
Article

The Rockefeller University Press 
J. Exp. Med. 2017 Vol. 214 No. 11  3361–3379
https://doi.org/10.1084/jem.20161564

T
h
e 

Jo
u
rn

al
 o

f 
E
xp

er
im

en
ta

l 
M

ed
ic

in
e

3361

Introduction
DCs are specialized antigen-presenting cells that are essential 
mediators of immunity and tolerance (Banchereau and Stein-
man, 1998). DCs include two major subtypes conserved in 
humans and mice: conventional DCs (cDC) and plasmacytoid 
DCs (pDC), which are characterized on the basis of their 
surface marker expression, morphology and ability to respond 
to different pathogens (Shortman and Liu, 2002; Reizis et al., 
2011; Steinman, 2012; Merad et al., 2013). Despite increas-
ing knowledge of the physiological relevance and functional 
heterogeneity of DCs, their developmental origin has been a 
matter of intense debate in recent years, especially in humans, 
and only recently has a general consensus been reached about 
the developmental link of DCs with the myeloid lineage (Liu 
et al., 2009; Doulatov et al., 2010; Geissmann et al., 2010; Liu 
and Nussenzweig, 2010; Satpathy et al., 2012; Haniffa et al., 
2013; Merad et al., 2013). In mice, both pDCs and cDCs arise 
from a BM-resident monocyte/DC progenitor (MDP; Fogg 
et al., 2006) via a Flt3+ (CD135+) common DC progenitor 

(CDP) with restricted DC potential, that branches off from 
the myeloid lineage in the BM and gives rise in situ to sep-
arate precursors of cDCs or pDCs, which then migrate to 
peripheral organs (del Hoyo et al., 2002; Naik et al., 2007; 
Onai et al., 2007; Liu et al., 2009). This progressively restricted 
DC differentiation pathway is conserved in humans, where 
MDPs and CDPs derived from CD34+ hematopoietic stem/
progenitor cells (HSPCs) have been identified in the BM and 
also in cord blood, but not in peripheral blood or lymphoid 
tissues, which instead contain more mature pre-DCs (Breton 
et al., 2015a; Lee et al., 2015).

Besides their location in the periphery, cDCs and pDCs 
also reside in the steady-state thymus (Bendriss-Vermare et 
al., 2001; Vandenabeele et al., 2001; Okada et al., 2003; Wu 
and Shortman, 2005), where they play a key role in the estab-
lishment of central tolerance by inducing autoreactive T cell 
deletion and regulatory T cell generation (Gao et al., 1990; 
Brocker et al., 1997; Watanabe et al., 2005; Martín-Gayo et al., 
2010), but the developmental origin of thymic DCs is far less 
well understood than the origin of peripheral DCs. The initial 
view that thymic DCs were derived in situ from intrathymic 
T/DC lymphoid progenitors (Ardavin et al., 1993; Shortman 
and Wu, 1996) was later challenged by cell-fate mapping ex-
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periments supporting separate lymphoid and myeloid origins 
for T cells and DCs, respectively (Schlenner and Rodewald, 
2010). In addition, extrathymic myeloid-restricted progeni-
tors were shown to generate all intrathymic DC subtypes (Li 
et al., 2009; Luche et al., 2011), supporting their extrathymic 
origin. However, these results did not formally exclude early 
thymic progenitors (ETPs) as precursors of myeloid-associated 
intrathymic DCs (discussed by von Boehmer, 2009; Krueger, 
2011). Indeed, ETPs in both mice and humans display my-
eloid potential and behave as lymphomyeloid precursors able 
to generate monocytes and DCs at significant frequencies 
within the thymus (Márquez et al., 1995; Weijer et al., 2002; 
Bell and Bhandoola, 2008; Wada et al., 2008; Moore et al., 
2012). Although these data indicate that commitment of ETPs 
to the DC lineage could in principle occur within the thymus, 
the physiological relevance of such developmental choice is 
difficult to reconcile with the unique function of the thy-
mic microenvironment as an effective inducer of signals that 
impose T cell development and impair non–T cell fates of 
ETPs, two effects that rely on activation of the evolutionary 
conserved Notch signaling pathway (Pui et al., 1999; Radtke 
et al., 1999; Wilson et al., 2001).

Studies showing that Notch inactivation impairs T 
cell generation from ETPs and simultaneously diverts 
them to DC development (Feyerabend et al., 2009) pro-
vided evidence that ETPs have a latent non–T cell po-
tential that is repressed in the steady-state thymus by a 
microenvironment supporting continuous Notch signal-
ing (Schmitt et al., 2004). In mice, this repression occurs 
through interaction of Notch1 with the Notch ligand 
Delta-like ligand 4 (DLL4), which is the essential nonre-
dundant axis responsible for keeping ETPs on track to T 
cell differentiation (Hozumi et al., 2008; Koch et al., 2008; 
Feyerabend et al., 2009). But Notch ligands other than 
DLL4, such as DLL1 and Jagged1 and 2 (JAG1 and JAG2), 
are presented as well by thymic epithelial cells to Notch 
receptors (Notch1–4) expressed on thymocytes, and some 
of them can repress DC development (De Smedt et al., 
2005; Dontje et al., 2006; García-Peydró et al., 2006; 
Mohtashami et al., 2010), whereas others contribute to 
DC differentiation in distinct locations (Cheng et al., 
2007). Although this controversy may reflect nonredun-
dant functions of distinct Notch receptors and ligands, the 
key question is whether the normal thymus provides dis-
crete niches expressing particular Notch ligands that are 
permissive for the development of non–T-lineage cells and 
whether thymus-seeding precursors with lymphomyeloid 
potential could escape T cell fate constraints imposed by 
a DLL4–Notch1 inductive microenvironment to undergo 
DC development. In this paper, we show that selective 
expression of JAG1 in the outer medulla of human thy-
mus may provide permissive niches for DC development. 
The identification of thymus-resident MDPs and CDPs 
further supports the existence of a progressively restricted 
DC differentiation pathway in the human thymus.

Results
ETPs resident in the human postnatal thymus generate 
pDCs and cDCs in vitro and in vivo
Independent studies have shown the intrinsic potential of 
human ETPs to generate either pDCs (Schotte et al., 2003) 
or cDCs (García-Peydró et al., 2006) when cocultured with 
OP9 stromal cells, suggesting that both DC subtypes could 
develop in situ within the thymus. However, the develop-
mental relationship of intrathymic pDCs and cDCs remains 
unknown. To investigate this issue, we initially assessed the 
capability of the OP9 coculture assay for supporting the si-
multaneous development of pDC and cDC from CD34hi 
CD44hi CD1a− CD33lo ETPs isolated from the human post-
natal thymus (>95% pure; Fig. 1 A). We found that ETPs co-
cultured with OP9 cells expanded gradually in the presence 
of FMS-related tyrosine kinase 3 ligand (FLT3L) and IL-7 up 
to day 9 (12.7 ± 2.6-fold; not depicted). Cellular proliferation 
paralleled the generation of significant proportions of cells 
with a characteristic pDC phenotype, which expressed high 
levels of IL-3R (CD123hi) and BDCA2 and lacked CD13 
(Fig.  1  B). ETPs also gave rise to significant numbers of 
CD123lo CD13+ cells with high CD33 expression and vari-
able CD1a levels (Fig. 1 B), consistent with intrathymic cDCs 
(Martín-Gayo et al., 2010). Absolute numbers of both DC 
subtypes increased in parallel up to day 9, but cDCs overgrew 
pDCs thereafter and represented the major DC subset by day 
12 (Fig. 1 C), when most CD13+ cells coexpressed high levels 
of human leukocyte antigen–antigen D related (HLA-DR), 
CD11c, and BDCA1 cDC markers (Fig. 1 B). Detailed FACS 
analyses showed that, in addition to pDCs and cDCs, the 
ETP progeny arising along the OP9 culture comprised low 
numbers of CD14+ CD115+ (M-CSFR+) monocytes spe-
cifically included within the CD123lo CD13+ subset, which 
increased significantly in cultures supplemented with M-CSF 
(Fig. 1 D). Therefore, the OP9 culture system revealed a la-
tent monocyte/DC potential of human ETPs.

Thorough phenotypic characterization of pDCs de-
rived in vitro from ETPs revealed that they expressed CD7 
and CD5 molecules, similarly to intrathymic pDCs, whereas 
peripheral pDCs lack both markers (Fig. 2 A; Strobl et al., 
1998; Bendriss-Vermare et al., 2001; de Yébenes et al., 2002). 
Likewise, ETP-derived cDCs were more similar to intra-
thymic cDCs in terms of CD7 and CD5 expression than to 
their peripheral counterparts (Fig. 2 A). These data support 
the possibility that at least part of intrathymic pDCs and 
cDCs, with a phenotype different from that of their periph-
eral counterparts, could arise in vivo from ETPs. Accordingly, 
we found that human ETPs infused into Rag2−/− × γc−/− 
immunodeficient mice were capable of generating pDCs 
and cDCs phenotypically equivalent to DCs resident in the 
human thymus (Fig.  2, B and C). Such DCs were already 
found in the BM and spleen of transplanted mice at 1 wk 
after transplantation, when human CD45+ cells were essen-
tially undetectable in the thymus. Thereafter, ETP-derived 
pDCs and cDCs increased in mouse peripheral organs, but 
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intrathymic DC production was hardly detectable at different 
times after transplantation, as human cells engrafting the host 
thymus typically developed into CD5+ CD13− T-lineage cells 
(Fig. 2, B and C). Although our xenotransplantation assay was 
not efficient enough to reveal the potential of human ETPs 
to generate DCs in the mouse thymus, our results confirmed 
that ETPs can generate in vivo both pDCs and cDCs with a 
thymus-related phenotype.

