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Abstract
The entry of T cell progenitors to the thymus marks the beginning of a multistage developmental
process that culminates in the generation of self-MHC-restricted CD4+ and CD8+ T cells.
Although multiple factors including the chemokine receptors CCR7 and CCR9 are now defined as
important mediators of progenitor recruitment and colonization in both the fetal and adult thymi,
the heterogeneity of thymus-colonizing cells that contribute to development of the T cell pool is
complex and poorly understood. In this study, in conjunction with lineage potential assays, we
perform phenotypic and genetic analyses on thymus-settling progenitors (TSP) isolated from the
embryonic mouse thymus anlagen and surrounding perithymic mesenchyme, including
simultaneous gene expression analysis of 14 hemopoietic regulators using single-cell multiplex
RT-PCR. We show that, despite the known importance of CCL25-CCR9 mediated thymic
recruitment of T cell progenitors, embryonic PIR+c-Kit+ TSP can be subdivided into CCR9+ and
CCR9− subsets that differ in their requirements for a functional thymic microenvironment for
thymus homing. Despite these differences, lineage potential studies of purified CCR9+ and CCR9−

TSP reveal a common bias toward T cell-committed progenitors, and clonal gene expression
analysis reveals a genetic consensus that is evident between and within single CCR9+ and CCR9−

TSP. Collectively, our data suggest that although the earliest T cell progenitors may display
heterogeneity with regard to their requirements for thymus colonization, they represent a
developmentally homogeneous progenitor pool that ensures the efficient generation of the first
cohorts of T cells during thymus development.

A fundamental requirement for T cell development is the recruitment of progenitors
produced in the hemopoietic tissues into the thymic microenvironment. This allows
interactions that results in the selective maturation of CD4+ and CD8+ T cells that are
tolerant to self-Ags yet are capable of participating in immune responses to foreign Ags.
Many of the developmental checkpoints that occur during the intrathymic generation of
mature T cells from immature progenitors are controlled by stromal cell components that
collectively constitute the thymic microenvironment (1). Thus, molecular interactions
involving direct cell–cell interactions (e.g., Notch-Notch ligand and abTCR-peptide/MHC),
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as well as soluble chemokines (e.g., CCR7-CCL19/CCL21 and CCR9-CCL25) and
cytokines (e.g., IL-7 and c-Kit) acting between developing thymocytes and thymic epithelial
and mesenchymal cells (2, 3), guide progenitors through subcapsular, cortical, and
medullary thymic microenvironments and ensure an ordered program of differentiation (4).
Importantly, because the thymus does not contain cells with long-term self-renewing
potential (5), intrathymic T cell production throughout life requires the continued
recruitment of T cell progenitors from sites of hemopoietic cell production such as yolk sac,
fetal liver, and bone marrow (6, 7). Several studies have shown that multiple types of
hemopoietic progenitors can develop into T lineage progeny (8, 9), including lymphoid-
primed multipotent progenitors (MPP) (10), CCR9+ MPP (11), common lymphoid
progenitors (CLP) (12) and BB20+ CLP (13) (CLP-2), and circulating T cell progenitors
(14-17). Moreover, several key mediators of thymus colonization have been identified
including the homeostatic chemokine receptors CCR7 and CCR9 (11, 12, 18-25), which
bind CCL19/CCL21 and CCL25, respectively, the CDM family members DOCK2 and
DOCK180 (26), the selectin/ligand pair of P-selectin/P-selectin glycoprotein ligand 1 (27,
28), as well as polysialic acid, a product of the polysialyltransferase ST8Sia IV (29).
However, despite these advances and an increasingly refined definition of T cell progenitors
at the molecular level (30, 31), the thymus-settling progenitors (TSP) (19) that colonize the
thymus and give rise to early thymic progenitors as a first step along the T cell development
pathway remain poorly defined. In addition, several studies analyzing the developmental
potential of TSP, in particular in relation to T cell and myeloid lineage potential, have
generated conflicting data (32-34, reviewed in Ref. 35).

