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 The thymic microenvironment provides critical signals for the proper 

development of T cells.  The thymus is composed predominantly of epithelial cells of 

endodermal origin, but other cell types make up the thymus and facilitate thymic 

epithelial cell (TEC) and thymocyte development.  This work focuses on molecular 

communication within the thymus.  We have studied the zinc metalloprotease ADAM17, 

and its function in the thymus.  ADAM17 is a member of the large ADAM (A 

Disintegrin And Metalloprotease) family, and it serves to cleave transmembrane proteins, 

shedding them from the cell surface.  Through conventional knockout studies, it was 

discovered that ADAM17 regulates progression of thymocytes from the double negative 

(CD4-CD8-) stage to the double positive (CD4+CD8+) stage in adult animals, but through 

an unknown mechanism.  The work in this dissertation focuses on three strategies to 

analyze the role of ADAM17 in thymocyte development.  First, we have generated an in 

vitro model to analyze the effect of inhibiting ADAM mediated proteolytic cleavage of 

the Notch ligand Delta-like-1 (DLL1) and the subsequent effect on hematopoietic 

development.  Second, we have utilized an ADAM17 conventional knockout model to 

assess its role in fetal T cell development.  Third, we have generated a TEC specific 

ADAM17 knockout model by employing the Cre/Lox system to study the role of 

ADAM17 in the adult thymus.  Our findings here demonstrate that ADAM mediated 

cleavage of the Notch ligand DLL1 affects hematopoietic lineage in vitro, that fetal and 

adult T cell development have differential requirements for ADAM17, and that ADAM17 

may be acting on a non-TEC population in the thymus or extrathymically in mediating 

adult T cell development, while its presence on TECs regulates the expression of the key 
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medullary TEC transcription factor Aire.   These results provide new insights into thymic 

physiology and intrathymic molecular communication.   
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Chapter 1: Introduction 

1.1. Overview of T cell function: 

 T lymphocytes or T cells are a critical component of the adaptive immune system.  

In the 1960s it was discovered that removal of the thymus organ in neonatal mice resulted 

in impaired immune responses and susceptibility to infection (reviewed in [1]).  The 

lymphoid cells derived from the thymus were called “T cells”, or thymic-derived cells.   

T cells could not produce antibodies themselves, but could stimulate lymphocytes from 

the bone marrow, called “B cells”, to do so.  Since the initial discovery of T cells there 

has been an explosion of interest and understanding in the diversity of these cells, how 

they develop, and their functional roles in health and disease.    

 T cells can be subdivided into many functional classes, but the common thread 

between all the classes is the expression of a T cell receptor (TCR) heterodimer that 

detects antigens.  The T cell receptors are generated through somatic recombination of 

the TCR genes.  TCRs can be of the αβ or γδ forms depending on which TCR loci 

undergo successful recombination.   

 Functionally, T cells help B cells develop into antibody secreting cells, increase 

the anti-microbial properties of monocytes and other effector cells, suppress immune 

responses, or directly target diseased cells and induce them to apoptose.  Since T cells 

have so many roles in the immune response, the manipulation of their function has many 

exciting clinical implications.  An overview of the T cell lineages and the other cell types 

generated in the thymus as well as their predominant functions are summarized in Fig. 

1.1.   
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Figure 1.1: Thymically generated blood cells.  The thymus generates many 
hematopoietic cells critical to immune system function.  The predominant cells to exit the 
thymus are naïve TCRαβ expressing CD4 or CD8 T cells.  However, hematopoietic 
progenitors in the thymus have many other cell fate potentials and functions.  NK, natural 
killer; NKT, natural killer T cell; B, B cell; DC, dendritic cell; Th1, T helper type 1; 
Th17, T helper producing IL-17; Th2, T helper type 2; iTreg, inducible regulatory T cell; 
nTreg, natural regulatory T cell.   
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1.2. Early development of T cells: 

 As the thymus does not contain a self renewing stem cell population that 

generates T cells, hematopoietic progenitors from the bone marrow are constantly 

imported into the thymus to undergo T cell differentiation (reviewed in [2]).  In the 

thymus, T cell progenitors, or thymocytes, receive extrinsic signals that result in signal 

transduction, inducing gene rearrangements that encode functional TCRs, upregulation of 

cellular machinery responsible for TCR function, and extensive proliferation.  A majority 

of thymocytes in the adult will rearrange a TCR containing an α and a β chain and 

become CD4 or CD8-expressing T cells.  However, in the adult a minority of thymocytes 

also generate γδ TCRs.  αβ T cell intrathymic development can last for 3 to 4 weeks in an 

adult mouse, after which a mature, naïve CD4 helper T cell or CD8 cytotoxic T cell is 

released into the periphery.  During the 3 to 4 weeks of development, thymocytes must 

pass several key developmental checkpoints (discussed further below).  The inability to 

generate a functional, non-harmful T cell will result in apoptosis of the thymocyte.   

 Thymocytes destined to become αβ T cells follow a defined pattern of migration 

through the microenvironments of the thymic stroma in order to obtain the proper 

extrinsic signals necessary for their development [3-4].  Thymocytes progress from a 

“double-negative” (DN: CD4- CD8-) stage, where they lack expression of the co-

receptors CD4 and CD8, to a “double-positive” (DP: CD4+CD8+) stage where both are 

expressed.  Thymocytes must then undergo both positive and negative selection events to 

screen the DP pool for self major histocompatibility complex (MHC)-restricted T cells 

that are not highly reactive to self antigens.  Mature, naïve CD4+ or CD8+ single positive 

(SP) cells are then released from the thymus into circulation (Fig. 1.2).   
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Figure 1.2: A model of intrathymic migration and interactions.  Thymic seeding cells, of 
the DN phenotype, enter the thymus through vessels located at the cortico/medullary 
junction and migrate outward toward the capsule of the cortex.  During their outward 
migration they interact with cortical TECs, which provide Delta ligand that promotes the 
T cell fate.  After successful TCR rearrangement, thymocytes progress to the DP stage 
where they undergo positive selection on cortical TECs expressing MHC.  Upon 
completion of positive selection thymocytes become either CD4 or CD8 single positive 
cells and migrate to the medulla to undergo negative selection on medullary TECs that 
express tissue restricted antigens.  If thymocytes pass all the developmental checkpoints 
they are released into the periphery to serve as mature T cells.   
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 The earliest thymic entrants, or thymic seeding cells, comprise a rare population 

of cells within the DN population.  The immature DN stages of development can further 

be subdivided into four stages based in the expression of the cell surface markers CD44 

and CD25 [5].  The DN1 (CD44+CD25-) thymocyte population contains the thymus 

seeding cells and the most immature T cell progenitors.  This population is capable of 

giving rise to several alternate lineages including NK cells and dendritic cells [6].  DN1 

cells progress to DN2 cells (CD44+CD25+) as they further commit to the T cell fate and 

begin to express genes associated with a T cell developmental program.  In particular, 

TCR recombination begins at the DN2 stage and substantial proliferation of progenitors 

also occurs.  The TCRβ, TCRγ, and TCRδ loci are all accessible at this stage, but the 

TCRα locus is not.  As the cell progresses to the DN3 stage (CD44-CD25+) maximal 

rearrangement of the TCRβ, γ, and δ loci is occurring and the cell becomes solidified to 

the T cell fate at this point.  

