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1) Proposer un titre pour l'article et rédiger un résumé (maximum 120 mots) (8
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5) Expliquer le concept de tolérance centrale. Quel est le rôle des cellules
épithéliales thymiques ? (2 points)
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Formation of a functional thymus initiated by a
postnatal epithelial progenitor cell
Conrad C. Bleul1, Tatiana Corbeaux1, Alexander Reuter1†, Paul Fisch2, Jürgen Schulte Mönting3

& Thomas Boehm1

The thymus is essential for the generation of self-tolerant effector
and regulatory T cells. Intrathymic T-cell development requires an
intact stromal microenvironment, of which thymic epithelial cells
(TECs) constitute a major part1–3. For instance, cell-autonomous
genetic defects of forkhead box N1 (Foxn1)4 and autoimmune
regulator (Aire)5 in thymic epithelial cells cause primary immuno-
deficiency and autoimmunity, respectively. During development,
the thymic epithelial rudiment gives rise to two major compart-
ments, the cortex and medulla. Cortical TECs positively select
T cells6, whereas medullary TECs are involved in negative selection
of potentially autoreactive T cells7. It has long been unclear
whether these two morphologically and functionally distinct
types of epithelial cells arise from a common bi-potent progenitor
cell8 and whether such progenitors are still present in the postnatal
period. Here, using in vivo cell lineage analysis in mice, we
demonstrate the presence of a common progenitor of cortical
and medullary TECs after birth. To probe the function of postnatal
progenitors, a conditional mutant allele of Foxn1 was reverted to
wild-type function in single epithelial cells in vivo. This led to the
formation of small thymic lobules containing both cortical and
medullary areas that supported normal thymopoiesis. Thus,
single epithelial progenitor cells can give rise to a complete and
functional thymic microenvironment, suggesting that cell-based
therapies could be developed for thymus disorders.

The thymus is the primary lymphoid organ that generates a diverse
and self-compatible T-cell repertoire. The epithelial component of
the thymic stroma is essential for intrathymic T-cell development2,3.
In mice homozygous for loss-of-function mutations in the gene
encoding the transcription factor Foxn19, TECs fail to differentiate4,10

and thymopoiesis is completely blocked, causing severe immuno-
deficiency11. In the normal thymus, TECs found in the cortex and the
medulla are functionally distinct. For example, medullary epithelial
cells are required for negative selection, failure of which leads to
autoimmunity5,12,13. Therefore, TECs might be an attractive source of
cell-based strategies to correct or modulate autoimmune disorders8.

However, much remains to be learned about their development
and function. For instance, an epithelial cell population isolated from
an embryonic thymus gives rise to a functional microenvironment
consisting of both medullary and cortical compartments when
transplanted into ectopic sites14,15, but it is unclear whether this
activity resides in one cell type or is the result of the joint activity of
many different cell types. Furthermore, it is unclear whether bi-
potent progenitors exist in the postnatal thymus. Here, we examine
two questions. First, we ask whether cortical and medullary epithelial
cell types are derived from one common progenitor and whether
such epithelial progenitor cells exist in postnatal thymus tissue.
Second, we ask whether single such progenitor cells can give rise

to functionally competent thymic tissue supporting normal
thymopoiesis.

To answer the first question, we developed a lineage-tracing
procedure based on the Cre/loxP system to follow the fate of
genetically marked TECs. As a read-out for Cre activity we used
the well-established Rosa26R-eYFP (where eYFP is enhanced yellow
fluorescent protein) reporter16 system that supplies a fluorescent
protein only after Cre-mediated chromosomal rearrangement at a
ubiquitously expressed genomic locus. Cre activity was provided by a
modified Cre-recombinase, driven by the human K14 promoter
(hK14<Cre-ERT2) (where ER is human oestrogen receptor)17. Two
features made the latter component particularly attractive for our
purpose. First, the K14 promoter is active in epithelial progenitor
cells18 and so we expected that it might be active also in thymic
epithelial precursor cells. Second, Cre-ERT2 exhibits a low level of
activity even in the absence of tamoxifen induction (data not shown),
effectively creating somatic mosaics in epithelial compartments.

