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ABSTRACT

Introduction

Increasing evidence includes Wnt proteins inside the
group of master-signaling pathways that govern immune and nonimmune differentiation systems, fundamental for normal development and homeostasis. Although their precise functions in bone marrow and thymus are still controversial, numerous studies have
shown that Wnt signaling is able to control the proliferation of hematopoietic stem cells and thymic progenitors
and might also affect their cell-fate decisions and subsequent maturation. In the present work, we analyze
the effect of transient stimulation of the canonical Wnt
pathway in the differentiation potential of Lin–CD34⫹
CD1a– human thymic progenitors, a multipotent and
heterogeneous cell population that has the capacity to
develop into T cells, NK cells, monocytes, cDC, and
pDC. Our results demonstrate that giving a boost to canonical Wnt signaling, triggered by transient exposure
to Wnt3a or LiCl, the differentiation capacity of thymic
progenitors changes, enhancing NK cell production. On
the contrary, Wnt3a- or LiCl-pretreated thymic progenitors generate a significantly lower number of myeloid
lineage cells, monocytes, and cDC and exhibit a reduced capacity to differentiate into pDC lineage. As a
possible mechanism for this effect, we show that
Wnt3a- and LiCl-pretreated progenitors change their
membrane levels of receptors for cytokines pivotal for
their expansion and differentiation, such as Flt3L. Moreover, canonical Wnt pathway stimulation modifies the
transcription factor profile of CD34ⴙCD1– thymocytes,
increasing Hes-1 and ID3 expression levels. J. Leukoc.
Biol. 87: 405– 414; 2010.

As reported for other families of morphogens described in the
thymus [1], besides being key in the bone marrow, Wnt proteins direct fundamental events during development and tissue
renewal, proving the existence of common, basic rules that
govern differentiation systems in the embryo and adult organism [2–5]. Wnt signaling pathway is part of the intricate signaling network involved in directing expansion and differentiation of cell progenitors in the thymus [6].
Wnt proteins bind to Fzd receptors that interact with a coreceptor, LPR5 or LPR6 [3]. The Wnt-Fzd-LPR multiprotein complex initiates three possible downstream signaling pathways that
can exhibit antagonistic interactions: the canonical Wnt/␤-catenin pathway and two noncanonical Wnt pathways such as Wnt/
Ca2⫹ and RhoA/c-JNK signaling cascades. Wnt signaling output
depends on the initial Wnt receptor complex formed, intermediate signaling components, and target cell [7]. The canonical Wnt
pathway leads to activation of Dishevelled-1 proteins, which withhold the GSK-3␤ activity. In the absence of GSK-3␤ activity,
␤-catenin is not phosphorylated, and therefore, its ubiquitination
and subsequent proteasome degradation are impeded. As ␤-catenin is synthesized continuously, stabilized ␤-catenin accumulates
in the cytosol and translocates to the nucleus, where it interacts
with and coactivates members of the LEF/TCF transcription factor family, leading to the activation of target gene expression [5].
Indeed, these transcriptions factors act as repressors until they
are turned on by ␤-catenin.
Different experimental approaches have been attempted to
elucidate the role of canonical Wnt signaling during T cell differentiation. However, results obtained after deletion of ␤-catenin
and/or ␥-catenin in HSC, showing that there are no alterations
in thymic populations [8 –10], are in conflict with the profound
changes observed in hematopoiesis and T cell development after
constitutive ␤-catenin stabilization in HSC [8 –12] or CD4–CD8–
DN thymocytes [13, 14]. The analysis of TCF-1 and Lef-1 knock-
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out mice clearly demonstrated that canonical Wnt transcription
factors are crucial for T cell maintenance and differentiation
[15–19]. Hence, in thymocytes, TCF-1/Lef interaction with
␤-catenin turns their function from repressors to transcriptional
activators, and the ␤-catenin–TCF complex promotes, in part, the
transcription of certain T lymphocyte-specific genes [20]. In this
sense, during T cell differentiation, pre-TCR signaling induces
TCF expression, and therefore, Wnt and pre-TCR pathways cooperate to ensure (CD44–CD25⫹) DN3 (CD44–CD25–) and DN4
cell survival [17]. Accordingly, strategies that lead to attenuation
of Wnt signaling impair thymic function in mice. In FTOC, the
overexpression of the secreted Wnt inhibitor Dkk1 [21] or soluble Fzd receptors [19] blockades T cell differentiation at the DN
stage. A similar result is obtained, increasing the levels of the inhibitor of ␤-catenin–TCF interaction [22]. On the other hand,
Wnt-1/Wnt-4 double-deficiency triggers a reduction of thymic
cellularity without affecting the proportions of thymocyte subsets,
possibly because of the existence of certain redundancy among
Wnt proteins [23]. Canonical Wnt signaling also regulates survival
[18, 24, 25], maturation [14], and selection of CD4⫹CD8⫹ DP
cells in the thymus [26, 27].
Human thymic CD34⫹ cell progenitors express Fzd receptors
and LPR5/6 coreceptors and represent the thymocyte subset with
the highest levels of total and active (no phosphorylated) ␤-catenin [21]. Analysis by DNA microarrays of Wnt target genes in the
CD34⫹ thymic cell subset indicates that activation of the canonical Wnt pathway regulates the expression of genes involved in
cell adhesion, proliferation, and cell survival [28]. However, until
our knowledge, no study has analyzed the possible implication of
Wnt signaling during early differentiation events of thymic CD34⫹
cell progenitors. This population can be subdivided according to
CD1a expression; most immature thymocytes are included in the
Lin–CD34⫹CD1a– cell subset, and CD1a expression correlates
with T cell commitment. The next differentiation stage lacks
CD34 antigen, expresses the CD4 marker (CD4inm), and proceeds to the DP thymocyte population, which suffers selection
processes and differentiates into CD4 or CD8 T cells [29].
The thymic microenvironment largely promotes stem cell differentiation into T cell lineage, providing adequate Notch ligands and
soluble signals to hematopoietic progenitors that colonize the thymus [1, 30]. Nevertheless, it is important to note that most immature thymic progenitors (CD34⫹CD1a– subset) include multipotent
cells, which in addition to developing into T cells, have the capacity
to differentiate in the thymus toward NK cells, monocytes, and cDC
or pDC [31, 32]. The current work was undertaken to address the
possible influence of Wnt signaling in thymic lineage output. We
demonstrated that a pulse of canonical Wnt signaling modifies the
differentiation capacity of CD34⫹CD1a– thymic progenitors, mainly
promoting NK lineage differentiation, while reducing monocyte,
cDC, and pDC production. Modifications in cytokine receptor expression levels in thymic progenitors and the expression profile of
transcription factors could account for these effects.

