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The Journal of Immunology

A Role for Intrathymic B Cells in the Generation of Natural
Regulatory T Cells

Stacey N. Walters,*,† Kylie E. Webster,*,† Stephen Daley,‡ and Shane T. Grey*,†

B cells inhabit the normal human thymus, suggesting a role in T cell selection. In this study, we report that B cells can modulate

thymic production of CD4+ Foxp3+ T cells (regulatory T cells [Tregs]). Mice with transgenic expression of BAFF (BAFF-Tg)

harbor increased numbers of Helios+Foxp3+ thymic Tregs and, similar to some human autoimmune conditions, also exhibit

increased numbers of B cells colonizing the thymus. Distinct intrathymic B cell subpopulations were identified, namely B220+,

IgM+, CD23hi, CD21int cells; B220+, IgM+, CD23lo, CD21lo cells; and a population of B220+, IgM+, CD23lo, CD21hi cells. Ana-

tomically, CD19+ B cells accumulated in the thymic medulla region juxtaposed to Foxp3+ T cells. These intrathymic B cells

engender Tregs. Indeed, thymic Treg development was diminished in both B cell–deficient BAFF-Tg chimeras, but also B cell–

deficient wild-type chimeras. B cell Ag capture and presentation are critical in vivo events for Treg development. In the absence of

B cell surface MHC class II expression, thymic expansion of BAFF-Tg Tregs was lost. Further to this, expansion of Tregs did not

occur in BAFF-Tg/Ig hen egg lysozyme BCR chimeras, demonstrating a requirement for Ag specificity. Thus, we present

a mechanism whereby intrathymic B cells, through the provision of cognate help, contribute to the shaping of the Treg reper-

toire. The Journal of Immunology, 2014, 193: 170–176.

T
he thymus is the central anatomical site for the differ-
entiation and selection of T cells. Generation of productive
T cells restricted to the host’s MHC is directed by the

strength of cognate interactions between the TCR and MHC
molecules expressed by intrathymic APCs. T cells that express the
transcription factor Foxp3 provide a necessary regulatory func-
tion required for the maintenance of immune homeostasis (1).
The majority of regulatory T cells (Tregs) are generated within
the thymus, where cognate TCR–MHC interactions directed by
intrathymic APCs play a deterministic role in shaping the result-
ing Treg repertoire (2, 3). Among the thymic APC populations,
presentation of tissue-specific Ags in an AIRE-regulated manner
by medullary thymic epithelial cells (mTECs) is critical for Treg
selection (1, 4). Further to this, dendritic cells (DCs), through the
capture and shuttling of peripheral Ags to the thymic medulla, also
play a distinct role in shaping the size and repertoire of thymic
Treg cells (5). It is of interest that the thymus also contains other

cell populations with APC activity including B cells, but their
respective role in thymic Treg development is less clear.
Cells expressing typical B cell markers IgM, CD19, CD20, and

CD22 can be found in the normal human fetal, postnatal, and adult
thymus (6, 7). Human thymic B cells exhibit an activated phe-
notype and accumulate within the medulla, particularly around
Hassall’s corpuscles, but also in the perivascular and intralobular
spaces (6, 8). Thymic B cells comprise a minor, but discernible,
population in mice, appearing in the thymus during early fetal
development and reaching a stable frequency by birth, therein
maintained throughout adult life (9–11). The particular anatomical
location of B cells within the thymic medulla suggests a functional
role in T cell selection. Evidence that B cells can play a role in
T cell selection first came to light through rodent studies exam-
ining minor lymphocyte-stimulating (Mls) Ags encoded by the M
locus (12). In this case, clones reactive to specific Mls Ags, such
as T cells bearing the Vb6 TCR element reactive for Mls-1a, are
deleted by B cells in the thymus (13–15). Subsequent studies
extended this concept to other model Ags (16, 17) and so dem-
onstrate that B cells can contribute to the shaping of the T cell
repertoire through negative selection. Whether B cells can also
participate in other thymic events such as the selection of Tregs is
unclear.
In contrast to normal conditions in which B cells comprise

a minor thymic population, expanded thymic B cell numbers have
been reported for human subjects with autoimmune conditions such
as myasthenia gravis and systemic lupus erythematosus (SLE)
(8, 18–21). Similar findings have been reported for autoimmune
prone MRL lpr/lpr and (NZB 3 NZW) F1 mice (9, 22, 23).
Paradoxically, some clinical studies indicate abnormalities in
Tregs in SLE that include increased Foxp3+ cells (24, 25).
Overexpression of BAFF, as in BAFF-transgenic (BAFF-Tg)
mice, results in the expansion and extrasplenic distribution of
B2 cell subsets concordant with the development of autoimmunity,
sharing pathological features with SLE and Sjögren’s syndrome
(26, 27). BAFF-Tg mice also show an increased frequency and
number of Foxp3+ Treg cells, which can suppress potent T cell
responses (28). Significantly, the expansion of Tregs in BAFF-Tg

*Immunology Division, Garvan Institute of Medical Research, Darlinghurst, New
South Wales 2010, Australia; †St. Vincent’s Clinical School, University of New
South Wales, Sydney, New South Wales 2010, Australia; and ‡College of Medicine,
Biology and Environment, Australian National University, Canberra, Australian Cap-
ital Territory 0200, Australia

Received for publication September 19, 2013. Accepted for publication April 25,
2014.