 The Notch signaling pathway is of critical importance during the early stages of T 

cell development.  This was dramatically shown through studies in which Notch1 was 

inducibly inactivated (using Lck-cre) resulting in a block in T cell development and 

ectopic B cell differentiation in the thymus [7].  Notch signaling has the potent ability to 

suppress the development of several cell types including not only B cells, but also 

dendritic cells [8].  Indeed, if Notch is constitutively activated in hematopoietic 

progenitors in the bone marrow it leads to T cell development at the expense of B cell 

development [9].   

 Notch activation is initiated upon ligand binding in trans, with both the Delta and 

Jagged families of ligands being implicated in various physiological roles (reviewed in 
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[9]).  The Notch ligand in the thymus that drives thymocytes toward the T cell fate has 

been a contentious area of research.  Initially both Delta-Like-1 (DLL1) and Delta-Like-4 

(DLL4) were shown to be capable of inducing the development of T cells in in vitro 

systems [10].  However, in vivo DLL1 is dispensable for T cell development [11], but 

DLL4 is absolutely required in the thymic microenvironment [13-14]. 

 

1.3. TCR dependent stages of T cell development: 

 During the DN3 stage TCR rearrangement of the β chain or γ and δ chains is 

completed.  The lineage fate between αβ and γδ T cells is decided based on whether the β 

chain or the γ and δ chains is completed first.  The β chain associates with preTα, an 

invariant surrogate α chain that is necessary for proper TCR surface expression [12].  In 

αβ T cell development, successful completion of a TCRβ chain is considered to be a 

watershed event, after which survival and selection of the thymocyte will be 

predominantly dependent on TCR derived signals.  Successful TCRβ rearrangements 

allow a thymocyte to pass the critical checkpoint known as “β selection”.  Failure to 

rearrange a TCR successfully will result in cell death.  The TCR derived signals, which 

are transduced via the CD3 signaling adaptor complex, now elicit rapid proliferation and 

downregulation of CD25 as the cell passes through the DN4 stage (CD44-CD25-), begins 

the upregulation of CD4 and CD8, and initiates TCRα locus rearrangement.   

 DP thymocytes expressing CD4 and CD8 and a successfully rearranged TCRα 

and TCRβ chain undergo the next critical selection process, known as “positive 

selection”.  The DP thymocytes must be able to recognize self antigen presented via self-

MHC molecules on the thymic stromal cells.  This ensures that the TCR is functional 
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because it is able to recognize antigen in a MHC self-restricted fashion.  The ultimate fate 

of whether a thymocyte will become a CD4 or CD8 T cell is highly dependent upon 

which MHC molecule it can interact with during positive selection.  If the thymocyte 

interacts with Class I MHC (MHCI) it will become a CD8 T cell, and if it interacts with 

Class II MHC (MHCII) it will become a CD4 T cell.  If no MHC recognition is made, the 

thymocytes die by neglect at this point.  The selection process is not complete though 

until the thymocytes are also proven to be self tolerant.  If self antigens expressed by host 

MHC are recognized too strongly, then the thymocytes will fail the next checkpoint 

known as “negative selection”.  Through the use of self reactive transgenic TCR models 

that express TCR with normal timing, it has been shown that negative selection generally 

occurs following positive selection and is carried out predominantly in the core of the 

thymus, known as the medulla [13] (Fig. 1.2).  Another piece of evidence that links 

negative selection to the medulla of the thymus is that mice with T cells deficient in the 

chemokine receptor CCR7, which renders the T cells incapable of migrating to the 

medulla, develop autoimmunity [14].  Once both positive and negative selection have 

been performed and a T cell has proven itself to be both self-restricted and not auto-

reactive, it is released from the thymus into the periphery to perform its role in immune 

function.  Astoundingly, greater than 95% of thymocytes will apoptose because of their 

inability to successfully complete positive and negative selection.   

 

1.4. The Thymic Microenvironment: 

 It is critical to develop an understanding of the molecular interactions that occur 

in the thymus and the cell types that facilitate them, as the thymic microenvironment is 
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essential for the generation of T cells.  The different anatomical regions of the thymus 

perform different physiological roles with respect to T cell development.  Thymic stromal 

cells are heterogeneous, but are predominantly composed of thymic epithelial cells 

(TECs) of endodermal origin [15].  Hematopoietic cells such as macrophages and 

dendritic cells, as well as fibroblasts, endothelial, and other mesenchymal cells also 

reside in the thymus.  An understanding of the roles of these cell types within the thymus 

is warranted. 

The thymus can be morphologically and functionally separated into two distinct 

regions: the cortex and the medulla (Fig. 1.2).  The cortex comprises the outer region of 

the thymus where DN thymocytes mature to DP thymocytes.  The medulla is the inner 

core of the thymus where negative selection occurs and the final stages of T cell 

development are completed prior to the release of mature T cells into the blood stream 

and lymphatic system.  Intracellular cytokeratin expression has proven to be one useful 

factor for distinguishing TECs.  Fetal progenitor TECs are predominantly of the 

cytokeratin profile Keratin-5 (K5)+, Keratin-8 (K8)+, while mature cortical TECs take on 

the K5-K8+ profile, and medullary TECs are predominantly K5+K8- [16-17].  Surface 

markers have also been characterized for distinguishing between cortical and medullary 

TECs.  Ly51 and glycoprotein expression has been utilized.  Medullary TECs react 

strongly with UEA-1 lectin while cortical TECs express Ly51 to which the CDR1 

antibody reacts (Cortical TECs: Ly51+/UEA-1Lo; medullary TECs: Ly51-/UEA-1Hi) [18] 

(Fig. 1.2 and Fig. 1.3).  Interestingly, by flow cytometry most medullary TECs appear to 

be labeled by UEA1 lectin, whereas by histology a more limited subset is labeled [19].   
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Figure 1.3: Phenotypic distinction of TEC populations.  TECs populations can be 

subdivided based on the expression of both surface markers and intracellular keratins.  At 
the cortico-medullary junction a TEC progenitor with a K5+/K8+ profile resides.  In the 
fetus this population also expresses the MTS24 antigen.  Within this MTS24+ population 
there is a bipotent TEC progenitor.  The cortical compartment of the thymus is 
predominantly K5-K8+, however, there are minor populations that are of the K5+K8- 
profile.  The medullary compartment is predominantly K5+K8- and is divided into 
functionally immature TECs, expressing low levels of CD80, Cld3/4, and Aire, and 
functionally mature terminally differentiated TECs expressing high levels of CD80, 
Cld3/4, and Aire.   
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1.5. Aire and Tissue Restricted Antigens 

Of great importance to negative selection is a subset of medullary TECs that 

express the transcription factor Aire, which is the gene implicated in the human 

autoimmune disease Autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy 

(APECED) [20].  Aire+ cells represent a unique lineage of medullary TECs that is 

derived from cells expressing claudin-3 and claudin-4 [21].  These cells are thought to be 

terminally differentiated medullary TECs that also express high levels of co-stimulatory 

molecules like CD80 [22].  Aire expression has been shown to be critical for the 

induction of self tolerance via negative selection of auto-reactive T cells.  Specifically, 

Aire functions as a transcription factor which upregulates the expression of a broad array 

of tissue restricted antigens (TRAs) that are ectopically expressed in medullary TECs 

[23].  Through this mechanism, developing thymocytes can sample self antigens that 

normally would have expression limited to peripheral tissues and develop tolerance for 

them through anergy or apoptosis.  Interestingly, there likely are other mechanisms 

besides Aire to increase the expression of TRAs as Aire knockout medullary TECs still 

express many TRAs [24] and Aire knockout mice can have fairly mild autoimmune 

phenotypes, especially on the C57Bl/6x129 background [25].   