MATERIALS AND METHODS

Isolation of human thymic CD34ⴙCD1a– cells
Human thymus samples from patients aged 1 month to 3 years undergoing
corrective cardiac surgery were obtained and used according to the guide-
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lines of the Medical Ethics Commission of Madrid-Monteprı́ncipe and 12
de Octubre Hospitals (Madrid, Spain). Informed consent was provided according to the Declaration of Helsinki. Thymuses were dissected free of the
surrounding connective tissue and then disrupted gently with a Potter homogenizer until disaggregated completely. Thymic cell suspensions were
first enriched in immature thymocytes by using the sheep RBC rosseting
technique, and the recovered cells were then depleted of T, B, NK,
myeloid, and DC by treatment with saturating concentrations of anti-CD3
(HIT3a), anti-CD4 (RPA-T4), anti-CD19 (HIB19), anti-CD56 (B159), antiCD11c (B-ly6), anti-CD14 (M5E2), and anti-CD13 (WM15; all from BD Biosciences, San Jose, CA, USA) bound to sheep anti-mouse Ig-coated magnetic beads (Dynabeads, Dynal, Oslo, Norway) as described previously [33].
This CD34⫹cell suspension, whose purity was ⬎95%, was next depleted of
CD1a-positive cells following a similar procedure but now using anti-CD1a
antibodies. The purity of the recovered Lin–CD34⫹CD1a– cells was ⬎95%.

Flow cytometry
The following mAb conjugated with FITC, PE, Cychrome, and APC were
used for flow cytometric analysis: CD1a (HI149), CD4 (SK3), CD8a (SK1),
CD11c (B-ly6), CD14 (M5E2), CD34 (8G12), CD45RA (HI100), CD56
(B159), CD117 (YB5.B8), CD123 (7G3, 9F5), CD127 (R34.34), and
HLA-DR (G46-6; all from BD Biosciences); CD13 (TüK1) and CD135
(BV10A4H2; Caltag Laboratories, Burlingame, CA, USA); CD122 (MIK-␤1;
InmunoTools, Friesoythe, Germany); CD314/NKG2D (1D11) and CD94
(DX22; BioLegend, San Diego, CA, USA); and CD303/BDCA-2 (AC144;
Miltenyi Biotec, Bergisch, Gladbach, Germany). For the intracellular staining of total ␤-catenin in freshly isolated thymocyte subpopulations, cells
were counterstained to distinguish different subsets, fixed, and permeabilized using Citofix/Cytoperm solution, washed with Perm/Wash buffer (BD
Biosciences), and stained with FITC-conjugated anti-␤-catenin mAb (14, BD
Biosciences). For the intracellular staining of phosphorylated STAT5, cells
were treated with Cell Fix and Perm Buffer III (BD Biosciences) and
stained with Alexa Fluor 488-conjugated anti-human phospho-STAT5
(Tyr694) (BD Biosciences). Analyses were conducted in a FACSCalibur flow
cytometer (BD Biosciences) from the Centro de Microscopı́a y Citometrı́a
(Complutense University, Madrid, Spain).

Transient stabilization of ␤-catenin
Purified thymic Lin–CD34⫹CD1a– precursors were treated with murine recombinant Wnt3a at a concentration of 100 ng/ml (Chemicon International, Temecula, CA, USA) or with 10 mM LiCl (Sigma, Spain) for 12 h in
Yssel’s medium supplemented with 5% FCS (Invitrogen Life Technologies,
Grand Island, NY, USA), 2 mM glutamine, 100 U/ml penicillin, and 100
g/ml streptomycin (Sigma, Spain). Control CD34⫹CD1a– human thymic
progenitors were cultured in parallel in the absence of treatment. For the
intracellular staining of active ␤-catenin and according to the manufacturer’s instructions, cells were treated with Cell Fix and Perm Buffer III (BD
Biosciences) to avoid the action of phosphatases, which could increase the
level of nonphosphorylated ␤-catenin unspecifically. Then, cells were
stained with anti-human active ␤-catenin mAb (8E7) [11] (Millipore
Ibérica, Madrid, Spain), followed by PE-conjugated donkey anti-mouse IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA).

