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SUMMARY STATEMENT:  

Spatiotemporal regulation of Notch ligand expression in the human thymus controls niche-

specific Notch1 signals required for dynamic T-cell development. 

 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t

mailto:mtoribio@cbm.csic.es


 

ABSTRACT 

 

T-cell development is a complex dynamic process that relies on ordered stromal signals 

delivered to thymus-seeding progenitors that migrate throughout different thymus 

microenvironments (TMEs). Particularly, Notch signaling provided by thymic epithelial 

cells (TECs) is crucial for T-cell fate specification and generation of mature T cells. Four 

canonical Notch ligands (Dll1, Dll4, Jag1 and Jag2) are expressed in the thymus, but their 

spatial distribution in functional TMEs is largely unknown, especially in humans, and their 

impact on Notch1 activation during thymopoiesis remains undefined. Based on 

immunohistochemistry and quantitative confocal microscopy on fetal, postnatal and adult 

human and mouse thymus samples, we show that spatial regulation of Notch ligand 

expression defines discrete Notch signaling niches and dynamic species-specific TMEs in 

human thymopoiesis. We further show that Notch ligand expression, particularly Dll4, is 

tightly regulated in cortical TECs during human thymus ontogeny and involution. Also, we 

provide the first evidence that Notch1 activation is induced in vivo in CD34+ progenitors 

and developing thymocytes at particular cortical niches of the human fetal and postnatal 

thymus.  Collectively, our results show that human thymopoiesis involves complex 

spatiotemporal regulation of Notch ligand expression, which ensures the coordinated 

delivery of niche-specific Notch1 signals required for dynamic T-cell development.  
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INTRODUCTION 

 

The thymus is the primary organ for the generation of T lymphocytes, which requires the 

participation of highly specialized thymic epithelial cells (TECs), located either in the 

cortex (cTECs) or in the medulla (mTECs), where they mediate different aspects of T-cell 

development (Petrie and Zúñiga-Pflücker, 2007). Multipotent progenitors derived from the 

embryonic liver or the postnatal bone marrow (BM) enter the thymus and undergo T-cell 

commitment upon activation of the Notch signaling pathway, following interaction with 

Notch ligands expressed on cTECs (Radtke et al., 1999) (Pui et al., 1999). In mammals, 

Notch family members include five ligands, two from the Jagged family (Jag1 and Jag2) 

and three from the Delta-like family (Dll1, Dll3 and Dll4), and four receptors (Notch1-4). 

All Notch ligands except Dll3 are expressed in the thymus (Felli et al., 1999) (Hozumi et 

al., 2004), but Dll4 is the essential non-redundant ligand promoting Notch1-dependent T-

cell fate specification and maturation, at least in mice (Koch et al., 2008) (Hozumi et al., 

2008). Two T-cell subsets are generated within the thymus from a common T-cell 

committed progenitor, according to the acquisition of either the  or the T-cell antigen 

receptor (Dudley et al., 1995) (Kang and Raulet, 1997). Most Notch1-induced T-cell 

progenitors develop along the  lineage, while only about 1% of total postnatal 

thymocytes belong to the T cell lineage (Offner et al., 1997).  

How T-cell development proceed within the thymus is still poorly understood, 

especially in humans. In the mouse,  T-cell generation involves a complex journey 

throughout different thymus microenvironments (TMEs) (Takahama, 2006) (Petrie, 2002; 

Petrie and Zúñiga-Pflücker, 2007), including the thymus cortex and medulla, the 

corticomedullary junction (CMJ), and the mesenchymal perivascular spaces (PVS) 

(Lobach and Haynes, 1987). Thymocytes entering the thymus through the CMJ rapidly 
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move along the inner cortex (IC) toward the subcapsular cortex (SCC) (Lind et al., 2001), 

while interacting with Notch ligands expressed on cTECs (Witt, 2005). During migration, 

thymocytes simultaneously progress from the most immature double negative (DN) stage, 

characterized by the lack of CD4 and CD8 surface markers, to the CD4+ CD8+ double 

positive (DP) stage (Petrie and Zuniga-Pflucker, 2007). Arrival to the SCC coincides with 

the selection and expansion of DP thymocytes that have successfully rearranged a 

TCRlocus, a process termed -selection (Lind et al., 2001; Hoffman et  al. 1996). Then, 

thymocytes turn back inwards the IC, rearrange and express TCR, and undergo positive 

selection by means of TCR-mediated recognition of antigens expressed on cortical 

TECs (cTECs), to finally reach the thymus medulla as CD4+ or CD8+ single positive (SP) 

TCR cells. Interaction with mTECs and dendritic cells (DCs) promotes clonal deletion 

of autoreactive TCR thymocytes, induces acquisition of T-cell tolerance and results in 

thymus egress of SP cells to the periphery. The complex migration of  thymocytes 

throughout the thymus illustrates the step-wise Notch dependency of  T-cell 

development (Schmitt et al., 2004) and highlights the potential specific role that distinct 

thymic microenvironments (TMEs) expressing particular Notch ligands may play to 

regulate recurrent Notch signaling required for dynamic  T-cell generation (Ciofani and 

Zúñiga-Pflücker, 2007; Griffith et al., 2009).  