In this study, we isolate progenitors from the embryonic stage 12 (E12) fetal thymus anlagen
to investigate cellular and molecular heterogeneity in TSP. First, we show that although a
dominant population of PIR+c-Kit+ progenitors is separable into two discrete subsets on the
basis of expression of CCR9, limit dilution analysis of their developmental potential reveals
that both CCR9+ and CCR9− subsets represent T cell progenitors with no B cell potential
and residual myeloid potential. In addition to their differential expression of CCR9, we show
that CCR9+, but not CCR9−, TSP are efficiently recruited to the nude thymus anlage,
suggesting that thymic recruitment of CCR9− TSP is strictly dependent on the presence of
FoxN1+ thymic epithelial cells. Finally, single-cell analysis of a panel of 14 genetic
regulators of hemopoietic cell differentiation reveals striking homogeneity between CCR9+

and CCR9− TSP subsets in terms of their genetic profile, which also reveals a genetic
consensus at the single-cell level. Collectively, although chemokine receptor heterogeneity
in TSP and a differential requirement for FoxN1-expressing thymic epithelium are findings
suggestive of multiple mechanisms of thymus colonization, our study identifies a common
molecular profile of the first thymus-colonizing T cell progenitors that collectively give rise
to the initial cohorts of intrathymically produced T cells.

Materials and Methods
Mice

For the isolation of wild-type (WT) and nude tissues, the following strains were used as
indicated: BALB/c (H-2d), C57BL/6 (H-2b), and C57BL/6 Nude (H-2b). Both Ccr9−/− and
Ccl25−/− mice (both H-2b) were obtained under exclusive use agreements from private
collections within the European Mutant Mouse Archive through the Wellcome Trust mutant
mouse resource. For the generation of timed embryos, the day of vaginal plug detection was
designated day 0. All mice were bred and maintained at the Biomedical Services Unit at the
University of Birmingham (Birmingham, U.K.).

Desanti et al. Page 2

J Immunol. Author manuscript; available in PMC 2013 November 13.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Isolation of TSP
Freshly dissected E12 thymus lobes from the indicated strains were disaggregated by
incubation in 10% FCS RPMI 1640 solution containing 3.2 mg/ml collagenase D (Roche)
for 5–10 min at 37°C. To isolate progenitors from perithymic mesenchyme (36), whole E12
thymus lobes were incubated at room tempereature for 5 min in 2.4 mg/ml collagenase D in
10% FCS RPMI 1640 solution, placed under a dissecting microscope, and aspirated gently
using a glass pipette to separate perithymic mesenchyme from the inner epithelial rudiment.
Perithymic mesenchyme and intact epithelial rudiments were transferred into a fresh
solution of 3.2 mg/ml collagenase D at 37°C, and enzymatic treatment continued until a
single-cell suspension was produced. To obtain hematopoietic cells from fetal livers, organs
from E12 C57BL/6 and C57BL/6 Nude embryos were disaggregated mechanically by gentle
pipetting in 10% FCS RPMI 1640 solution. Blood was isolated from the umbilical cord,
dorsal aorta, and heart of WT and nude C57/BL6 embryos at E11 of gestation. At E12,
blood was obtained by mechanical disruption of hearts.

Abs and flow cytometry
The following Abs were purchased from eBioscience: anti–CCR9-PE or biotin
(eBioCW-1.2), anti–F4/80-FITC or allophycocyanin (clone BM8), anti–CD45.2-FITC
(clone 104), anti–CD45-PEcy7 or -PE or -allophycocyanin (clone 30-F11), anti–CD4-PEcy7
(clone GK1.5), anti–CD8α-allophycocyanin (clone 53-6.7), anti–TcRβ-PE (clone H57-597),
anti–CD11b-biotin (clone M1/70), anti–c-Kit-allophycocyanin (clone 2B8), and
streptavidin-PEcy7. The anti-paired IgR (PIR)-A/B-PE (clone 6C1; BD Pharmingen) and
anti–CCR9-PE (clone 242503; R&D Systems) were also used. For FACS analysis, cell
suspensions were stained in PBS containing 10% FCS, 10% mouse serum, and 10% rat
serum solution, washed, and resuspended in PBS containing 250 μg/ml propidium iodide
(Sigma-Aldrich) or 250 μg/ml DAPI (Invitrogen). Four-color flow cytometry analysis was
performed by using CellQuest software and a duallaser LSR machine (BD Biosciences, San
Jose, CA) or by using FACS-Diva software and a three-laser Fortessa LSR machine (BD
Biosciences) with forward/side scatter gates set on propidium iodide (PI)-negative events or
DAPI-negative events to study viable lymphocytes. Data were analyzed with FlowJo
software (Tree Star). FACS sorting was performed on a MoFlo high-speed cell sorter
(Beckman Coulter) using Summit software.