Aire may have other roles besides the upregulation of TRAs as several studies 

have shown autoimmune phenotypes in Aire deficient mice without alterations in the 

corresponding TRA [26-28].  This may be linked with Aire’s role in promoting TEC 

apoptosis and subsequent potential antigen cross presentation by thymic dendritic cells 

[23, 29-30].  There have also been assertions that Aire may play a critical role in the 

development of medullary TECs [31-32].  Aire’s promotion of tolerance is likely not due 
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to effects on regulatory T cell development, as this population of cells is phenotypically 

and functionally intact in Aire deficient mice [26-27, 33-34].  It is unclear how Aire can 

act as a transcription factor to promote the upregulation of thousands of genes, and has 

been speculated to function in a distinct fashion from conventional transcription factors 

[23].  Likewise, little is known regarding how Aire is regulated.  There is much interest in 

understanding this regulation and how Aire can mediate such unique transcriptional 

modifications in medullary TECs.   

 

1.6. Thymic crosstalk: 

Both cortical and medullary TEC subsets are thought to be derived from a single 

progenitor cell type in the thymus [35].  The precursor cell lies within a population of 

MTS24+ epithelial cells in the fetal stages of development [36].  TEC development and 

proliferation is regulated by a subset of neural crest derived mesenchymal cells, which 

surround the fetal thymic lobes and provide growth factors during early ontogeny.  

Removal of this mesenchymal cell layer in embryonic day 12 thymic lobes resulted in 

decreased proliferation of immature TECs that could be rescued by the addition of 

soluble growth factors, such as FGF7 and TGFα [37-38].  The importance of the 

interaction between different cell types in the thymus and their interdependence for 

development and function (termed “thymic crosstalk” [39]) has been particularly 

recognized recently.  For example, developmental blocks at various stages in T cell 

development reveal defects in TEC organization and cellularity [40], indicating that 

thymocytes are also critical for TEC development and homeostasis.  Early TEC 

development and patterning can occur in a thymocyte independent manner, but by 
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embryonic day 15.5 lack of thymocytes has clear negative impacts on the ability of TECs 

to sustain their normal organization and differentiation patterns [41].  A critical signaling 

pathway identified in the maintenance of medullary TECs is the RANK pathway.  RANK 

ligands are expressed by DP thymocytes and CD4+CD3- inducer cells, and are critical for 

Aire expressing medullary TEC maintenance and development [34-37]. 

 

1.7. ADAM proteases and their role in the thymus: 

One model of T cell deficiency with potential to enhance understanding of thymic 

intercellular communication is ADAM17 deficiency.  ADAM17 is a member of the A 

Disintegrin And Metalloprotease family of zinc proteases.  The ADAM family of 

proteases is one of the many zinc protease families that have been identified.  Zinc 

proteases constitute a superfamily of members that vary in structure and function [42].  

The superfamily has been subdivided into gluzincin, metzincin, inuzincin, 

carboxypeptidase, and DD carboxypeptidase subgroups.  Within the metzincin group 

there are four additional divisions: the serralysins, astacins, matrixins, and adamalysins.  

The adamalysin subfamily contains three further subdivisions: the ADAM, ADAM-TS, 

and class III snake venom metalloproteases.  The adamalysin subfamily is characterized 

by the presence of both a disintegrin and a metalloprotease domain.   

The domain structures of the adamalysins are the basis for further subdivision into 

three distinct families.  The ADAM family contains members that are typically 

membrane bound.  ADAM-TS are distinguished from ADAMs by the presence of 

repeating Thrombospondin-like domains.  Snake venom metalloproteases are also 

distinguished by the fact that they are secreted and have varying substrate specificity 



- 13 - 

[43].  Even within the ADAM family there is a high degree of variation in the structure 

and function of the individual domains.  For example ADAMs 1-7 are expressed 

predominantly in the reproductive organs and lack any metalloprotease activity [39].  

Their function is conferred predominantly by the disintegrin domain which allows them 

to function as adhesion molecules.  In contrast, ADAM10 and ADAM17 are 

predominantly known as “sheddases” since they are able to shed several proteins from a 

membrane bound form to a soluble form [44] (Figure 1.4). 

 In addition to ADAM10 and ADAM17’s role as sheddases, they are integral 

players in regulated intramembrane proteolysis (RIP).  RIP is a process in which a 

transmembrane protein undergoes sequential extracellular and intracellular cleavage 

events [45].  This mechanism has many implications in cell signaling with perhaps the 

most well characterized role in the activation of the Notch receptor [9] (Fig. 1.4). When 

ADAM10 in inactivated in thymocytes through genetic means or by use of chemical 

inhibitors, defective Notch signaling and blocks in early T cell development prior to β-

selection are seen [46-48].  These studies have identified a cell autonomous requirement 

for ADAM10 during T cell development through its activation of the Notch receptor.   
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Figure 1.4: ADAM17 acts to shed transmembrane substrates and participate in RIP of 
transmembrane receptors.  ADAM17 and ADAM10 both have the capacity to release 
proteins from the cell surface that are synthesized in a transmembrane form.  This 
cleavage is often necessary to initiate the biological activity of the substrate, as with 
TNFα.  RIP is also a critical activity of ADAM17 and ADAM10, which allows receptors, 
like the Notch receptor, to transduce signal and modulate gene expression in response to 
ligand binding.   
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 ADAM17 is an attractive protein to study in immune system development and 

function, given the large number of immunologically relevant substrates it regulates.  

Through the generation of a knockout mouse model, many of the functional roles of 

ADAM17 were able to be elucidated.  ADAM17 was first discovered for its role in the 

shedding of tumor necrosis factor alpha (TNFα) from the cell surface [49].  TNFα 

knockout mice do not have T cell developmental defects, but rather deficits in immune 

response and formation of germinal centers [50].  Interestingly, germinal centers can be 

restored by a non-cleavable membrane bound form of TNFα into TNFα-/- mice [51].  

Based on these findings, if ADAM17’s principal biological activity was the shedding of 

TNFα, ADAM17 KO animals would have normal germinal centers and T cell 

development, but problems with inflammatory response.  

Subsequent ADAM17 knockout analyses revealed that ADAM17 has other 

biological roles beyond the shedding of TNFα.  ADAM17 deficient mice have several 

phenotypic similarities to epidermal growth factor receptor (EGFR)-deficient mice [52].  