Much less is known about intrathymic  T cell development, partly because 

generation of or  T cells seems to involve distinct Notch activation thresholds, which 

also differ between mice and humans (Tanigaki et al., 2004) (Garbe et al., 2006) (Van de 

Walle et al., 2009) (Garcia-Peydro et al., 2003). As distinctive Notch signaling thresholds 

are the result of different Notch receptor-ligand interactions (Shimizu et al., 2002) (de La 

Coste and Freitas, 2006) (Van de Walle et al., 2013), availability of particular Notch 

ligands at specific intrathymic niches may regulate critical developmental decisions within 
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the thymus, including  vs  T-cell fate. Supporting this possibility, we have recently 

shown that the lymphoid vs myeloid cell fate of progenitors seeding the human thymus is 

specifically imposed by unique signals provided by Jag1 that promote the generation of 

DCs (Martín-Gayo et al., 2017). Therefore, regulation of Notch signal strength induced by 

specific Notch ligands in particular contexts may critically determine intrathymic cell fate 

outcomes. However, Notch signaling cues delivered within the thymus are not yet well 

documented, particularly in humans. Therefore, extensive characterization of Notch ligand-

expressing thymus niches is required to comprehensively outline human T-cell 

development. In addition, a precise knowledge of the dynamic regulation of Notch 

activation and Notch ligand expression during fetal and adult life is critical to understand 

how thymus homeostasis and involution is controlled, to decipher the molecular basis of 

thymic involution and immunosenesce. To approach these aims, we have performed here 

immunohistochemistry and confocal microscopy analyses of Notch ligand expression and 

Notch1 activation along human thymus ontogeny. We show that spatial and temporal 

regulation of expression of particular Notch ligands defines discrete and dynamic TMEs, 

which differ between humans and mice. Likewise, evidence is provided that in vivo 

induction of Notch1 activation in intrathymic progenitors is spatiotemporally-regulated in 

human thymopoiesis. Globally, our study reveals a tight regulation of Notch ligand 

expression at discrete human TMEs that may be critical for a coordinated development of 

human T cells. 
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RESULTS 

Spatial regulation of Notch ligand expression in the human thymus defines specific 

Notch signaling niches  

To get some insights into the functional relevance of intrathymic Notch ligand expression 

in human T-cell development, we assessed the distribution of Dll1, Dll4, Jag1 and Jag2 

ligands in the human thymus by immunohistochemistry and quantitative confocal 

microscopy approaches. We first focused on human postnatal thymus (PNT) samples (<18 

months-old) (Fig. 1A-L), and specifically on the pan-cytokeratin (pCK) positive TEC 

compartment, with special attention to TECs located at the thymus cortex, which is the 

main site of T-cell maturation (Griffith et al., 2009).  We found that Dll1 was expressed in 

both cTECs and mTECs in the human postnatal thymus (Fig. 1A, E, I), coincident with 

results previously observed in mice (Hozumi et al., 2004; Koch et al., 2008; Schmitt et al., 

2004 and confirmed in Fig. 2 (A, E, I). Rare non-epithelial cortical and medullary 

thymocytes (Fig. 1E, I), as well as myeloid CD11c+ medullary cells characterized as DCs 

(Fig. 3A, C), likewise expressed Dll1. However, in contrast to mouse cTECs (Fig. 2B, F, 

O, P), most human postnatal cTECs lacked the essential Dll4 ligand (Fig. 1B, F). Only 

very scarce cTECs located at the SCC and some mTECs expressed Dll4 in the human 

thymus, although at low levels (Fig. 1F, J), but high Dll4 expression was displayed by 

myeloid medullary cells (Fig. 3D), mesenchymal PVS cells, and endothelium (Fig. 3H). 

Notably, despite distinct frequencies of TECs positive for Dll1 or Dll4 ligands were 

located in the cortex and the medulla of the human postnatal thymus, similar expression 

levels of these ligands were found in both TEC subtypes (Fig. 1M). These results indicate 

that Dll4 expression is significantly reduced in cTECs in the human compared to the 

mouse postnatal thymus (Fig. 2O, P), which may suggest a species-specific role of Dll4 in 

postnatal T-cell development. 
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  Regarding Jagged ligands, current mouse data indicate that Jag1 is medullary-

specific (Lehar et al., 2005), and we confirmed that Jag1 is highly expressed at the medulla 

in the postnatal mouse thymus (Fig. 2C, K), but is essentially absent from the cortex (Fig. 

2C, G, M). This selective distribution is conserved in humans, where Jag1 expression is 

confined to mTECs (Fig.1C, K, M) and to rare non-epithelial medullary cells characterized 

as DCs (Martin-Gayo et al., 2017) and also to endothelium (Fig. 3E, I). In contrast to Jag1, 

intrathymic Jag2 expression has been poorly addressed in the mouse thymus (Jiang et al., 

1998), and no studies have been reported in humans. We thus sought to assess this issue 

and found that Jag2 is the most prominent cortical Notch ligand, which is confined to 

cTECs in both human (Fig. 1D, H, L, M) and mouse (Fig. 2D, H, L, M) postnatal thymus. 

Conversely, human (Fig. 1D, L, M) and mouse (Fig. 2D, L, M) mTECs display low Jag2 

expression. Jag2 is likewise poorly detected in rare medullary DCs (Fig. 3F, K), but it is 

highly expressed in the vasculature (Fig. 3J). Therefore, in contrast to Delta-like ligands, 

Jag1 and Jag2 expression defines reciprocal medullary and cortical TMEs, respectively, in 

the human (Fig. 1M) and mouse (Fig. 2M) postnatal thymus. Interestingly, detailed image 

analysis and quantitative measurements of Jag2 expression on pCK-labeled cTECs located 

at defined regions of interest (ROIs) within the cortex showed a species-specific regulation 

of Jag2 expression gradients along distinct cortical niches. In humans, Jag2 is significantly 

enriched in cTECs located at the CMJ, but its expression decreases sequentially at the IC 

and SCC (Fig. 1D, N). Conversely, Jag2 is mostly expressed by SCC cTECs in mice and 

decreases at the CMJ (Fig. 2D, N). Therefore, reciprocal Jag2 expression gradients are 

displayed in the postnatal thymus cortex in mouse and man. 
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Non-epithelial thymic stromal cells express distinct Notch ligands at the CMJ and the 

medulla. 