Although no yellow cells were found in the thymic lobes of newborn
(postpartum day zero, P0) hK14<Cre-ERT2;Rosa26R-eYFP mice
(n ¼ 10), about half the mice (15/29) contained yellow cells in the
thymic epithelial compartment at P14 (Supplementary Table S1). As
mice grew older, the proportion of mice with yellow TECs steadily
increased, as did the number of yellow cells per thymus. However, at
P14, the number of marked cells per thymus was low, ranging from 3
to 146 cells per total thymus and thus comprised only a minor
fraction ( ,, 0.1%) of TECs (Supplementary Table S1). In thymus
tissue, yellow cells were found to be clustered rather than evenly
distributed. Indeed, the observed distribution of yellow cells per unit
volume (that is, per section), each comprising about 1–2% of thymic
tissue, is incompatible with a Poisson distribution expected for
random distribution (Supplementary Table S1, P , 0.001, Sign
test). This indicated that yellow cells did not arise independently
and that cell clusters were the result of single recombination events
occurring in cells with proliferative potential.

Of the 58 thymic lobes derived from the 29 animals that we
completely sectioned, 21 circumscribed areas (clusters) contained
yellow cells; nine single cells were also found (Supplementary Fig. S1a).
Four cell clusters occurred in the medulla, each without evidence of
associated cortical cells (Fig. 1a; Supplementary Fig. S1); these
clusters are reminiscent of the medullary islets described earlier19

and their observation provides independent evidence for a medullary
epithelial progenitor cell. In ten instances, yellow cells occurred only
in the cortex but not in the medulla, and nine of those ten instances
consisted of a single cell only (Fig. 1b; Supplementary Fig. S1). One
cortical cluster was observed (Fig. 1c), consisting of cells arranged
concentrically around a medullary islet. This finding is compatible
with the existence of a dedicated cortical progenitor cell.
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Sixteen of 21 cell clusters (76%) contained cells of both cortical
and medullary phenotypes spanning the cortico-medullary junction
(Fig. 1d). These patterns suggest that TEC progenitors exhibiting
yellow fluorescence after Cre-mediated recombination at the Rosa26
locus give rise to groups of genetically related progeny that are
found in close proximity to each other. Indeed, mathematical
modelling reproduces the appearance of clustered progeny from
single progenitors and the results indicate that biologically mean-
ingful parameters for proliferation probabilities of progenitor and
differentiated cells and generation times can explain the observed
patterns (Supplementary Information and Table S2). Interestingly, the
distribution of labelled progeny derived from eYFP-positive/MHC
class-II-positive embryonic day (E)12.5 embryonic TECs added to
reaggregates of thymic tissue and transplanted into ectopic sites is
strikingly similar to the pattern observed in the postnatal lineage
tracing experiment (Supplementary Fig. S2). This is compatible with
the notion that the differentiation of embryonic and postnatal TECs
follows similar rules.

Collectively, the above analyses strongly suggested the presence of
bi- and uni-potent progenitor cells for the cortical and medullary
compartments, respectively. However, owing to the experimental
design of creating somatic mosaics, it was impossible to obtain proof
for the functional competence of such progenitors beyond their
morphological and immunohistochemical characteristics. We there-
fore devised a genetic test to examine the proposed differentiation
model in functional terms. The design of this experiment was based
on the assumption that Foxn1-deficient TECs are maintained in an
undifferentiated state in the alymphoid rudiment4,10.

We sought to create a null allele of Foxn1 that could be reverted to
the wild-type configuration upon the action of Cre recombinase.
Owing to the unique properties of the hK14<Cre-ERT2 transgene
described above, we expected to be able to examine the functional
consequences arising from the reversion of Foxn1 in single epithelial
cells within a Foxn1-deficient epithelial rudiment. We first confirmed
that the hK14<Cre-ERT2 transgene was also active in Foxn12/2

epithelial cells using mice transgenic for hK14<Cre-ERT2 and
Rosa26R-lacZ20 on the Foxn1-deficient nu/nu background (Fig. 2a).
In the thymic rudiment of hK14<Cre-ERT2;Rosa26R-lacZ;nu/nu
mice, expression of b-galactosidase was confined to rare, often single,
cells in an entire rudiment, indicating that Cre-mediated recombina-
tion occurred as a singular event. Thus, for subsequent experiments
using the hK14<Cre-ERT2 transgene, differentiated progeny of
reverted epithelial cells could be expected to originate from single
TEC.