Limiting dilution assays
E12 thymic lobes were isolated from BALB/c embryos by microdissection, disaggregated,
and then stained with PI, anti-CD45.2, anti-F4/80, anti-PIR, and anti-CCR9 (clone
eBioCW-1.2). CD45+F4/80−CCR9− cells and CD45+F4/80−CCR9+ cells were MoFlo sorted
and collected in an Eppendorf tube containing 400 μl culture medium (MEM-α, 10% FCS,
50 IU/ml penicillin and streptomycin, and 5 × 10−5 M 2-ME). The sorted samples were
serially diluted according to the number of cells obtained. At least three different cell
concentrations were plated per assay, with 48–96 wells plated for each cell concentration.
The sorted cells were seeded on OP9-DL1 cell and OP9 cell monolayers (37) in the presence
of IL-7, Flt3 ligand (Flt3-L), and c-Kit ligand (c-Kit–L) cytokines to assess the T cell and B
cell potential, respectively. Myeloid potential was assessed by seeding sorted cells onto OP9
cell monolayers in the presence of M-CSF, GM-CSF, IL-3, Flt3-L, and c-Kit–L. Cultures
were fed with fresh cytokines after 6 d. All cytokines were used at the final concentration of
10 ng/ml. IL-7, Flt3-L, M-CSF, GM-CSF, and IL-3 were purchased from R&D Systems,
and c-Kit–L was purchased from AbD Serotec. Lymphoid and myeloid potential was
assessed by flow cytometry after 14 and 10 d, respectively. According to the Poisson
statistic law, the potential frequency is determined when 37% of the wells are negative.
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Multiplex PCR
Cell suspensions of perithymic mesenchyme were stained with anti-CD45 and anti-CCR9
(clone 242503; R&D Systems) in PBS 3% FCS solution. CD45+CCR9− and CD45+CCR9+

cells were clonally sorted into a 0.2-ml thermo-strip (Thermo Scientific) containing 5 μl
Nuclease-free water (Promega) and processed for multiplex RT-PCR, as described
previously (38, 39). In brief, cells were lysed by freezing at −80°C, followed by heating to
65°C for 2 min. After cooling at 4°C, RNA was specifically reverse transcribed at 37°C for
60 min with inactivation of reverse transcriptase at 95°C for 3 min. cDNA was amplified by
a seminested PCR. The first round of PCR consisted of a denaturation step at 95°C for 10
min, 15 amplification cycles (45 s at 94°C, 60s at 60°C, and 90s at 72°C), and a final step at
72°C for 10 min. This simultaneous amplification of all cDNAs was followed by a second
round of specific PCRs (i.e., the first-round PCR products were separated and amplified
with specific primers). The second round of PCR consisted of a denaturation step at 95°C
for 10 min and then 48 amplification cycles (30 s at 94°C, 45 s at 70°C, and 60 s at 72°C,
with the hybridization temperature decreased from 70 to 60°C every other cycle). The
primer sequences have been reported previously (38). PCR products were detected on a
2.0% agarose GelRed (Biotium) gel.

Real-time PCR for expression of Dock2 and ST8siaIV
CCR9− and CCR9+ TSP were isolated from E12 fetal blood, and gene expression analysis
was performed as described previously (40). Briefly, high-purity cDNA was obtained from
purified mRNA by using μMacs One-step cDNA synthesis kit, according to the
manufacturer’s instructions (Miltenyi Biotec). Real-time PCR was performed using SYBR
Green with primers specific for the target genes. PCR were conducted in triplicate in 15-μl
volumes in a reaction buffer containing 1 μl SensiMix qPCR SYBR Green Mix (Quantace)
and 200 nM primers. After an initial denaturation step (95°C for 10 min), cycling was
performed at 95°C for 15 s, 60–62°C (depending on primer set) for 20 s, and 72°C for 15 s
(40 cycles). Specific amplification was verified by melt curve analysis. Reaction
amplification efficiency and the Ct values were obtained from Rotor Gene 6.0 software
(Corbett Research) by using standard curves generated from Mouse Universal
cDNA(oligodT primed)Reference (Biochain). Calculation of the relative expression values
for each sample normalized to β-actin was performed as described previously (25). Primer
sequences, the National Center for Biotechnology Information Reference sequence, and
amplicon sizes are as follows: ST8sia4 (NM_009183.2) forward, 5′-
ACGCAACTCATCGGAGATGGTGA-3′, and reverse, 5′-
GTGTCCGGCGTCTGTCCAGC-3′ (253 bp); and Dock2 (NM_033374.2) forward 5′-
CCTTCCAGACCAGCTCAGAC-3′, and reverse, 5′-CGTCTCATGTCCCCGTACTT-3′
(319 bp); β-actin primers (149 bp) were predesigned and synthesized by Qiagen
(QT00095242).