Human ETPs generate pDCs and cDCs through CD123+ 
progenitors transcriptionally primed for a myeloid fate
The ability of the OP9 culture to support the simultaneous 
generation of human pDC and cDC from ETPs prompted us 
to use this assay for modeling the putative DC differentiation 
pathways that ETPs would undergo in the human thymus. 
We found that cultured ETPs had diverged by day 3 into two 
discrete cell populations with a reciprocal expression of the 
lymphoid marker CD5 and the myeloid molecule CD123: a 
major (78 ± 2%) CD5hi CD123− population and a minor (22 
± 2%) CD5lo CD123+ subset, which lacked lineage-specific 
molecules (Lin−), including BDCA2 and CD11c markers of 
pDCs and cDCs, respectively (Fig.  3  A and not depicted). 
Supporting their progenitor nature, both cell subsets kept a 
significant expression of CD34 together with low but ho-
mogeneous levels of CD117 (c-kit) and CD135 receptors 

(Fig. 3 B), and they are thus hereafter referred to as CD5+ and 
CD123+ progenitors (CD5+p and CD123+p, respectively). 
According to their thymic origin, both progenitor subsets ex-
pressed high levels of CD45RA and were positive for CD7, 
but they displayed opposite expression levels of CD44 and 
HLA-DR and showed a differential distribution of CD33 
and CD116 (GM-CSFRα-chain) myeloid markers, whose 
expression was specific of CD123+p cells. Expression of mol-
ecules associated to macrophages such as CD14 was negative, 
whereas CD115 expression was weak but detectable in a frac-
tion of CD123+p cells (Fig. 3 B), suggesting that they include 
MDPs equivalent to MDPs identified in the human BM (Lee 
et al., 2015). Collectively, the divergent phenotypic features 
displayed by CD5+p and CD123+p suggest that they repre-
sent separate T- and myeloid-lineage progenitors, respectively.

To characterize their lineage fate at the genetic level, 
FACS-sorted CD5+p and CD123+p cells derived from ETPs 
were compared with primary ETPs for expression of lin-
eage-specific genes (Fig.  3  C). This study confirmed that 
CD5+p and CD123+p displayed divergent T versus myeloid 
transcriptional profiles, respectively, with a differential ex-
pression of 48 of 96 genes analyzed (not depicted). Of them, 
genes encoding transcription factors critical for myeloid 
development and pDCs and/or cDCs differentiation such 
as SPI1 (PU.1), SPIB, and IRF8 (reviewed by Miller et al., 

Figure 1.  Human ETPs display monocyte/DC potential and generate in vitro pDCs and cDCs that resemble their intrathymic counterparts.  
(A) Flow cytometry phenotype of ETPs (CD34hi CD44hi CD33+ CD1a−) isolated from the human postnatal thymus. Numbers indicate percentages of positive 
cells for the indicated markers (n = 20). (B) Flow cytometry of cells generated from human ETPs cultured on OP9 cell monolayers in the presence of 100 IU/
ml rhFLT3L and 200 IU/ml rhIL-7 (OP9 assay) at the indicated days. Numbers correspond to percentages of cells that display either a pDC (BDCA2+ CD123hi 
CD13−) or a cDC (BDCA2− CD123lo CD13hi) phenotype. Expression of CD1a, CD33, CD11c, and BDCA1 on cDCs and HLA-DR expression on cDCs and pDCs 
are also shown (n = 12). (C) Kinetics of pDC and cDC differentiation from ETPs cultured as in B. Data are shown as mean ± SEM of percentages (left) and 
absolute numbers (right) of pDCs and cDCs recovered at the indicated days of culture and normalized to 105 initial ETPs (n = 12). *, P < 0.05; **, P < 0.01.  
(D) Generation of monocytes from human ETPs cultured in the OP9 assay either as in B, or in the presence of M-CSF, for 7 d. Flow cytometry plots show 
the expression of CD115 and CD14 on electronically gated ETP-derived CD123lo CD13+ progenitor cells (shaded histograms). Background staining was de-
termined with irrelevant isotype-matched Abs (empty histograms). Data are representative of one out of three experiments.
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2012), as well as the transcription factor GATA2 (Rodrigues 
et al., 2008), were highly expressed in CD123+p but were 
significantly lower in CD5+p (Fig. 3 C). This myeloid molec-
ular signature was shared by primary pDCs and cDCs isolated 
from the human thymus and correlated with high expres-
sion of CCR7, which is also expressed on murine thymic 
DCs (Moore et al., 2012). Conversely, genes associated with 
lymphoid commitment and T cell development, including 
ETS1, GATA3, RAG1, RAG2, and the Notch target HES1 
(Yui and Rothenberg, 2014), were overrepresented in CD5+p 
compared with CD123+p cells (Fig. 3 C). As a whole, these 
results confirm at the genetic level that CD5+p and CD123+p 
represent intermediate progenitors that have undertaken di-
vergent developmental programs and indicate that human 
ETPs can be transcriptionally primed toward either a lym-
phoid/T or a myeloid fate.

Differentiation analyses of FACS-sorted CD5+p and 
CD123+p subsets (Fig. 4, A and B) using the OP9 assay fur-
ther confirmed at the functional level that CD5+p were lym-
phoid-primed progenitors that progressed efficiently along a 
CD5+ CD7+ T cell lineage and generated CD4+ CD8+ dou-
ble-positive cells but were unable to generate CD33+ myeloid 

cells and were devoid of pDC and cDC potential (Fig. 4, C 
and E). In contrast, CD123+p progressed along a CD33+ 
myeloid pathway that efficiently generated large numbers of 
cDCs and pDCs, but they essentially lacked T cell potential 
(Fig. 4, D and E). Collectively, our results provide evidence 
that both pDCs and cDCs are generated in vitro from human 
ETPs through a CD123+ myeloid-primed progenitor that 
has lost the potential to generate T cells and may thus in-
clude CDPs. In contrast, ETPs generated T-lineage cells only 
through CD5+p intermediates (Fig. 4 E).

Identification of myeloid-primed MDPs and CDPs 
resident in the human thymus
To determine the physiological relevance of the progen-
itor-progeny DC developmental pathway revealed in the 
OP9 assay, we next examined the postnatal human thymus 
for the presence of CD123+ DC progenitors. To this end, we 
analyzed thymus cell suspensions that were depleted of ma-
ture thymocytes and were thus enriched for CD34hi ETPs 
and more mature CD34+ intermediate progenitors. The lat-
ter included a subset of T cell committed precursors with 
down-regulated CD44 expression (CD44lo) and a population 

Figure 2.  ETPs resident in the human thymus 
generate pDCs and cDCs in vivo. (A) Flow cy-
tometry plots show expression of CD7 (left) and 
CD5 (right) either on primary pDCs (top) and cDCs 
(bottom) resident in the human thymus and in 
peripheral blood (PB) or on their DC counterparts 
generated in vitro from ETPs in the OP9 assay. Data 
are representative of one of three experiments. 
(B) Percentages of pDCs and cDCs among human 
CD45+ cells recovered from the spleen and BM of 
Rag 2−/− × γc−/− mice transplanted by intrahepatic 
injection with 2–5 × 105 human ETPs. Percentages 
of total human CD45+ cells arising in the thymus 
are shown in the far-right graph. Mean values at 
1 wk (n = 6) and 2 wk (n = 3) after transplanta-
tion are shown. (C) Flow cytometry analysis of 
human cells generated in mice transplanted with 
human ETPs at 1 wk after transplant. Numbers 
indicate percentages of CD45+ cells that display 
either a pDC (BDCA2+ CD123hiCD13−) or a cDC 
(BDCA2− CD123lo CD13hi) phenotype in the spleen 
and BM or percentages of CD5+ CD13− T-lineage 
cells developing in the thymus.
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of non–T cell progenitors, which keep high CD44 expres-
sion (CD44hi; Márquez et al., 1995; de Yébenes et al., 2002). 
Accordingly, we found that primary CD44lo CD34+ progen-
itors lacked CD123 and other myeloid markers characteris-
tic of myeloid-primed CD123+p generated in culture, but, 
like in vitro–derived CD5+p, they expressed CD1a, CD5, and 
CD127 (IL-7R) T-lineage molecules, in addition to CD7 and 
CD45RA (Fig.  5  A). In contrast, primary CD44hi CD34+ 
progenitors expressed CD123 like in vitro–derived CD123+p, 
although at higher levels, and also displayed weak levels of the 

CD135 progenitor molecule, and a significant expression of 
several myeloid-related markers, including CD33, HLA-DR, 
and CD116, but lacked the BDCA2 pDC molecule (Fig. 5, A 
and B). As expected given their intrathymic origin, CD123+ 
progenitors maintained significant CD7 and CD45RA and 
intermediate CD5 expression levels, despite their myeloid 
phenotype. Notably, some of them also expressed CD115, 
a hallmark of MDPs (Lee et al., 2015), although cells with 
a CD115− DC progenitor phenotype represented a major 
subset. Thus, we concluded that Lin− CD123+ progenitors 