Cell differentiation assays
After 12 h of pretreatment, thymic CD34⫹CD1a– progenitors were washed
gently prior to their use in several differentiations assays:
Chimeric human-mouse fetal thymic organ cultures. Thymic lobes derived from 15-day-old embryos of SCID mice were cocultured with 2.5 ⫻
104 control or pretreated thymic human progenitors by the hanging drop
method for 48 h, followed by culture of the recolonized lobes in FTOC for
10 –11 days, as described previously [34].
Generation of NK cells in IL-15 and SCF-supported cultures of thymic
precursors. Lin–CD34⫹CD1a– cells (105) were cultured for 13–14 days in
100 l RPMI-1640 medium (Sigma, Spain) supplemented with 10% FCS, 1
mM pyruvate, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml strep-
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tomycin (complete RPMI 10%) in a 96-well flat-bottom plate in the presence of the following cytokines: IL-15 (100 ng/ml; ProSpec-Tany TechnoGene Ltd., Rehoboth, Israel) and SCF (100 ng/ml; Fitzgerald Industries
International, Concord, MA, USA). One-third of the medium volume was
changed every 5 days.
Coculture with ST2 cells. The development of CD14⫹, cDC, and pDC
was assessed by coculturing 1 ⫻ 105 CD34⫹CD1a– human progenitor cells
with 5 ⫻ 104 ST2 cells, a stromal cell line from mouse bone marrow (provided by Dr. Maria Luisa Gaspar, Centro Nacional de Microbiologı́a, CNM,
Madrid, Spain). One day before their use in coculture experiments, ST2
cells were plated in 24-well tissue-culture plates. Culture medium consisted
of complete RPMI 10%, supplemented with 5 ng/ml recombinant human
IL-7 (NIBSC, Hertfordshire, UK) and 5 ng/ml recombinant human Flt3L
(Fitzgerald Industries International). To determine whether the ST2-generated pDC were able to secrete IFN-␣, on day 10, pDC were stimulated by
adding 5 g/ml CpG oligodeoxynucleotide (CpG 2216; ggGGGACGATCGTCgggggG; Sigma-Genosys Ltd., Cambridgeshire, UK) to the cocultures for 12 h. IFN-␣ production was detected by intracellular staining using anti-IFN-␣ (LT27:295; Miltenyi Biotec) after blocking protein secretion
with 5 g/ml Brefeldin-A (Sigma, Spain). CpG2243 (ggGGGAGCATGCTCgggggG; Sigma-Genosys) was used as negative control.

Apoptosis assays
The percentage of apoptotic cells was determined by staining with Annexin-V-FITC (Boehringer Mannheim, Mannnhein, Germany), according
to the supplier’s instructions. Cells were analyzed on a FACSCalibur flow
cytometer (BD Biosciences) and gated according to forward-scatter, sidescatter, and their ability to exclude PI. Apoptotic cells were defined as Annexin-V-positive and PI-negative.

Real-time quantitative RT-PCR
RNA isolation was performed using Absolutely RNA Microprep kit (Stratagene Cloning Systems, La Jolla, CA, USA), including a DNase I digestion
step, as recommended by the supplier, to avoid genomic DNA contamination. Total cDNA was synthesized by the High Capacity cDNA RT kit (Applied Biosystems, Foster City, CA, USA), according to the supplier’s instructions, and then used as target in the PCR amplifications. Real-time PCR was
performed with the following TaqMan assays: Spi-B (Hs00162150_m1),
Hes-1 (Hs00172878_m1), Gata-2 (Hs00231119_m1), Gata-3 (Hs00231122_
m1), PU.1 (Hs00231368_m1), ETS1 (Hs00428287_m1), ID2 (Hs00747379_
m1), and ID3 (Hs00171409_m1; all from Applied Biosystems). GAPDH (Predeveloped TaqMan) and GNB2L1 (Hs00272002_m1) were used as endogenous controls. All PCR reactions were set in duplicates using the TaqMan Fast Universal
PCR Master Mix (Applied Biosystems), according to the manufacturer’s instructions. Amplifications, detections, and analyses were performed in a 7.900HT Fast
Real-Time PCR system (Centro de Genómica, Complutense University).

RESULTS

Activation of canonical Wnt signaling with Wnt3a or
LiCl treatment triggers transient stabilization of
␤-catenin in human thymic progenitors
In the human thymus, canonical Wnt signaling occurs in all differentiation subsets, from DN thymocytes, where it is most prominent, to more mature populations [21]. Thus, according to data
reported previously [21], we observed the highest levels of total
␤-catenin in the human thymus in the total DN CD34⫹ fraction
(Fig. 1A). However, it would be reasonable to hypothesize that
not all of CD34⫹CD1a– progenitors must express the active form
of ␤-catenin. To determinate the percentage of human thymic
progenitors that contain this form of ␤-catenin, we stained freshly
isolated Lin–CD34⫹CD1a– cells with an antibody that specifically
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Figure 1. Wnt-3a and LiCl treatment promotes ␤-catenin stabilization
in human thymic progenitors and increases their survival slightly. (A)
Expression of total ␤-catenin in freshly isolated human thymic subsets
defined by the surface expression of CD4, CD8, and CD34 molecules.
(B) Intracellular levels of nonphosphorylated (Active) ␤-catenin were
determined by flow cytometry in CD34⫹CD1a– cells cultured for 12 h
with Wnt-3a (100 ng/ml) or LiCl (10 mM) or with culture medium
(Control). Data are representative of three independent experiments.
Shadow histograms indicate background fluorescence. The percentage
of positive cells, determined according to background staining, and
the total mean fluorescence intensity (MFI) are shown in each histogram. (C) To determinate the percentage of apoptotic cells, the recovered cells were stained with Annexin-V and PI. Dot plots show the percentage of apoptotic cells (Annexin-V⫹ PI–). Data are representative of
three independent experiments.