As mentioned above, besides TECs, a significant number of non-epithelial cells 

morphologically distinct from thymocytes, located at the corticomedullary PVS and the 

medulla of the human postnatal thymus, express Notch ligands. These thymic regions are 

enriched in CD34+ mesenchymal cells and CD11c+ myeloid cells, respectively (Fig 3A, 

B). Myeloid stromal cells were found to express all four Notch ligands although at distinct 

frequencies, as Delta-like ligands are prevalent in CD11c+ cells, while Jag1 and Jag2 are 

poorly represented (Fig. 3C-F, K). Dll4, Jag1 and Jag2, but not Dll1, are also expressed in 

the thymic vasculature and mesenchymal CD34+ cells located at the corticomedullary PVS 

(Fig. 3G-J). In order to provide a comprehensive picture of Notch ligand expression levels 

at the distinct TMEs characterized in the postnatal human thymus, we next performed 

quantitative analyses in single stromal cells including cTECs, mTECs, myeloid and 

perivascular cells, based on co-localization profiling (Fig S1). Collectively, our results 

provide evidence of a differential distribution of Notch ligands at distinct histological 

regions and diverse stromal cell types within the human postnatal thymus, which may 

define specific functional niches. 

Regulation of Notch ligand expression in human thymus ontogeny and involution. 

The striking finding that Dll4, the essential ligand involved in murine T-cell development, 

is poorly expressed in cTECs in the postnatal human thymus, prompted us to investigate 

whether expression of Dll4 is regulated during human thymopoiesis. Confirming this 

possibility, we found that Dll4 is expressed at higher levels on fetal cTECs (11-19 weeks 

of embryonic development) than on postnatal cTECs, but no significant differences were 

found in mTECs (Fig. 4B, F, J, M, N). In mice, however, Dll4 expression was similar in 

fetal and postnatal cTECs (Fig. 2 and data not shown), this reflecting important species-
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specific differences in the temporal expression of cortical Dll4. In contrast to Dll4, Dll1, 

Jag1 and Jag2 expression was similar in fetal and postnatal human TECs both in the cortex 

and the medulla (Fig. 4), indicating that regulation of Notch ligand expression on cTECs 

during human thymopoiesis is Dll4-specific. Quantitative analyses further assessed Dll4 

downregulation in cTECs along age using thymus endothelium as internal control, since 

Dll4 expression remains essentially constant during life in human thymic endothelial cells 

(EC) (Fig. 4M), as well as in the mouse (Hozumi et al., 2008). We found that Dll4 

becomes more than 2-fold downregulated in postnatal compared with fetal human cTECs 

(Fig. 4M, N), while such a decrease was not observed in the mouse (Fig. 2O, P).  

Next, we sought to investigate whether expression of Notch ligands is also 

regulated with age in postnatal life. Expression analyses of Delta-like ligands in human 

thymus samples from 6-11 years-old individuals (adult thymus herein) showed no 

differences with postnatal thymus samples, except an increased expression of Dll1 in 

mTECs and Hassall’s corpuscle cells (data not shown), as previously observed in mice 

(Aw et al., 2009). However, we found that Jag1 and Jag2 expression differed in adult 

compared with postnatal human cTECs (Fig. 5). Quantitative assays revealed that the Jag2 

decreasing gradient observed from the CMJ to the IC of the postnatal human thymus (Fig. 

1N) is lost in the adult thymus, likely due to an age-dependent downregulation of Jag2 at 

the CMJ (Fig. 5I, J). Also, we found that Jag1 but not Jag2 expression was significantly 

upregulated with age in cTECs at the SCC, as assessed by normalization to invariant 

expression on EC (Fig 5E-H, K). Collectively, our results showing the downregulation of 

Dll4 expression on cTECs in the human postnatal thymus, together with the aged-

associated upregulation of Jag1 at the SCC and the disappearance of the cortical Jag2 

expression gradient, provide evidence of a spatiotemporal regulation of Notch ligand 

expression in cTECs in the human thymus. 
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Notch1 activation is induced in vivo in CD34+ progenitors resident in the human 

thymus cortex. 

To determine the functional relevance of the dynamic Notch ligand-expressing niches 

identified in the human thymus, we next analyzed Notch activation in situ by 

immunohistochemistry using a mAb specific for the active intracellular form of Notch1 

(ICN1). Cells expressing active Notch1 were essentially absent in the postnatal human 

thymus medulla, although scarce ICN1+ cells morphologically distinct to thymocytes were 

observed (Fig. 6A and data not shown). However, we identified a significant number of 

ICN1+ cells distributed throughout distinct regions of the thymic cortex (Fig. 6A, L). 

Coexpression analyses of ICN1 and pCK indicated that such ICN1+ cells were thymocytes 

located in close contact with cTECs in all cortical regions, including SCC, IC, and CMJ 

(Fig 6B-D). Notably, ICN1+ thymocytes were significantly enriched at the CMJ and the 

SCC (Fig. 6L), two intrathymic regions where critical Notch1-dependent T-cell 

developmental checkpoints take place (Petrie and Zúniga-Pflücker, 2007). In addition, rare 

isolated ICN1+ cells were found spotted in PVS at the CMJ junction (Fig. S2A, B) 

suggesting that thymocyte progenitor traffic through extraparenchymal areas. To further 

characterize the nature of the main population of ICN1+ cortical thymocytes, we analyzed 

the coexpression of ICN1 and the hematopoietic progenitor cell marker CD34 in postnatal 

thymus samples. We found that most ICN1+ cortical thymocytes lacked or expressed very 

low levels of CD34, suggesting that they have downregulated CD34 as a consequence of 

induced T-cell commitment. However, we found that more immature CD34+ progenitors 

were enriched at the CMJ, and some were also identified in the IC and SCC (Fig 6E-K). 