Figure 3.  Human ETPs differentiate in vitro into separate progenitors transcriptionally primed for either a lymphoid/T or a myeloid cell fate.  
(A and B) Phenotype of cells generated from human ETPs cultured in the OP9 assay for 3 d. (A) Flow cytometry plots show two exclusive cell subsets defined 
by reciprocal expression of CD5 and CD123 as CD5+ CD123− (CD5+p) and CD5lo CD123+ (CD123+p), which lack pDC (BDCA2) and cDC (CD11c) markers but 
express low CD13. (B) Flow cytometry plots of electronically gated CD5+p (gate I) and CD123+p (gate II) subsets in A show expression of CD117 and CD135 
cytokine receptors together with CD34 and CD45RA, a phenotype of hematopoietic progenitors. Expression of CD115 on CD123+p identifies progenitors of 
monocytes and DCs (MDPs), while CD116+ CD115− CD123+p correspond to CDPs with the capacity to give rise to all DCs but not to monocytes (Breton et 
al., 2015b). Background was defined using isotype-matched irrelevant Abs (empty histograms). Representative results from one experiment are shown (n = 
9). (C) Quantitative PCR expression analysis of the indicated genes in primary ETPs, pDCs, and cDCs purified from human postnatal thymus samples and in 
FACS-sorted CD5+p and CD123+p ETP-derived progenitors shown in A. Data were normalized to GAP​DH expression. All results are shown relative to those 
of ETP as mean ± SEM (n = 3). *, P < 0.05.
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resident in the human thymus include both CD115+ and 
mostly CD115− myeloid-primed DC progenitors, which 
may represent the intrathymic counterparts of MDPs and 
CDPs, respectively, identified in BM and cord blood (Lee et 
al., 2015). Confirming the immediate DC potential of pri-
mary CD123+ thymocytes (Fig.  5  B), we found that they 
generated both pDC and cDC subsets in the OP9 assay with 
kinetics similar to ETPs, but, as expected of more restricted 
precursors, they showed significantly higher DC generation 
efficiencies than ETPs (Fig. 5 C). Collectively, these results 
provide evidence that the human thymus includes CD123+ 
progenitors placed downstream of ETPs, which mostly con-
tain CD115− DC-restricted precursors with high pDC and 
cDC potential and a CDP-like phenotype (hereafter re-
ferred to as thymic CDPs).

The human thymus contains a JAG1+ medullary niche 
enriched for pDCs and cDCs expressing Notch receptors
The identification of CDPs among primary CD123+ my-
eloid-primed thymocytes suggests that the thymus microen-
vironment might support their generation in situ from ETPs. 
Therefore, permissive niches for myeloid/DC development 
may exist in the human thymus. To analyze this possibility, we 
assessed the spatial distribution of intrathymic Notch ligands, 
with special attention to the outer medulla, where cDCs and 
pDCs are mostly located (Kurobe et al., 2006; Martín-Gayo 
et al., 2010). Immunohistochemistry and confocal microscopy 
showed that human CD11c+ cDCs were confined mostly to 
a particular region in the thymus outer medulla, close to the 
corticomedullary junction, which was rich in JAG1 expres-
sion (Fig. 6, A and B) but devoid of other Notch ligands (not 
depicted), whereas JAG1+ cells were essentially absent in the 
cortex. Quantitative analysis revealed high proportions (up 
to 25%) of CD11c+ cells establishing adjacent contacts with 
JAG1-expressing medullary cells (Fig. 6, C and D). Because 
JAG1-mediated signaling is known to impair T cell gener-
ation, at least in humans, but supports non–T cell develop-
ment (Van de Walle et al., 2011), it is conceivable that human 
ETPs could develop along the DC lineage in the outer me-
dulla upon interaction with JAG1 through surface Notch re-
ceptors. Quantitative PCR analyses of NOT​CH(1–4) gene 
expression confirmed that ETPs transcribed all four Notch 
receptors (Fig. 6 E). Of them, expression of NOT​CH1 and  
NOT​CH2 remained essentially unchanged in both CD123+p 
and CD5+p derived from ETPs. In contrast, NOT​CH3 was 
significantly down-regulated in CD123+p, whereas NOT​CH4  
was specifically down-regulated in CD5+p, but it was dis-
tinctively maintained in CD123+p and was also transcribed 
in intrathymic cDCs and pDCs (Fig.  6  E). FACS analyses 
confirmed that NOT​CH4 was preferentially expressed at the 
protein level on myeloid-primed CD123+ progenitors, as well 
as on intrathymic pDCs and cDCs, whereas CD5+ T-lineage 
progenitors were enriched in NOT​CH1- and NOT​CH3- 
expressing cells (Fig. 6 F). According with a preferential ex-
pression of NOT​CH4 in myeloid-lineage thymocytes, we 
found that primary CD123+ CDPs expressed increased lev-
els of NOT​CH4, compared with their CD5+p counterparts 
and with ETPs (Fig.  6  G), and NOT​CH4 expression was 
observed as well in situ on thymic medullary DCs that coex-
pressed either CD123 or CD11c and thus include pDCs or 
cDCs, respectively (Fig. 6, H–J).

JAG1- but not DLL1-induced Notch signaling is permissive 
for the generation of thymic CDPs from bipotent T/DC ETPs
The restricted spatial distribution of JAG1 in a DC-rich 
thymus niche is compatible with a role for JAG1-mediated 
Notch signaling in intrathymic myeloid/DC priming and de-
velopment. This possibility concurs with the fact that the OP9 
cells used to model DC development of ETPs constitutively 
express low levels of surface JAG1, which may be sufficient 
to trigger a myeloid/DC developmental program in vitro (de 

Figure 4.  Human ETPs generate pDCs and cDCs through my-
eloid-primed CD123+ CDPs. (A and B) Flow cytometry analysis of surface 
CD5 versus CD123 expression on FACS-sorted CD5+p (A) and CD123+p (B) 
progenitor subsets generated from human ETPs cultured for 3 d in the 
OP9 assay, as shown in Fig. 3 A. (C and D) Phenotype of cells generated 
from FACS-sorted CD5+p (C) and CD123+p (D) progenitors upon culture for 
3 additional days in the OP9 assay. CD123+p progenitors generated pDCs 
(CD123+ CD13−) and cDCs (CD123− CD13+), whereas CD5+p progenitors 
exclusively generated T-lineage cells (CD5+ CD7+ CD4+ CD8+). (E) Differen-
tiation kinetics of pDCs (top), cDCs (middle), and T-lineage cells (bottom), 
derived from either CD123+p or CD5+p sorted progenitors upon culture as 
in A for 3 and 6 additional days, respectively. Mean percentages ± SEM are 
shown (n = 8). **, P < 0.01.
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Pooter et al., 2006), but they lack surface expression of other 
Notch ligands including JAG2, although they transcribe it (not 
depicted; Schmitt and Zúñiga-Pflücker, 2002; Van de Walle et 
al., 2011). To investigate the contribution of JAG1 to DC de-
velopment, we compared the outcome of ETPs cultured with 
OP9 cells that were transduced with a retroviral bicistronic 
vector encoding either human JAG1 and GFP as reporter 
(OP9–JAG1), or GFP alone as control (OP9–GFP). OP9 cells 
transduced with DLL1 and GFP (OP9–DLL1), were used in 
parallel cultures to model T cell development of ETPs re-
ceiving high Notch signaling, which impairs diversion to the 
myeloid/DC lineage (De Smedt et al., 2005; García Peydró 
et al., 2006). As shown in Fig. 7 A, kinetic analyses revealed 
that production of total DCs, including pDCs and cDCs, was 
induced with similar efficiencies in OP9–JAG1 and OP9–
GFP cultures but was significantly impaired in DLL1 cul-
tures. Conversely, OP9–DLL1 cultures efficiently supported 
the development and long-term maintenance of T-lineage 
cells (Fig. 7 A), which acquire CD1a, CD4, and CD8 markers 
and finally express the mature TCR (not depicted; De Smedt 
et al., 2005; García Peydró et al., 2006). Therefore, JAG1 and 
DLL1 seem to prime ETPs toward either myeloid/DC or T 
cell development, respectively, a possibility supported by the 
fact that generation of CD123+p from ETPs was significantly 

impaired in OP9–DLL1 cultures compared with OP9–JAG1 
and OP9–GFP cultures (Fig. 7 B). However, both OP9–JAG1 
and OP9–GFP seemed permissive for the initial development 
of CD5+p and CD1a+ preT cells from ETPs, although such 
T cell progenitors decreased progressively thereafter in both 
conditions and never generated TCR+ thymocytes (Fig. 7 A 
and not depicted). According to previous results (Van de Walle 
et al., 2011), these data suggest that isolated ETPs may include 
some progenitors committed to the T cell lineage in vivo, 
which can progress in vitro along early T cell development 
in the absence of DLL1.