The revertable allele of Foxn1 was created by insertion of a cassette
containing splice acceptor and polyadenylation sites into the intron
between exons 6 and 7 of the mouse Foxn1 gene (Fig. 2b). This
insertion was modelled according to a rat nude allele21 to corrupt the
normal splicing process. The formation of truncated non-functional
messenger RNAs ultimately resulted in a nude phenotype in mice
homozygous for this allele (Supplementary Fig. S3a). Excision of the
cassette by Cre recombinase was expected to restore normal splicing;
indeed, a wild-type phenotype was observed after deletion of the
cassette in the germ-line (Supplementary Fig. S3b, c). When mice
homozygous for the Foxn1SA2 allele were made transgenic for the
hK14<Cre-ERT2 construct, peripheral T cells could be detected
(Fig. 2c) in a progressively larger proportion of the mice with
increasing age. For instance, in one cohort, at 4 weeks of age, 8/18
mice had peripheral T cells, and another five became positive within
the following month. The presence of peripheral T cells above the
background of T cells observed in nude mice was absolutely depen-
dent on the presence of the hK14<Cre-ERT2 transgene, indicating
that the Foxn1SA2 allele itself is not leaky.

Peripheral T cells in the reverter mice, although fewer in number
than in wild-type mice, exhibited high surface levels of T-cell receptor
(TCR) beta (Fig. 2c), showed a polyclonal T-cell repertoire (Sup-
plementary Fig. S4), upregulated activation markers upon CD31
cross-linking (Supplementary Fig. S5) and re-established the
immune response to a T-cell-dependent antigen (Supplementary
Fig. S6), as well as reactivity in mixed lymphocyte reactions (data not

Figure 1 | Examples of cell clusters observed in lineage tracing analysis.
a, Medullary islet observed via eYFP fluorescence (left); same section stained
with UEA-1, which marks a subset of mature medullary cells (middle);
merged images of EYFP and UEA-1 (right). Outline of section and
genetically marked medullary islet indicated in white. b, Single marked

cortical cell (merged images). c, Halo of cortical epithelial cells adjacent to
medullary islets (red) (merged images). Cortical clusters are more dispersed
than medullary islets. d, Group of cells spanning the cortico-medullary
junction (merged images). Scale bars, 100mm (a), 100mm (b), 20 mm
(b inset), 50 mm (c), 50mm (d).

NATURE|Vol 441|22 June 2006 LETTERS

993



© 2006 Nature Publishing Group 

 

shown). When the thymic rudiment was analysed by histology in
such mice, small areas of thymic tissue were apparent adjacent to
alymphoid cysts (Fig. 3a). These neo-thymi contained well-defined
central medullary areas enclosed by cortical spheres (Fig. 3b) and

supported normal T-cell differentiation (Fig. 3c, d; Supplementary
Fig. S7a) for at least 21 months (the latest time point examined;
Supplementary Fig. S7b). The epithelium in neo-thymi expresses the
autoimmune regulator Aire and peripheral self antigens (Supple-
mentary Fig. 8), suggesting that central tolerance mechanisms are in
place.

Interestingly, no thymic mass consisting of either cortical or
medullary epithelium was observed, indicating that to support
productive thymopoiesis, the reversion of Foxn1 function in single
cells occurs in a cell type that is positioned upstream of cortical and
medullary precursors in the differentiation hierarchy. This experi-
ment shows how epithelial stroma emanating from single progenitor
cells gives rise to a microenvironment that supports the immigration,
differentiation and emigration of haematopoietic cells. As expected
for a cumulative random reversion process, the number and size of