recognizes the nonphosphorylated form of ␤-catenin. Flow cytometry analysis showed that 40 – 60% of freshly isolated CD34⫹
CD1a– thymocytes expressed detectable levels of active ␤-catenin,
suggesting that canonical Wnt signaling is regulated tightly
in vivo. To give a boost to the canonical Wnt signaling pathway in
thymic progenitors and exceed transiently usual signaling levels,
we treated CD34⫹CD1a– cells for 12 h with Wnt3a (100 ng/ml),
which has been described as a prototypical agonist for the canonical pathway in the thymus, and alternatively, with LiCl (10 mM),
which inhibits GSK-3␤ and reduces the degradation of ␤-catenin
by the proteasome [19]. After the cell culture, we corroborated
by flow cytometry that the treatment with Wnt3a or LiCl produced a prominent increment of active ␤-catenin levels in most
CD34⫹CD1a– progenitor cells, detecting active ␤-catenin in 80 –
90% of treated cells (Fig. 1B), and cells cultured under control
conditions showed similar levels of ␤-catenin than those found in
fresh, isolated cells. We obtained similar results after 3 h of treatment (data not shown), suggesting that canonical Wnt signaling
begins within the first hours of culture.
Volume 87, March 2010
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Previously reported data suggest that the Wnt signaling pathway is
important for regulating cell survival of immature thymocytes [18,
24] So, we next evaluated the effect of canonical Wnt signaling in
the viability of CD34⫹CD1a– progenitors, and we stained Wnt3a- or
LiCl-treated cells with Annexin-V and PI. Flow cytometry analysis
showed no toxic effect of Wnt3a or LiCl, as after 12 h of treatment,
the percentage of PI⫹ cells did not increase. On the contrary, we
observed a slight decrease in the proportion of apoptotic cells (Annexin⫹ PI–) in response to canonical Wnt signaling (Fig. 1C).

Differentiation of Wnt3a- and LiCl-pretreated thymic
CD34ⴙCD1a– precursors in human-mouse chimeric
FTOC
We next analyzed the possible effect of a transient stimulation
of canonical Wnt-␤-catenin signaling on lineage output from
pretreated thymic progenitors, assaying pretreated cells in various specific differentiation systems.
We started using CD34⫹CD1a– cells, pretreated with LiCl and
Wnt3a, to perform human-mouse chimeric FTOC, which provide a
thymic microenvironment and promote largely T cell differentiation.
After 10–11 days of culture—when we compared the numbers of
human cells recovered from lobes colonized with Wnt3a-pretreated
cells with those obtained from control lobes—we observed a wide
variability in the effects (Fig. 2A), which led to the absence of significant differences. By contrast, the numbers of recovered cells from

Figure 2. Stimulation of canonical Wnt signaling increases the number of
CD4–CD8– thymocytes from human-mouse chimeric FTOC. (A) The scatter plot shows the number of human cells recovered after 11 days of culture from human-mouse chimeric FTOC seeded with Wnt3a- or LiCl-pretreated progenitors, relative to those seeded with control cells (referred as
100%). The number of human cells (CD45⫹) recovered from cultures
seeded with pretreated progenitors in each experiment was divided by
the number of cells recovered from its control culture to give the relative
cell number of five individual experiments. (B) Dot plots show CD4 versus CD8 expression on gated human CD45⫹ cells from 11-day cultures. Data are representative of five independent experiments.
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chimeric FTOC seeded with LiCl-pretreated progenitors were always
higher than those collected from their controls. Nevertheless, there
were notable variations in the magnitude of the increment found in
the five experiments analyzed, and increases in the number of human cells recovered ranged from 10% to 170% (Fig. 2A).
Regarding T cell differentiation, at this time of culture, in
control FTOC, approximately 25% of thymocytes had reached
the DP differentiation stage, but most of the cells were within
the intermediate CD4inm population, and approximately 15%
of thymic cells remained within the most immature DN thymocyte subset. In all of the experiments analyzed, thymic lobes,
colonized with Wnt3a-pretreated precursors, showed a slight
reduction in the proportion of DP thymocytes (Fig. 2B). LiCl
pretreatment induced an important increase in the percentage
of DN cells, and concomitantly, the proportion of DP thymocytes halved with respect to control FTOC. Nonetheless, as the
numbers of human cells recovered from FTOC recolonized
with LiCl-pretreated precursors were increased, in absolute
terms, the reduction in the DP cell population was not statistically significant. By contrast, the increment in the number of
human DN thymocytes yielded after LiCl pretreatment was
between 40% and 500% (data not shown).