ETPs defined as shown in Fig. 1 A are heterogeneous 
regarding CD7 expression and comprise mostly cells with 
high CD7 levels (CD7hi), including the more mature ETPs, 
and also a minor subset of earlier CD7− thymocytes (<2%), 
which have been identified as primitive lymphomyeloid thy-
mic progenitors (Hao et al., 2008). Thus, we ought to assess 
the impact of Notch ligand-specific signaling on the DC/T 
developmental potential of both ETP populations. To this 
end, CD7− and CD7hi thymocytes were FACS-sorted from 
CD34hi ETPs, which were simultaneously depleted of puta-
tive CD123+ DC-lineage contaminants (Fig. S1), and both 
subsets were then assayed in OP9 cocultures. We first con-
firmed that as total ETPs, CD7− ETPs were able to gen-

Figure 5. C haracterization of CD123+ MDPs and CDPs resident in the human thymus. (A) Flow cytometry of CD44 versus CD34 expression in human 
thymocytes depleted of T-lineage cells, as described in Materials and methods, defines three progenitor populations: (I) CD44hi CD34hi ETPs, (II) CD34lo CD44hi 
myeloid-like intrathymic progenitors, and (III) CD34lo CD44lo lymphoid-like intrathymic progenitors. Shaded histograms show expression of the indicated 
markers on electronically gated subsets I, II, and III (bottom). Isotype-matched irrelevant Abs were used to define background staining (empty histograms; 
n = 3). According to their phenotype, cells in gate II resemble CDPs and also include some CD115+ MDPs. (B) Flow cytometry plots show the phenotype of 
myeloid progenitors (gate II) that were magnetically sorted on the basis of CD123 expression. Data from a representative experiment are shown (n = 4).  
(C) Kinetics of pDC and cDC differentiation from ETPs and primary CD123+ myeloid progenitors shown in B, isolated from the same thymus sample and 
cultured in the OP9 assay as in Fig. 1 B. Data are shown as mean percentages ± SEM (n = 4). *, P < 0.05.
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erate CD123hi CD13− pDCs and CD123lo CD13+ cDCs 
with similar efficiencies early in OP9 cocultures (day 7), but 
cDCs increased progressively thereafter and overgrew pDCs 
(Fig. 7 C). The involvement of JAG1 in myeloid/DC priming 
and development of CD7− ETPs was assessed in OP9–GFP 

and OP9–JAG1 cultures, which were shown to support total 
DC generation with identical efficiencies, whereas both cul-
tures completely prevented the emergence of T-lineage cells 
(Fig. 7 D). Conversely, OP9–DLL1-derived signals efficiently 
induced T cell commitment of CD7− ETPs and supported 

Figure 6. T he human thymus contains a 
JAG1+ medullary niche enriched for pDCs 
and cDCs expressing NOT​CH4. (A–C) Immu-
nohistochemistry and confocal microscopy 
analysis of JAG1 (red) and CD11c (green) ex-
pression in the human postnatal thymus. Topro 
labeling of cellular nuclei is shown in blue. 
Bars: 50 μm (A and B); 10 μm (C). (A) Thymus 
cortex (c) and medulla (m) are separated by the 
corticomedullary junction (dotted line). (B) Cell 
contacts between CD11c+ DCs and JAG1+ stro-
mal cells confined to the thymus medulla (ar-
rowheads). (C) Enlarged details of cell contacts 
between CD11c+ and JAG1+ cells in the thymus 
medulla marked by arrowheads. (D) Quantifi-
cation of CD11c+ cells contacting JAG1+ cells in 
C. Data show mean percentages ± SEM per 63× 
field of three independent thymus samples (n 
= 30). (E) Quantitative PCR expression analysis 
of NOT​CH (1–4) transcription in primary ETPs, 
pDCs, and cDCs purified from human postna-
tal thymus samples and in FACS-sorted CD5+p 
and CD123+p ETP-derived progenitors shown 
in Fig. 4 (A and B), respectively. Data were nor-
malized to GAP​DH expression. All results are 
shown relative to those of ETP as mean ± SEM 
(n = 3). *, P < 0.05. (F) Percentages of cells in 
E positive by flow cytometry for the expres-
sion of NOT​CH1, 3, and 4. Data are shown as 
mean ± SEM of cell percentages (n = 3). *, P 
< 0.05; **, P < 0.01. (G) Flow cytometry anal-
ysis of cell surface NOT​CH1, 3, and 4 expres-
sion on primary ETPs, CD5+p and CD123+p 
cells isolated from the human thymus (shaded 
histograms). Gray dotted histograms represent 
background staining obtained with irrelevant 
isotype-matched Abs. (H–J) Immunohisto-
chemistry and confocal microscopy analysis of 
NOT​CH4 protein expression (red) in combina-
tion with either CD123 or CD11c (green) in the 
human postnatal thymus. (H′–J′) Topro label-
ing of cellular nuclei is shown in blue. Bars, 50 
μm. (H) NOT​CH4 expression is confined to the 
human thymus medulla. Thymus cortex (c) and 
medulla (m) are separated by the corticomed-
ullary junction (dotted line). (I and J) Enlarged 
details of the corticomedullary junction (CMJ) 
area of human thymus showing expression 
of NOT​CH4 on CD123+ (I) and CD11c (J) DCs 
(arrowheads) confined to the medulla, close to 
the perivascular space (dotted lines).
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the efficient generation of CD7+ CD5+ cells but markedly 
impaired the development of DCs (Fig. 7 D). Therefore, our 
results suggest that levels of JAG1 ligand expressed on OP9–
GFP and OP9–JAG1 stromal cells efficiently prime the most 
immature CD7− ETPs toward a myeloid/DC fate, whereas 

DLL1-mediated signaling selectively induces T cell priming at 
the expense of myeloid development. Accordingly, we found 
that DLL1 expression impaired the production of DCs by 
preventing the generation of myeloid-primed CDPs, whereas 
progression of CD7− ETPs along a myeloid/DC-lineage pro-

Figure 7.  JAG1- but not DLL1-mediated Notch signaling supports the generation of CD123+ thymic CDPs from human CD7−, CD7hi, and total 
ETPs. (A and D) Percentages of either total DCs, including pDCs and cDCs (left), or CD5+ T-lineage cells (right), derived from total ETPs (A) or CD7− ETPs (D), 
cultured onto OP9–GFP, OP9–DLL1, or OP9–JAG1 stromas, in the presence of FLT3L and IL-7 (n = 3). (B, E, and H) Percentages of CD123+ myeloid progenitors, 
mostly including CDPs as shown in Fig. 3, arising from human total (B), CD7− (E), or CD7hi ETPs (H), cocultured for the indicated days with OP9–DLL1, OP9–
JAG1, or OP9–GFP stromal cells as in A (n = 3). (C and G) Flow cytometry phenotype (left) and relative (middle) and absolute (right) numbers of pDCs and 
cDCs derived from 105 FACS-sorted CD7− (C) or CD7hi (G) ETPs in the OP9 assay, at the indicated days. Numbers in quadrants correspond to percentages of 
gated cells that display either a pDC (CD123hi CD13−) or a cDC (CD123lo CD13hi) phenotype after 9 d of culture (n = 3 or 4). (F) Numbers of CD123+ myeloid 
progenitors generated from human CD7− ETPs in OP9–JAG1 cultures supplemented with either 100 nM of the gamma-secretase inhibitor (GSI) CompE 
or DMSO as a vehicle. Cell numbers in GSI cultures were normalized to those recovered in DMSO cultures (n = 3). Data in A–H are shown as mean ± SEM 
values. *, P < 0.05; ** P < 0.01; ***, P < 0.001.
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gram and CDP generation seemed to be JAG1 dependent 
(Fig. 7 E). Supporting such an inductive role of JAG1 in my-
eloid/DC priming, we found that generation of CDPs from 
CD7− ETPs was significantly reduced when Notch activation 
was impaired by treatment with γ-secretase inhibitors (GSIs) 
in OP9–JAG1 cocultures (Fig. 7 F).

Besides CD7− ETPs, sorted CD7hi ETPs also displayed 
DC potential in OP9 cultures and generated both pDCs and 
cDCs with kinetics similar to those of total ETPs (Fig. 7 G). 
Notably, in both OP9 and OP9–JAG1 cocultures, CD7hi 
ETPs developed along the myeloid/DC pathway through 
CD123+ CDP progenitors, but CDP generation was signifi-
cantly inhibited in OP9–DLL1 cultures (Fig. 7 H). Therefore, 
CD7hi ETPs, although enriched in T-lineage potential com-
pared with their CD7− counterparts (not depicted; Hao et al., 
2008), still retain the capability to generate pDCs and cDCs.

Collectively, our results suggest that the human thymus 
is seeded by CD7− T/DC bipotent progenitors that would 
develop along either the T cell or the myeloid/DC lineage 
in response to specific Notch ligands and propose that the 
latter is selectively dependent on JAG1. Formal support for 
this notion was obtained at the clonal level using a single cell 
progenitor/product coculture assay. To this end, FACS-sorted 
individual CD7− ETPs (Fig. S1) were deposited in 384-well 
culture plates seeded with either OP9–JAG1 or OP9–DLL1 
cells and analyzed for the generation of DC- or T-lineage cells 
using appropriate marker combinations established in control 
CD7− ETP bulk cultures set up in parallel (Fig. 8 A). Accord-
ing to bulk culture developmental kinetics, the clonal progeny 
of CD7− ETPs cultured onto OP9–JAG1 or OP9–DLL1 cells 
was analyzed at day 9 or 14, respectively, after labeling with 
mAbs against CD45, CD5, and CD13 plus CD123. Images 
of clonal cultures were acquired and analyzed in an Opera 
confocal microscope (Fig. 8 B). The relative clonal efficiency 
of CD7− ETPs, as measured by their ability to give rise to 
CD45+ cells, was 20% (16 of 81 wells) and 33% (22 of 70 
wells) in OP9–JAG1 and OP9–DLL1 cocultures, respectively 
(Fig. 8 C). All positive wells were further evaluated for clonal 
potential to generate T-lineage cells (CD5+ CD13− CD123−) 
or myeloid/DC-lineage cells (CD13+ and/or CD123+) cells. 
Of the positive wells obtained in OP9–JAG1-seeded plates, 
94% (15 of 16) contained exclusively myeloid/DC cells, some 
of which expressed CD5 (9.0 ± 3.8%). No clones produc-
ing exclusively T-lineage cells were recorded, but one clone 
produced a multilineage progeny consisting of myeloid/DC, 
T-lineage cells, and undifferentiated CD45+ cells lacking 
CD5, CD13, and CD123 (Fig. 8 D). Of the 22 positive wells 
obtained in plates seeded with OP9–DLL1, one clone (4.5%) 
generated exclusively DCs, one contained only undifferenti-
ated cells, 18% (4 of 22) only T-lineage cells, and 70% were 
multilineage clones that yielded T-lineage cells (32 ± 4.9%) in 
combination with myeloid/DC cells (23 ± 4.3%) and undif-
ferentiated cells (41 ± 3.6%; Fig. 8 D). Therefore, these results 
formally prove the existence of a clonal thymic progenitor 
that possesses both myeloid/DC and T cell potential, and re-

veal the robust myeloid/DC potential of CD7− ETPs at the 
clonal level in response to JAG1-mediated Notch signaling.