This work was supported by National Health and Medical Research Council Grant
427649 (to S.T.G.). S.N.W. is supported by a grant from the Ross Trust. S.T.G. is an
Animal Resource Centre Future Fellow and a National Health and Medical Research
Council Research Fellow.

S.N.W. performed the experiments, analyzed data, and cowrote the manuscript;
K.E.W. performed thymic histology and analysis; S.D. performed the Ki-67 experi-
ments; and S.T.G. designed the study, analyzed data, and cowrote the manuscript.

Address correspondence and reprint requests to Dr. Shane T. Grey, Immunology
Division, Garvan Institute of Medical Research, 384 Victoria Street, Darlinghurst,
NSW 2010, Australia. E-mail address: s.grey@garvan.org.au

Abbreviations used in this article: BAFF-Tg, transgenic expression of BAFF; B.M.,
bone marrow; DC, dendritic cell; Mls, minor lymphocyte-stimulating; mMT2/2,
B cell–deficient; mTEC, medullary thymic epithelial cell; SLE, systemic lupus erythe-
matosus; Treg, regulatory T cell; WT, wild-type.

Copyright� 2014 by TheAmericanAssociation of Immunologists, Inc. 0022-1767/14/$16.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1302519

 at U
niversity of N

ew
 South W

ales L
ibrary on O

ctober 16, 2014
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

mailto:s.grey@garvan.org.au
http://www.jimmunol.org/


mice is B cell dependent. In this study, we show that in BAFF-Tg
mice, B cells accumulate in the medullary region of the thymus
and engender the development of thymic Tregs. Treg expansion in
BAFF-Tg mice requires B cell surface MHC class II (MHC II) and
an intact BCR repertoire, indicating thymic B cells provide cog-
nate help to engender Treg development. B cells have emerged as
potent immune regulators (29) in the contexts of intestinal in-
flammation (30, 31), autoimmunity (32, 33), and organ transplan-
tation (28, 34). This work exposes a novel role for thymic B cell
involvement in Treg development as a means to generate T cell
tolerance.

Materials and Methods
Mice

C57BL/6 and BALB/c mice were purchased from the Animal Resource
Centre (Perth, Australia). B cell–deficient (mMT2/2) mice were purchased
from The Jackson Laboratory. BAFF-Tg mice, MHC II2/2 mice, MD4
mice, and Foxp3-DTR mice housed under conventional barrier protection
and handled in accordance with the Garvan Institute of Medical Research
and St. Vincent’s Hospital animal experimentation and ethics committee,
which complies with the Australian code of practice for the care and use of
animals for scientific purposes.

Flow cytometry

Cell suspensions of spleen and thymus were prepared according to standard
protocols and stained for FACS analysis in PBS containing 0.5% BSA,
2 mM EDTA, and 0.02% Na azide using the following Abs (obtained from
BD Pharmingen unless otherwise stated): CD25, BrdU, IgM, B220, CD4,
Foxp3 (eBioscience and BioLegend), Helios (BioLegend), CD1d, CD23,
CD21 conjugated to PE, APC, FITC, PerCP, or biotin.

B cell isolation

Splenic B cells were isolated via magnetic separation using a MACS
B cell isolation kit (Miltenyi Biotec) and an AUTOMACS system according
to the manufacturer’s instructions.

Bone marrow chimeras

Mice were sublethally irradiated with 2 doses of 600 rad with 2 h of resting
between doses. Twenty-four hours later, mice were reconstituted (i.v.) with
5 3 106 bone marrow (B.M.) cells. (Isolated B cells were also injected i.v.
when reconstituting with mMT2/2 B.M.)

Treg proliferation

BrdU 200 ml (10 mg/ml) was injected i.p. into WT and BAFF-Tg mice five
times at 12-h intervals, splenocytes were isolated, and BrdU uptake was
examined by flow cytometry.

Treg survival

GFP-expressing splenocytes were injected i.v. into WTand BAFF-Tg mice.
Spleens were analyzed, and GFP splenocytes were recovered by flow
cytometry day 15 postinjection.

Treg conversion

(Foxp32) CD252CD4+ T cells from Foxp3-DTR were FACS sorted and
injected i.v. into WT and BAFF-Tg mice, and GFP+ (Foxp3+) splenocytes
were then recovered by flow cytometry day 15 postinjection.

Histology

Thymi from BAFF-Tg and age-matched C57BL/6 mice were embedded in
OCT (Sakura) and frozen. Sections (6–8 mm) were cut using a Leica
CM1900 cryostat (Leica Microsystems), air dried, and fixed in acetone.
After blocking (30% horse serum), sections were incubated with primary
Abs, followed by secondary reagents and DAPI (Invitrogen). Where re-
quired, normal rat serum was used to block remaining reactive sites prior
to incubation with biotinylated reagents. B cells were detected with anti-
CD19 biotin (eBioscience; eBio1D3) and streptavidin Cy3 (Jackson
ImmunoResearch Laboratories) or anti-CD19–purified (eBio1D3) and
anti-rat Cy2 (Jackson ImmunoResearch Laboratories); Tregs with anti-
Foxp3 biotin (eBioscience; FJK-16s) and streptavidin Cy3; and mTECs
with anti–MTS-10 Ab (gift from Richard Boyd, Monash University) and
anti-rat Cy2 (15, 35). After final washing and mounting with fluorescent

mounting medium (DakoCytomation), slides were examined with a Zeiss
Axiovert 200M microscope (Carl Zeiss).