Many of the ligands for EGFR must be cleaved in order to become biologically active, 

and ADAM17 has been shown to be the principal sheddase responsible for the release of 

TGFα, HB-EGF, amphiregulin, epiregulin, and epigen [53].  In particular, ADAM17 

knockout mice resemble individual EGFR ligand knockout mice in several ways.  TGFα 

deficient mice have open eyelids at birth and altered hair and whisker morphology that 

are also seen in ADAM17 knockouts [54].  HB-EGF deficient mice have heart valve 

developmental defects and amphiregulin deficient mice have defects in mammary ductal 

development, traits that are observed in ADAM17 knockouts as well [55-58].   
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 Other interesting candidates of the EGF family that are important in epithelial 

tissues and possibly on TECs have been shown to be cleaved by ADAM17.  ErbB4, 

another EGF receptor, is important in mammary homeostasis.  ErbB4 is cleaved 

sequentially (similarly to the Notch receptor) to release its intracellular domain that then 

translocates to the nucleus.  This RIP event plays an important role in the astrogenesis 

during brain development [55].  The ErbB4 ligand, neuregulin1 is also subject to RIP 

[59].  Therefore, much like Notch and Delta cleavage [57-58], ErbB4 receptor and an 

ErbB4 ligand are susceptible to RIP.  Neuregulin1 intracellular domain release has been 

linked to transcriptional activation of the PSD-95 promoter [60].  HB-EGF is yet another 

EGF ligand that undergoes RIP-like activity in that the intracellular domain of HB-EGF 

translocates to the nucleus after ADAM17-mediated cleavage.  However, interestingly, 

this is independent of γ-secretase intracellular cleavage, as the intracellular fragment still 

has a transmembrane domain and becomes embedded in inner nuclear membrane [61-62].  

Several other described substrates of ADAM17 are critical players in the immune system, 

expressed by hematopoietic cells or the stromal cells that support hematopoietic 

development (Table 1.1).   
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 ADAM17 
Substrate 

Role in immune 
system Reference 

Notch1 development [63] 
CD40 co-stimulation [64] 

TNFR1 
apoptosis, 

inflammation [65] 

ErbB4 
mitogenesis, 
proliferation [53] 

EpCAM cell adhesion [66] 
IL-6R inflammation [67] 
TNFα inflammation [49] 
TGFα growth factor [52] 

HB-EGF growth factor [57] 
Amphiregulin growth factor [53] 

Epiregulin growth factor [53] 
Epigen growth factor [53] 

Delta-Like-1 development [68] 
L-selectin cell adhesion [52] 
VCAM-1 cell adhesion [69] 
ICAM-1 cell adhesion [70] 

SCF survival, proliferation [71] 
CX3CL1 chemotaxis [72] 
LAG-3 T cell activation [73] 
Flt3L growth factor [74] 

 

Table 1.1: ADAM17 substrates with immune system roles:  ADAM17 cleaves many 
substrates that act in the immune system to regulate the processes of development, 
proliferation, survival, apoptosis, activation, migration, and inflammation.   
 

 Conventional ADAM17 knockout mice die perinatally, precluding their use in 

studying immune competence in the adult.  A strategy was devised to generate ADAM17 

deficient mice that would survive to adulthood.  By backcrossing the ADAM17 knockout 

strain to the 129S3 background, which has a lesser requirement for EGFR derived signals 

[75], approximately 25% of knockout mice generated survived to adulthood [76].  

 Surprisingly, when the thymi of these 129S3 ADAM17 knockout mice were 

analyzed, a severe defect in T cell development was discovered.  There was a 5-fold 
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reduction in total numbers of thymocytes, with a notable block between the DN to DP 

stage of development [77].  DN cell numbers and progression through the DN1 through 

DN4 stages is intact in these mice, indicating a block between the DN4 and DP stages.  

Through bone marrow transplantation experiments into RAG-/- recipient mice, the authors 

were able to clearly show ADAM17 is required in a non-cell autonomous manner, i.e. 

ADAM17 is not necessary in the thymocytes themselves, but is required within the other 

cells that make up the thymic microenvironment.  However, Notch signaling and EGF 

signaling in the thymus was not examined.  Nor was an analysis of thymic stromal cells 

performed in ADAM17 KO mice.  These results were the basis of my dissertation 

research.   



- 19 - 

1.8. Objective of study and hypotheses tested: 

The main objective of my dissertation work was to define intercellular 

communication mechanisms within the fetal and adult thymus.  ADAM17 is a key 

regulator of cellular signaling required for proper thymocyte development.  I proposed to 

study the role of ADAM17 in the thymus by completing the following objectives: 

1) To analyze the effect of ADAM protease mediated shedding of Delta-Like-1 on 

Notch signaling in thymocytes.  I hypothesized that modulation of the Notch signaling 

pathway through proteolytic regulation of the Notch ligand Delta-Like-1 would alter 

hematopoietic cell fate.  I tested this hypothesis by co-culturing hematopoietic progenitor 

cells in vitro on OP9 stromal cells expressing a mutant, non-cleavable form of Delta-

Like-1.  These results are discussed in Chapter 2.   

2) To analyze the temporal requirement for ADAM17 in T cell development in the 

fetal thymus.  I hypothesized that by day 17.5 of gestation, a T cell developmental block 

in ADAM17 knockout mice would be apparent and could serve as a system to study the 

molecular underpinnings of the ADAM17’s activity in the thymus.  To test this, I used a 

conventional ADAM17ΔZn/ΔZn KO model [48].  These experiments are explained in 

Chapter 3.   

 3) To develop a system in which ADAM17 could be deleted specifically in TECs.  

I hypothesized that ADAM17 is critically important in TECs, and its absence would 

result in phenotypic and functional alterations in both the T cell and thymic stromal 

compartments.  To test this I created the Foxn1-cre/ADAM17-floxed mouse stain.  The 

analysis of thymic development in this mouse is described in Chapter 4.   
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Chapter 2: Cleavage of the Notch Ligand DLL1 does not enhance or reduce T cell 

developmental potential.   

 

2.1. Introduction: 

 The Notch signaling pathway is of critical importance at multiple stages of T cell 

development (reviewed in Refs. [78-79]).  T cell commitment is initiated by the 

activation of Notch signaling in immature T cell progenitors.  Notch is activated through 

inductive signals mediated by the binding of Notch receptors to Delta family proteins on 

thymic epithelial cells [80].  Upon the binding of Delta, a series of extracellular and 

intracellular proteolytic cleavage events occur on the Notch receptor [9, 81].  ADAM 

proteases are responsible for the extracellular cleavage event at a site designed “S2”, 

whereas intracellular cleavage is performed by presenilins at the “S3” site [82].  Cleavage 

at the S3 site releases the intracellular portion of the Notch receptor,  which translocates 

to the nucleus where it acts as a transcriptional co-activator by interacting with the DNA 

binding CSL protein [83] (Fig. 1.4).   

Although the role of regulated intramembrane proteolysis in the processing of 

Notch receptors is well understood, the role of proteolytic cleavage of the Notch ligands 

is not.  Proteolytic processing of the Notch ligand Delta has been observed in Drosophila 

and the laboratory mouse during diverse developmental processes [84-87].  Interestingly, 

ADAM family proteases have been implicated in this process and mediate proteolysis of 

Delta at extracellular domains proximal to the cell membrane, similar to S2 site in the 

Notch receptors [68, 88].  In Drosophila cultured cells and embryos, loss of ADAM10 

function resulted in the inability to produce soluble extracellular Delta (DL-EC) and in 
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loss of Notch activation, suggesting that DL-EC was an agonist of Notch signaling [89].  

However, later studies in Drosophila showed that DL-EC was a Notch antagonist and 

that only full-length Delta could activate Notch signaling using in vitro and in vivo 

models [84-85].  Other evidence in Drosophila supports the idea that continuous cleavage 

of Delta is required to control the direction of the Notch signal into the receiving cell 

[90]. 