Analysis of apoptosis in CCR9− and CCR9+ TSP
First, freshly mechanically disaggregated E12 C57BL/6 fetal livers were FACS stained at
4°C by using Abs to F4/80, PIR, CCR9, and CD45 as described above. Cells were washed in
a solution of 3% FCS in PBS and subsequently washed in an Annexin V binding buffer
solution composed of 10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl2. Cells were
resuspended in 100 μl of the Annexin V binding buffer solution containing Annexin V–
FITC (Invitrogen). Before FACS analysis, 120 μl Annexin V binding buffer solution was
added to the cell suspension.
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Results
CCR9 expression defines heterogeneity within the T cell progenitor fraction of thymus-
settling cells

Several lines of evidence show that chemokine–chemokine receptor interactions, including
CCL25-CCR9, play a role in the recruitment of T cell progenitors to the thymus (11, 12,
18-24). However, although some of these subsets are detectable within the blood, it is
unclear whether some or all of these cells represent the TSP that are recruited to the thymus
under physiological conditions (8, 19). To provide a clearer definition of the developmental
potential and molecular profile of TSP, we analyzed the hemopoietic progenitors recruited to
the thymus anlage at E12 of development. As previously shown (36), the ability to isolate
these cells from the vicinity of the early thymic rudiment allows direct analysis of the first
cohort of TSP prior to their sustained contact with thymic epithelium and avoids possible
confusion caused by the presence of mature lineage-restricted cells within the thymus or
thymic blood volume.

Intact thymus anlagen were dissected from E12 mouse embryos and enzymatically digested
in isolation to form a single-cell suspension. Such preparations contain a small but
detectable population of CD45+ hemopoietic cells that represent the first thymus-settling T
cell progenitors (36, 41). Interestingly, when we performed flow cytometric analysis of
CCR9 expression in conjunction with F4/80, enabling exclusion of myeloid-restricted cells
colonizing the thymic anlage (42), we found that CD45+F4/80− TSP consisted of distinct
CCR9+ and CCR9− subsets of approximately equal proportions (Fig. 1A). Importantly, the
level of staining observed on CCR9− TSP using anti-CCR9 (eBioCW-1.2) is comparable to
that seen in E12 TSP isolated from Ccr9−/− mice (Fig. 1B), providing a stringent control for
the negative staining of these cells. Moreover, the lack of detectable cell surface CCR9
expression in some TSP is not due to ligand-mediated downregulation of CCR9 expression,
because CCR9− and CCR9+ subsets are also detected in TSP isolated from Ccl25−/− thymus
anlagen (Fig. 1B). Interestingly, however, when we next analyzed additional T cell
progenitor markers, both CCR9+ and CCR9− TSP subsets were uniformly positive for c-Kit
(CD117) and expressed high levels of PIR, a marker (43) previously shown to be specific to
T/NK/dendritic cell progenitors (Fig. 1C). Interestingly, although heterogeneity in
chemokine receptor expression is observed in TSP, we found that both CCR9− and CCR9+

TSP expressed Dock2 (Fig. 1D), a CDM family molecule linked to chemokine-mediated
cytoskeletal reorganization. Given that Dock2 has been linked to fetal thymus colonization
(26), this finding may suggest that additional undefined chemokine receptors are involved in
the recruitment of CCR9− TSP. Moreover, we also found that the polysialyltransferase
St8siaIV, shown to play a role in cell adhesion and migration in the nervous system and
immune system (44, 45), as well as being linked to thymus colonization (29), is also
expressed by CCR9− and CCR9+ TSP (Fig. 1D), suggesting that chemokine-independent
mechanisms may also influence recruitment of TSP.

We next performed limit dilution analysis (Fig. 2A) to determine the T cell and myeloid
lineage potential of CCR9+ and CCR9− TSP subsets. A strong and comparable T cell
precursor frequency (one of six for CCR9+ and one of seven for CCR9−) was observed,
whereas only residual myeloid potential was detected for both populations (Fig. 2B, 2C).
Moreover, limit dilution analysis of CCR9− and CCR9+ TSP produced comparable numbers
of T cell progeny (data not shown), indicating a similar efficacy of T cell development as
well as T cell potential. In agreement with other reports (36), B lineage potential was not
detected in E12 TSP preparations (data not shown). Interestingly, however, other studies
have demonstrated the B cell potential of thymic progenitors and shown this to be an age-
dependent process. For example, Ceredig et al. (46) demonstrated the B lineage potential of
thymocytes at E14 of gestation. Whether the absence of B lineage potential shown in this
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study in E12 TSP is linked to gestational age, which may further highlight age-related
differences in thymus colonizing cells, is currently unclear. Collectively, our data show that
during the first wave of thymus colonization, the dominant F4/80− TSP fraction contains
discrete subsets that can be distinguished by their differential expression of CCR9 yet are
inseparable on the basis of their T/myeloid potential and lack of B cell potential.