Notably, all CD34+ progenitors coexpressed active Notch1 (Fig. 6I-K), thus providing 

formal evidence that Notch1 activation is induced in vivo in human CD34+ progenitors and 
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is involved in early human T cell development. Collectively, these results allowed us to 

identify in situ the functional niches that support Notch1 signaling in the human postnatal 

thymus. 

As expression of Notch ligands, particularly Dll4, is temporally regulated during 

human thymus development, we next investigated whether Dll4 downregulation has an 

impact on Notch1 signaling during human thymopoiesis. To this end, we compared the 

pattern of in vivo Notch1 activation in the postnatal thymus (Fig. 6) and in the fetal and 

adult thymus (Fig. 7). We found that similarly to the ICN1+ pattern observed in the 

postnatal thymus, ICN1+ thymocytes were present in the cortex in the fetal (Fig. 7A-D) as 

well as in the adult thymus (Fig. 7E-H), although at significantly distinct frequencies (Fig. 

7L). Numbers of ICN1+ cortical thymocytes were significantly higher in the fetal than in 

the postnatal thymus and decreased markedly in the adult thymus, indicating that 

intrathymic Notch1 activation decreases with age in human thymopoiesis. Moreover, we 

observed age-associated changes in the distribution of ICN1+ thymocytes at particular 

cortical niches, as they accumulated at the SCC in the fetal and adult thymus (Fig. 7I, J), 

but were also enriched at the CMJ region of the postnatal thymus (Fig. 6L). Thymocytes 

expressing active Notch1 were also detected at extraparenchymal regions in the fetal 

thymus, mostly at the mesenchymal interlobular spaces (Fig S2C, D), in contrast to 

extraparenchymal postnatal thymocytes, which localized to the PVS (Fig. S2A, B). 

Collectively, our data provide formal evidence that numbers of thymocytes undergoing 

Notch1 activation and T-cell specification decrease significantly with age in human 

thymus ontogeny and postnatal life, a finding that correlates with significant changes in the 

localization of developing thymocytes receiving Notch1 activation signals. 
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DISCUSSION 

 

T cell development is a dynamic tightly regulated process involving the migration of 

developing thymocytes throughout different thymus niches that provide stage-specific 

developmental cues (Petrie and Zúñiga-Pflücker, 2007). Recurrent Notch receptor-ligand 

interactions in the thymus are crucial in this process (Schmitt et al., 2004), indicating that 

expression of Notch ligands by TECs might be subjected to strict regulatory mechanisms 

that ensure specific functions at defined intrathymic niches. Immunohistochemistry and 

quantitative confocal microscopy were used in this study to identify such niches in 

humans, providing a comprehensive view of the dynamic expression of distinct Notch 

ligands at defined compartments within the human thymus, which highlights important 

differences with the mouse thymus. Formal proof is also provided for the first time that 

Notch1 activation occurs in vivo in developing thymocytes, which allows tracing T-cell 

fate specification at particular niches of the human fetal and postnatal thymus. Moreover, 

we show that temporal regulation of Notch ligand expression defines species-specific 

TMEs during human thymus ontogeny and involution.  

It is well established that Notch1 signaling required for T-cell commitment and 

differentiation of thymus-seeding progenitors (Radtke et al., 1999; Pui et al., 1999) 

critically relies on Notch1-Dll4 interactions in mice (Hozumi et al., 2008; Koch et al., 

2008), and this signaling axis seems also crucial in humans (Van de Walle et al., 2009, 

2011). Therefore, the differential expression of Dll4 on mouse and human postnatal cTECs 

was somewhat unexpected. Importantly, we observed that although Dll4 was weakly 

expressed on human cTECs, its expression was significantly high in the embryonic 

thymus, particularly during the 11-19 weeks ontogenic window analyzed here, this 

indicating that Dll4 is actively downregulated in human thymus ontogeny before birth; 

while such decrease was not observed in the mouse postnatal thymus (not shown). 
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However, Dll4 expression decreases dramatically in the adult mouse thymus as a result of 

specific cTEC-DP thymocyte crosstalk (Fiorini et al., 2008). Considering that human fetal 

ontogeny is proportionally accelerated compared to mouse, it is conceivable that Dll4 

downregulation is induced earlier in human than in mouse thymopoiesis, probably during 

the second third of gestation, when the full T-cell repertoire and the definitive postnatal 

thymic configuration have been established (Lobach and Haynes, 1987; Haynes et al., 

2000). Therefore, Dll4 may be functionally relevant in terms of T-cell development at 

earlier ontogenic stages in the human compared to the mouse thymus.  