Statistics

Statistical analysis was performed using the Student t test on Instat software
(GraphPad Software). Graft survival was plotted as Kaplan-Meier curves
and analyzed using log-rank test on Statview software (SAS Institute).

Results
Increase in BAFF-Tg Tregs is not due to peripheral conditions

BAFF-Tg mice have expanded B cells that engender increased
peripheral CD4+ Foxp3+ T cells (28). However, it is not known
whether Treg expansion occurs in the periphery or centrally in the
thymus. To further investigate the mechanism for increased Tregs,
we examined Treg proliferation, survival, and conversion rates
in the periphery. The potential for increased proliferation was
assessed by determining the percentage of BrdU+CD4+CD25+

cells in the periphery of WT and BAFF-Tg mice after five injec-
tions of 10 mg/ml BrdU at 12-h intervals. It was found that BAFF-
Tg Tregs did not have increased proliferation compared with WT
Tregs with the median BrdU+ cell frequency being 2.0 versus
2.1%, respectively (n $ 5; p = 0.2592) (Fig. 1A). This finding was
verified by flow cytometric analysis of Ki-67 levels in BAFF-Tg
and WT splenic CD4+Foxp3+ T cells, in which no difference in
the frequency of Ki-67+ Tregs was observed (data not shown).
To assess the persistence of peripheral Tregs in BAFF-Tg mice,

GFP-expressing splenocytes were adoptively transferred to BAFF-
Tg or WT mice, and the frequency of splenic GFP-expressing
CD25+ cells remaining was analyzed. In this case, no difference
was found between the persistence of GFP-expressing CD4+

CD25+ T cells in either BAFF-Tg or WT mice, the median value
being 3.1% in WT mice and 3.8% in BAFF-Tg mice (n $ 5; p =
0.8245) (Fig. 1B). BAFF can promote B cell survival (36), and
consistent with this, the survival of GFP-expressing B220+IgM+

B cells was enhanced in BAFF-Tg mice compared with WT mice,
the frequency of GFP-expressing B cells being 52.2 versus 32.3%,
respectively (n = 4; p = 0.0246) (Fig. 1C). Thus, BAFF is not
acting as an acute trophic factor enhancing Treg persistence in the
periphery.

To assess a role for increased Treg conversion in the periphery,
FACS-sorted GFP2 (Foxp32) CD252CD4+ T cells from Foxp3-
DTR (37) mice were adoptively transferred into WT and BAFF-
Tg mice. GFP+ (Foxp3+) splenocytes were then recovered. There
was no difference between the conversion of GFP2 (Foxp32)
CD252CD4+ T cells to GFP+ Foxp3+ Tregs in WT mice versus
BAFF-Tg mice, the median value being 1.1% in WT mice and
0.8% in BAFF-Tg (n = 5; p = 0.2463) (Fig. 1D). These data show
that the expansion of Tregs in BAFF-Tg is not due to peripheral
mechanisms, suggesting a thymic origin for the increase.

Increased thymic Tregs in BAFF-Tg mice

Helios, a member of the Ikaros transcription factor family, is
preferentially expressed by thymic Tregs, such that the ratio of
Helios+ to Helios2 Tregs in the periphery is ∼3:1 in WT mice
(38). Therefore, changes in the output of thymic Tregs versus the
peripheral generation would be reflected in an altered ratio of
peripheral Helios+/Helios2 Foxp3+CD4+ T cells. We found for
BAFF-Tg mice that the ratio of peripheral Helios+ Tregs/Helios2

Tregs was increased from ∼3:1 to ∼10:1 when compared with WT
mice (n = 6) (Fig. 2A). Analysis of thymic single-positive CD4+

Foxp3+ Treg frequencies revealed that BAFF-Tg mice harbored
a ∼2-fold increase in thymic Tregs compared with WT mice with
the median being 8.5% versus 3.9% (n = 6; p = 0.0017). The
increased frequency of Foxp3+ cells was due to ∼3.5-fold increase
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in the absolute numbers of Foxp3+ cells in BAFF-Tg mice, the
median being 5.1 3 105 for BAFF-Tg compared with 1.4 3 105

for WT mice (n = 6; p = 0.0012) (Fig. 2B). To determine if the
increase in intrathymic Tregs could be attributed to recirculating
peripheral Tregs rather than increased thymic output, we exam-
ined the pattern of Helios expression on thymic Tregs. All thymic
Foxp3+ cells were Helios+, both for BAFF-Tg but also WT mice,
whereas there was little evidence of Helios-negative Tregs in ei-
ther the WTor BAFF-Tg (n$ 5) thymus. The presence of Helios2

Tregs would have been indicative of recirculating Tregs (Fig. 2C).
Thus, the expansion of peripheral Tregs in BAFF-Tg mice (28, 39)
is due to increased thymic Tregs.

