such as CD5, CD69, CD80, CD86, CD40,
and high levels of MHC class II [5, 25, 26]. Despite this
activated phenotype, they display a reduced ability to
proliferate and produce antibodies in response to classic B
cell mitogens such as anti-IgM plus IL-4, and LPS relative
to splenic B cells. Class II-restricted T cell blasts are the
most efficient stimulators of thymic B cells, and similarly,
anti-CD40 and IL-10 are potent stimulators when used in
combination, suggesting potential T-B interactions in the
thymus [25, 27]. However, it is critical to note that all of
these stimuli elicit a blunted response when compared to
splenic B cells.

In particular, the CD40-CD40L interaction appears to be
important for thymic B cell biology, as thymic B cells in
mice lacking CD40 express lower levels of CD69 and
CD86 [26]. Additionally, it has been shown that CD40L "~
mice have a tenfold reduction in the total number of thymic
B cells, suggesting this pathway may be important for the
survival and maintenance of thymic B cells [28]. More
recently, it was demonstrated by Fujihara et al. [29] that
CD40 is important for thymic B cell proliferation and
function in a cell autonomous manner [29].

CD5 expression is one of the most distinguishing fea-
tures of the activated phenotype of thymic B cells. This
marker is also a hallmark of the B1 lineage of B cells,
which develop early in the fetal liver, make up a large
proportion of the cells in the peritoneal cavity, and a small
but detectable proportion of circulating B lymphocytes
[30]. This finding led to speculation that thymic B cells
were phenotypically and developmentally related to the
B-1 lineage [2]. While there may be some phenotypic
similarities, it is clear that these two populations are de-
velopmentally distinct, as the CD5" B-1a B cells develop
almost exclusively from fetal liver stem cells, while thymic
B cells develop equally well from fetal liver and bone
marrow progenitors [5, 6, 31]. Even though CDS5 is nor-
mally only expressed on B-1a B cells in the periphery, it
can be induced on B-2 B cells following IgM crosslinking
or stimulation through CD40 [32]. Given the aforemen-
tioned importance of CD40-CD40L interactions for thymic
B cells, this could potentially explain the CD5 expression
as well; however, it remains to be seen to what extent
thymic B cell activation is dependent on BCR signaling,
interactions with T cells, or other signals from the thymic
microenvironment.
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Thymic B cells as antigen-presenting cells (APCs)

The thymic medulla contains a dense network of profes-
sional APCs [33]. Two photon microscopy studies show
that upon migration into the medulla, immature thymocytes
are highly motile, constantly scanning the medulla for
cognate antigen over a period of 3-5 days [34]. Any T cell
that encounters cognate antigen during this period initiates
some form of tolerogenic gene expression program, with
the most common being negative selection, a programmed
cell death pathway that deletes the autoreactive cells from
the repertoire.

The thymic medulla contains many MHC class II ex-
pressing cell types including classical and plasmacytoid
dendritic cells, macrophages, B cells, and medullary thy-
mic epithelial cells [2, 33, 35]. While the development of
TCR transgenic mice has allowed us to assess the capacity
of each of these medullary APCs to participate in negative
selection to model antigens, it is still unclear what the
relative contribution of each of these medullary APCs is to
shaping the normal T cell repertoire.

Several studies have explored the capacity of thymic B
cells to present antigens and delete developing thymocytes.
Early reports compared the capacity of B cells and DCs to
mediate deletion in response to viral superantigens fol-
lowing intrathymic injection into neonatal mice. In this
system, intrathymically injected thymic DCs could only
induce clonal anergy, whereas thymic B cells were capable
of deleting superantigen-reactive thymocytes [36, 37]. The
fact that superantigens are preferentially expressed by B
cells is a confounding factor in comparing B cells and DCs
in this assay [38, 39]. However, when splenic B cells were
used, they were completely unable to induce any tolerance,
suggesting that this effect is not solely due to superantigen
expression in B cells [36, 37].

To further distinguish the capacity of thymic B cells to
present antigens vs. being a source of antigens, MHC I-E*
thymic B cells were injected into I-E™'~ thymi. I-E is re-
quired to present certain superantigens, so in this system
only B cells can present antigens. In this context, it was
found that thymic B cells are sufficient to mediate deletion
in the absence of other presenting thymic APCs [36]. In
these studies, the CD5™ thymic B cell pool contains most
of this activity, as a CDS5-depleted thymic B cell fraction
was less efficient at mediating deletion, and interestingly
in vitro activation of splenic B cells with anti-IgM and IL-4
enhanced their effectiveness in the assay.