Differential requirement for FoxN1+ thymic epithelial cells in the recruitment of CCR9+ and
CCR9− TSP to the E12 thymic anlagen

The identification of CCR9+ and CCR9− TSP subsets with comparable developmental
potential at E12 suggests that, although the majority of T cell progenitors recruited to the
early thymus havethe same functional potential, they display heterogeneity with regard to
their mechanisms of thymus recruitment and colonization. To investigate this further, we
next analyzed CCR9 expression within the CD45+F4/80−PIRhigh subset in extrathymic sites
and in nude mouse embryos in which intact thymic epithelial microenvironments fail to
form because of the absence of FoxN1 gene expression (47, 48). In line with the notion that
CCR9 defines heterogeneity within T cell progenitors that are already evident by the time
they reach the thymus, CCR9+ and CCR9− subsets of the CD45+F4/80−PIRhigh population
were readily detectable in the E12 fetal liver of WT embryos (Fig. 3A, 3B). Interestingly,
although a similar distribution of CCR9+ and CCR9− subsets within CD45+F4/80−PIRhigh

cells was observed in both E12 WT and nude fetal liver preparations (Fig. 3A, 3B),
differences were observed in peripheral blood obtained from WT and nude embryos. Thus,
blood from WT and nude embryos both contained CD45+ F4/80−PIRhigh cells, the latter
finding being in agreement with an earlier study identifying T lineage-restricted progenitors
in the blood of nude mouse embryos (14). Interestingly, however, in contrast to WT
embryos, which contained readily detectable CCR9+ and CCR9− subsets, CD45+F4/80-
PIRhigh blood-borne progenitors in nude embryos were predominantly (83.2 ± 4.2%)
CCR9+, with few CCR9−CD45+F4/80-PIRhigh cells detected (Fig. 3A). We next analyzed
hemopoietic progenitors recruited to the WT and nude thymus anlagen by comparing cells
within physically separated perithymic mesenchyme of WT thymus with those obtained
from the nude thymic anlagen, where cells are recruited to the perithymic mesenchyme but
fail to enter the FoxN1-deficient epithelial microenivironment (49). At E12 of gestation,
unlike the numbers of CCR9+CD45+F4/80−PIRhigh cells, which were comparable in WT
perithymic mesenchyme and nude thymus preparations (Fig. 3A, 3C), the number of
CCR9−CD45+F4/80−PIRhigh cells recruited to the E12 nude thymus anlage was reduced
dramatically (Fig. 3A, 3C). Importantly, when we next analyzed the apoptotic levels of the
two CCR9− and CCR9+ TSP subsets, no major differences were observed (Fig. 4A),
suggesting that the depletion of CCR9− TSP is not simply due to more stringent survival
requirements of CCR9− TSP as compared with CCR9+ TSP.

To further investigate the dramatic reduction in CCR9− TSP in the circulation of nude
mouse embryos, we analyzed the TSP compartment in the blood at an earlier stage, E11 of
gestation. Interestingly, and in contrast to our findings at E12 of gestation (Fig. 3A), both
CCR9− and CCR9+ TSP subsets were readilydetectable in both E11 nude and WT mouse
blood (Fig. 4B). Collectively, these findings indicate that both CCR9− and CCR9+ T cell
progenitor subsets are detectable in extrathymic tissues such as fetal liver, and both subsets
are capable of exiting the liver and entering the circulation in the absence of FoxN1+ thymic
epithelial cells.

Multiplex clonal PCR analysis identifies a molecular consensus in TSP
Although the above data demonstrate that CCR9+ and CCR9− CD45+F4/80−PIRhigh TSP
subsets share similar developmental potential, the observed differences in CCR9 expression
and differential dependency on FoxN1+ thymic epithelium for their thymic recruitment
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suggested that additional intrinsic differences might also exist. To investigate this
possibility, we adopted a multiplex single-cell RT-PCR approach to examine, within single
CCR9+ and CCR9− TSP, the simultaneous expression of 14 genes involved in hematopoietic
cell development (38). Individual CCR9+ and CCR9− TSP were isolated from the
perithymic mesenchyme of the E12 WT thymus anlage by MoFlo cell sorting and subjected
to Multiplex PCR (Fig. 5A) as previously described (38), with expression of 28S mRNA
used as a positive control housekeeping gene. The panel of genes analyzed included several
groups of molecular regulators including transcription factors (Pu1, C-myb, and Gata1) and
growth factor receptors (Il-7ra and Gm-csfra). Fig. 5B shows a summary of coexpression
data obtained from 38 individual CCR9+ TSP and 38 individual CCR9− TSP. Interestingly,
a homogeneous profile of gene expression was revealed in individual cells contained within
each TSP subset with E2a, Aml1/Runx1, and Pu1 being examples of genes expressed by
essentially all CCR9+ and CCR9− TSP analyzed, whereas Gata2, Mpo, and Id3 represent
examples of genes that were absent in the vast majority of CCR9+ as well as CCR9− cells
(Fig. 5B). Moreover, by performing a comparative analysis of gene expression in CCR9+