The observed downregulation of Dll4 during human thymus development concurs 

with the fact that T-cell generation progressively decreases with age in human postnatal 

life (O’Neill et al., 2016). In fact, the thymus is the first organ to degenerate during normal 

aging, a process termed thymic involution, which correlates with the appearance of severe 

histological and molecular changes and results in impaired T-cell generation and 

immunosenescence (Haynes et al., 2000; Chinn et al., 2012). Accordingly, we found a 

dramatic decrease of thymocytes receiving Notch1 activation signals in the adult compared 

to the postnatal and fetal human thymus stages. In the adult thymus, this decrease concurs 

with the loss of a specific localization of ICN1+ thymocytes in particular TMEs, such as 

the SCC and the CMJ, and with a marked disorganization of Notch ligand expression, 

characteristic of thymus involution. Given that Dll4 is the most affected ligand in thymus 

aging, a direct functional association between Dll4 downregulation and thymus involution 

could be established. Regarding the mechanism responsible for age-dependent Dll4 

downregulation in the thymus, it is known Dll4 expression in TECs is induced by the 

transcription factor FOXN1 (Calderón and Boehm, 2012), which is a master regulator of 

TEC function and T-cell development. Studies in mice, later confirmed in humans, have 

shown that FOXN1 is downregulated with age in the thymic stroma at the onset of thymic 
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involution (Ortman et al., 2002; Reis et al., 2015), coincident with the loss of Dll4 (O’Neill 

et al., 2015). These data suggest that dynamic regulation of FOXN1 leads to thymic 

involution partly owing to Dll4 downregulation. Thus, the early emergence of thymic 

involution in human life highlights the relevance of the embryonic thymus in the process of 

T-cell development and mature T-cell repertoire establishment. 

Although Dll4 expression is markedly downregulated with age in cTECs, postnatal 

Dll4 expression remains high in the cortical endothelium and the PVS region. This finding 

is compatible with a role of non-TEC niches in T-cell fate specification, as BM-derived 

progenitors should face Dll4 when entering the postnatal thymus by endothelial 

extravasation. Moreover, immediately after extravasation, thymic immigrants localize 

within the Dll4-enriched PVS, which represents the main gate for thymus entry (Petrie and 

Zúñiga- Pflücker, 2007). Consequently, non-epithelial Dll4-expressing niches could 

support Notch1-dependent T-cell priming. According to this possibility, we found that rare 

ICN1+ cells of lymphoid morphology are present in the PVS of the human postnatal 

thymus. However, most postnatal ICN1+ progenitors localize at the CMJ and SCC regions, 

suggesting that regardless of the thymus entry site, expansion and differentiation of 

postnatal thymocytes occurs in the CMJ and SSC regions, the specific compartment where 

T-cell developmental check-points take place (Petrie and Zúñiga- Pflücker, 2007). 

Notably, essentially all ICN1+ thymocytes located at the CMJ were CD34+ progenitors, a 

finding compatible with the possibility that Notch ligands distinct from Dll4 expressed at 

the CMJ, like Jag2, could promote T-cell commitment and development when Dll4 

becomes downregulated; while Jag2 would be unable to replace Dll4 function in mice 

(Hozumi et al., 2008; Koch et al., 2008). Alternatively, low Dll4 expression levels 

displayed by postnatal TECs at the CMJ may be sufficient to trigger T-cell lineage 

commitment, and Dll4 expression at the SCC will further support -selection and full  
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T-cell development (Maillard et al., 2006). The distribution of ICN1+ cells in the human 

postnatal thymus differed from that of the fetal thymus, where ICN1+ thymocytes 

preferentially accumulate at the Dll4-enriched SCC, although some ICN1+ cells are also 

located at the interlobular capsule region. This selective localization suggests that during 

the particular embryonic window analyzed in this study (11-19 weeks) thymus immigrants 

could enter the fetal thymus through the mesenchymal tissue that surrounds the epithelial 

parenchyma, which is the main thymus entry region during the early avascular period of 

thymus development (Haynes and Heinly, 1995), while the CMJ becomes the main thymus 

entry site when vascularization is later established.  

In addition to Dll4, our findings show that Dll1 is also expressed at low levels in 

the human postnatal thymus. In contrast, Jag2 is highly expressed at the CMJ but decreases 

significantly in the IC, while Jag1 is essentially absent in the cortex, but defines a specific 

niche in the medulla, which is conserved in the mouse. Considering that the thymic IC 

hosts low numbers of TECs, a major cortical area of the human postnatal thymus displays 

very low density of Notch ligands. Consequently, ICN1+ thymocyte numbers are 

significantly reduced in the IC compared to the CMJ at all thymus ages analyzed. This 

concurs with the observation that, following T-cell commitment and -selection at the SCC 

niche, developmental progression along the T-cell lineage is strictly dependent on 

Notch signaling release (Van de Walle et al., 2009) and takes place during migration 

through the IC back to the CMJ. Conversely, strong Notch signaling favors human  T-

cell development (Garcia-Peydro et al., 2003; Van de Walle et al., 2011; 2013). In mouse, 

however, T-cell fate specification and further development needs continuous Notch 

signaling (Schmitt et al., 2004; Ciofani et al., 2006), which could be provided in the 

postnatal murine thymus by Dll4 and Dll1 expressed throughout the IC up to the SCC. 

Notably, although all these Notch ligands are also expressed in the human fetal thymus, 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

Jag2 displays an inverse expression gradient from the CMJ through the IC to the SCC in 

the murine and human thymus, which further illustrates that spatial regulation of Notch 

ligand expression defines dynamic species-specific TMEs. A hierarchy of signaling 

strengths induced through Notch1 has been proposed, with Dll4 being the stronger 

activator, followed closely by Dll1 and Jag2, and finally by Jag1 (Van de Walle et al., 

2011). In this scenario, expression of Dll4 at the CMJ would be unable to support 

progression of human T-cell progenitors along the  T-cell lineage. Conversely, Jag2 

expression at the CMJ could provide the critical niche that fosters human  T-cell 

development. Accordingly, seminal work by the Taghon’s group has shown that Jag2-

mediated signaling is critical for human  T-cell development, but impairs  T-cell 

development, at least in vitro (Van de Walle et al., 2013). Therefore, the differential 

availability of distinct Notch ligands in particular intrathymic niches may critically shape 

key thymocyte developmental decisions, such as  versus  T-cell development, at least 

in the human thymus. Supporting this view, we have recently shown that the restricted 

expression of Jag1 in the human thymus medulla controls the critical lymphoid versus 

myeloid developmental choice in the human thymus (Martín-Gayo et al., 2017). 