Figure 2 | A revertable Foxn1 allele (Foxn1SA2). a, Histological section of
thymic rudiment in hK14<Cre-ERT2;Rosa26R-lacZ;nu/nu mice stained
with an anti-cytokeratin K8 antibody (brownish stain) and developed for
b-galactosidase expression (blue stain). Right panel, close-up of the
indicated region in the left panel; note the single positive cell in the wall of
the cyst. Scale bars, 100mm, left panel; 25 mm, right panel. b, Structure of the
Foxn1 locus before (upper line) and after knock-in (middle line) of the SA2
cassette (yellow) and the hygromycin selectable marker (dark blue).
Cre-mediated excision of this cassette (bottom line) deletes a small region
(indicated by light blue rectangle) in the intron. Red arrowheads, loxP sites;
splicing pattern indicated by red lines. c, Top panels, analysis of
splenocytes for CD4-positive and CD8-positive T cells in 8–12-week-old
wild-type, nude (nu/nu), and Foxn1SA2/Foxn1SA2;hK14<Cre-ERT2 mice
(SA2/SA2;K14Cre) (average ^ standard deviation). Bottom panels, surface
levels of TCRß for CD4-positive cells.

Figure 3 | Postnatal thymopoiesis in Foxn1SA2/Foxn1SA2;hK14<Cre-ERT2
mice. a, Histological section of neo-thymus stained with UEA-1 (left) and
anti-CD8 (right). b, Anti-cytokeratin K5 (green, specific for medullary
TECs) and anti-cytokeratin K8 (red, specific for cortical TECs) staining;
cystic rudiment (inset). K5/K8-double positive cells appear yellow. Scale
bars, 100mm. c, Analysis of lymphocytes from the mediastinum of a
Foxn1SA2/Foxn1SA2 seven-week-old control mouse (left) and a Foxn1SA2/
Foxn1SA2;hK14<Cre-ERT2 littermate (right). The double-negative cells in
the left panel are B cells. d, Enumeration of CD4/CD8-double-positive cells
in the mediastinum of 7–10-week-old Foxn1SA2/Foxn1SA2 mice with or
without the hK14<Cre-ERT2 (K14Cre) transgene; control, nu/þ mice
(average ^ standard deviation). e, Proposed scheme of TEC differentiation.
A bi-potent progenitor of cortical and medullary epithelium (TESC, thymic
epithelial stem cell) gives rise to distinct intermediary progenitor cells (MEP,
medullary epithelial progenitor; CEP, cortical epithelial progenitor) and
finally to mature medullary and cortical TECs (mTECs and cTECs).
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thymic lobules observed in thymic rudiments increased in older mice
(Supplementary Fig. S9a); furthermore, the age of analysed mice
correlated with increasing numbers of TECs, CD4/CD8 double-
positive thymocytes and peripheral T-cell numbers (Supplementary
Fig. 9b, c). We also observed re-growth of hair in progressively larger
patches of skin in reverter mice, indicating restoration of hair
keratinization as a consequence of normalized Foxn1 function.

Our results provide answers to a number of key problems in TEC
biology. We show that the embryonic and adult TEC compartments
contain bi-potent progenitor cells that give rise to TECs with both
cortical and medullary phenotypes. Our results confirm the presence
of medullary precursors19 and suggest the presence of an equivalent
progenitor for the cortical compartment. We cannot determine the
relative proportion of these types of progenitor cells in the postnatal
thymus, because the method we use here for their detection depends
on the (unknown) relative activity of the transgenic construct
supplying Cre activity in the different precursor types. Nevertheless,
our findings allow us to propose a differentiation scheme of TECs
(Fig. 3e): lineage tracing and genetic reversion analysis both suggest
that a Foxn1-dependent bi-potent precursor initially gives rise to
cortical and medullary precursors which then form small clusters of
differentiated progeny. Interestingly, the reversion experiment also
indicates that direct interaction of ectoderm with endoderm is not
required for full differentiation of adult TECs, because mediastinal
thymic rudiments are no longer in contact with the cells of this germ
layer. Our results also indicate that the bi-potent TEC progenitor cell
expresses Foxn1.