Another study using a similar superantigen system took
advantage of the fact that B6 mice are naturally deficient in
I-E, to selectively express the restricting I-E allele in dif-
ferent thymic APCs [40]. Transgenic I-E expression leads
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to clonal deletion of superantigen-reactive T cells when I-E
is expressed specifically on B cells or dendritic cells
through the use of the human CD19 promoter or the CD11c
promoter, respectively, further confirming that endogenous
thymic B cells can mediate deletion [40].

While superantigen models are useful for determining
whether thymic B cells express the correct costimulatory
molecules and are correctly positioned to participate in
negative selection, the major caveat is that superantigen-
reactive T cells exist at supraphysiological frequencies and
receive a signal that is uncharacteristically strong com-
pared to most TCR-peptide/MHC interactions. The use of
TCR transgenic mice controls for one of these caveats by
allowing the study of deletion in response to peptide pre-
sented on MHC class II molecules.

B cell-specific expression of a peptide from myelin
oligodendrocyte glycoprotein dramatically enhances
negative selection of a MOG-reactive transgenic T cells,
and similar results were found using a system based on
the influenza hemagglutinin protein as a neo-self anti-
gen; however in both of these systems, it is hard to
distinguish B cell-specific antigen presentation from the
more general effect of increasing antigen expression in
the thymus [41, 42]. TCR transgenics that are specific
for peptides derived from immunoglobulin undergo en-
hanced negative selection when B cells bearing those
immunoglobulin determinants are present in the thymus
[43, 44]. In these immunoglobulin systems, it is shown
that B cells are the dominant cell type presenting the
immunoglobulin peptide, with very little contribution
from other thymic APCs [44, 45]. Our own work has
demonstrated that autoreactive B cells that are specific
for the self antigen glucose-6-phosphate isomerase (GPI)
process and present that antigen on MHC class II, en-
hancing the deletion of autoreactive T cells and
suggesting that BCR-mediated endocytosis of self anti-
gen may be a unique pathway by which thymic B cells
acquire self antigen for presentation [5].

The field has largely focused on the role of thymic B
cells in shaping CD4 T cell selection, and relatively little is
known about the capacity of thymic B cells to influence
CDS8 T cell selection. In a superantigen model, it was found
that thymic B cells were less effective at deleting CD8"
thymocytes when compared to their ability to delete CD4™
thymocytes [40]. In a model using the MHC class I re-
stricted OT-1 TCR transgenic, it was found that retroviral
expression of the target antigen ovalbumin in B cells did
not result in increased negative selection of CD8 thymo-
cytes; however, this system depended on the generation of
bone marrow chimeras, which in our experience leads to
suboptimal thymic B cell reconstitution, so additional
confirmation may be necessary [46].

Remaining questions

The unique properties of thymic B cells discussed in this
review raise many more biological questions that need to
be addressed. In terms of development, what is the relative
contribution of fetal liver vs. bone marrow and does it
change with age? Can thymic B cells self renew or is some
kind of progenitor always needed, and how is the home-
ostasis of thymic B cells maintained in the adult thymus?
What molecules regulate the homing of B cell progenitors
into the thymus and their migration through the cortex
towards the thymic medulla? Once thymic B cells are in
the medulla, are they highly motile-like thymocytes or
static-like dendritic cells? How is the thymic B cell
repertoire selected? Are they subject to the same kinds of
tolerance mechanisms as B cell development in the bone
marrow?

Furthermore, our understanding of the activated phe-
notype of thymic B cells is still very superficial. It will be
important to determine to what extent thymic B cell acti-
vation is dependent on BCR signaling, interactions with T
cells, or other signals from the thymic microenvironment.
How does their activated phenotype affect their function?

Finally, to understand their role in negative selection, it
will become increasingly important to understand the na-
ture of antigens that are being presented by thymic B cells
(Fig. 2). The MHC class II presentation pathway in B
cells is strongly linked to the B cell receptor. Thymic B
cells present cognate self antigens, as well as peptides
derived from the B cell receptor, much more efficiently
than thymic dendritic cells or other thymic APCs. While it
has not been formally demonstrated, it is also possible that
B cell-specific proteins could be efficiently presented by

B cell
Receptor

Cognate
Self Antigen

B cell-specific
Protein

MHC Class Il
loading compartment

Fig. 2 Sources of antigens for thymic B cell presentation. Thymic B
cells present cognate self antigens (blue), peptides derived from the B
cell receptor (red), and possibly B cell-specific proteins (purple) to
autoreactive thymocytes. Arrows indicate cognate interactions be-
tween TCR and peptide-MHC
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thymic B cells (e.g., CD19 or B cell-specific transcription
factors). Supporting this possibility is the finding that B
cell-specific overexpression of model antigens leads to
enhanced negative selection. Ultimately, how does pre-
sentation of these unique antigens shape the T cell
repertoire?
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