Thymic expansion of Tregs is B cell dependent

A number of mechanistic experiments were next conducted to
determine if B cells play a role in the development of thymic
Tregs. To establish a necessary requirement for B cells in the genera-
tion of increased thymic Tregs in BAFF-Tg mice, radiation B.M.
chimeras comprising BAFF-Tg hosts transplanted with mMT2/2

B.M. were generated. WT and BAFF-Tg hosts transplanted with

WT B.M. were also generated as controls. The frequency of thymic
CD4+Foxp3+ T cells in control B.M. chimeras at 10 wk post–B.M.
transplant was 6.6% in WT B.M. → WT chimeras, whereas the
frequency of thymic Tregs in WT B.M. → BAFF-Tg chimeras was
increased ∼3-fold to 17.7% (n $ 6; p = 0.0007). The absolute
numbers of CD4+Foxp3+ T cells were increased ∼5-fold in WT
B.M. → BAFF-Tg chimeras compared with WT B.M. → WT chi-
meras, the median number being 0.25 3 106 versus 1.28 3 106,
respectively (n $ 6; p , 0.0001) (Fig. 3A). In contrast, exam-
ination of the frequency of Tregs in mMT2/2 B.M. → BAFF-Tg
chimeras revealed that in the presence of BAFF, but in the absence
of B cells, the frequency of thymic CD4+ Foxp3+ T cells was
reduced by ∼30% compared with WT B.M. → BAFF-Tg chi-
meras. Further, the frequency of Tregs in mMT2/2 B.M. → BAFF-
Tg chimeras was also decreased compared with WT B.M. → WT
chimeras (n $ 4; p = 0.0043) (Fig. 3A, 3B). These data show that
in the absence of B cells, there is a reduction of thymic Tregs in
BAFF-Tg mice and also that the presence of BAFF cannot rescue
this reduction in the absence of B cells. To further test whether
B cells might influence Treg numbers in WT mice, the frequency
of thymic Tregs in mMT2/2 mice was analyzed. It was found that
the frequency of CD4+Foxp3+ T cells was reduced in mMT2/2

mice compared with WT mice by ∼1.7-fold, the median frequency
being 2.3% for mMT2/2 mice versus 3.9% in WT mice (n$ 4; p =
0.0226). The absolute numbers of thymic CD4+Foxp3+ T cells
in mMT2/2 mice was also decreased; indeed, the median number
of CD4+Foxp3+ T cells in mMT2/2 mice was 0.6 3 105 compared
with 1.4 3 105 in WT mice (n $ 4; p = 0.0095) (Fig. 3C). These
data demonstrate that the expansion of thymic Tregs is reduced in
the absence of B cells in both WT and BAFF-Tg mice. Hence,
B cells provide modulatory control over the homeostatic produc-
tion of Tregs.

FIGURE 1. Treg expansion in BAFF-Tg mice is not due to peripheral

conditions. (A) Representative flow cytometry plots and cumulative data of

frequency of proliferating splenic CD4+CD25+BrdU+ Treg cells in WT

(n = 6) and BAFF-Tg mice (n = 5); NS, p = 0.2592 from three individual

experiments. (B) Representative flow plots and cumulative data of fre-

quency of surviving splenic CD4+CD25+GFP+ Tregs in WT (n = 5) and

BAFF-Tg mice (n = 6); NS, p = 0.8245 from three individual experiments.

(C) Representative flow plots and cumulative data of frequency of sur-

viving splenic IgM+B220+GFP+ B cells in WT (n = 4) and BAFF-Tg mice

(n = 4); p = 0.0246 from two individual experiments. (D) Representative

flow plots and cumulative data of frequency of converted GFP+ Tregs in

WT (n = 5) and BAFF-Tg mice (n = 5); NS, p = 0.2463 from two indi-

vidual experiments.

FIGURE 2. Expanded frequency and number of Thymic Tregs in BAFF-

Tg mice. (A) Frequency of splenic CD4+Foxp3+Helios+/2 lymphocytes in

WT (n = 6) and BAFF-Tg mice (n = 6) from two individual experiments.

(B) Frequency; p = 0.0017 and calculated numbers; p = 0.0012 of thymic

CD4+ Foxp3+ Treg cells in WT (n = 6) and BAFF-Tg mice (n = 6) from

three individual experiments. (C) Frequency of thymic CD4+ Foxp32

Helios+/2 thymocytes in WT (n = 6) and BAFF-Tg mice (n = 5) from

three individual experiments.
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Characterization of resident thymic B cells in WT and
BAFF-Tg mice

The B cell dependency of increased thymic Tregs in BAFF-Tg
mice suggested an intrathymic role for B cells in Treg expansion.
As reported (9, 40), we found that IgM+B220+ B cells inhabited
the thymus of WT mice, albeit at low frequencies. Remarkably,
BAFF-Tg mice harbored a ∼7-fold increase in the frequency of
resident thymic B cells compared with WT mice, the median
being 2.1 versus 0.3%, respectively (n $ 7; p , 0.0001). The
increased frequency was due to an increase in the absolute num-
bers of resident thymic B cells in BAFF-Tg mice, an increase of
∼16-fold with BAFF-Tg mice having a median of 5.2 3 104 and
WT mice having a median of 0.3 3 104 (n $ 6; p , 0.0003)
(Fig. 4A). Using the markers IgM, B220, CD21, and CD23 to
analyze these resident thymic B cells further, we could identify
distinct intrathymic B cell subpopulations, namely B220+IgM+

CD23hiCD21int cells; B220+IgM+CD23loCD21lo cells; and a pop-
ulation of B220+IgM+CD23loCD21hi cells (Fig. 4B, 4C). Thus, the
normal thymus harbors a complex niche of distinct B cell subsets,
which may imply distinct roles in T cell selection.

