










increased proportions of Tregs we found at low levels of test
chimerism thus confirm our conclusion that Tregs dwell in the
thymus longer than do Tconvs.
Foxp3-expressing cells are found not only among CD4SP thy-

mocytes but also among DP cells (42). Of interest, an increased
proportion of Foxp3+ among DP test thymocytes was also ob-
served at low levels of test chimerism (Supplemental Fig. 4C).
The increase in the proportion of Foxp3+ CD4SP and DP cells was
observed at similar levels of test chimerism, consistent with the
idea that Foxp3-expressing DP cells are not the precursors of
CD4SP Tregs (42).
If the thymic niche limits Treg development, the numbers of

Tregs that develop from wt precursors in the wt test + TCRa0 fill→
wt chimeras should be superior to that in the wt test + wt fill → wt
control chimeras. We calculated the number of wt test Tregs de-
veloping in these two types of chimeras (Fig. 4C). With decreasing
levels of test chimerism, the number of developing Foxp3+

Tregs also decreased, which is inconsistent with the idea that the
thymic niche limits Treg development. In chimeras with very low
levels of test thymocytes, the numbers of Foxp3+ Tregs that de-
veloped were highly variable from animal to animal. Crucially,
the numbers of test cells that differentiated into Foxp3+ Tregs in
the control chimeras were similar to the numbers of test cells that
differentiated into Foxp3+ Tregs in the chimeras that received

TCRa0 fill cells. Reducing the number of selectable T cell pre-
cursors, therefore, clearly does not enhance development of Tregs.
We found no evidence from these experiments for a limiting role
of the thymic niche in Treg development.
CD4SP thymocytes undergo negative selection through their

interaction with epithelial cells in the medulla, and, in turn, this
interaction provides signals required for full maturation of the
medulla (43). One might argue, therefore, that in our experiments
with the TCRa0 fill chimeras, fewer of these signals are generated
and that, as a consequence, the medulla cannot mature properly
and cannot fully support Treg development. However, using TCR-
transgenic but RAG-sufficient animals, researchers showed that
very low levels of endogenous TCR-expressing CD4SP thymo-
cytes were sufficient for maturation of medullary epithelial cells
(43). It appears, therefore, rather unlikely that this hypothesis
explains why we did not see an increase in Foxp3+ Tregs pro-
portional to the reduction of test chimerism in our chimeras.
Nevertheless, to formally test this possibility, we analyzed the
differentiation of wt test Tregs in thymi filled with thymocytes that
can undergo negative selection upon interaction with medulla
epithelial cells but that cannot differentiate into Foxp3+ Tregs. To
perform this experiment, we generated chimeras with 70% Foxp3-
deficient and 30% wt BM cells, which provided sufficiently large
numbers of wt cells to prevent autoimmune disorders due to Treg

FIGURE 3. Strongly increased proportions of Foxp3+ Tregs at the

trailing ends of distinguishable waves of T cell development. (A) At 5 wk

after hematopoietic reconstitution, thymocytes from lethally irradiated wt

(Thy1.2) mice reconstituted with 2% Thy1.1 test and 98% Thy1.2 fill BM

cells were analyzed by flow cytometry. Thy1.1+ test thymocytes were

electronically gated, and CD8/CD4 plots of total test cells and Foxp3/

CD25 plots of electronically gated CD4+CD82 test cells are depicted. The

gradual progression of the T cell development wave from the DP to single

positive stages of T cell differentiation, accompanied by substantial

increases in the proportion of Foxp3+ cells among CD4SP thymocytes, is

clearly visible in the thymi of the four depicted mice. Numbers near or in

depicted electronic gates represent percentages of cells within these gates.

Analysis of the corresponding Thy1.2 fill population is shown in Supple-

mental Fig. 2A. (B) The 61 chimeras analyzed were divided into three

groups according to the stage of development (early, mid, or late wave) of

test thymocytes, as described in Materials and Methods. Within each

group, for every individual mouse the percentages of DN or DP and

CD4SP test thymocytes, and of Foxp3+ cells among CD4SP (Foxp3) test

cells, are depicted; one line corresponds to one mouse. DN, DP, and

CD4SP: left-hand y-axis; Foxp3: right-hand y-axis.

FIGURE 4. The thymic niche does not limit Foxp3+ Treg development.

(A) Lethally irradiated wt (Thy1.2) mice were reconstituted with a mix of

Thy1.1 wt test and Thy1.2 TCRa0 fill BM cells at various ratios. At 5 wk

after reconstitution, thymocytes were analyzed by flow cytometry. The plot

shows, for each individual chimera, the percentage of Foxp3+ cells among

Thy1.1+ test CD4SP thymocytes (for the gates applied, see Supplemental

Fig. 3A) as a function of test chimerism (i.e., percentage of test cells

among total thymocytes). (B) As in (A), but for chimeras in which fill cells

were of wt (Thy1.2) origin. The same data depicted as a function of test

chimerism at the CD4SP stage are shown in Supplemental Fig. 4A. Black

square, test cells; diamond, fill cells. (C) Numbers of test Thy1.1 CD4SP

Foxp3+ cells per 106 total thymocytes from the chimeric mice described in

(A) (TCRa0 fill, triangle) and (B) (wt fill, gray square) are shown as

a function of test chimerism in total thymocytes. Each symbol corresponds

to one mouse. Using the one-way ANOVA test, we found no statistically

significant difference between the two groups of mice. (D) Lethally irra-

diated wt Thy1.2 mice were reconstituted with a mixture of 30% wt

Thy1.1 test and 70% Foxp3-deficient (Foxp30, circle) or wt (diamond)