Transient stimulation of Wnt signaling enhances
differentiation of thymic CD34ⴙCD1a– cells to NK
lineage
Chimeric human-mouse FTOC yielded a small percentage of NK
cells, defined by the expression of the CD56 marker, which
ranged in control cultures between 2% and 5% of total human
cells, depending on the experiment. Remarkably, the percentage
and the absolute number of NK cells recovered from FTOC,
seeded with Wnt3a- or LiCl-pretreated cells, augmented with respect to their control counterparts in all of the experiments
(Fig. 3, A and B). In the case of Wnt3a pretreatment, the increase in the percentage of NK cells relative to the control cultures varied between 45% and 65% and in cultures seeded with
LiCl-pretreated progenitors, reached 120% (Fig. 3A). The absolute number of human NK cells recovered from chimeric FTOC
was also higher when the thymic progenitor had been pretreated
to stabilize ␤-catenin before seeding thymic lobes, and again, LiCl
pretreatment triggered the greatest effects (Fig. 3B).
As the above results suggest that Wnt3a or LiCl pretreatment of thymic precursors might be able to enhance their differentiation into NK cells, we tried to corroborate those data,
performing a differentiation assay specific to NK cell production. After 13–15 days of culture in the presence of SCF and
IL-15, we collected 70 –90% of CD56⫹ cells, and supporting
results found with FTOC assays, activation of canonical Wnt
signaling increased the subsequent yield of NK cells from thymic progenitors (Fig. 3C). Moreover, the analysis of the expression of CD94 and NKG2D receptors in CD56⫹ cells obtained from these cultures demonstrated a significantly higher
proportion of CD94- and NKG2D-positive cells in cultures
seeded after Wnt3a or LiCl pretreatment, which suggests an
earlier acquisition of these receptors as a result of transient
stabilization of ␤-catenin (Fig. 3D).
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presence of IL- 7 and Flt3L cytokines during 10 –11 days. Under these conditions, a population of CD14⫹ cells, which were
considered to be monocytes, was generated (Fig. 4A), and
within the population of CD14– cells, we found cDC, as defined by the expression of the markers CD1a, CD11c, and
HLA-DR (Fig. 4B). Cocultures of thymic progenitors and ST2
stromal cells also yielded a variable percentage of HLADRlowCD123hiCD45RA⫹BDCA-2⫹ pDC (Fig. 4C), which had
the ability to produce IFN-␣ after stimulation (Fig. 4D).
Using this experimental approach, we observed that cocultures seeded with human thymic progenitors, which had
been pretreated to stabilize ␤-catenin, yielded a significantly
reduced number of cells in comparison with their controls
(Fig. 5A). It is important to note that we found this effect
in all of the experiments performed with Wnt3a- or LiClpretreated progenitors. Remarkably, the reduction in cell
number was more evident after LiCl pretreatment (percentage reduction between 30% and 50%). Regarding lineage
output, both pretreatments produced a decrease in the absolute number of CD14⫹ cells, but whereas pretreatment
with Wnt3a resulted in a quite constant reduction (⬃40%),
the results obtained after LiCl pretreatment were more vari-

Figure 3. Transient stabilization of ␤-catenin enhances differentiation
of thymic CD34ⴙCD1a– cells to NK lineage. (A) Expression of CD56
and TCR␥␦ on CD45⫹ human cells recovered from human-mouse chimeric FTOC cultured for 11 days. Data are representative of five independent experiments. (B and C) Numbers of human CD56⫹ NK cells
recovered from 11-day FTOC (B) or after 14 days of culture with SCF
and IL-15 (C) seeded with Wnt3a- or LiCl-pretreated progenitors relative to their counterparts seeded with control cells (referred as 100%).
Data represent the mean (⫾sd) of four independent experiments (*,
Pⱕ0.05; ***, Pⱕ0.001, by t-test single sample). (D) Expression of
CD94 and NKG2D receptors in CD56⫹ cells yielded from control or
Wnt3a/ LiCl-pretreated thymic cell progenitors after 13 days of culture with SCF and IL-15. Shadow histograms indicate background fluorescence. The percentages of positive cells, determined according to
background staining, are shown in each histogram. Data are representative of three independent experiments.

The capacity of thymic progenitors to differentiate into
monocytes, cDC, and pDC is reduced significantly after
activation of canonical Wnt signaling
We next analyzed the impact of giving a boost to canonical
Wnt signaling in the differentiation of thymic progenitors toward monocytes, cDC, and pDC. We used a modification of an
in vitro assay described previously by Spits et al. [35], which
allowed us to study the differentiation of CD34⫹CD1a– cells
into those three lineages. In our experiments, we cocultured
pretreated human thymic progenitors with ST2 cells in the

Figure 4. Phenotype of CD14ⴙ, cDC, and pDC populations generated
from Lin–CD34ⴙCD1a– thymic progenitors cocultured with ST2 stromal
cells. After 11 days of coculture, as described in Materials and Methods,
the phenotype of recovered cells was analyzed by flow cytometry.
(A) CD14⫹, monocytes. (B) CD1⫹HLA-DR⫹CD11c⫹, cDC. (C) HLADRlowCD45RA⫹BDCA2⫹CD123high, pDC. Data are representative of five
independent experiments. (D) After 11 days of coculture, pDC were stimulated for 12 h with CpG (2216; 5 g/ml; black histogram), using as negative control CpG2243 stimulation (open histogram). Flow cytometric
analysis was performed after intracellular staining of IFN-␣, as described
in Materials and Methods. Gray histogram indicates background staining.
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Figure 5. Reduced capacity of thymic CD34ⴙCD1a– progenitors to differentiate into monocytes, cDC, and pDC after stimulation of canonical Wnt signaling. (A) The scatter plot shows the total number of human cells recovered from cocultures of Wnt3a- or LiCl-pretreated human progenitors with murine
bone marrow stromal cell line ST2, expressed as relative percentage to their control counterparts, from eight individual experiments. (B) The numbers
of CD14⫹ cells, cDC, and pDC recovered from cocultures performed with Wnt3a (gray bars)- or LiCl (black bars)-pretreated progenitors are
shown. Data represent the mean (⫾sd) of five to eight independent experiments, expressed relative to the numbers recovered under control conditions (open bars; referred as 100%). *, P ⱕ 0.05; **, P ⱕ 0.01; ***, P ⱕ 0.001, by t-test single sample.

able, and we found reductions ranging from 15% to 60% in
the five experiments performed. cDC also underwent a significant reduction in their numbers in cocultures seeded
with pretreated human precursors. However, the impact of
the pretreatment was significantly higher in the case of
pDC, leading in all of the experiments to a decrease in the
percentage and number of this cell population, which indicates a greater negative effect of ␤-catenin stabilization on
pDC generation (Fig. 5B).