B cells accumulate in the thymic medulla associated with
mTECs and Tregs

To assess the anatomical location of the resident thymic B cells
histological sections of the thymus were stained with an mAb to
CD19. In the WT thymus, CD19+ cells could be found scattered
throughout the medulla, but less evidence for significant cortical
localization could be observed (Fig. 4D). In the BAFF-Tg thymus,
CD19+ cells were also restricted to the thymic medulla. However,
in the case of the BAFF-Tg thymus, CD19+ cells exhibited a
tendency to accumulate in clusters within the thymic medulla

FIGURE 3. Expansion of thymic Tregs is B cell dependent. (A) Fre-

quency of thymic CD4+ Foxp3+ Tregs in B.M. chimeras; WT B.M. → WT

(n = 8) and WT B.M. → BAFF-Tg mice (n = 6); p = 0.0007 and calculated

numbers p , 0.0001 from three individual experiments. (B) Frequency of

thymic CD4+Foxp3+ Tregs in B.M. chimeras; mMT2/2 B.M. → BAFF-Tg

mice (n = 4) when compared with WT B.M. → WT mice (n = 8) (A); p =

0.0043 from two individual experiments. (C) Frequency p = 0.0226 and

calculated numbers p = 0.0095 of thymic CD4+Foxp3+ Tregs in WT (n =

6) and mMT2/2 mice (n = 4) from three individual experiments.

FIGURE 4. B cell populations in the thymus of BAFF-Tg mice. (A)

Frequency; p , 0.0001 and calculated numbers; p = 0.0003 of thymic

IgM+ B220+ B cells in WT (n = 6) and BAFF-Tg mice (n = 7) from three

individual experiments. (B) B cell subsets in the spleen of WT and BAFF-

Tg mice. (C) B cell subsets in the thymus of WT and BAFF-Tg mice. (D)

Histological analysis of location of WT thymic CD19+ B cells (scale bars,

100 mm). (E) Histological analysis of location of BAFF-Tg thymic CD19+

B cells (scale bars, 100 mm). (F) Histological analysis of location of

BAFF-Tg thymic CD19+ B cells in relation to MTS-10+ mTECs (scale

bars, 100 mm). (G) Histological analysis of location of BAFF-Tg thymic

CD19+ B cells in relation to Foxp3+ Tregs (scale bars, 200 mm). (H) Corre-

lation of thymic Tregs and thymic B cells; y = 1.1112x + 3.2019; r = 0.8573.
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(Fig. 4E, 4G). Using the marker MTS-10 to reveal mTECs, it
could be seen that these B cell clusters inhabited anatomical
locations adjacent to mTECs (Fig. 4F). Colabeling for Foxp3 and
CD19+ to highlight potential intrathymic B/Treg interactions
revealed some CD19+ cells juxtaposed to Foxp3+ cells (Fig. 4G).
Thus, B cells can be found inhabiting the thymic medulla in close
proximity to thymic APCs and Tregs. Indeed, regression analysis
comparing the numbers of B cells and Tregs in mMT2/2, WT, and
BAFF-Tg mice revealed a strong correlation (r = 0.8573) between
the presence or absence of resident thymic B cells and the num-
bers of CD4+Foxp3+ Tregs (Fig. 4H).

Thymic B cells provide cognate help for the expansion of
natural Tregs

Intrathymic Treg cell selection requires cognate interactions with
peptide–MHC II complexes on the surface of thymic APCs (4,
41). We could show that resident thymic B cells express surface
MHC II molecules, as well as the costimulatory molecules CD80
and CD86 (data not shown), indicating they have the required
machinery for Treg selection. To assess whether B and T cell
cognate interactions are critically involved in Treg development
in BAFF-Tg mice, we generated radiation B.M. chimeras by
which BAFF-Tg recipients received mMT2/2 donor marrow plus
an infusion of MHC II2/2 donor B cells. The resultant mice lack
MHC II on B cells but all other thymic populations remain MHC
II+, thereby eliminating the ability of B cells to present cognate
peptide/MHC II complexes to CD4+ T cells. The frequency of
thymic CD4+Foxp3+ T cells in mMT2/2 B.M. plus WT donor
B cells → BAFF-Tg chimeras was 8.9%, whereas the frequency of
thymic Tregs in mMT2/2 B.M. plus MHC II2/2 donor B cells →
BAFF-Tg chimeras was reduced ∼3-fold to 2.9% (n = 5; p ,
0.0001) (Fig. 5A). Thus, in BAFF-Tg mice, expansion of thymic
Tregs is dependent upon cognate B–T cell interactions provided
by peptide/MHC II complexes. Further to this, in WT chimeras,
the frequency of thymic B cells were equivalent, eliminating
artifacts due to disparate thymic B cell frequencies (Fig. 5B);
however, the frequency of thymic CD4+Foxp3+ T cells was re-
duced 1.4-fold to ∼2.4% (n $ 4; p = 0.0141) in WT chimeras
receiving MHC II2/2 B cells as compared with WT chimeras
receiving WT B cells (Fig. 5C). These data demonstrate that
B cells can influence thymic Treg development through the pro-
vision of cognate help in both BAFF-Tg, as well as WT mice.