A surprising finding was that despite the absence of Foxn1,
epithelial precursors in thymic rudiments survive into the adult
period, because they can be induced postnatally to differentiate
normally by re-supply of Foxn1 function. This finding provides
functional proof for earlier suggestions of the presence of an
immature epithelium in Foxn1-deficient thymic rudiments10. It
also shows how a functional epithelial compartment arising from
single progenitor cells is capable of organizing fully competent
thymopoietic niches. The supply of Foxn1 is necessary and sufficient
to direct the differentiation of immature epithelial cells into fully
mature and functionally competent TECs, so the delivery of Foxn1 to
even single progenitor cells of the cystic epithelial rudiment of human
FOXN12/2 patients22,23 (for instance, through viral vectors) may result
in clinically relevant and long-lasting thymopoiesis that bone marrow
transplantation failed to achieve24. Our results thus suggest a treatment
method for this particular kind of primary immunodeficiency.

The presence of a bi-potent progenitor cell in the embryonic
thymic epithelial compartment has been unequivocally demon-
strated25; our results indicate that such a progenitor also exists in
the postnatal thymus. Further work should focus on the isolation of
this rare cell type from adult tissues with the possibility of developing
cell-based therapies to modify the outcome of autoimmune disorders
in adults.

METHODS
More detailed methods are described in the Supplementary Information.
Mice. TheCre-transgenic mouse strain for the ubiquitous deletion of loxP-flanked
gene segments (PBi-2<Cre; ‘Cre-deleter’ (ref. 26)) was the kind gift of K. Rajewsky.
The Cre reporter strains produced by targeted insertion of lacZ20 or eYFP16 into
the Rosa26 locus were kindly provided by P. Soriano and S. Srinivas, respect-
ively. Mice expressing eYFP in all cells were generated by crossing Rosa26-eYFP
mice with the Cre-deleter strain. The transgenic mouse line driving a modified
Cre-protein (Cre-ERT2) under the control of the hK14 promoter/enhancer17

was the kind gift of P. Chambon.

The Foxn1SA2 knock-in allele was created as follows. The targeting construct
was assembled in a step-wise fashion. Into the XbaI site of the plox2d plasmid27

that is positioned between two tandemly arranged loxP sites we inserted two
tandemly arranged copies of a 605-base pair (bp) fragment (one copy of this
fragment corresponds to nucleotides (nt) 321 to 925 in GenBank accession
number Y08910; ref. 21.) each containing splice acceptor and polyadenylation
signal sequences to give plasmid pP4SA3. This fragment is derived from a

transposon insertion into the rat Foxn1 gene identified in the rat nu rnuN strain21.
A triplicated version of this cassette was inserted into plasmid pKSB22A
(a modified plasmid derivative of the lGET exon-trapping vector28) to give
plasmid p22SA3i and we confirmed its desired effect on splicing and poly-
adenylation after transfection into COS7 cells (data not shown). This indicates
that the cassette may be generally useful for the construction of revertable alleles.

Immediately upstream of the downstream loxP site of pP4SA3, a 2.1-kilobase
(kb) BglII fragment derived from pHA58 (the kind gift of A. Berns; ref. 29.)
encoding a hygromycin resistance cassette was cloned. Two fragments with
homologies to the mouse Foxn1 locus were positioned up- and downstream,
respectively, of the two loxP sites in the final targeting vector. The upstream short
homology arm corresponds to nt 36917 to 39877, and the downstream long
homology arm corresponds to nt 40433 to 47098 in GenBank accession number
Y12488 (ref. 30). The final targeting construct (pP4SA2Whn) contains a deletion
of 555 bp of intronic sequence between exon 6 (occurring at nt 39555 to 39651 in
GenBank accession number Y12488) and exon 7 (occurring at nt 43958 to 33156
in GenBank accession number Y12488) of the Foxn1 gene to facilitate the
detection of Cre-mediated removal of the SA2-hyg cassette (Fig. 2b). This
vector was linearized with XhoI and electroporated into R1 embryonic stem
cells. Hyg-resistant cells were screened for homologous recombination by
Southern blotting using BamHI-digested DNA and a probe derived from exon
3 of Foxn1 (nt 34186 to 34467); the wild-type allele corresponds to 18.2 kb, the
targeted allele to about 11 kb. Several correctly targeted clones were injected into
blastocysts, and the chimaeras backcrossed to C57BL/6 mice for germline
transmission.