Collectively, our study points to the differential and dynamic regulation of Notch ligand 

expression in particular intrathymic niches as the critical mechanism that shape thymocyte 

developmental decisions and allows for the coordinated generation of distinct intrathymic 

cell types. 
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MATERIALS AND METHODS 

 

Histology and immunohistochemistry 

Human thymus biopsies were obtained from postnatal (3 days-17 months-old) or adult (6- 

15 years-old) patients undergoing corrective cardiac surgery, after informed consent was 

provided in accordance with the Declaration of Helsinki. Experiments were performed in 

accordance with approved guidelines established by the Research Ethics Board of the 

Spanish Research Council (CSIC). Murine thymus samples were obtained from 5-16 

weeks-old C57BL/6 mice. Tissue samples were fixed (4% PFA/PBS; Sigma-Aldrich) and 

paraffin embedded (Paraplast Plus, Sigma-Aldrich). Formalin-fixed paraffin-embed 

(FFPE) human fetal thymic samples (11-19 weeks of gestation) were kindly provided by 

Dra. N. Torán (Vall d’Hebron Hospital, Barcelona, Spain). From all tissue-embed 

specimens, serial 8m sections were obtained and mounted on poly-lysine-coated slides 

(SuperFrost UltraPlus, Thermo Scientific). Tissue antigens were retrieved in FFPE slides 

by boiling in sodium citrate (10mM, pH 6.0). Endogenous peroxidase activity was 

quenched using 1% H2O2 100% methanol. For blocking unspecific antibody binding sites, 

samples were incubated for 1 hour in blocking solution (3% BSA, 20mM MgCl2, 0.3% 

Tween-20, 5% FBS in PBS).  Background and non-specific staining was determined by 

incubating with IgG isotype-matched controls or in the absence of primary antibody (Fig. 

S3). Prior addition of secondary antibodies, tissue endogenous biotin was quenched with 

Avidin/Biotin blocking solutions (Vector Labs). For Dll4, Jag1 and Jag2 signal detection, 

tissue slides were incubated with a HRP-coupled anti-rabbit IgG secondary antibody 

(DAKO) and signal was amplified using the Cyanine-3 Tyramide Signal Amplification Kit 

(TSA-Cy3; NEL 744, 25 Perkin Elmer). For Dll1 and cleaved Notch1 (ICN1) signal 

detection, biotinylated anti-rabbit or anti-goat IgG secondary antibody (Vector Labs) was 

added before signal amplification with Avidin/Biotin-HRP complex (Elite Vectastain 
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ABComplex kit, Vector Lab.) and TSA-Cy3 Kit. For CK19 and pCK signal detection 

Alexa-conjugated secondary antibodies were used (Thermo). For CD34 signal detection a 

biotinylated IgG anti-mouse antibody (Vector Labs) was used followed by incubation with 

Avidin/Biotin-HRP complex. ABC-amplified signal was developed by adding Alexa488 or 

Alexa555-conjugated streptavidin (Thermo). In all cases, nuclei were stained with Topro3 

(Thermo) and slides mounted with Fluoromount-G (Southern Biotech.) 

 

Immunohistochemistry antibodies 

For immunohistochemistry assays antibodies against the following human Notch signaling 

components were used: Dll1 (rabbit IgG, Abcam), Dll4 (H-70, Sta. Cruz), Jag1 (28H8, 

Cell Signaling), Jag2 (C83A8, Cell Signaling), cleaved Notch1 (D3B8, Cell Signaling). 

For thymic stromal cell characterization the following antibodies were used: Cytokeratin 

19 (rabbit IgG, Sigma-Aldrich), pan-cytokeratin (mouse IgG, Sigma-Aldrich), CD11c 

(5D11, Novocastra) and CD34 (My10, Beckton Dickinson). Secondary antibodies used 

were: goat anti-mouse IgG1-Alexa488 (Thermo), donkey anti-mouse IgG2a-Alexa555 

(Thermo) and donkey anti-rabbit IgGAlexa488 (Thermo). 

 

Acquisition and analysis of confocal microscopy images 

Images were acquired using an LSM510 laser scan confocal microscope (Zeiss) coupled to 

an Axio Imager.Z1 or an Axiovert 200 (Zeiss) microscope using the following 

magnifications (Zeiss): 25×Plan-Neofluar (oil [NA] 0.8), 40×Plan-Neofluar (oil [NA] 1.3) 

and 63xPlan-Apochromat (oil [NA] 1.4). Images were processed using ImageJ and Adobe 

Photoshop CS4 software and brightness and contrast were adjusted equally in samples and 

controls. For mean fluorescence intensity (MFI) quantification purposes all images were 

acquired in 12-bit color depth and with the same non-saturating settings. Coexpression and 
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MFI analyses were performed in ImageJ by selecting regions of interest (ROIs) using 

intensity level threshold in the cell populations of interest. Mander’s colocalization 

coefficients were obtained with the Intensity Correlation Analysis (ICA) plugin 

(http://www.uhnresearch.ca/facilities/wcif/imagej/colour_analysis.htm). Cell counting was 

performed in Adobe Photoshop CS4. 