Stimulation of canonical Wnt pathway modifies the
expression of cytokine receptors in thymic
Lin–CD34ⴙCD1a– progenitors
Differentiation and expansion of thymic precursors depend on
their response to cytokines, such as SCF, IL-7, Flt3L, and IL15. Therefore, we studied the pattern of expression of their
receptors (CD117, CD127, CD135, and CD122, respectively)
on Wnt3a- and LiCl-pretreated CD34⫹CD1a– progenitors as a
possible cause for the results obtained after transient stabilization of ␤-catenin.
After 12 h of culture in control conditions, 50 – 60% of Lin–
CD34⫹CD1a– cells expressed in their membrane receptors for
SCF (CD117), whereas the percentage of CD127⫹ or CD135⫹
progenitors was higher, corresponding to 65% and 75% of
CD34⫹CD1a– cells, respectively. On the other hand, CD122 expression was restricted to a minor proportion of cell progenitors,
which represented ⬍5% of this thymic population (Fig. 6A). As a
result of the transient stabilization of ␤-catenin, we observed that
the progenitors did not change their expression of CD117,
whereas there was a decrease in the percentage of CD34⫹ cells
expressing Flt3 on their cell surface, most noticeably in the precursors treated with LiCl. By contrast, the percentage of CD122positive cells increased after Wnt3a or LiCl treatment, reaching
approximately 10% of cell precursors, and Wnt3a but not LiCl
treatment increased the proportions of CD127⫹ thymic cell progenitors (Fig. 6A).
As the cytokine Flt3L is a crucial factor to promote the development of cDC and pDC in vivo and in vitro [36, 37], and the
expression of its receptor is notably reduced after treatment with
410 Journal of Leukocyte Biology
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Wnt3a or LiCl, we considered the possibility that the significant
reduction observed in the number of recovered cells from cocultures established with ST2 cells and pretreated progenitors could
be reversed, increasing Flt3L doses. However, the results obtained
from these additional experiments showed that even tenfold increases in concentration of Flt3L failed to reverse the reduction
in the absolute number of cells, as well as the percentage of pDC
recovered from cocultures seeded with progenitors pretreated
with LiCl (Fig. 6B). Furthermore, corroborating the conclusion
that transient stabilization of ␤-catenin induced a loss of Flt3L
responsiveness in CD34⫹CD1a– cells, we demonstrated that the
down-regulation of Flt3 expression observed in thymic progenitors correlated to the inhibition of Flt3L-induced STAT5 phosphorylation [38, 39] in Wnt3a- and LiCl-pretreated thymic progenitors (Fig. 6C).

CD34ⴙCD1a– progenitors change their transcription
factor profile in response to ␤-catenin stabilization
In CD34⫹CD1a– thymic progenitors, we evaluated by quantitative RT-PCR whether transient ␤-catenin stabilization affected
the expression of different transcription factors that determine
their lineage output [40]. Variations between samples were
corrected by normalizing against the expression of two endogenous controls, GAPDH and GNB2L1. The results obtained
showed that the stabilization of ␤-catenin caused by treatment
with LiCl did not affect the levels of transcripts for Spi-B,
GATA-2, GATA-3, and ID2 genes significantly, and those for
ETS1 decreased only slightly when compared with control
cells. In contrast, LiCl treatment caused a 50% increase in the
levels of transcripts for Hes-1 and PU.1 in thymic progenitors,
and remarkably, the amount of ID3 transcripts doubled that
found in control cells (Fig. 7A).
To emphasize the impact of LiCl pretreatment, we performed
additional assays to compare the transcription factor profile of
control and LiCl-pretreated progenitors after responding to differentiation signals. In this set of experiments, RNA was obtained
after two consecutive culture periods. The first culture step was
equivalent to that performed in previous experiments; hence, the
progenitors were maintained under control conditions or in the
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Figure 6. (A) Cytokine receptor expression after transient
stimulation of canonical Wnt signaling in thymic
CD34ⴙCD1a– progenitors. After 12 h of culture in the absence (Control) or presence of Wnt3a or LiCl treatment,
CD34⫹CD1a– progenitors were stained with anti-CD117,
anti-CD127, anti-CD135, and anti-CD122 and then analyzed by flow cytometry. Shadow histograms indicate background fluorescence. The percentage of positive cells, determined according to background staining, and the total
mean fluorescence intensity are shown in each histogram.
Data are representative of four independent experiments.
(B) High doses of Flt3L failed to reverse the reduction of
the pDC population from cocultures of LiCl-pretreated
progenitors and ST2 cells. Cocultures of thymic
CD34⫹CD1a– control or LiCl-pretreated progenitors and
ST2 cells were performed with different concentrations of
Flt3L (5 ng/ml or 50 ng/ml), as described in Materials
and Methods. Dot plots show the percentage of pDC
(CD123highHLA-DRlow) recovered from these cocultures,
where in the case of 5 ng/ml, the number of human cells
recovered from LiCl-pretreated cocultures was 80% of control cocultures, whereas in the case of 50 ng/ml, it was
60% of control. Data are representative of three independent experiments. (C) Transient stabilization of ␤-catenin
inhibits Flt3L-induced STAT5 phosphorylation (p-STAT5)
in CD34⫹CD1a– cells. Control and Wnt3a- and LiCl-pretreated progenitors were cultured in the presence of 100
ng/ml Flt3L, and after 3 h, intracellular STAT5 tyrosine phosphorylation levels were analyzed by flow cytometry. Shadow histograms indicate background fluorescence. The percentage of positive cells, determined according to background staining, and the total mean fluorescence intensity
are shown in each histogram. Data are representative of three independent experiments.