Strong Notch signaling inhibits the generation of 
CDPs by repressing GATA2
To investigate the molecular mechanisms underlying the dif-
ferential lineage outcomes of ETPs receiving either DLL1- or 
JAG1-mediated Notch signaling, we next assessed the impact 
of each ligand on the expression of several lineage-associated 
genes. Because of cell number limitations, total ETPs were 
used in these experiments, using HES1 expression as read-
out of Notch signaling strength. We found that Notch ac-
tivation induced by OP9–JAG1 after a 24  h resulted in a 
10-fold up-regulation of HES1 in ETPs compared with con-
trol OP9–GFP cultures. As expected, DLL1 was more effi-
cient than JAG1 in terms of Notch activation strength (Van 
de Walle et al., 2013) and induced a higher (about threefold) 
HES1 expression (Fig.  9  A). Notch activation levels were 
then correlated with expression of genes shown in Fig. 3 C 
to associate with the generation of CD123+ CDP-like pro-
genitors. Of them, IRF8 and SPIB were expressed at sim-
ilar levels in the ETP progeny recovered from OP9–JAG1, 
OP9–DLL1 and control OP9–GFP cocultures (not depicted). 
However, GATA2 transcriptional levels were significantly re-
duced (69.6 ± 2.5%) after coculture with OP9–DLL1 but 
not OP9–JAG1 cells compared with OP9–GFP controls 
(Fig. 9 A). Collectively, our data indicate that specific GATA2 
suppression induced by DLL1-mediated strong Notch sig-
naling correlates with an impaired generation of CD123+p 
progenitors, whereas high GATA2 expression supported by 
JAG1-mediated weaker Notch activation might be required 
for ETPs to acquire a myeloid/DC fate.

To directly investigate the role of GATA2 in myeloid/
DC commitment, we assessed the lineage outcome of ETPs 
in which GATA2 expression was knocked down by specific 
siRNAs. GATA2 silencing (up to 65% inhibition; Fig. 9 B) 
resulted in a significant decrease, in both relative and absolute 
numbers, of CD123+ CDPs generated after 3 d of culture in 
the OP9 assay, compared with control ETPs expressing scram-
ble siRNA (Fig.  9, C and D). Therefore, Notch-mediated 
control of GATA2 expression is at least partially involved in 
regulating the myeloid developmental program that triggers 
the generation of CD123+ CDPs from human ETPs. More-
over, the few GATA2-silenced CD123+ cells that managed 
to arise in culture consistently showed lower expression lev-
els of myeloid-lineage markers, such as CD33, than controls 
(Fig. 9 E), suggesting that further maturation of CDPs along 
the DC lineage may likewise be GATA2 dependent. To inves-
tigate this possibility, we quantified GATA2 expression levels 
in the progeny of FACS-sorted CD123+p cells derived from 
ETPs in the OP9 assay as shown in Fig. 4 B, upon culture 
for 48 additional hours with either OP9–GFP, OP9–JAG1, 
or OP9–DLL1. Supporting the involvement of GATA2 in 
the generation of DCs from CDPs, we found that GATA2 
expression was preserved in all culture conditions in the 
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progeny of CD123+p cells, and relative expression was higher 
than that observed in their corresponding T-lineage coun-
terparts derived from CD5+p (Fig.  9  F). More important, 
levels of GATA2 expression in CD123+p descendants were 
equivalent regardless of the Notch ligand expressed by OP9 
cells (Fig. 9 F). Therefore, although weak JAG1- and strong 
DLL1-induced Notch signaling either support or inhibit, re-
spectively, GATA2 expression in ETPs (Fig. 9 A), once ETPs 
have undergone the myeloid/DC developmental program, 
GATA2 transcription is preserved in committed CDPs, even 
upon strong Notch signaling provided by DLL1.

Both DLL1 and JAG1 support the survival of thymic CDPs 
and their development into DCs
The aforementioned results could suggest that develop-
mental progression of CD123+ CDPs is independent of 

ligand-specific Notch signaling. On the contrary, kinetic anal-
ysis of cell cultures set up from CD123+p as above (Fig. 9 F) 
showed that numbers of cells keeping the CD123+ CD13lo 
CDP phenotype (Fig. 10 A) increased significantly along time 
in OP9–DLL1 cultures compared with OP9–GFP controls 
but less so in OP9–JAG1 cultures, suggesting that Notch ac-
tivation induced by Notch ligands, particularly DLL1, support 
the expansion of developing CDPs (Fig.  10  B). However, 
CFSE labeling experiments showed similar cell proliferation 
rates in all culture conditions, indicating that specific Notch 
signaling does not obviously impact CDP proliferation in 
vitro (Fig.  10 C). In contrast, Annexin V labeling revealed 
that numbers of apoptotic cells decreased in OP9–DLL1 and 
OP9–JAG1 cultures compared with OP9–GFP controls, es-
pecially at late culture time points (Fig.  10  D). Therefore, 
Notch signaling induced by DLL1, and to a lesser extent 

Figure 8. S ingle CD7− ETPs generate both dendritic 
cells and T-lineage cells in vitro. (A) Phenotype of my-
eloid/DC- and T-lineage cells generated at the indicated 
days in bulk cultures from human CD7− ETPs (105 cells) 
seeded onto OP9–JAG1 or OP9–DLL1 cells in the presence 
of FL3TL and IL-7. Numbers in quadrants represent per-
centages of pDCs (CD123hi CD13−), cDCs (CD13hiCD123lo), 
T-lineage (CD7+CD5+), and CD7+CD5− progenitors. (B) 
Representative confocal microscopy images of the clonal 
progeny obtained from culturing individual CD7− ETPs in 
OP9–JAG1 and OP9–DLL1 cultures at day 9 or 14, respec-
tively. T-lineage cells were identified among CD45+ hema-
topoietic cells (blue) by exclusive expression of CD5 (red). 
Myeloid/DC-lineage cells were detected by coexpression of 
CD45 and CD13 and/or CD123 (yellow). OP9 cells expressing 
GFP are shown in green. Original magnification 20×. Scale 
bar is shown. (C) Clonal efficiency calculated on the basis 
of the number of positive wells is indicated. (D) Graphs rep-
resent the cellular output of all positive single cell cultures 
of CD7− ETPs. The number of wells per category is indicated 
at the top of each bar. My/DC, myeloid/DC-lineage (CD45+ 
CD13/CD123+); T, T-lineage (CD45+ CD13/CD123− CD5+); 
Undiff, undifferentiated cells (CD45+ CD13/CD123− CD5−).
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by JAG1, supports the survival of CD123+ CDPs gener-
ated in vitro from ETPs.

Confirming the physiological relevance of the afore-
mentioned results, we found that numbers of primary 
CD123+ CDPs isolated from the human postnatal thymus 
dropped markedly in OP9–GFP cultures when Notch ac-
tivation was inhibited by treatment with GSI (Fig.  10  E), 
and generation of both pDCs and cDCs was concurrently 
reduced (Fig.  10  F). Therefore, survival of CD123+ CDPs 
within the human thymus may be dependent on a Notch 
signaling supportive microenvironment. Accordingly, de-
velopment of intrathymic CDPs along the pDC and cDC 
pathways was improved in vitro in the presence of Notch 
ligands. Notably, ligand-specific signals had a differential im-
pact on cDC versus pDC differentiation from thymic CDPs, 
as cDC production was significantly increased by DLL1, 
but pDC generation was more efficient in the presence of 
JAG1 (Fig. 10 G). As a whole, our data indicate that once 
intrathymic CDPs have been generated upon weak Notch 
activation, Notch signaling provided by distinct ligands 

may further regulate their differentiation into pDCs and 
cDCs in the human thymus.