Heterozygous mice were intercrossed to yield homozygous mutant mice and
their phenotype analysed as described4; as expected, the knock-in allele was
allelic to the nu allele (data not shown) and indistinguishable in phenotype
(Supplementary Fig. S3). It was concluded that the Foxn1-SA2hyg knock-in
allele (henceforth designated Foxn1SA2) represents a null allele of Foxn1. To
confirm the functionality of the loxP sites, these mice were crossed to the Cre-
deleter strain; the phenotype of mice homozygous for the deleted allele was
normal (Supplementary Fig. S3).
Characterization of TECs in lineage tracing experiments. Fluorescence signals
emanating from eYFP-expressing cells and from immunohistochemical stains
(UEA-1; K8; MTS-10) were recorded in tissue slices (50mm) using a Leica TCS
SP2 UV confocal microscope system. Background fluorescence was distin-
guished from eYFP fluorescence using Leica Spectral Dye Separation software.
The average diameter of clusters composed of yellow cells was found to be
160 ^ 115 mm (average ^ standard deviation); accordingly, we required a
minimum distance of about 3 s.d. ( ¼ 350mm) between aggregates of yellow
cells to designate them as independent; the minimum number of cells required
per cluster is 1.
Differentiation potential of embryonic TECs. To determine the long-term
repopulation potential of embryonic TECs, isolated thymic lobes from E12.5
embryos of the fully recombined Rosa26-eYFP strain were dispersed into single
cell suspensions12 and stained with antibodies against CD45 and MHC class II.
MHC-class-II-positive, CD45-negative, eYFP-positive cells were sorted into
wells of microtitre plates that contained 2 £ 105 cells from dissociated E14.5
thymic lobes of BALB/c wild-type mice. The cell suspensions were reaggregated
for 2 days and then transplanted under the kidney capsule of BALB/c nude mice.
After 5 months, recipient mice were killed and grafts examined for the presence
of eYFP-positive cells in the ectopic thymic tissue.
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Bleul et al., Legends to Supplementary Figures and Tables

Figure S1 | Characterization of genetically marked epithelial cells

observed in lineage tracing analysis. a, Schematic of five potential

patterns indicated in a thymus with two medullary areas, symbolized by

two small circles. A single medullary cell (top left) was not observed; in

four instances, medullary clusters (middle left) were observed (cluster

size indicated in brackets; range 12 to 65 cells); in nine instances, single

cortical cells (top right) were observed and in one instance, a cluster

consisting of a total of 32 cells was observed to occur in three

consecutive 50µm sections (one section shown in Fig. 1c). The majority

of clusters (16/21), consisted of medullary and cortical cells (bottom left;

range 11 to 85). b, c, Morphological characteristics of TECs expressing

cytoplasmic EYFP protein. b, Single cortical epithelial cell. c, Medullary

islet. Note the extensive reticular network emanating from the central

body of the cortical cell, whereas the extensions of medullary cells appear

more blunted. Scale bars, 10µm. d, Immunohistological analysis of TECs

expressing cytoplasmic EYFP protein. Cortical cells are positive for K8

(upper panels), medullary epithelial cells are positive for MTS10 (lower

panels). Scale bars, 10 µm.

Figure S2 | Evidence for common cortico-medullary progenitors in

E12.5 thymus. MHC class II-positive epithelial cells (previously shown

to contain epithelial progenitor cells8-10 were dissociated from E12.5

thymi of fully recombined Rosa26-EYFP transgenic mice. About 15,000

cells were then reaggregated with epithelial cells from E14.5 non-

transgenic mice and transplanted under the kidney capsule of nude mice.

After 5 months, the resulting ectopic thymi were examined for the
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presence of yellow-fluorescent cells. In each of these cases, yellow cells

were contained in a single circumscribed region of the large thymic tissue

that contained cells with immunohistological and morphological

hallmarks of both medullary (medullary islet encircled) and cortical

epithelial cells, suggesting that they arose from a single precursor cell.