In vertebrates, the same ADAM and presenilin proteases that cleave the 

extracellular and intracellular portions of the Notch1 receptor are also capable of cleaving 

Delta-Like-1 (DLL1) [68, 88, 91-92].  During mouse cortical neurogenesis, 

downregulation of ADAM10-mediated cleavage of Delta upregulated Notch signaling 

[79].  Notch signaling also controls muscle satellite cell self-renewal at the expense of 

differentiation [86].  Interestingly, blocking cleavage of DLL1 with a dominant-negative 

ADAM12 protein resulted in potentiation of Notch signaling in myoblasts and prolonged 

self-renewal, suggesting that the role of DLL1 cleavage is to downregulate Notch 

signaling and promote myoblast differentiation [86].  In contrast, differentiation of mouse 

hematopoietic progenitors was inhibited by a soluble form of human DLL1 [93].  The 

role of DLL1 cleavage in the downregulation of Notch signaling in receiving cells has 

also been observed in developing chick limbs [94].  Taken together, these studies suggest 

that cleavage of Delta proteins produce soluble Delta ligands that can downregulate or 

prevent activation of Notch signaling in vertebrates and have functional consequences in 

vivo. 

Several functions of the intracellular DLL1 cleavage product (icDLL1) have been 

identified.  icDLL1 localizes to the nucleus and is capable of upregulating TGFβ 
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responsive gene expression [95-96].  icDLL1 presence also results in decreased cell 

proliferation [97].  All of these results combined show a functional role for the cleavage 

of Notch ligands and indicate this cleavage may serve a regulatory role in cellular 

processes dependent on Notch signaling. 

Regulation of the Notch signaling pathway in mouse thymocytes is delicately 

balanced, as overactivation of Notch in thymocytes results in leukemia [98] and an 

absence of Notch signaling leads to a severe deficit in T cell development [7].  Early 

thymocyte development is blocked in ADAM10–deficient mice, due to poor activation of 

Notch signaling in the thymocytes [47-48].  This block could be rescued by the 

overexpression of full-length DLL1 in neighboring cells [47].  ADAM17-deficient mice 

also display a severe block in T cell development, reminiscent of blocks seen during 

conditional Notch deletion [77, 99].  Interestingly, the defects in T cell development in 

ADAM17-deficient mice are non-cell autonomous and have been localized to the thymic 

stroma, where Delta ligands are expressed [77].  For these reasons, there has been 

speculation over the role for proteolytic cleavage of Delta ligands in the regulation of 

Notch signaling in developing thymocytes, but this has not yet been formally tested 

experimentally. 

 The functional roles of Delta cleavage in T cell development have not been 

examined to date.  One stumbling block to studying the role of Delta cleavage in T cell 

development is the fact that several ADAM family proteases are expressed in the thymus 

that have been shown to cleave both Delta ligands and Notch receptors.  Studies of the 

mechanisms that underlie the blocks in T cell development in ADAM-deficient animals 

have not implicated solely cleavage of Notch receptors or ligands in this process [43-44, 
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71].  In vitro, OP9 cells that express Delta ligands are capable of supporting T cell 

development [10, 100].  To determine if proteolytic processing of DLL1 plays a role in 

Notch signaling during early T cell development, we utilized a non-cleavable DLL1 

construct (NC-DLL1) [88] in conjunction with the OP9 co-culture system [100].  The 

data indicate that inhibition of DLL1 cleavage does not result in modulation of the 

lymphocytic fate but may regulate myeloid lineage fate decisions in vitro.
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2.2. Materials and Methods: 

Mice.  C57BL/6 (B6) mice were purchased from Taconic or The Jackson Laboratory.  

Mice used in experimentation were 4-6 weeks of age.  Mice were housed in sterile 

microisolator cages with sterile feed and autoclaved water.  Mice used as sources of bone 

marrow and thymocytes were euthanized by CO2 asphyxiation followed by cervical 

dislocation.  All procedures were approved by the UC Merced Institutional Animal Care 

and Use Committee.   

 

DLL1 Constructs.  DLL1 containing a C-terminal VSV tag and an N-terminal Flag tag 

(VF-DLL1) and VSV and Flag-tagged non-cleavable DLL1 (NC-DLL1) were a gift from 

Dr. Alain Israel, Pasteur Institute.  NC-DLL1 possesses a 16 amino acid deletion 

comprising the ADAM protease extracellular cleavage site [92].  Wild-type DLL1, VF-

DLL1, and NC-DLL1 were cloned into the pBABE-puromycin retroviral vector (gift 

from Dr. Ellen Robey, University of California, Berkeley) by engineering BamH1 

overhangs to the 3’ and 5’ ends of the DLL1 transgenes.  Restriction analysis and 

sequencing were performed to verify proper sequence and orientation of the insert.   

 

Cell Culture, Transfection, and Transduction.  The OP9 cell line (ATCC) was cultured in 

alpha-MEM (Invitrogen) supplemented with 20% fetal calf serum (Atlanta Biologicals) 

and Penicillin/Streptomycin (Invitrogen), and incubated in a humidified chamber at 37˚C 

with 5% CO2.  The BOSC retrovirus packaging cell line [101] was cultured in DMEM 

(Invitrogen) supplemented with 10% fetal calf serum and Pen/Strep.  1x106 BOSC cells 

were seeded in 60mm tissue culture dishes 24 hours prior to transfection.  20μg plasmid 
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DNA of DLL1, VF-DLL1, or NC-DLL1 constructs was transfected by CaPO4.  Media 

was replaced 24 hours after transfection followed by collection of the retrovirus-

containing supernatant at 48 hours post-transfection.  OP9 cells were cultured to 80% 

confluency in 100mm dishes for generation of stable lines or 12 well plates for co-culture 

assay and infected with a mix of 50% retroviral supernatant and 50% OP9 growth 

medium in the presence of 4μg/ml polybrene (Sigma).  For the generation of stable OP9-

DLL1 and OP9-NC-DLL1 clones, bulk infected OP9 cells were cultured in medium 

containing 10μg/ml puromycin (Invivogen) followed by limiting dilution into 96 well 

plates containing 10μg/ml puromycin.  Several antibiotic resistant clones were selected 

and expanded.  For experiments to test cell density on DLL1 cleavage, indicated amounts 

of OP9 or OP9-DLL1 cells were cultured in 100mm culture dishes for 24 hours.   

 

Antibodies, Flow Cytometry, and Cell Sorting.  Bone marrow from B6 mice was 

harvested from the femurs and tibiae and flushed with a 26G needle with sterile Medium 

199 (Invitrogen) supplemented with 2% FCS.  Flushed cells were filtered and red blood 

cells lysed with ACK lysis buffer, washed and resuspended in M199/2% FCS.  Depletion 

of lineage-positive cells was performed using the following biotinylated monoclonal 

antibodies: anti-CD8 (clone 53-6.7, eBioscience), anti-CD3 (clone 145-2C11), anti-CD4 

(clone RM4-5), anti-CD19 (clone 6D5), anti-GR1 (clone RB6-8C5), anti-CD11b (clone 

M1/70), anti-NK1.1 (clone PK136), and anti-Ter119 (clone Ter-119), all purchased from 

Biolegend, followed by staining with streptavidin-coated microbeads (Miltenyi Biotech).  