 

Statistics 

Statistical analysis was performed in Graph Pad Prism 6 Software. The normal distribution 

of the data was tested by using the Shapiro-Wilk normality test. When comparing two 

means of normal data, statistical significance was determined by the unpaired 2-tailed 

Student t test. When comparing more than two groups of normal data One-Way ANOVA 

was used. When comparing two means of non-normal data, statistical significance was 

determined by the unpaired Mann-Whitney test. In all cases the α-level was set at 0,05. 

Data in graphs are presented as mean  SEM. 
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Figures 

 

 

Figure 1. Notch ligand expression pattern in the human postnatal thymus. 

Immunohistochemistry of Notch ligands (red) and TECs (pCK, green). Topro3 shows 

nuclear staining (blue). c: cortex; m: medulla; dotted line: CMJ; *: endothelium. General 

(A-D) and detailed view of Notch ligands expression at the cortex (E-H) and medulla (I-L) 

in human postnatal thymus. Arrowheads indicate co-expression of Notch ligand and 
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cytokeratins (pCK) in TECs. Arrows indicate Notch ligand expression in non-epithelial 

cells. Scale bars: 50μm. Images are representative of at least 10 per sample (n=3). (M) 

Notch ligand expression as MFI in the cortex (COR) and medulla (MED). (N) Jag2 

expression levels (MFI) at the inner cortex (IC) and corticomedullary junction (CMJ) 

niches of the postnatal thymus (right) obtained by intensity level thresholding on pCK+ 

cells (yellow line, left) of least 30 Regions Of Interest (ROIs) in 12-bit color depth images, 

from n=3 independent samples. **, p < 0.01;***, p < 0.001; ****, p < 0.0001. 
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Figure 2. Notch ligand expression in the mouse postnatal thymus. 

Immunohistochemistry of Notch ligands (red) on postnatal mouse thymus (< 16 weeks-

old). TECs are characterized by the expression of cytokeratins (pCK) (green). Topro3 

shows nuclear staining (blue). c: cortex; and m: medulla; dotted line: CMJ; *: 

endothelium. (A-D) General view of Notch ligand distribution. (E-H). Detailed view of 

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

Notch ligand expression at the cortex. (I-L) Detailed view of Notch ligands expression at 

the medulla. Arrowheads indicate expression in TECs. Arrows indicate expression in non-

epithelial cells. Images shown are representative of results obtained from at least 10 images 

per thymus sample (n=2). Scale bars: 50μm. (M) Notch ligands expression levels in cortex 

(COR) and medulla (MED). Results are shown as mean fluorescence intensity (MFI) 

values ± SEM obtained from at least 10 images per thymus sample (n=2). (N) Jag2 

expression levels on cortical TECs located at the IC and SCC. Results are shown as MFI 

values ± SEM obtained by thresholding (green) from at least 30 ROIs selected at the IC 

and SCC from 10 images per thymus sample (n=2). (O) Dll4 expression levels displayed 

by TECs and endothelial cells (EC) located at the cortex in human (Hu) and mouse (Mo) 

postnatal thymus. (P) Relative Dll4 expression in cTEC normalized to expression in EC in 

human (Hu) and mouse (Mo) postnatal thymus. Results in are shown as MFI values from 

at least 10 images per thymus sample (n=2). *, p < 0.05; **, p <0.01***, p < 0.001. 
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Figure 3. Non-epithelial thymic stromal cells differentially express Notch ligands at 

the CMJ and the medulla. Immunohistochemistry of Notch ligands (red) on human 

postnatal thymus. Stromal myeloid and perivascular space (PVS) cells are characterized by 

expression of CD11c or CD34 (green), respectively. Topro3 shows nuclear staining (blue). 

c: cortex; and m: medulla; line: CMJ; *: endothelium. (A, B) General view of CD11c and 

CD34 expression. The PVS niche is defined as CK19- CD34+. (C-F) Notch ligand 

expression in myeloid CD11c+ stromal cells of the medulla. (G-J) Notch ligands expression 

in CD34+ mesenchymal cells. Arrowheads indicate co-expression of Notch ligands with 

CD11c or CD34. Arrows indicate expression in CD34- perivascular cells. (K) Frequencies 

of CD11c+ cells expressing Notch ligands per 63x field from at least 10 images obtained 

from different tissue samples (n=3). 
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Figure 4. Notch ligand expression pattern in the human fetal thymus. 

Immunohistochemistry of Notch ligands (red) and TECs (pCK) (green). Topro3 shows 

nuclear staining (blue). c: cortex; m: medulla; dotted line: CMJ; h: hassal’s corpuscle *: 

endothelium. General (A-D) and detailed view of Notch ligands expression at the cortex 

(E-H) and medulla (I-L) in the human fetal thymus. Arrowheads indicate co-expression of 

Notch ligand and cytokeratins (pCK) in TECs. Arrows indicate Notch ligand expression in 

non-epithelial cells. Scale bars: 50μm. Images are representative of at least 10 per sample 
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(n=3). (M) Dll4 expression levels (MFI) displayed by cortical TECs (cTECs) and 

endothelial cells (EC) located in fetal (FET) and postnatal (PNT) thymus. MFI levels were 

obtained by intensity level thresholding as shown previously. (N) Relative Dll4 expression 

in cTEC normalized to expression in EC of values in M. Results are representative of at 

least 10 images per sample (n=3). Dll4 images were acquired in 12-bit color depth with the 

same non-saturating settings. **, p < 0.01; ***, p < 0.001. 
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Figure 5. Age-dependent regulation of Jag1 and Jag2 expression on TECs located at 

distinct cortical regions in the human thymus. Immunohistochemistry of Notch ligands 

(red) and TECs (pCK) (green). Topro3 shows nuclear staining (blue). General (left panels) 

and detailed view of the subcapsular cortex (SCC) in postnatal (A-D) and adult (E-H) 
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thymus. c: cortex; m: medulla; dotted line: CMJ; *: endothelium; yellow line: thymic 

capsule. Arrowheads indicate cTECs at the SCC expressing Jag1 or Jag2 ligands. Images 

are representative of at least 10 per sample (n=2). Scale bars: 50μm. (I) Jag2 expression 

levels (MFI) at IC and CMJ cTECs in the adult thymus. (J) Relative Jag2 expression in 

cTEC at the CMJ normalized to expression at the IC in postnatal (PNT) and adult thymus. 