The pattern became multi-focal with a higher input of yellow cells. The

unknown clonogenicity of yellow epithelial cells in these experiments

precluded a numerical assessment of precursor frequency in E12.5 thymic

epithelial cells. Nevertheless, the striking similarity in the spatial

arrangement of TECs in this and the lineage tracing experiments (c.f. Fig.

1d) suggested that differentiation of embryonic and postnatal TECs

follows similar rules. Scale bar, 50µm.

Figure S3 | Characterization of Foxn1SA2/Foxn1SA2 mice. a, External

appearance. Note the lack of a normal hair coat similar to nu/nu mice. b,

c, Reversion of the Foxn1SA2 allele via Cre-mediated excision in early

development. b, Schematic of wild-type and deleted alleles (c.f. Fig. 2)

with the position of screening primers CB313 and CB314 indicated. c,

PCR assay for genomic configuration of the Foxn1 locus. The wild-type

amplicon is 752, the amplicon arising from the deleted allele is 231 bp in

size. Results are shown for genomic DNA isolated from tail tissue of

mice with the following genotypes: lane 1, wild-type (+/+) control; lane

2, Foxn1SA2/Foxn1SA2//PBi-2::Cre (Ref. 11); lane 3, Foxn1SA2/+//PBi-2::Cre.

This analysis indicates that the SA2 cassette can be efficiently removed

from and reconstitutes the Foxn1 locus. Molecular weight (MW) marker

is a 100bp ladder, with the 600bp band indicated. d, FACS analysis of

thymocytes isolated from the thymus of the mouse shown in lane 2 in c,

indicating that normal thymopoiesis occurs after excision of the SA2-
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cassette; the hair coat of this mouse is also normal (not shown). The

percentage of cells in the indicated gates is shown.

Figure S4 | Normal diversity of TCRs in

Foxn1SA2/Foxn1SA2//hK14::Cre-ERT2 mice. a, Usage of Vß chains in

splenic CD4 single-positive T cells of Foxn1SA2/Foxn1SA2//hK14::Cre-

ERT2 mice. The results for five individual mice of 7-12 week of age are

indicated by different colors. Usage of different Vß-chains in peripheral

CD4-positive T cells was determined by FACS analysis using specific

monoclonal antibodies. Values observed in age-matched nu/+ mice are

indicated by red bars. b, Spectratyping analysis for the indicated Vß gene

families (12 week old mice) indicating that nu/nu mice have a highly

skewed repertoire, whereas that in Foxn1SA2/Foxn1SA2//hK14::CreERT2

approaches that of normal mice. Qualitatively similar results were

obtained for Vß1, Vß3.1, Vß6, Vß7, Vß8.1, Vß11, Vß13, Vß20 families

(data not shown).  c, Sequence diversity of CDR3 regions in TCRß

cDNAs (12 week old mice) with Vß8 variable regions. The results for

two individual mice for each of the three indicated genotypes are shown.

The percentage of unique sequences among analyzed cDNAs (number

indicated below columns) is shown. All wild-type sequences were unique

(100% singlets); nude mice have an oligoclonal repertoire, with a low

proportion of singlets among the sequenced cDNAs;

Foxn1SA2/Foxn1SA2//hK14::Cre-ERT2 mice have a near normal diversity

that is significantly different from that of nude mice (t-test, two-tailed)

Figure S5 | Characterization of splenocytes in

Foxn1SA2/Foxn1SA2//hK14::Cre-ERT2 mice. a, Surface phenotype of

splenocytes from 8 week old mice. Wild-type mice have a lower

proportion of activated (CD44high, CD62Llow, CD25high) peripheral T cells
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than Foxn1SA2/Foxn1SA2//hK14::Cre-ERT2 mice, consistent with

homeostatic proliferation of T cells emanating from neo-thymi in reverter

mice (results shown for CD4 subset). b, Activation of splenic T cells by

anti-CD3ε treatment in vitro. Despite initially increased levels of

activation markers, T cells from Foxn1SA2/Foxn1SA2//hK14::Cre-ERT2

mice can nevertheless be stimulated by CD3ε cross-linking, as indicated

by further up-regulation of CD44 and CD25. Histogram plots are gated

on CD4-positive splenocytes that have been incubated for four days in

either anti-CD3ε coated wells (bold line) or PBS-control wells (thin line).