An intact BCR repertoire is required for Treg expansion

To assess the role of Ag specificity in the expansion of Tregs in
BAFF-Tg mice, radiation B.M. chimeras were generated by which
BAFF-Tg were reconstituted with donor marrow from MD4-Tg
mice in which B cells express the monoclonal hen egg lyso-
zyme–specific BCR (42). The resultant mice would therefore lack
an intact and diverse BCR repertoire required for Treg generation
by intrathymic B cells.
The frequency of thymic CD4+Foxp3+ T cells in WT B.M. →

BAFF-Tg chimeras was 12.9%, whereas the frequency of thymic
Tregs in MD4-Tg B.M. → BAFF-Tg chimeras was reduced ∼8.5-
fold to 1.5% (n = 5; p, 0.0001) (Fig. 5D). Thus, in BAFF-Tg mice,
expansion of thymic Tregs is dependent upon an intact BCR reper-
toire. Further to this, in WT chimeras, the frequency of thymic B cells
was equivalent, eliminating artifacts due to disparate thymic B cell
frequencies (Fig. 5E). However, the frequency of thymic CD4+

Foxp3+ T cells was reduced ∼1.7-fold to ∼1.82% (n $ 5; p =
0.0066) in WT chimeras receiving MD4-Tg B.M. as compared
with WT chimeras receiving WT B.M. (Fig. 5F). These data
demonstrate that B cells can influence thymic Treg development

in a process dependent upon the provision of a diverse range of
BCR signaling in both BAFF-Tg as well as WT mice.

Discussion
Our data raise important questions regarding the role of thymic
B cells in the selection of the Treg repertoire under steady-state
conditions. Natural Tregs develop in the thymus, most likely se-
lected via engagement with a strong agonist peptide that would
otherwise cause deletion (43). Although some studies have raised
the possibility that Treg selection may begin in the cortex (44, 45),
the majority favor the view that the thymic medulla is the site
where Treg precursors mature after contact with intrathymic APCs
(2, 4, 46). In this study, we were able to identify B cells within the
thymic medulla in close proximity with mTECs and also Tregs,
suggesting that thymic B cells were involved in Treg maturation.

FIGURE 5. Expansion of Tregs in mice is dependent on direct inter-

action with B cells. (A) Representative flow cytometry plots and cumu-

lative frequency of thymic CD4+Foxp3+ Tregs in B.M. chimeras; mMT2/2

B.M. + WT donor B cells → BAFF-Tg and mMT2/2 B.M. + MHC II2/2

donor B cells → BAFF-Tg mice (n = 5); p # 0.0001 from two individual

experiments. (B) Frequency of thymic B cells in B.M. chimeras; mMT2/2

B.M. + WT donor B cells → WT (n = 6) and mMT2/2 B.M. + MHC II2/2

donor B cells → WT mice (n = 5); NS, p = 0.6573 from two individual

experiments. (C) Frequency of thymic CD4+ Foxp3+ Treg cells in B.M.

chimeras; mMT2/2 B.M. + WT donor B cells → WT (n = 6) and mMT2/2

B.M. + MHC II2/2 donor B cells→WTmice (n = 5); p = 0.0141 from two

individual experiments. (D) Representative flow plots and cumulative

frequency of thymic CD4+ Foxp3+ Tregs in B.M. chimeras; WT B.M. →
BAFF-Tg and MD4-Tg → BAFF-Tg mice (n = 5); p # 0.0001 from two

individual experiments. (E) Frequency of thymic B cells in B.M. chimeras;

WT B.M. → WT (n = 8) and MD4-Tg B.M. → WT mice (n = 5) are not

statistically different between groups; p = 0.1254 from two individual

experiments. (F) Frequency of thymic CD4+Foxp3+ Treg cells in B.M.

chimeras; WT B.M. → WT (n = 8) and MD4-Tg B.M. → WT mice (n =

5); p = 0.0066 from two individual experiments.
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TCR specificity has an important role in the thymic selection of
Tregs (2, 46) suggesting that the nature of APCs encountered
within the thymus dictate the shaping of the Treg repertoire (47).
The thymus harbors a network of APCs including cortical TECs,
mTECs, and DCs. Evidence indicates these cells could act coor-
dinately to control T cell development, as deletion of MHC II from
either B.M.-derived cells or thymic epithelial cells still allows Treg
development (41, 48, 49). The question remains whether the diverse
range of intrathymic APCs make individual and specific con-
tributions to the development of Tregs with unique specificities
(47). TECs, through the stochastic expression of tissue-specific Ags
regulated by AIRE and via intrathymic autophagy (4, 50), would
most likely contribute different Ags than peripheral APCs. The
thymus contains a large population of plasmacytoid DCs and SIRPa
DCs that are derived from the periphery (51), which consequently
would be expected to capture peripheral Ag and then migrate to
present peripheral Ags for Treg selection (5, 47). B cells would
represent excellent candidates for the presentation of peripheral Ags
to nascent T cells within the thymus. B cells express a high density
of MHC II and costimulatory molecules (52) necessary for Treg
development. Ab-mediated Ag capture is characterized by enhanced
endocytosis and accelerated delivery to endocytic processing and
MHC II loading compartments facilitating Ag-specific presentation
(53). Indeed, as shown in this study, absence of B cell–expressed
MHC II resulted in reduced thymic Treg output. Further, the diverse
repertoire of the BCR and the specificity of Ab-mediated Ag cap-
ture would allow for the capture of important cryptic and neo-Ags
that otherwise may be present in limiting quantities. Our data
support a model in which B cells capture peripheral Ags through
their BCR and subsequently accumulate in the thymic medulla to
present these captured Ags via surface MHC II complexes to na-
scent Tregs and suggest a mechanism by which B cells could po-
tentially contribute to the shaping of the Treg repertoire.
It is interesting to consider that in BAFF-Tg mice, a model of lupus