presence of LiCl for 12 h, whereas during the second culture
step, control or LiCl-pretreated progenitors responded to IL-7,
Flt3L, and SCF cytokine cocktail for only 6 h. Under these experimental conditions, the increment in transcripts for Hes-1 was
maintained, but remarkably, the levels of transcripts for ID3 and
GATA3 were two to three times higher in cells that had stabilized
␤-catenin before responding to the IL-7, Flt3L, and SCF cytokine
cocktail. Moreover, ID2 levels in pretreated cells were also increased by 40% with respect to control progenitors (Fig. 7B). It is
interesting to remark that control progenitors could largely differentiate to monocyte and DC lineages in response to these differentiation signals, whereas our previous results indicated that
pretreated progenitors did not.

DISCUSSION
In the present work, we have shown that stimulation of canonical Wnt signaling in human intrathymic Lin–CD34⫹CD1a– progenitors modifies their subsequent lineage output in response
to specific differentiation environments. Our results also indicate that this effect would be related to changes in their expression of the Flt3L receptor, crucial in the regulation of lineage choice and the maintenance/expansion of progenitors
and alterations in the expression levels of various transcription
factors, such as Hes-1 and ID3.
We have focused our interest in the effects of a transitory
increment in ␤-catenin levels in the differentiation potential of
multilineage thymic precursors [41, 42]. During a reduced period of time, we have induced canonical Wnt signaling artificially in a specific cell-differentiation stage, CD34⫹CD1a– thy-
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mic progenitors, transiently increasing the level of active
␤-catenin. This experimental strategy allows investigation of
the effects that canonical Wnt signaling could exert only on
early thymic progenitors, avoiding that the final result can be
masked by the diverse effects of Wnt signaling on distinct thymocyte subsets, as could occur with a continuous treatment. In
addition, as thymic epithelium [43] and ST2 stromal cells [44]
respond to Wnt signaling, we perform the treatment of thymic
progenitors before their use in FTOC or cocultures to avoid
affecting the differentiation of thymic progenitors through
modifications in the stromal microenvironment.
Previous studies performed in mice have attempted to analyze the function of canonical Wnt signaling during T cell differentiation, obtaining conflicting results. The genetic strategies used in these studies, leading to sustained activation or
impairment of canonical Wnt signaling, produced distinct results depending on the target gene and the stage of thymocyte
differentiation that underwent the genetic modification [13,
14, 24, 45]. Therefore, activation of the canonical Wnt pathway by overexpressing activated forms of ␤-catenin led to different effects depending on the promoter that controlled expression of mutant ␤-catenin [8 –12, 26, 27]. Intriguingly, conditional ␤-catenin deletion under control of the lck promoter
impairs T cell development [45], and if this deletion occurs
earlier, in HSC, the thymus is not affected [46, 47]. On the
other hand, attenuation of Wnt signaling, by overexpression of
inhibitory molecules such Dkk1 [19] or Fzd soluble receptors
[21], produces a blockage of T cell development at the DN
differentiation stage, which becomes total in the case of Dkk1
overexpression. However, in these studies, the possible effects
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Figure 7. Transient stabilization of ␤-catenin changes the CD34ⴙCD1a– transcription factor profile. (A) Expression of different transcription factors in LiCl-pretreated progenitors, expressed relative to
control values (referred as 100%). Variations between samples were corrected by
normalizing against the expression of two
endogenous controls, GAPDH (hatched
bars) and GNB2L1 (black bars). (B)
Quantitative RT-PCR analysis of transcriptional factor expression in CD34⫹CD1a–
cultured for 6 h with IL-7, Flt3L, and SCF
after 12 h of pretreatment with LiCl.