Figure S6 | T-dependent immune response in

Foxn1SA2/Foxn1SA2//hK14::Cre-ERT2 mice. IgG1 response against the

hapten nitrophenol coupled to chicken γ-globulin (CG-NP). This response

is strictly dependent on functional T cells and thus shows the restoration

of T cell function in Foxn1SA2/Foxn1SA2//hK14::Cre-ERT2 (abbreviated

K14Cre+) but not Foxn1SA2/Foxn1SA2 (abbreviated K14Cre-) mice. Each

data point represents one mouse.

Figure S7 | Normal thymopoiesis in Foxn1SA2/Foxn1SA2//hK14::Cre-

ERT2 mice. a, FACS analysis of total thymocytes (top panels), double-

negative immature thymocytes (middle panels) and mature CD4-positive

thymocytes (lower panels). T cells expressing the γ/δ TCR and NKT cells

were also found (data not shown). b, Sustained thymopoiesis in 21 month

old Foxn1SA2/Foxn1SA2//hK14::Cre-ERT2 mice. Analysis of CD4 and

CD8 markers on thymocytes (top panel) indicates ongoing thymopoiesis.

Splenocytes of the same mouse contain a large proportion of T cells

(middle panel), with high levels of TCRß surface expression (shown for

CD4-positive cells, bottom panel). The pattern of activation markers
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(CD44, CD69, CD25, CD62L) in such mice is similar to 8 week old mice

(not shown).

Figure S8 | Evidence for the expression of Aire and peripheral self-

antigens in thymic epithelial cells of Foxn1SA2/Foxn1SA2//hK14::Cre-

ERT2 mice. a, FACS profile of CD45-negative EpCAM-positive thymic

epithelial cells present in neo-thymi of reverter mice; the cells in the

indicated gate were sorted for subsequent RNA isolation. b, Expression

profile of TECs isolated as in a as determined by RT-PCR. The results

for the auto-immune regulator Aire and a representative example of

peripheral self antigens (Gad67) are shown. The quality of cDNA was

controlled by Hprt analysis. The fragment sizes of amplicons is indicated

on the right. The proportion of thymic CD4+CD25+ T regulatory cells in

neo-thymi (0.39±0.18% (n=6) is indistinguishable from that of wild-type

thymi (0.3±0.09; n=6).

Figure S9 | Thymopoiesis correlates with peripheral T cell

reconstitution in Foxn1SA2/Foxn1SA2//hK14::Cre-ERT2 mice. a,

Histological verification of increased thymopoietic tissue in thymic

rudiments over time. The age of mice analysed is indicated at the top,

arrows point to neo-thymi, asterisks denote cystic parts of rudiments. In

older mice, medullary regions tend to coalesce into larger areas (data not

shown). b, The number of EpCAM-positive thymic epithelial cells

correlates with the number of CD4/CD8 double-positive thymocytes as

determined by FACS analysis after enzymatic digestion of thymic

rudiments (average values from 2 mice of the indicated age are shown). c,

Increasing levels of T cell sub-populations in peripheral blood (left panel)
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and spleen (right panel) over time indicating an increasing T cell pool.

The results for at least 3 mice per group are shown.

Table S1 | Means and variances of the number of yellow cells in

thymic tissues of hK14::Cre-ERT2//Rosa26R-EYFP mice. The

characteristic feature of a Poisson (i.e. random) distribution is that the

means and variances of the observed parameter are the same. This is not

the case here (P<0.001; Sign test), even in the more stringent case of

variance equals five-fold of the mean (P<0.05). The number and

arrangement of yellow cells was determined by complete sectioning of

thymi.

Table S2 | Proliferation probabilities and cluster size. Under the

assumptions detailed in Supporting Text for the generation model,

biologically meaningful parameters reproduce the observed cluster size.

For a cluster of 32 cells, the probability of a progenitor cell to divide has

to be about 50%, whereas that of differentiated progeny about 5%.
















	Bouton1: 
	Bouton2: 
	Bouton3: 
	Bouton4: 
	Bouton5: 
	Bouton6: 