and CCR9− TSP subsets, in which the percentage of cells expressing any given gene is
determined, a striking similarity pattern is revealed (Fig. 5C), suggesting that despite
differences in chemokine receptor expression, the initial cohort of TSP to colonize the
embryonic thymus display uniformity in their expression of hemopoietic regulators. By
clustering the transcript expression of certain genes into distinct groups, we also determined
the “signature” of defined progenitor populations, including hematopoietic stem cells (HSC:
coexpression of E2a, Aml1/Runx1, Irf1, C-myb, Lmo2, Gata2, and Fog1 but not Gata1 and
Il7ra) and myeloid committed cells (coexpression of Fog1 and Gata1, coexpression of Mpo
and Pu1 without Lmo2, or expression of Csf2ra) (38). We also identified lymphoid
committed cells using Il7ra expression, which has recently been used in fate-mapping
studies to identify T lineage-restricted progenitors (32). As expected, few (<6%) of the
CCR9+ and CCR9− TSP have an HSC-like signature (Fig. 6), whereas 11 and 18% of
CCR9+ and CCR9− TSP coexpress Fog1 and Gata1 transcripts. Interestingly, Mpo and Pu1
transcript coexpression in the absence of Lmo2 expression, indicative of macrophage/
granulocyte commitment (38, 50), was only observed in 13% of CCR9− TSP, whereas
Csf2ra mRNA expression was detected in 18% of both CCR9+ and CCR9− subsets. Finally,
analysis of expression of Il7ra mRNA, characteristic of progenitors primed toward the
lymphoid fate (16, 32, 51), suggests an enrichment for lymphoid committed cells being
detected in 32 and 53% of CCR9+ and CCR9− TSP, respectively (Fig. 6), which is in
agreement with earlier studies and data shown in this study, indicating a T lineage bias of
thymus-colonizing cells. Collectively, clonal analysis of embryonic TSP reveals a genetic
signature that is indicative of a bias toward lymphoid-restricted progenitors and identifies
homogeneity within and between CCR9+ and CCR9− TSP subsets.

Discussion
The continued production of functionally competent T cells requires the constant input of
hemopoietic progenitors to the thymus, a process that begins in early embryonic life, and
represents a key stage in the development of the self-tolerant peripheral T cell pool. In this
study, we analyzed the phenotype, developmental potential, and gene expression profile of
cells representing the earliest TSP (19) that colonize the embryonic thymus. Our data
indicate that initially the developing thymus anlage is colonized by hemopoietic cells that
consist largely of T lineage-biased PIRhighc-Kit+ progenitors but also include a smaller
subset of PIR−F4/80+ cells, the latter likely representing previously reported myeloid
committed cells (42, 52). Regarding PIRhighc-Kit+ TSP, we provide evidence that these cells
can be subdivided into distinct subsets on the basis of the homeostatic chemokine receptor
CCR9. This finding contrasts with a previous study analyzing CCR9-GFP reporter mice
(23), in which all thymus-colonizing cells at E12 of gestation were reported to be GFP+,
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which was taken as evidence that these cells are uniformly CCR9+. The presence of CCR9−

and CCR9+ cell subsets within PIR+ progenitors in fetal liver shown in this study,
representing stages prior to thymus colonization, argues against the notion that CCR9− TSP
are detected because of CCR9 downregulation following thymic homing. Perhaps critically,
unlike in our study, levels of cell surface CCR9 protein expression were not analyzed in
CCR9-GFP knockin mouse embryos (23), which may explain the discrepancy as GFP
expression in this system measures gene promoter activity that may not always correlate
directly with protein expression. For example, it may be the case that, as shown by Cooper
et al. (53) in other GFP-reporter systems (e.g., using GFP to monitor Rag2 gene expression),
the protein of interest (in this case CCR9) and the GFP protein may not always be
synchronously expressed.