on thymic epithelium were not evaluated, and recently, it has
been reported that stabilization of ␤-catenin, exclusively in thymic epithelial cells, blocks thymocyte development [48]. Then,
so far, no work has studied the involvement of the canonical
Wnt pathway in modulating the differentiation potential of
thymic progenitors.
Several authors have also reported that manipulation of canonical Wnt signaling affects expansion and differentiation
potential of HSC. Artificial stimulation of the canonical Wnt
pathway can restrict differentiation of primitive HSC, maintaining their engraftment potential [49], but sustained autocrine
Wnt3a signaling compromises hematopoiesis [50]. Constitutively active ␤-catenin causes a severe disruption of hematopoiesis [9, 10], leading to exhaustion of a long-term stem-cell
pool [10] and affecting myeloid progenitors, erythroid differentiation, and development of common lymphoid progenitors
[9]. Accordingly, differentiation of B cells and pDC is blocked
completely when primitive HSC are cultured onto Wnt3a-expressing OP9 stromal cells, and cDC development is not compromised, but modifications on OP9 stromal cells could also
account for these effects [50].
Our results show that the thymic CD34⫹CD1a– cell population, which includes the most immature thymic progenitors
with the capacity to differentiate into T cells, NK cells, monocytes, and DC, markedly increases the levels of active ␤-catenin
upon treatment with LiCl or Wnt3a, demonstrating the activation of the canonical Wnt signaling route. These pretreated
progenitors were used in different experimental approaches to
412 Journal of Leukocyte Biology
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study their differentiation potential and generated increased
numbers of NK cells, whereas by contrast, showed less capacity
to expand and differentiate toward monocyte and DC lineages,
observing the greatest effect on pDC differentiation. As the
activation of canonical Wnt signaling is previous to seed differentiation cultures, in our system, the transient stabilization of
␤-catenin modifies intrinsic characteristics of the thymic progenitors.
The mechanisms that control lineage output from CD34⫹
thymic progenitors involve the integration of signals initiated
in response to cytokines and the activity of specific transcription factors. In this scenario, the cytokine Flt3L is sufficient
and essential to support the commitment and differentiation
of hematopoietic precursors to DC lineage [36, 37], and our
results demonstrate that activation of canonical Wnt signaling
in CD34⫹CD1a– progenitors markedly reduces the surface expression of receptors for this cytokine, which results in the inhibition of Flt3L-induced STAT5 phosphorylation. Therefore,
the capacity of thymic progenitors to proliferate or survive in
response to Flt3L, and in correlation, its potential to differentiate into monocytes, cDC, and pDC would be compromised
after ␤-catenin stabilization. Consequently, this effect could
account for the reduction observed in the number of cells
yielded from the monocyte-DC differentiation assays, despite
the increased viability of thymic progenitors. The reduction in
Flt3 expression could merely decrease the sensitivity of progenitors to this signal, or in contrast, the reduced percentage
of Flt3⫹ cells would be reflecting a modification in the compo-
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sition of the thymic progenitor subpopulation after activation
of canonical Wnt signaling. The increment in the percentage
of CD122-positive progenitors observed after Wnt3a and LiCl
pretreatment could agree with this possibility and with the enhancement of NK cell differentiation. Interestingly, we demonstrate that this effect is not reverted by increasing Flt3L doses
and also show that the levels of various transcription factors
are modified after activation of the canonical Wnt pathway.
Among transcription factors whose expression changes after
giving a boost in canonical Wnt signaling, ID3, whose levels in
LiCl-treated progenitors double those found in control, nontreated cells, stands out. ID3 is an inhibitor of the transcriptional activity of E2A proteins, E12 and E47, involved in the
differentiation of many cell types. Enforced expression of ID3
by retrovirus-mediated gene transfer inhibits the development
of CD34⫹CD1a– thymic progenitors into T cells and pDC and
enhances the production of NK cells [35, 51]. In agreement,
in our system, the transient activation of ␤-catenin enhances
NK yields from human thymic progenitors and reduces the
production of pDC. However, although FTOC seeded with
LiCl-pretreated progenitors yield higher numbers of DN thymocytes, we cannot affirm conclusively that T cell lineage is
affected. Nevertheless, the increment of ID3 levels generated
after retroviral transduction, besides being constitutive, could
be higher than that induced after transient Wnt signaling activation. In any case, the effect of canonical Wnt signaling in
thymic progenitors is not merely an increment in ID3 transcripts. We also find an increment in the level of Hes-1 transcripts. Previous reports have demonstrated that the canonical
Wnt pathway enhances Notch signaling, increasing the amount
of Notch1 intracellular domain, which triggers an increment
in Hes-1 transcription [52, 53]. In addition, Wnt signaling activation promotes the transcription of Notch1 [12] and its ligand Jagged1 [54], which in turn, would augment the subsequent Notch-dependent response. The increment in Nocth1
signaling could be one of the factors that causes the inhibition
of myeloid differentiation and the increment in the thymic
DN population observed after activation of ␤-catenin [42].
Regarding NK cell development, cord-blood CD34⫹ cells
cultured with low densities of Delta1ext–IgG fusion proteins,
which induce a small increase in Hes-1 expression [55], generate higher numbers of NK cells than progenitors cultured
without fusion proteins [53]. In contrast, elevated densities of
Delta1 [53] or sustained Notch1 activation after the intracellular portion of the Notch receptor 1 retroviral transduction
[42] result in blockage of NK cell differentiation. These results
indicate that the intensity of Notch signaling regulates NK lineage commitment and differentiation and account for the existence of an optimal level of Notch signaling required for the
promotion of NK development. Accordingly, Wnt3a can inhibit NK cell differentiation by enhancing the level of Notch1
signaling to exceed a threshold that favors T cell development
[53]. The increment in Hes-1 levels observed in LiCl-treated
progenitors is quite low compared with that reported after culturing CD34⫹ progenitors with Delta1ext–IgG fusion proteins
[55]; then, we can assume that does not exceed the optimal
level for NK differentiation.
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On the other hand, controversial results have been reported
regarding Notch1 signaling and pDC differentiation, mainly as
a result of differences in the origin of CD34⫹ cell progenitors
used in these studies (cord blood vs. thymus) and the amount
of Notch1 ligand provided to CD34⫹ progenitors. Thus,
Dontje et al. [56] demonstrated that CD34⫹CD1a– thymic progenitors cultured onto the OP9 stromal cell line expressing
human Delta-like 1 increase GATA-3 expression and downmodulate Spi-B blocking pDC differentiation. In contrast,
Olivier et al. [57] showed that cord-blood CD34⫹ progenitors
require Notch1 signaling to differentiate into pDC and are
blocked after ␥-secretase inhibition, and their culture onto
OP9-DL1 cells increases pDC yields.
In conclusion, we show that transient stabilization of ␤-catenin alters the lineage output from CD34⫹CD1a– thymic progenitors, impairing their capacity to differentiate into monocyte or DC lineages while promoting NK cell production. Modifications in factors that mediate CD34⫹CD1a– expansion and
differentiation, such as the expression of Flt3 or Hes-1 and
ID3 transcription levels, account for those results.
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