Cells were magnetically sorted using the “DepleteS” program on an AutoMACS cell 

sorter (Miltenyi Biotech).  The following antibodies purchased from Biolegend were used 
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in flow cytometry experiments to assess development of lymphoid and myeloid cells after 

co-culture: anti-CD19-biotin (clone 6D5) followed by streptavidin-Pacific Orange 

(Invitrogen), anti-CD3-APC (clone 145-2C11), anti-TCRβ-PE (clone H57-597), anti-

TCRγδ-FITC (clone UC7-13D5), anti-CD4-PE/Cy5 (clone RM4-5), anti-CD8a-PE/Cy7 

(clone 53-6.7), anti-CD44-PE (clone IM7), anti-CD25-APC (clone PC61), anti-GR1-

FITC (clone RB6-8C5), anti-CD11b-PE (clone M1/70), and anti-CD45.2-APC/Cy7 

(clone 104).  Flow cytometry was performed on an LSRII cytometer (BD Biosciences) 

and analyzed with FlowJo software (Treestar).  All cells were gated based on forward and 

side scatter properties consistent with hematopoietic cells, DAPI exclusion for viability, 

and CD45 expression.   

 

OP9 Co-culture Assay for Hematopoietic Differentiation.  OP9, OP9-DLL1, and OP9-

NC-DLL1 stable clones were seeded at 30,000 cells per well in 24-well dishes 12 hours 

prior to co-culture initiation.  Twenty thousand lineage-negative (CD3- CD4- CD8- CD19- 

GR1- CD11b- NK1.1- Ter119-) bone marrow cells were enriched by MACS and co-

cultured on the different OP9 monolayer types in alpha-MEM/20% FCS medium 

supplemented with 5ng/ml Flt3 ligand and 5ng/ml IL-7 (Peprotech), as described [100, 

102].  Cultures were allowed to progress for 7 days prior to expanding to a 6 well plate 

with a new monolayer and fresh media containing Flt3 ligand and IL-7.  Cultures were 

allowed to progress another 7 days.  At the end of the 14 day culture period cells were 

passed through 70μm nylon mesh to remove most of the stromal monolayer from the 

cells to be stained for flow cytometric analysis. 

 



- 27 - 

Quantitative RT-PCR.  For analysis of DLL1 expression in OP9, OP9-VF-DLL1, and 

OP9-NC-DLL1 monolayers, cells were harvested directly from culture dishes, pelleted 

and RNA extracted using RNeasy kit (Qiagen) following the manufacturers protocol.  For 

analysis of Notch target gene expression, monolayers of OP9, OP9-VF-DLL1, and OP9-

NC-DLL1 transiently transfected cells were utilized in 12 well culture plates.  Co-

cultures were performed as described above, except 200,000 lineage-negative thymocytes 

or bone marrow cells were cultured for 2 or 3 days, respectively, prior to harvesting.  Co-

cultured hematopoietic cells were collected from the stromal monolayers by disruption 

with a 1ml pipetman and filtering through 70μm nylon mesh squares and RNA extracted 

with the RNeasy kit.  All cDNA was generated using the Superscript III RT kit 

(Invitrogen).  Quantitative RT-PCR was performed using SYBR Green PCR master mix 

(Applied Biosystems) and samples run on an Applied Biosystems 7300 Real-Time 

system.  The ΔΔCt method was utilized to determine relative expression levels of the 

gene of interest between samples using Gapdh as the internal control.  Primer sequences 

are listed in Table 2.1. 

 

Western Blotting.  OP9, OP9-DLL1, OP9-VF-DLL1, and OP9-NC-DLL1 cells were 

resuspended in PBS containing Mini Complete protease inhibitor (Roche).  Cells were 

lysed in denaturing sample buffer (12mM Tris, 5% glycerol, 0.4% SDS, 144mM β-

Mercaptoethanol, 0.02% Bromophenol Blue) and lysates from 100,000 cells per lane 

were run on a 10.5% polyacrylamide gel at 110V for 1 hour.  Proteins were transferred 

onto nitrocellulose membrane (Amersham) and blocked in PBS containing 0.1% Tween 

and 5% non-fat dry milk and probed with rabbit anti-DLL1 C-terminus polyclonal 
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antibody (gift from Dr. Ellen Robey, University of California, Berkeley) or rabbit anti-

mouse actin polyclonal antibody (GeneTex Inc).  The blot was subsequently stained with 

goat anti-rabbit secondary conjugated to HRP (Pierce), washed, incubated for 5 minutes 

with SuperSignal West Dura Extended Duration Substrate (Pierce), and imaged using a 

BioRad ChemiDoc gel imaging system.  Densitometry was performed using QuantityOne 

software (BioRad).    

 

Statistical Analysis.  Differences between means were tested using two-tailed T-test 

(GraphPad Prism) and were considered significant if p < 0.05 (*), p < 0.01 (**), p < 

0.001 (***).  The R2 value was determined in Microsoft Excel.   
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Gene Application 
NCBI 

Accession 
Amplicon size 
(base pairs) Forward Sequence (5' to 3') Reverse Sequence (5' to 3') 

Gapdh qRT-PCR NM_008084 82 ATGCATCCTGCACCACCAA GTCATGAGCCCTTCCACAATG 
DLL1 qRT-PCR NM_007865 168 CAGGACCTTCTTTCGCGTATG AAGGGGAATCGGATGGGGTT 
Pta qRT-PCR NM_011195 192 CGTCAGGTGTCAGGCTCTAC GTGAAGGCGTCTAGGGCAC 
Hes1 qRT-PCR NM_008235 121 TCCTGACGGCCAATTTGC GGAAGGTGACACTCGTTAGG 
Hes5 qRT-PCR NM_010419 183 AGTCCCAAGGAGAAAAACCGA GCTGTGTTTCAGGTAGCTGAC 
Dtx1 qRT-PCR NM_008052 147 TTCCGGCAAGACACAGGTA CTGGATGGTGATGCAGATGT 

 

Table 2.1: Primers for quantitative RT-PCR.
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2.3. Results: 

Cleavage of Delta-Like-1 is reduced in OP9-NC-DLL1 cells 

 To verify cleavage of DLL1 in the OP9 system that supports T cell development, 

OP9 and stably transduced OP9-DLL1 cells were cultured at different densities.  Western 

blotting of cell lysates and probing with an antibody to the C-terminal region of DLL1 

revealed both the full length (FL) DLL1 and the C-terminal fragment (CTF) that is 

produced from ADAM protease-mediated cleavage of the extracellular portion of DLL1 

[92] (Fig. 2.1A).  Densitometric analysis revealed that at increased cell densities, the ratio 

of CTF to FL increased, corresponding to increased DLL1 cleavage (Fig. 2.1B).  For co-

culture experiments we initiated co-culture when OP9 and OP9-DLL1 cells were at a 

density of 25,000 cell/cm2, a density that would correspond to a high degree of DLL1 

cleavage based on our findings (Fig. 2.1B).   

 A non-cleavable Delta-Like-1 (NC-DLL1) DNA construct, which was generated 

by the deletion of the ADAM protease cleavage site [88] (Fig. 2.2A), was retrovirally 

transduced into OP9 cells to produce OP9-NC-DLL1 stromal cells.  OP9 cells were also 

transduced with a control VSV-and-FLAG-tagged cleavable DLL1 construct (VF-DLL1).  

Western blotting of OP9-VF-DLL1 lysates displayed both the CTF and FL band similar 

to the wild type DLL1 (Fig. 2.2C.).  We then assessed the levels of DLL1 cleavage 

products in the OP9-NC-DLL1 stromal cells.  Western blotting of OP9-NC-DLL1 cell 

lysates showed reduced cleavage relative to the control OP9-VF-DLL1 lysates (Fig. 