Thy1.2 fill BM cells. At 5 wk after reconstitution, thymocytes were ana-

lyzed by flow cytometry, as in (A). The percentage of Foxp3+ cells among

Thy1.1+ test CD4SP thymocytes is shown as a function of test (Thy1.1)

chimerism in total thymocytes. The same data depicted as a function of test

chimerism at the CD4SP stage are shown in Supplemental Fig. 4C.
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deficiency, but sufficiently few wt cells to see any potential effect
due to a limiting role of the thymic niche. Among wt thymocytes
in these chimeras, the proportions of Foxp3+ cells among CD4SP
thymocytes were no different from those in the control chimeras
(Fig. 4D, and Supplemental Fig. 4D). On the basis of data we have
obtained using several experimental systems, we conclude that no
evidence exists to support the idea that thymic niche size limits
development of the polyclonal Treg repertoire.

Discussion
In this study, we have addressed the question of whether the thymic
niche limits development of Tregs from precursors with a naturally
diverse TCR repertoire. In BM chimeras in which very few se-
lectable T cell precursors developed, we observed a much larger
proportion of Foxp3+ Tregs among mature CD4SP thymocytes
than was seen in normal mice. This increase was not due to
a limitation imposed by the thymic niche, however, but could be
accounted for entirely by a delay in the egress of Foxp3+ Tregs (as
compared with Foxp32 Tconvs) from the thymus. It therefore
appears that natural levels of factors involved in Treg development
in the specialized thymic microenvironment (i.e., the thymic
niche) do not limit differentiation of this important immunoreg-
ulatory population.
It was previously shown that very few T cell precursors home to

the thymus every day (25–27). Given that these cells will prolif-
erate but do not have self-renewing capacity, each precursor will
give rise to a single wave of developing T cells. By generating
hematopoietic chimeras in which trackable precursors enter the
thymus very infrequently, we could thus visualize distinct waves
of developing T cells. This allowed us to discover that thymic
dwell times of conventional and regulatory CD4 single positive
mature T cells differ substantially: Foxp3+ Tregs dwell ∼1 d lon-
ger in the thymus after positive selection (as assessed by shutdown
of the Rag2 gene) than Tconvs do. This experimental design will
be a powerful tool to further investigate the kinetics of thymic
entry of precursor cells and of their progression through the dis-
tinct stages of development.
Thymic differentiation of Tregs is a highly flexible and ac-

commodating process. It must, however, presumably be controlled
with care to avoid an overproduction of these cells, which could
otherwise potentially dampen peripheral immune responses (44).
Selection of a Treg precursor is favored by expression of the ag-
onist ligand for its TCR (8, 10–13). Expression of autospecific
TCRs or availability of ligand, or both, therefore potentially limit
Treg development (16–18). It has been shown, however, that the
population of immature T cell precursors comprises up to two-
thirds autospecific cells (41); thus, it appears unlikely that ex-
pression of TCRs with high affinity for self-MHC–peptide ligands
is a rate-limiting factor in Treg development. Even in mice in
which a very large proportion of precursors expressed a transgenic
TCR and also expressed high levels of the agonist ligand for this
TCR, still only very few Tregs developed (reviewed in Ref. 15).
Our data reported in this article demonstrate that the selecting
niche does not limit development of Tregs from the naturally very
diverse repertoire of T cell precursors. It therefore appears that
neither the number of precursors expressing high-avidity TCR nor
the availability of selecting ligand limits development of the Treg
repertoire in wt mice.
Factors other than those linked to TCR specificity (e.g., cyto-

kines and costimulatory molecules) are involved in Treg devel-
opment (22). If limiting amounts of these factors restrict the
numbers of Tregs differentiating in the thymus, we would have
seen an increase in Treg development proportional to the reduc-
tion in the number of selectable precursors in our hematopoietic

chimeras. However, we saw no increased proportions of Tregs at
intermediate levels of test chimerism. This observation is therefore
incompatible with a limiting role of the thymic niche.
We thus conclude that the thymic niche is not a limiting factor in

Treg development. Importantly, we have reached this conclusion
using an experimental system in which Treg precursors had a
naturally diverse TCR repertoire and in which the thymic stroma
expressed a normal repertoire and density of selecting MHC/
peptide ligands. It has been shown, however, that various pro-
portions (and absolute numbers) of Tregs develop in the thymus,
depending on the strain of mouse investigated and that factors
acting in a thymocyte-intrinsic manner are responsible for this
phenotype (45–47). Identification of the polymorphic genetic
factors limiting Treg differentiation should shed light on the
mechanisms that strictly control the number of Tregs developing
in the thymus. Finally, our data also reveal that newly developing
Tregs linger in the thymus longer than do Tconvs. The mecha-
nisms involved and the physiological consequences of this curious
phenomenon remain a matter of investigation.
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