Discussion
The presence of DCs in the steady-state thymus has been 
widely documented in mice and humans, but their develop-
mental origin has been a matter of intense debate in recent 
years. In particular, whether intrathymic DCs are circulating 
DCs recruited to the thymus or are generated in situ remains 
an elusive but especially relevant issue, as peptide-presenting 
thymic DCs play a key role in the establishment of central 
tolerance (Banchereau and Steinman, 1998). Recent ad-
vances on the characterization of circulating DCs in mice 
suggest that at least some intrathymic DCs do not belong 
to the circulating subtype but may instead be generated in 
situ (Li et al., 2009). However, no DC-lineage–restricted pro-
genitors have so far been identified in the thymus. In this 
study, we demonstrate that myeloid-primed progenitors for 
pDCs and cDCs and also macrophages are normally resident 
in the steady-state human postnatal thymus and show that 

Figure 9.  JAG1- but not DLL1-mediated Notch signaling supports a GATA2-dependent generation of CD123+ thymic CDPs from human ETPs. 
(A) Quantitative PCR analysis of HES1 (left) and GATA2 (right) gene expression in total ETPs cultured for 24 h with OP9–DLL1, OP9–JAG1, or OP9–GFP cells, 
in the presence of FLT3L and IL-7. Data were normalized to GAP​DH expression. Results are shown as mean ± SEM expression values normalized to those of 
ETPs cultured onto OP9–GFP controls (n = 3). *, P < 0.05. (B) Relative expression of GATA2 in human ETPs that were either nucleofected with GATA2-specific 
or scramble (sc) siRNAs or nontransfected (NT) and then cultured onto OP9–GFP cells for 3 d in the presence of FLT3L and IL-7. Data were normalized to 
GAP​DH expression and are shown as mean ± SEM values normalized to those of nontransfected (NT) ETPs (n = 3). *, P < 0.05. (C and D) Numbers of CD123+ 
CDPs generated as shown in B from human ETPs nucleofected with GATA2 or sc siRNAs. Data are represented as mean ± SEM percentages (C) or absolute 
numbers (D) of cells normalized to those of nontransfected ETPs (NT; n = 3). *, P < 0.05; **, P < 0.01; ***, P < 0.001. (E) Flow cytometry histograms show CD33 
expression levels (shaded) of CD123+ CDPs in C and D. Background was determined using isotype-matched irrelevant Abs (empty histograms). Numbers 
indicate percentages of positive cells. Mean fluorescence intensity values are indicated at the bottom. (F) Quantitative PCR analysis of relative expression 
of GATA2 and HES1 transcripts in cells derived from FACS-sorted CD123+p or CD5+p subsets shown in Fig. 4 B that were cultured for 48 additional hours 
onto OP9–DLL1 or OP9–JAG1. Data are normalized to GAP​DH expression and are shown as mean ± SEM values normalized to those of CD123+p cultured 
on OP9–GFP control stromal cells (n = 3). *, P < 0.05; ***, P < 0.001.
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these progenitors include the intrathymic counterparts of 
MDPs and CDPs, which develop from CD34+ HSPCs in the 
BM (Lee et al., 2015). Notably, modeling intrathymic DC 
development from ETPs in the OP9 in vitro assay allowed 
us to define the developmental pathway that may lead to DC 
production in the human thymus and to recognize that this 
pathway faithfully reproduces the DC hematopoiesis process 
described before in the marrow (Lee et al., 2015). As it was 
reported that MDPs and CDPs resident in the BM do not 
circulate through the blood and are unable to reach lymphoid 
tissues (Lee et al., 2015), we concluded that their intrathymic 
counterparts identified in this study must be generated in situ, 
supporting a role for the thymus as a DC-poietic organ.

Intrathymic DC hematopoiesis is difficult to reconcile 
with the conventional view that the primary function of 
the thymus is to provide a specific microenvironment that 
instructs BM-derived progenitors to adopt a T cell fate by 
inducing strong Notch signaling, while hampering non–T 
cell development (Pui et al., 1999; Radtke et al., 1999; Wil-
son et al., 2001; Feyerabend et al., 2009). Whereas DLL4 is 
the essential Notch ligand involved in this function, at least 
in mice, distinct Notch ligands are expressed in the thymus 

(Hozumi et al., 2008; Koch et al., 2008; Van de Walle et al., 
2011), which induce different levels of Notch signal strength 
that affect hematopoietic lineage decisions very differently 
(Jaleco et al., 2001; Lehar et al., 2005; Van de Walle et al., 2011, 
2013). We thus hypothesized that the differential distribution 
of Notch ligands at discrete intrathymic niches could be a 
mechanism operating in the thymus to provide permissive 
microenvironments for the generation of non–T cells, spe-
cifically myeloid-primed CDPs and DCs. In fact, multipo-
tent progenitors that seed the thymus must migrate through 
distinct functional environments during their differentiation, 
first from the perimedullary region to the capsule through 
the cortex and then back to the medulla, which suggests that 
differentiation signals may be stratified in specific thymic re-
gions (reviewed by Petrie and Zúñiga-Pflücker, 2007). Sup-
porting our hypothesis, we show here that the outer region of 
human thymus medulla, a niche devoid of DLL1 and DLL4 
ligands (Hozumi et al., 2008; Koch et al., 2008; unpublished 
data) and characterized by a high density of cDCs and pDCs, 
selectively express JAG1, the ligand that induces the lowest 
levels of Notch activation (Jaleco et al., 2001; Lehar et al., 
2005; Van de Walle et al., 2011). Because intrathymic DCs are 

Figure 10.  Both DLL1- and JAG1-mediated 
Notch signaling support the survival of 
intrathymic CD123+ CDPs and their de-
velopment into pDCs and cDCs. (A) Flow 
cytometry analysis of CD123 versus CD13 ex-
pression on the cell progeny of FACS-sorted 
CD123+ CDPs derived from ETPs as shown in 
Fig.  4  B (CD123+p), which were cultured for 
3 additional days onto OP9–GFP cells. The 
electronic gate defines the original CD123+ 
CD13lo/- phenotype of the CD123+p cultured 
population. (B) Relative cell numbers of the 
CD123+p cell progeny gated as in A, recov-
ered at the indicated days upon coculture with 
OP9–DLL1, OP9–JAG1, or OP9–GFP stroma. 
Data are shown as mean ± SEM of cell num-
bers normalized to those of OP9–GFP cultures 
(n = 7). *, P < 0.05. (C) Proliferation kinetics 
analyzed by CFSE labeling and flow cytometry 
of FACS-sorted CD123+p shown in Fig. 4 B, and 
cultured as in B. Bars and error bars are MFI 
± SEM,(n = 3). *, P < 0.05. (D) Flow cytometry 
analysis of apoptotic cells (shaded histograms) 
recovered at the indicated days from cultures 
in B. Numbers show percentages of Annexin 
V+ apoptotic cells. Empty histograms show 
background staining. Data correspond to a 
representative experiment (n = 3). (E) Absolute 
numbers of cells derived from primary CD123+ 
CDPs, isolated from the human thymus as 

shown in Fig. 5, which were cultured for the indicated days on OP9 stroma in the presence of either 100 nM of CompE (GSI) or DMSO as control. Bars and 
error bars are mean ± SEM (n = 3). *, P < 0.05. (F) Relative numbers of cDCs (left) and pDCs (right) generated from intrathymic CD123+ CDPs in cultures 
shown in E. Data are shown as mean ± SEM of cell numbers in GSI cultures normalized to those in DMSO cultures (n = 3). *, P < 0.05; **, P < 0.01. (G) Abso-
lute numbers of cDCs (left) and pDCs (right) generated from primary thymic CD123+ CDPs, cultured on OP9–DLL1, OP9–JAG1, or OP9–GFP stromas for the 
indicated days. Data are shown as mean ± SEM cell numbers normalized to 105 input CDPs (n = 7). *, P < 0.05.



Permissive DC developmental niches in human thymus | Martín-Gayo et al.3374

shown here to establish adjacent contacts with JAG1+ stromal 
cells in the medullary niche, we have proposed that JAG1 
could support progression of ETPs along the myeloid/DC 
program and production of DCs, a possibility that concurs 
with our functional results in vitro.

Besides Notch ligands, specific Notch receptors can 
control the developmental fate of human thymocytes by in-
ducing differential Notch activation levels (Van de Walle et 
al., 2013). Although DC-lineage thymocytes are found to 
express all NOT​CH(1–4) receptors, thymic DCs, at least 
in mice, are absolutely independent of Notch1, which is, 
however, essential for T cell development (Radtke et al., 
2000). Moreover, we found that NOT​CH3, which like  
NOT​CH1, is a strong inducer of Notch activation (Van 
de Walle et al., 2011), is down-regulated in CDPs but 
up-regulated in CD5+p, whereas the opposite expression pat-
tern is found for NOT​CH4, which is preferentially expressed 
in intrathymic myeloid/DC-lineage cells and also in ETPs. 
Although NOT​CH4 could be the specific Notch receptor 
that interacts with JAG1 to induce myeloid/DC commitment 
of thymus-seeding progenitors during or immediately after 
their entry through the corticomedullary junction, formal 
proof of this notion requires future functional studies. Other 
receptors highly expressed on ETPs, such as NOT​CH1, could 
participate in the process as well. Independent of the particu-
lar receptor involved, Notch signaling blocking experiments 
shown here provide evidence that Notch activation plays a 
key instructive role in ETP progression to CDPs, which seems 
to be specifically induced by JAG1. In fact JAG1, but no other 
Notch ligand, is expressed on the surface of OP9 stromal cells 
(Schmitt and Zúñiga-Pflücker, 2002; Van de Walle et al., 2011; 
unpublished data), and JAG1 has a unique role in preventing 
T-lineage differentiation of primitive cord blood HSPCs (Van 
de Walle et al., 2011), a finding that concurs with our clonal 
results derived from CD7− ETPs and with previous results in 
mice (de Pooter et al., 2006). However, JAG1 supports T cell 
development from downstream CD7+ intrathymic progen-
itors (Van de Walle et al., 2013; our results), which suggests 
a differential impact of this ligand on T cell differentiation 
at distinct developmental stages. Therefore, it is highly likely 
that CD7+ ETPs, although still able to generate CDPs and to 
develop along the DC pathway, may include progenitors that 
have already been primed for a T cell fate in vivo and can 
progress along early T cell development in response to JAG1, 
whereas JAG1 itself is unable to induce T cell priming of un-
committed precursors, as proposed before (Van de Walle et 
al., 2011). In this scenario, it can be proposed that only those 
thymus-seeding progenitors that scape strong Notch signaling 
induced by ligands such as DLL1 and DLL4, and encoun-
ter JAG1, would be myeloid primed, losing T cell potential, 
whereas those that experience DLL4-mediated strong Notch 
activation would undergo T-lineage priming. Regarding the 
nature of such primitive multipotent thymus seeding progen-
itors, available data indicate that they are confined to the most 
immature CD7− fraction of ETPs (Blom and Spits, 2006; Six 