2.2C).  Densitometric analysis confirmed highly diminished prevalence of the CTF 

relative to the level of FL DLL1 in OP9-NC-DLL1 (Fig. 2.2D).  Specificity of the DLL1 

detection was confirmed by lack of signal in lysates of mock infected, untransduced OP9 
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cells (Fig. 2.2C).  We then proceeded to use the OP9-NC-DLL1 line to investigate the 

effect of reduced proteolytic DLL1 cleavage in Notch signal sending cells on T cell 

development in vitro.   

OP9-DLL1 and OP9-NC-DLL1 clones were generated by limiting dilution in 

puromycin-containing media.  Individual clones were assessed for levels of Dll1 by 

quantitative RT-PCR.  Levels of Dll1 mRNA in both OP9-DLL1 and OP9-NC-DLL1 

clones were not highly variable with respect to each other and the mean Dll1 expression 

was not significantly different (Fig. 2.2B).  These clones were used to perform long term 

co-cultures with hematopoietic progenitor cells. 

 

OP9-NC-DLL1 supports T cell development 

Lineage-depleted (CD3- CD4- CD8- CD19- GR1- CD11b- NK1.1- Ter119-) bone 

marrow-derived hematopoietic progenitors were seeded onto OP9, OP9-DLL1 and OP9-

NC-DLL1 cultures for 14 days and developmental progression was assessed using a 

panel of markers of lymphocyte development.  Progenitor cells cultured on control OP9 

cells showed an upregulation of CD19, while cells cultured on either OP9-DLL1 or OP9-

NC-DLL1 showed upregulation of CD3 (Fig. 2.3A,B,H).  Co-cultured progenitor cells on 

OP9-DLL1 and OP9-NC-DLL1 also demonstrated a propensity toward the αβ T cell 

lineage with few cells becoming γδ T cells (Fig. 2.3C,I).   

 Examination of T cell developmental states revealed comparable CD4 vs. CD8 

profiles in OP9-DLL1 and OP9-NC-DLL1 after 14 days in culture (Fig. 2.3D,E,F,G, and 

J).  Also, within the DN: CD4-CD8- stage of thymocyte development, normal progression 

through DN1 to DN4 stages was observed in OP9-NC-DLL1 co-cultures, with a majority 
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of the cells in the DN3 stage characterized by expression of CD25 and absence of CD44 

[5] (Fig. 2.3K).  The percentages of DN3 and DN4 populations in the co-cultures appear 

different from freshly isolated thymocytes (data not shown), but are similar to the 

percentages of DN3 and DN4 previously shown to develop in the OP9-DLL1 system 

[100].  Taken together, these data indicate that reduction of proteolytic cleavage of DLL1 

on Notch signal sending cells does not promote or inhibit any particular lymphocytic cell 

fate, nor affect the normal progression of αβ or γδ T cell development.   

 

Hes5 expression is increased in Lin- T cell progenitors cultured on OP9-NC-DLL1 

We next assessed the efficacy of Notch signaling in the OP9-NC-DLL1 system by 

analyzing the expression of several Notch target genes: Pre-TCRα (pTα), Hes1, Hes5 and 

Deltex1 (Dtx1) [103-106].  Hematopoietic cells were isolated from the bone marrow 

(BM) and thymus and depleted of lineage-positive cells.  Lineage-negative (Lin-) 

progenitors were then seeded onto retrovirally infected OP9-VF-DLL1 (cleavage 

competent DLL1 control), OP9-NC-DLL1, or OP9 mock-infected monolayers for 2 days 

(thymocyte cultures) or 3 days (BM cultures).  Dll1 levels post-infection were confirmed 

to be comparable between OP9-VF-DLL1 and OP9-NC-DLL1 (data not shown). 

pTα expression in Lin- BM progenitors was similar amongst all three co-cultures   

(Fig. 2.4A, white bars).  In contrast, significant upregulation of pTα was observed in Lin- 

thymocytes cultured on both OP9-VF-DLL1 and OP9-NC-DLL1 monolayers compared 

to mock transduced OP9 controls (Fig. 2.4A, black bars).  However, reduction of 

proteolytic cleavage of DLL1 did not alter pTα expression in Lin- thymocyte progenitors.   
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Hes1 upregulation was observed in both the Lin- BM progenitors and Lin- thymocytes 

cultured on both DLL1-expressing monolayers compared to mock-transduced controls 

(Fig. 2.4B).  However, reduction of proteolytic cleavage did not significantly increase 

Hes1 expression in either progenitor type (Fig. 2.4B). 

Hes5 expression was similar amongst all Lin- BM co-cultures, indicating that Hes5 

expression is not upregulated by DLL1 ligand in BM progenitors (Fig. 2.4C, white bars).  

In contrast, Hes5 was significantly upregulated on Lin- thymocyte progenitors on DLL1-

expressing cultures compared to mock–transfected controls (Fig. 2.4C, black bars).  

Furthermore, there was a significant elevation in Hes5 levels in the OP9-NC-DLL1 

cultures compared to OP9-VF-DLL1 cultures, indicating an increased induction of Hes5 

levels when DLL1 is not proteolytically cleaved (Fig. 2.4C, black bars). 

Dtx1 expression in Lin- BM progenitors was significantly upregulated in VF-DLL1 

cultures compared to mock controls (Fig. 2.4D, white bars).  However, the difference in 

Dtx1 expression in Lin- BM progenitors on mock and NC-DLL1 cultures was not 

statistically different (Fig. 2.4D, white bars).  No difference in Dtx1 expression was 

observed in Lin- BM progenitors co-cultured with OP9-VF-DLL1 and OP9-NC-DLL1 

cells.  The same pattern of Dtx1 expression was observed with the Lin- thymocytes (Fig. 

2.4D, black bars).  We noted a higher degree of variability in Dtx1 expression in 

independent cultures, which may explain the lack of statistical significance between Lin- 

thymocyte co-cultures with OP9-VF-DLL1 and OP9-NC-DLL1, even though the mean 

Dtx1 expression level appears higher in the OP9-NC-DLL1 cultures (Fig. 2.4D black 

bars). 
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Taken together, these results demonstrate that noncleavable DLL1 ligand can induce 

efficient upregulation of Notch target genes in hematopoietic and T cell progenitors.  

Furthermore, reduction in proteolytic cleavage of DLL1 has a differential effect on the 

expression of specific Notch target genes in different progenitor cells, such as the 

increased expression of Hes5 in Lin- thymocytes.  