and Sjrogren’s syndrome (36), B cells colonize the medullary
region of the thymus and exert a marked influence on the devel-
opment of Tregs. This may reflect the situation whereby B cells
can normally engender Tregs, but in the case of BAFF-Tg mice
with increased numbers of B cells, this function is correspond-
ingly enhanced. A characteristic feature of BAFF-Tg mice is the
increased numbers of circulating B cells with a phenotype like that
of splenic marginal zone B cells (54), a prominent cell type in
other autoimmune prone mouse strains (55), and a subset of hu-
man subjects with Sjrogren’s syndrome (27). Further to this, B cells
have been shown to colonize the thymus in excessive numbers in
autoimmune disease including myasthenia gravis and lupus (8, 19–
21). Of interest, some clinical studies indicate abnormalities in
Tregs in lupus that include increased Foxp3+ cells (24, 25). These
observations raise a paradox with regards the role of Tregs in
autoimmune diseases. One possibility is that increased Tregs
represent a feedback response to reign in B cell autoimmunity.
The thymic Tregs engendered by B cells in BAFF-Tg mice are able

to suppress powerful T cell responses including rejection of pancreatic
islets and skin allografts (28). Thus, BAFF-Tg mice are effectively
immunologically tolerant of allografts. Recently, a role for B cells in
the maintenance of tolerance to clinical organ transplants emerged.
Reports from transplant trials, in which subjects maintained stable
graft function after stopping immunosuppression termed operation-
ally tolerant, displayed a B cell signature including elevated numbers
of circulating B cells in the periphery (34, 56). Major features of
tolerant grafts included high expression of CD20 but also increased
frequencies of transitional B cells (34). B cells could facilitate graft
tolerance by inducing allograft-specific Tregs across an MHC barrier
(57, 58), a mechanism that may be of significance in the context of

graft-versus-host disease. Though the mechanism by which B cells
could provide immunological tolerance to solid-organ grafts in the
clinic are as yet unidentified, our data with BAFF-Tg mice suggests
that B cells can accumulate within the thymus, where they can
present cognate MHC–Ag complexes to engender thymic Tregs,
mechanisms previously associated with DCs (5, 41).

Acknowledgments
We thank Prof. Fabienne MacKay (Department of Immunology, Monash

University, Melbourne, Australia) and Dr. Susan Khalled (Biogen IDEC,

Boston, MA) for providing BAFF-Tg mice, Prof. Robert Brink (Immunol-

ogy Division, The Garvan Institute of Medical Research) for supplying the

MHC II2/2 mice, Dr. Pablo Silveira (Immunology Division, The Garvan

Institute of Medical Research) for supplying the MD4 mice, Prof. Alexander

Rudensky (Howard Hughes Medical Institute and Memorial Sloan-

Kettering Cancer Center, New York) for supplying the Foxp3-DTR mice,

Prof. Richard Boyd (Monash Immunology and Stem Cell Laboratories,

Monash University) for providing the mAb MTS-10, and M. Pickering

(Biological Testing Facility, The Garvan Institute of Medical Research)

for providing valuable technical support.

Disclosures
The authors have no financial conflicts of interest.

References
1. Fontenot, J. D., J. P. Rasmussen, L. M. Williams, J. L. Dooley, A. G. Farr, and

A. Y. Rudensky. 2005. Regulatory T cell lineage specification by the forkhead
transcription factor foxp3. Immunity 22: 329–341.

2. Jordan, M. S., A. Boesteanu, A. J. Reed, A. L. Petrone, A. E. Holenbeck,
M. A. Lerman, A. Naji, and A. J. Caton. 2001. Thymic selection of CD4+CD25+
regulatory T cells induced by an agonist self-peptide. Nat. Immunol. 2: 301–306.

3. Hsieh, C. S., H. M. Lee, and C. W. Lio. 2012. Selection of regulatory T cells in
the thymus. Nat. Rev. Immunol. 12: 157–167.

4. Aschenbrenner, K., L. M. D’Cruz, E. H. Vollmann, M. Hinterberger, J. Emmerich,
L. K. Swee, A. Rolink, and L. Klein. 2007. Selection of Foxp3+ regulatory T cells
specific for self antigen expressed and presented by Aire+ medullary thymic epithelial
cells. Nat. Immunol. 8: 351–358.

5. Duncan, S. R., N. G. Capetanakis, B. R. Lawson, and A. N. Theofilopoulos.
2002. Thymic dendritic cells traffic to thymi of allogeneic recipients and prolong
graft survival. J. Clin. Invest. 109: 755–764.

6. Isaacson, P. G., A. J. Norton, and B. J. Addis. 1987. The human thymus contains
a novel population of B lymphocytes. Lancet 2: 1488–1491.