et al., 2007; Hao et al., 2008), and we provide clonal evidence 
that individual CD7− ETPs are in fact bipotent myeloid/T 
progenitors. Nonetheless, as CD7+ ETPs also display myeloid 
potential at least at the population level in our in vitro assay, 
intrathymic precursors may display a certain degree of devel-
opmental plasticity, which highlights the importance of deci-
phering the molecular mechanisms underlying the divergent 
lymphoid vs myeloid developmental fates of ETPs.

By modeling strong Notch activation in the OP9–DLL1 
assay, we have shown that lymphoid/T cell priming of ETPs 
occurs at the expense of myeloid/DC priming and results ac-
tually in an impaired production of CD123+ progenitors and 
DCs, whereas the reverse situation was observed in OP9–JAG1 
cultures. Regarding the nature of the specific ligand-induced 
signals that regulate the myeloid/lymphoid developmental 
decision of ETPs, we found a tight regulation at the transcrip-
tional level of divergent gene expression programs that results 
in a marked up-regulation of myeloid-related transcription 
factors and the simultaneous down-regulation of factors in-
volved in T-lineage fate, or vice versa. Particularly relevant was 
the finding that GATA2 is selectively expressed in progeni-
tor cells undergoing myeloid/DC differentiation, as well as in 
thymic pDCs and cDCs, but is markedly down-regulated in 
T cell progenitors. Accordingly, strong DLL1-mediated sig-
naling leads to GATA2 down-regulation in ETPs developing 
in culture, whereas GATA2 expression is maintained in ETPs 
receiving JAG1-mediated Notch signaling. More importantly, 
GATA2 expression was found dissociated from expression of 
GATA3, which is the critical transcription factor involved in T 
cell commitment (Van de Walle et al., 2016) that was found to 
be expressed by CD5+p cells derived from ETPs. The finding 
that ETPs down-regulate GATA3 in JAG1 cultures indicates 
that this loss may be part of the transcriptional program se-
lectively induced by JAG1 to prevent T-lineage differentiation 
while priming DC development. In addition because GATA2 
silencing impairs the development of CDPs and the genera-
tion of DCs from ETPs, JAG1-supported GATA2 expression 
may be a key transcriptional mechanism required for trig-
gering the intrathymic myeloid/DC program in the human 
thymus. Accordingly, GATA2 has recently emerged as a key 
regulator essential for DC differentiation in mice (Onodera 
et al., 2016). Therefore, ligand-specific Notch signaling may 
play a crucial regulatory role to balance GATA2/GATA3 ex-
pression and hence myeloid/DC versus T cell development.

Our proposal is at odds with the finding that DC de-
velopment from CDPs is supported rather than impaired 
in OP9–DLL1 cultures. This apparent discrepancy could 
be explained by the fact that GATA2 expression persisted 
in developing CDPs regardless of the Notch ligand recog-
nized. Thus, once ETPs are committed to the myeloid/
DC lineage and CDPs are generated, regulation of GATA2 
expression becomes independent of a particular Notch li-
gand. However, CDPs remain responsive to Notch signals, 
as shown by GSI blocking experiments, indicating that, as 
previously reported for T cell development (Schmitt et al., 
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2004), DC differentiation of ETPs requires recurrent Notch 
receptor-ligand interactions. Collectively, these data suggest 
that regulation of GATA2 transcription by selective Notch 
ligands during human thymic DC development is stage 
specific, a concept that may also explain previous results on 
Gata2 up-regulation by DLL1 in mouse HSPCs developing 
along the myeloid lineage (Robert-Moreno et al., 2005; de 
Pooter et al., 2006). The proposed stage-specific Notch ligand 
function also explains the finding that survival of commit-
ted intrathymic CDPs can be more efficiently supported by 
DLL1 than by JAG1, whereas preferential differentiation of 
CDPs toward either the pDC or the cDC pathway is dif-
ferentially regulated by JAG1 and DLL1, respectively. There-
fore, as previously reported for differentiation of BM DCs in 
mice, different Notch ligands have opposite effects on dif-
ferentiation of thymic DC at distinct developmental stages 
(Cheng et al., 2007). Collectively, our results highlight the 
crucial regulatory role that ligand-specific Notch signaling 
provided by particular thymic microenvironments may play 
to balance expression and function of GATA2 in the context 
of other cooperative or interfering transcription factors and 
hence to control myeloid/DC versus lymphoid/T commit-
ment during human thymopoiesis.

Materials and methods
Flow cytometry and antibodies
Phenotypic analyses were performed in FAC​SCalibur and 
FAC​SCanto II (BD Biosciences) flow cytometers using the 
following mAbs: PE-labeled anti-CD1a, anti-CD34, an-
ti-CD127, and anti-TCRαβ (Beckman Coulter); anti-CD3, 
anti-CD13, anti-CD44, anti-CD45RA, anti-CD123, an-
ti-CD135, anti-HLA-DR, and anti-Notch4 (BD Bio-
sciences); anti-CD116 (Immunotech); anti-Notch1 and 
anti-Notch3 (BioLegend); PC5-labeled anti-CD7 (Caltag); 
anti-CD4, anti-CD5, anti-CD13, anti-CD33, and anti-CD34 
(Beckman Coulter); BB515-labeled anti-CD115 (BD Bio-
sciences); FITC-labeled anti-BDCA1 and anti-BDCA2 
(Miltenyi Biotec); anti-CD11c (Life Technologies) and an-
ti-CD5, anti-CD7, anti-CD8, anti-CD14, and anti-CD44 
(BD Biosciences); V450-labeled anti-CD45; and APC-labeled 
anti-CD34 (Beckman Coulter) and anti-CD117 (BD Bio-
sciences). Irrelevant isotype-matched Igs (Caltag) were used 
as controls. Staining with biotin-coupled Annexin V (Roche) 
plus streptavidin-PE (Invitrogen) and 7-AAD (BD Biosci-
ences) was used for apoptosis analysis. Cell proliferation was 
quantified by flow cytometry using CFSE labeling, following 
the manufacturer’s instructions (BD Biosciences).

Isolation of human thymus cell populations
Experiments were performed in accordance with proce-
dures approved by the Spanish Research Council Bioethics 
Committee. Human postnatal thymocytes were isolated from 
thymus fragments removed during corrective cardiac sur-
gery of patients aged 1 mo to 4 yr, after providing informed 
consent in accordance with the Declaration of Helsinki. 

Thymocyte cell suspensions obtained after Ficoll-Hypaque 
(Lymphoprep; ATOM) centrifugation were depleted of T-lin-
eage cells by sheep erythrocyte rosseting, as previously de-
scribed (García-Peydró et al., 2006), and CD34+ thymocytes 
were positively selected from the resulting cell fraction using 
CD34 Dynabeads (Dynal Progenitor Cell Selection System; 
Invitrogen). ETPs and myeloid-primed intrathymic progen-
itors were isolated from CD34+ thymocytes either by mag-
netic depletion of CD1a+ cells with anti-CD1a Microbeads 
(Miltenyi Biotec) or by positive selection of CD123+ cells 
(>99% CD123hi CD34lo) after sequential incubation with 
anti-CD123PE mAbs (BD Biosciences) and anti–PE Mi-
crobeads (Miltenyi Biotec), respectively, followed by magnetic 
cell sorting (AutoMACS; Miltenyi Biotec). CD7− and CD7+ 
ETPs were independently isolated from total ETPs and si-
multaneously depleted of CD123hi cells using a FAC​SAria 
Fusion cell sorter (BD Biosciences). Thymic pDCs and cDCs 
were isolated from the CD34− cell fraction by AutoMACS 
depletion of CD14+ monocytes with CD14 Microbeads 
(Miltenyi Biotec) and subsequent positive selection of either 
CD123+ or CD13+ cells using PE-labeled anti-CD123 or an-
ti-CD13 mAbs (BD Biosciences), respectively, and anti–PE 
Microbeads. Peripheral pDCs and cDCs were isolated from 
mononuclear cell suspensions obtained from peripheral blood 
of healthy donors by Percoll density gradients (1.068 density; 
GE Healthcare), after positive selection using the protocol de-
scribed above for thymic DCs.