In further experiments, we show that CCR9+ and CCR9− TSP, which are both present in
fetal liver, show a differential requirement for FoxN1-expressing epithelial cells for their
recruitment to the E12 thymus anlage. Importantly, however, despite these differences,
functional analysis indicates that both CCR9+ and CCR9− TSP subsets share a strong and
common bias toward T cell-committed progenitors. This conclusion is also supported by an
analysis of gene expression in individual CCR9+ and CCR9− TSP, which shows that CCR9+

and CCR9− TSP share a gene expression profile that predominantly lacks HSC and myeloid
signatures, but is indicative of a bias toward lymphoid-restricted progenitors. Interestingly,
however, single-cell gene coexpression analysis revealed that a fraction of TSP within the
E12 perithymic mesenchyme coexpress transcripts indicative of lymphoid (Il7ra) as well as
myeloid (Fog1 and Gata1, Mpo and Pu1, and Csf2ra) potential, which correlate with the
residual myeloid potential revealed in our limiting dilution assays. Furthermore, when
analysis of clonal transcriptional activity was recently performed in various subsets of adult
bone marrow and thymic hematopoietic progenitors, Aml1/Runx1, Irf1, C-myb, Lmo2, Pu1,
and Mpo, expression was shown to define MPP/early thymic progenitors (38). Interestingly,
in the current study on embryonic thymus, we noted that both CCR9+ and CCR9− TSP
subsets recruited to the E12 thymus anlage contain a high frequency of cells coexpressing
E2a, Aml1/Runx1, Irf1, C-myb, and Pu1 but not Lmo2 and Mpo, underlining the notion that
fetal and adult progenitor populations recruited to the thymus are distinct.

Collectively, these data suggest that the cells giving rise to the initial T cell cohorts represent
T cell-biased progenitors that colonize the thymus via multiple mechanisms. How this
heterogeneity in thymus recruitment relates to our current understanding of the roles of
CCR7 and CCR9 is currently unclear. Interestingly, however, in early fetal life, progenitor
recruitment to the thymic region has been shown to be a shared function of the parathyroid
and the thymus anlagen, which are closely associated at these stages (54). Moreover, the
parathyroid provides a source of the CCR7 and CCR9 ligands CCL21 and CCL25,
respectively (18). Interestingly, although CCL21 and CCL25 expression remains intact in
the parathyroid of nude mouse embryos, CCL25 is absent from the nude thymus anlagen
(18, 55). We have shown previously that the E12 CCR9+ thymic progenitor subset contains
CCR7 expressing cells, whereas CCR9− thymic progenitors lack CCR7 expression (41).
Thus, we propose that in the absence of FoxN1-expressing thymic epithelial cells, CCR9+

TSP—as a result of their dual expression of CCR7 and CCR9 (41)—are recruited to the
thymic region via chemokine production from the parathyroid. In contrast, CCR9− TSP—
which also lack CCR7 (41)—are unable to respond to parathyroid-derived signals and are
dependent on functionally intact FoxN1+ thymic epithelial cells for their recruitment. On the
basis of these observations, it would be interesting to determine the anatomical location of
CCR9− and CCR9+ TSP in confocal analysis of the combined thymus/parathyroid anlagen.
However, in our hands, currently available anti-CCR9 Abs are incompatible with labeling of
frozen tissue sections (data not shown). Interestingly, analysis of TSP in the circulation at
E11 of gestation identifies subsets of CCR9− and CCR9+ TSP in both nude and WT mouse
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embryos, suggesting that the presence of FoxN1+ thymic epithelial cells is not required for
the initial exit of either of these TSP subsets from the fetal liver. However, the dramatic loss
of CCR9− TSP in the circulation of nude mouse embryos at E12 of gestation, coupled with
their absence from the nude thymus rudiment at this stage, suggests that the failure of
CCR9− TSP to be recruited out of the circulation by FoxN1+ thymic epithelial cells results
in the induction of cell death in this population between E11 and E12 of gestation. On the
basis of these findings, we suggest that although both CCR9− and CCR9+ TSP can exit the
liver independently of normal thymus development, the recruitment of the CCR9− TSP
subset from the circulation to the thymus anlagen is thymus dependent but in a manner that
is independent of CCL25. Interestingly, in CCR7/CCR9 double-deficient mouse embryos,
small numbers of thymus-colonizing cells are still detectable around the early thymic
anlagen (18), which may represent recruitment of CCR9− TSP. Moreover, although other
studies have reported the recruitment of T cell progenitors to the nude thymus anlage (49),
our current data demonstrating a loss of CCR9− TSP around E12 nude thymus anlage
suggests that these cells do not fully represent an intact wave of initial thymus-colonizing
cells. In summary, our study defines the TSP that give rise to the initial cohorts of mature T
cells and suggests that T cell-primed progenitors can colonize the developing thymus anlage
via multiple mechanisms.
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FIGURE 1. CCR9 expression defines heterogeneity in CD45+F4/80−c-Kit+PIRhi TSP recruited
to the embryonic thymus anlage.
CD45+ haemopoietic cells from freshly digested E12 WT thymic anlagen were analyzed for
expression of F4/80 and CCR9 (A). B shows an analysis of CCR9 expression by
CD45+F4/80− progenitors from WT and either Ccl25−/− (upper panels) or Ccr9−/− (lower
panels) E12 thymus. C shows expression of PIR (upper panels) and c-Kit (lower panels) in
CCR9− and CCR9+ subsets of CD45+F4/80− cells. D shows quantitative PCR analysis of
purified CCR9− (gray bars) and CCR9+ (open bars) TSP, isolated from E12 blood, for
expression of ST8siaIV and Dock2 mRNA. Expression of the housekeeping gene β-actin
was used as a reference.
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FIGURE 2. CCR9+ and CCR9− TSP both display a strong and comparable T cell precursor
frequency.
The hematopoietic potential of FACS-sorted E12 thymic CD45+F4/80−CCR9− and
CD45+F4/80−CCR9+ cells was assessed in vitro. A, Flow cytometric analysis shows the T
cell progeny (CD4+CD8α+TcRβ+ cells) and the myeloid cell progeny (CD45highCD11b+