Results are shown as MFI values from at least 45 ROIs selected from more than 10 images 

per sample (n=2). (K) Jag1 and Jag2 expression in SCC TECs normalized to EC 

expression in PNT and adult thymus. SCC TEC and EC MFI values were obtained by 

image thresholding from at least 45 ROIs from more than 10 images per PNT (n=3) or 

adult (n=2) thymus sample. All images were acquired in 12-bit color depth with the same 

non-saturating settings. ***, p < 0.001; ****, p < 0.0001. 

  

D
ev

el
o

pm
en

t •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Identification of in vivo of Notch1 activation in cortical thymocytes and 

CD34+ progenitors located at the SCC, IC and CMJ of the human postnatal thymus. 

Immunohistochemistry of active intracellular Notch1 (ICN1, red) or CD34 (red or green) 
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and pCK (green), with nuclei in blue (Topro3). c: cortex; m: medulla; dotted line: CMJ; *: 

endothelium; yellow line: thymic capsule. General (A, E) and detailed view of the SCC (B, 

F, I), IC (C, G, J) and CMJ (D, H, K) cortical regions of the human PNT thymus. 

Arrowheads indicate ICN1 or CD34 expression in thymocytes. (I-K) Arrowheads show 

cortical CD34+ thymocytes expressing nuclear ICN1. Scale bar: 50μm. Insets scale bar: 

10μm. (L) Total numbers of ICN1+ thymocytes per region in postnatal thymus. Images and 

data are representative of values from at least 15 ROIs selected from more than 10 images 

per thymus sample (n=3). ***, p < 0.001; ****, p < 0.0001.  
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Figure 7. Identification of in vivo Notch1 activation in cortical thymocytes 

located at the SCC, IC and CMJ of the human fetal and adult thymus. 

Immunohistochemistry of active intracellular Notch1 (ICN1, red) and pCK (green), 

with nuclei in blue (Topro3). c: cortex; m: medulla; dotted line: CMJ; *: endothelium; 

yellow line: thymic capsule. General (A, E) and detailed view (B-D, F-H) of ICN1 

expression in human fetal and adult thymus, respectively. Arrows indicate ICN1 

expression in thymocytes. Total numbers of ICN1+ thymocytes per region in human 

fetal (I) and adult (J) thymus. Scale bars: 50μm. (L) Relative number (%) of total 

cortical ICN1+ thymocytes along human thymus ontogeny. Thymocyte numbers 

were obtained by counting total Topro+ nuclei and pCK- ICN1+ cortical cells in no 

less than 10 SCC, IC and CMJ ROIs from n=3 different thymus samples. *, p < 0.05; 

***, p < 0.001; ****, p < 0.0001. 
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Figure S1. Co-localization analyses of Notch ligands with stromal cells in the human postnatal thymus. (A-D) 
Image ROIs (30m) of postnatal human thymus sections labelled with anti-Notch ligand antibodies showing single stromal 
cells, including  cTECs (A), mTECs (B), CD11c+ (C) and CD34+ (D) and its corresponding RGB colocalization profile. RGB 
mean fluorescence intensity (MFI) of single stromal cells was measured by tracing a linear ROI (yellow line) along the 
cells. Images are representative of results obtained from at least 3 different tissue samples per ligand and stromal marker. 
Scale bars: 10m. (E) Graph bars show M1 co-localization of Mander’s coefficient. ICA plugin (Li et al., 2004) was applied 
to at least 10 images of cortical and medullary areas for each stromal marker and Notch ligand, obtained from different 
tissue samples (n=3). 

 

 

 

 

 

Development: doi:10.1242/dev.165597: Supplementary information
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Figure S2. ICN1+ cells are located at extraparenchymal areas including the PVS and the interlobular capsule of 
the human postnatal and fetal thymus. Immunohistochemistry of active intracellular Notch1 (ICN1, red) and pCK 
(green), with nuclei labelled in blue (Topro3). c: cortex; m: medulla; dotted line: thymic capsule / PVS, which is pCK- and 
shows low cellularity (Topro3). General (A) and detailed view (B) of ICN1 expression in the human postnatal thymus. 
General (C) and detailed view (D) of ICN1 expression in the human fetal thymus. Arrowheads show extraparenchymal 
thymocytes expressing nuclear ICN1. Scale bar: 50μm. Images are representative of more than 10 images per thymus 
sample (n=3). 
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Figure S3. Immunohistochemistry controls of murine and human thymic tissue. FFPE sections of mouse (< 16 
weeks-old) and human (< 17 months-old) postnatal thymus samples or human fetal thymus (11-19 weeks) were untreated 
or treated with isotype-matched irrelevant antibodies and then incubated with secondary reagents. Topro3 shows nuclear 
staining (blue). c: cortex; and m: medulla; dotted line: CMJ; h: Hassal’s corpuscles. Images are representative of results 
obtained from at least 10 images from 2-3 different samples. Scale bars: 50μm. 

Development: doi:10.1242/dev.165597: Supplementary information
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