Isolation of CD123+p and CD5+p progenitor sub-
sets derived in vitro from human ETPs was performed on 
the basis of reciprocal CD123 and CD5 expression levels, as 
CD123+ CD5lo and CD123− CD5hi cells, respectively, after 
labeling with PE-coupled anti-CD123 and FITC-coupled 
anti-CD5 mAbs, and further FACS sorting.

Differentiation of thymic pDCs and cDCs in vitro
For in vitro generation of pDCs and cDCs from human 
intrathymic progenitors, we used the OP9 coculture assay 
described by Schotte et al. (2003). In brief, either ETPs or 
primary CD123+ myeloid progenitors, isolated from human 
thymus samples as described above, were seeded (105 cells/
ml) on semiconfluent monolayers of OP9 cells obtained from 
the American Type Culture Collection (ATCC CRL-2749) 
and then cultured for 10 d in P24-well plates (Falcon) with 
RPMI-1640 medium (BioWhitaker) supplemented with 
10% FBS (Invitrogen Life Technologies), 100 IU/ml rh-
FLT3L (Preprotech), and 200 IU/ml rhIL-7 (National In-
stitute of Biological Standards and Controls [NIB​SC]; OP9 
cultures herein). For simultaneous generation of monocytes 
and DCs, OP9 cultures were supplemented with 250 IU/ml 
rhM-CSF (NIB​SC). To avoid OP9 cell overgrowth, cultured 
cells were transferred to fresh OP9 monolayers every 3 d, 
after filtering out OP9 cells through 70-µm Cup Filcons (BD 
Biosciences). CD5+p and CD123+p intermediate progenitors 
were derived from ETPs in these cultures by day 3. When 
indicated, in vitro–derived CD5+p and CD123+p isolated by 
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cell sorting as described above were cultured for 10 additional 
days under the same conditions. For inhibition of Notch1 
signaling, the OP9 cultures were supplemented with the GSI 
CompE (Enzo Biochem) at a final concentration of 100 nM. 
DMSO vehicle was used as control.

In some experiments, the generation of either pDCs and 
cDCs or CD5+p and CD123+p progenitors was assessed upon 
culture of ETPs on either OP9–DLL1 or OP9–JAG1 stro-
mal monolayers, or their respective OP9–GFP controls, in the 
presence of rhFLT3L and rhIL-7. OP9 cells transduced with 
a bicistronic MigR1 retroviral vector expressing either mu-
rine Delta-like 1 and GFP (OP9–DLL1) or only GFP (OP9-
MigR1), were provided by J.C. Zúñiga-Pflücker (University 
of Toronto, Toronto, Canada; Schmitt and Zúñiga-Pflücker, 
2002). To obtain OP9–JAG1 cells, parental OP9 cells (ATCC 
CRL-2749) were transduced with a bicistronic pLZRS ret-
roviral vector encoding human JAG1 and GFP, provided by 
L. Parreira (Faculdade de Medicina de Lisboa, Lisboa, Portu-
gal; Neves et al., 2006). OP9 cells transduced with pLZRS 
encoding only GFP were used as controls (OP9–pLRZS). 
OP9–JAG1 and OP9–pLRZS cells expressing high GFP lev-
els were selected by cell sorting using a FAC​SAria Fusion. 
Identical results were obtained using either OP9-MigR1 or 
OP9–pLRZS control cells; therefore, only results obtained 
with the former are presented (OP9–GFP).

Generation of ETP-derived pDCs and cDCs in vivo
To assess the pDC and cDC potential of human ETPs in vivo, 
2–5 × 105 magnetically sorted ETPs were preincubated for 
5–8  h in culture medium containing rhFLT3L and rhIL-7 
and transplanted by intrahepatic injection of into sublethally 
irradiated (3.5 Gy) Rag2−/− × γc −/− immunodeficient mice 
aged 1–4 d, provided by K. Weijer (University of Amsterdam, 
Amsterdam, Netherlands; van Rijn et al., 2003). Generation 
of CD45+ human cells in the thymus, BM and spleen of 
transplanted animals was analyzed by flow cytometry.

Clonal assays and confocal microscopy analysis
Individual CD34+ CD7− ETPs depleted of CD123hi cells 
were deposited by cell sorting (FAC​SAria Fusion; BD Bio-
sciences) directly into gelatin coated (0.1%; Sigma-Aldrich) 
384-well plates (Cell Carrier; PerkinElmer) containing con-
fluent monolayers of either OP9–JAG1 or OP9–DLL1 cells 
previously treated with mitomycin-C (10 mg/ml; Sigma- 
Aldrich) for 2 h at 37°C. Cells were kept in culture in RPMI 
plus 10% FBS supplemented with 100 IU/ml rhFLT3L and 
200 IU/ml rhIL-7 for 9 d (OP9–JAG1) or 14 d (OP9–DLL1) 
and were then stained with anti-CD5-Dylight650 (Novus 
Biologicals), anti-CD13 biotin (ExBio), anti-CD123 biotin, 
and anti-CD45 V450 (BD Biosciences). Anti-CD13– and 
anti–CD123-biotin–coupled antibodies were simultaneously 
detected after labeling with Streptavidin-Alexa Fluor 546 
(Thermo Fisher Scientific). Cells were imaged with an Opera 
(PerkinElmer) confocal microscope, and images of clonal cul-
tures that contained at least 10 human CD45+ cells were then 

analyzed using ImageJ software. The quantification was done 
for a maximum of 100 cells/well. The lineage output poten-
tial of positive clones was defined by scoring when >70% of 
CD45+ cells were exclusively positive for CD5 (T-lineage) or 
were positive for CD13 and/or CD123 and either expressed 
or lacked CD5 (myeloid/DC lineage) or were negative for 
both markers (undifferentiated).

Quantitative PCR
Real-time PCR quantification of cDNA synthesized with 
oligo (dT) primers (Roche) from TRIzol-extracted (Invitro-
gen Life Technologies) total RNA was performed as described 
(González-García et al., 2009), using TaqMan Gene Expression 
Assays (Applied Biosystems), according to the manufacturer’s 
instructions, in an ABI PRI​SM 7900 HT Sequence Detec-
tion system (Applied Biosystems). Data were normalized to 
GAP​DH mRNA expression (Hs99999905_m1; Applied Bio-
systems). All results are shown relative to those of ETPs.

Immunohistochemistry and confocal microscopy
Human thymus samples were dehydrated in graded ethanol 
series, fixed overnight on PFA 4% and paraffin included. Se-
rial 8-µm sections were prepared and mounted on poly-ly-
sine–treated slides. After deparaffinization and rehydration in 
ethanol series, antigen was retrieved by boiling during 10 min 
in sodium citrate (10 mM, pH 6.0), and, after cooling at room 
temperature, slides were washed in distilled water and PBS. For 
blocking, samples were incubated for 1 h in histoblock solu-
tion (3% BSA, 20 mM MgCl2, 0.3% Tween-20, and 5% FBS in 
PBS) before overnight incubation with the following antibod-
ies: rabbit anti–human NOT​CH4 (ab33163; Abcam), mouse 
anti–human CD123 (BioLegend), and mouse anti–human 
CD11c (Novocastra). Background staining was determined 
using isotype-matched irrelevant Igs. Tissue autofluorescence 
and endogenous biotin were quenched before addition of 
secondary antibodies by incubation for 1 h with quenching 
solution (3% Sudan Black, 70% ethanol) and avidin/biotin 
blocking solution (Vector Laboratories). NOT​CH4 expression 
was detected by incubation for 1 h with an Alexa-555-cou-
pled goat anti–rabbit antibody (Invitrogen). For CD123 and 
CD11c detection, incubation with a biotin-conjugated goat 
anti–mouse antibody (Vector Laboratories) was followed by 
amplification for 1 h with avidin/biotin complex (Elite Vec-
tastain ABComplex kit; Vector Labs), and incubation with 
Alexa-488-conjugated streptavidin for 20 min. Finally, slides 
were counterstained with Topro-3 (Invitrogen) and mounted 
with Fluoromount-G (Southern Biotech). Images were ac-
quired using an Axio Imager Z1 M (Zeiss) confocal micro-
scope using 25× (scan zoom 0.7, NA 0.8) and 40× (scan zoom 
1.0, NA 1.3) magnifications and were subsequently processed 
using ImageJ and Adobe Photoshop CS4 software.

GATA2 silencing by siRNA nucleofection
Human ETPs (0.5–106) preincubated for 8 h with rhFLT3L 
and rhIL-7 were washed in PBS and nucleofected with 2–5 
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µg of either GATA2-specific or scrambled siRNAs as control 
(ON-TAR​GETplus SMA​RTpool; Thermo Fisher Scientific), 
using the Human CD34+ Cell Nucleofector kit (Amaxa) and 
the U-008 protocol (Nucleofector II; Amaxa). To evaluate nu-
cleofection efficiencies, ETPs were also nucleofected with 2.5 
µg pmaxGFP Vector (Amaxa). Percentages of GFP+ cells were 
>70% in all experiments. GATA2 silencing was confirmed by 
quantitative PCR in nucleofected cells cultured during 48 h.

Statistics
Statistical significance was determined with Prism software 
(GraphPad), using two-tailed, unpaired, or paired Student’s 
t test, with the α level set at 0.05. For Fig.  7, the Wil-
coxon paired test was used.

Online supplemental material
Fig. S1 shows the cell-sorting strategy used to isolate CD7− 
and CD7hi ETPs depleted of CD123hi cells.
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