cells) obtained after culture on OP9-DL1 and OP9, respectively. The T cell (left panels) and
myeloid (right panels) frequencies are shown for CD45+F4/80−CCR9− (B) and
CD45+F4/80−CCR9+ (C) cells.
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FIGURE 3. Recruitment of CCR9− TSP requires signals from FoxN1+ thymic epithelial cells.
A shows flow cytometric analysis of CCR9 expression by CD45+F4/80−PIRhigh progenitors
in fetal liver, blood, and perithymic mesenchyme from WT and nude E12 embryos. B, The
number of PIRhiCCR9− (filled triangles) and PIRhiCCR9+ cells (open circles) in fetal liver
preparations of WT and nude embryos was calculated, with each shape representing a single
embryo. C shows quantitation of PIRhiCCR9− (gray bars) and PIRhiCCR9+ (open bars)
progenitors recovered from WT thymic epithelial rudiments, WT perithymic mesenchyme,
or nude thymic anlagen. N.S., nonsignificant according to the one tail t test for a degree of
freedom = 50 and α = 0.0005.
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FIGURE 4. Both CCR9− and CCR9+ TSP are detectable in the circulation of E11 nude mouse
embryos.
A shows flow cytometric analysis of Annexin V staining in CD45+F4/80−PIRhigh CCR9−

and CCR9+ cells from freshly isolated E12 WT C57BL/6 fetal liver. The number on the
histogram indicates the percentage of cells positive for Annexin V staining. B shows flow
cytometric analysis of CCR9 expression by CD45+F4/80− PIRhigh progenitors in the
peripheral blood isolated from WT and nude E11 embryos.
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FIGURE 5. Clonal multiplex coexpression analysis reveals genetic similarities between, and
within, CCR9+ and CCR9− TSP.
The schema in A summarizes isolation of CD45+CCR9− and CD45+CCR9+ TSP from
perithymic mesenchyme surrounding the E12 thymus, which were studied individually by
multiplex RT-PCR for the expression of 15 genes. B shows a summary of gene expression
of each clone, as determined by multiplex RT-PCR. ■, Positive gene expression; □, an
absence of expression. Cells were scored as positive by the expression of 28S rRNA. C
shows a summary of the frequency of gene expression in CD45+CCR9− (■) and
CD45+CCR9+ (□) cells.
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FIGURE 6. The TSP genetic signature of TSP is distinct to other hemopoietic progenitors.
The gene expression profile of individual CD45+ CCR9− TSP (■) and CD45+CCR9+ TSP
(□) from E12 perithymic mesenchyme was compared with gene coexpression profiles
characteristic of a panel of hemopoietic cell subsets and lineages. The frequencies of the
HSC signature (‘HSC’: coexpression of E2a, Aml1, Irf1, C-myb, Lmo2, Gata2, and Fog1;
lack of expression of Gata1 and Il7ra); the MPP/early thymic progenitors signature (‘MPP’:
E2a, Aml1, Irf1, C-myb, Lmo2, Pu1 and Mpo), the myeloid signatures (positive for Fog1
and Gata1; positive for Mpo and Pu1 but negative for Lmo2; positive for Gmcsfra), and
lymphoid signature (Il7ra) determined by multiplex RT-PCR are shown.
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