7. Spencer, J., M. Choy, T. Hussell, L. Papadaki, J. P. Kington, and P. G. Isaacson.
1992. Properties of human thymic B cells. Immunology 75: 596–600.

8. Christensson, B., P. Biberfeld, and G. Matell. 1988. B-cell compartment in the thymus
of patients with myasthenia gravis and control subjects. Ann. N. Y. Acad. Sci. 540:
293–297.

9. Andreu-Sánchez, J. L., J. Faro, J. M. Alonso, C. J. Paige, C. Martı́nez, and
M. A. Marcos. 1990. Ontogenic characterization of thymic B lymphocytes.
Analysis in different mouse strains. Eur. J. Immunol. 20: 1767–1773.

10. Marcos, M. A., J. L. Andreu, J. M. Alonso, J. Faro, M. L. Toribio, and
C. Martinez. 1989. Physiological significance of thymic B lymphocytes: an
appraisal. Res. Immunol. 140: 275–279.

11. Nango, K., M. Inaba, K. Inaba, Y. Adachi, S. Than, T. Ishida, T. Kumamoto,
M. Uyama, and S. Ikehara. 1991. Ontogeny of thymic B cells in normal mice. Cell.
Immunol. 133: 109–115.

12. von Boehmer, H., and J. Sprent. 1974. Expression of M locus differences by
B cells but not T cells. Nature 249: 363–365.

13. Mazda, O., Y. Watanabe, J. Gyotoku, and Y. Katsura. 1991. Requirement of
dendritic cells and B cells in the clonal deletion of Mls-reactive T cells in the
thymus. J. Exp. Med. 173: 539–547.

14. Gollob, K. J., and E. Palmer. 1993. Aberrant induction of T cell tolerance in
B cell suppressed mice. J. Immunol. 150: 3705–3712.

15. Touma, M., K. J. Mori, and M. Hosono. 2000. Failure to remove autoreactive
Vbeta6+ T cells in Mls-1 newborn mice attributed to the delayed development of
B cells in the thymus. Immunology 100: 424–431.

16. Frommer, F., and A. Waisman. 2010. B cells participate in thymic negative se-
lection of murine auto-reactive CD4+ T cells. PLoS ONE 5: e15372.

17. Kleindienst, P., I. Chretien, T. Winkler, and T. Brocker. 2000. Functional com-
parison of thymic B cells and dendritic cells in vivo. Blood 95: 2610–2616.

18. Leprince, C., S. Cohen-Kaminsky, S. Berrih-Aknin, B. Vernet-Der Garabedian,
D. Treton, P. Galanaud, and Y. Richard. 1990. Thymic B cells from myasthenia
gravis patients are activated B cells. Phenotypic and functional analysis.
J. Immunol. 145: 2115–2122.

19. Vincent, A., G. K. Scadding, H. C. Thomas, and J. Newsom-Davis. 1978. In-
vitro synthesis of anti-acetylcholine-receptor antibody by thymic lymphocytes in
myasthenia gravis. Lancet 1: 305–307.

The Journal of Immunology 175

 at U
niversity of N

ew
 South W

ales L
ibrary on O

ctober 16, 2014
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


20. Goldstein, G. 1966. Plasma cells in the human thymus. Aust. J. Exp. Biol. Med.
Sci. 44: 695–699.

21. Mackay, I. R., M. Masel, and F. M. Burnet. 1964. Thymic Abnormality in
Systemic Lupus Erythematosus. Australas. Ann. Med. 13: 5–14.

22. Sato, T., S. Ishikawa, K. Akadegawa, T. Ito, H. Yurino, M. Kitabatake,
H. Yoneyama, and K. Matsushima. 2004. Aberrant B1 cell migration into the
thymus results in activation of CD4 T cells through its potent antigen-presenting
activity in the development of murine lupus. Eur. J. Immunol. 34: 3346–3358.

23. Ikehara, S., H. Tanaka, T. Nakamura, F. Furukawa, S. Inoue, K. Sekita,
J. Shimizu, Y. Hamashima, and R. A. Good. 1985. The influence of thymic
abnormalities on the development of autoimmune diseases. Thymus 7: 25–36.

24. Zhang, B., X. Zhang, F. L. Tang, L. P. Zhu, Y. Liu, and P. E. Lipsky. 2008.
Clinical significance of increased CD4+CD25-Foxp3+ T cells in patients with
new-onset systemic lupus erythematosus. Ann. Rheum. Dis. 67: 1037–1040.

25. Horwitz, D. A. 2010. Identity of mysterious CD4+CD25-Foxp3+ cells in SLE.
Arthritis Res. Ther. 12: 101.

26. Mackay, F., S. A. Woodcock, P. Lawton, C. Ambrose, M. Baetscher,
P. Schneider, J. Tschopp, and J. L. Browning. 1999. Mice transgenic for BAFF
develop lymphocytic disorders along with autoimmune manifestations. J. Exp.
Med. 190: 1697–1710.

27. Groom, J., S. L. Kalled, A. H. Cutler, C. Olson, S. A. Woodcock, P. Schneider,
J. Tschopp, T. G. Cachero, M. Batten, J. Wheway, et al. 2002. Association of
BAFF/BLyS overexpression and altered B cell differentiation with Sjögren’s
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