 

DLL1 cleavage affects granulocyte developmental potential 

OP9 cells lack M-CSF, diminishing macrophage development, but still are able to 

produce erythroid, myeloid, and lymphoid lineage cells [102].  We observed a low level 

of granulocyte development in OP9 and OP9-DLL1 co-cultures, as measured by the co-

expression of CD11b and GR1 [107] (Fig. 2.5).  CD11b+GR1+ granulocytes were 

diminished in both frequency and absolute number after 2 weeks of co-culture on OP9-

NC-DLL1 as compared to OP9-DLL1 (Fig. 2.5A-C).  This suggests that reduction of 

proteolytic cleavage of DLL1 might play a role in the regulation of granulocyte 

development in vitro. 
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Figure 2.1: DLL1 cleavage increases with OP9-DLL1 cell density (A) Western blot of 
lysates isolated from untransduced OP9 or an OP9-DLL1 stable cell line cultured at 
different cell densities.  Number of cells seeded per 100 mm cell culture dish is indicated 
above each lane.  Proteolytic cleavage of DLL1 results in a 27 kDa C-terminal fragment 
(CTF) whereas the full length (FL), uncleaved product is 90 kDa.  Actin serves as an 
indicator of equal cell loading.  Densitometric analysis of Western blot bands was used to 
quantify the ratio of CTF to FL DLL1 and CTF/FL values were plotted against cell 
density (B).  
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Figure 2.2: DLL1 cleavage is highly diminished in OP9 cells expressing non-cleavable 
DLL1 (A) Representative Western blot of lysates isolated from untransduced OP9, 
control OP9-VF-DLL1 and OP9-NC-DLL1 cells (transduced with a noncleavable form of 
DLL1).  Lysates from 100,000 cells were loaded per well.  (B) Densitometric analysis 
comparing the ratio of CTF to the FL band in control and NC-DLL1 Western blots.  (C) 
Quantitative RT-PCR measuring the levels of Dll1 on OP9, OP9-DLL1, or OP9-NC-
DLL1 stable clones derived by puromycin selection and limiting dilution.  Each data 
point represents an individual clone of each genotype.  Dll1 levels are displayed relative 
to average Dll1 levels in OP9-DLL1 clones.  Means with standard deviation are shown.  
N=3 for Western blot experiments (*, p<0.05).   
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Figure 2.3: OP9-NC-DLL1 monolayers promote T cell fate effectively.  Twenty thousand 
lineage negative bone marrow cells were co-cultured on OP9, OP9-DLL1, and OP9-NC-
DLL1 monolayers.  After 14 days cells were harvested, counted by hemocytometer and 
analyzed by flow cytometry.  For analysis, cells were gated based on size, DAPI 
exclusion, and positive expression of CD45.  Total cell numbers were calculated based on 
population frequencies (percentages) and hemocytometer counts.  Data on percentage and 
total cell numbers of CD19 (A), CD3 (B), TCRβ (gated on CD3+ cells) (C), DN (CD4-

CD8-) (D), DP (CD4+CD8+) (E), CD4 single positive (F), and CD8 single positive 
populations (G) are shown.  Flow cytometry plots from a representative culture of each 
OP9 type for CD3 versus CD19 expression (H), TCRβ versus TCRγδ expression (gated 
on CD3+ cells) (I), CD4 versus CD8 expression (J), and CD44 versus CD25 expression 
(gated on DN cells) (K) are shown.  N=2 for OP9, N=5 for OP9-DLL1, and N=6 for 
OP9-NC-DLL1.  Error bars represent the standard deviation from the mean.  



- 39 - 
 



- 40 - 

Figure 2.4: Notch target gene expression in T cell progenitors is upregulated by 
noncleavable DLL1.  Lineage-negative (Lin-) bone marrow cells (white bars), and Lin- 
thymocytes (black bars)  were cultured for 3 days or 2 days, respectively, on mock-
transduced OP9, OP9-DLL1 control (VF-DLL1) and OP9-NC-DLL1 cells in the 
presence of 5ng/ml Flt3L and 5ng/ml IL-7.  Hematopoietic cells were collected by 
washing the monolayer and filtering through a 70μm nylon mesh.  Quantitative RT-PCR 
for the Notch target genes preTα (A), Hes1 (B), Hes5 (C), and Dtx1 (D) were measured 
using the ΔΔCt method.  Expression levels of each gene were determined relative to the 
control VF-DLL1 sample with Gapdh serving as the internal control.  (*, p<0.05; **, 
p<0.01; ***, p<0.001; N.S., not significant).  Graphs summarize 5 independent DLL1 
infections and subsequent co-culture experiments.   
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Figure 2.5: Granulopoiesis of hematopoietic progenitors limited by OP9-NC-DLL1. 
Twenty thousand lineage negative bone marrow cells were co-cultured as described in 
Figure 2.3.  The frequency (A) and total numbers (B) of CD11b+GR1+ cells in the co-
cultures are shown.  (C) Representative flow plot showing CD11b and GR1 expression in 
the OP9, OP9-DLL1 and OP9-NC-DLL1 cultures.  N=2 for OP9, N=5 for OP9-DLL1, 
and N=6 for OP9-NC-DLL1.  Error bars represent the standard deviation from the mean.  
(*, p<0.05; **, p<0.01) 
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2.4. Discussion: 

Despite the documented role of DLL1 cleavage products in the regulation of 

Notch signaling in many cell types [86, 89-90, 93, 95-97, 108-111] and the observation of 

altered cell fate choices when Notch signaling is modulated in the thymus [112], our 

findings suggest extracellular proteolytic cleavage of DLL1 is not critical for T cell 

development in vitro.  We were able to convincingly show this through the use of a non-

cleavable form of DLL1 with the established OP9 co-culture system.  Co-culture of 

lineage-depleted hematopoietic progenitor cells had equivalent T cell potential when 

cultured on OP9-DLL1 versus OP9-NC-DLL1.  Target gene expression showed that the 

strength of Notch signaling was equivalent (based on pTα, Hes1, and Dtx1 expression) or 

higher (Hes5 expression) in Lin- thymocyte progenitors cultured on OP9-NC-DLL1.  

Hes5 expression was induced in Notch-IC transduced Lin- BM progenitors in vivo [113], 

as well as in Lin- Sca1+ Kit+ BM cells using plate-bound extracellular Delta1-IgG at T 

cell inducing concentrations [105]. Given these data, it is unclear why Hes5 expression 

levels were similar in Lin- BM cells in mock-transduced, VF-DLL1 and NC-DLL1 

cultures in our studies.  However, several possibilities can be offered.  First, the Lin- BM 

populations are heterogeneous, containing HSC, MPP, CLP, and CMP, and other rare 

populations.  Therefore, upregulation of Hes5 in a defined populations, such as HSCs, 

may be masked due to their rarity in the whole Lin- BM population.  Second, the results 

shown in Figure 2.4 are short-term (3 day) cultures, and Hes5 expression may not be 

observable at this time using the OP9-DLL1 system, but might be observed in longer-

term cultures or in more defined differentiated populations.  Lastly, it is widely accepted 

that Notch target gene expression is context dependent and the kinetics of Notch target 
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gene expression in response to DLL1 may vary in a cell dependent manner [114].  

Nonetheless, inhibition of proteolytic cleavage of DLL1 on Notch signal sending cells 

differentially regulates expression of a subset of Notch target genes in the Notch-

receiving T cell progenitors, without affecting their ultimate T cell fate.   

High concentrations of immobilized extracellular DLL1-Fc fusion proteins 

promoted the development of T cells from hematopoietic stem cells co-cultured on OP9 

stroma [115], presumably by activation of high thresholds of Notch signaling.  In a sense, 

the NC-DLL1 is similar to the immobilized extracellular DLL1-Fc fusion protein, in that 

the extracellular domain is intact and is clearly able to support T cell development and 

induction of Notch signaling.  In contrast, our findings strongly oppose the idea that 

soluble extracellular DLL1 has any necessary biological role with respect to Notch 

signaling for T cell development.  Furthermore, given that processing of DLL1 is 

achieved by sequential proteolytic cleavage of the extracellular and intracellular domains, 

our results also suggest that intracellular DLL1 does not play an important non-cell 

autonomous role in the regulation of Notch signaling during T cell development.  

However, we cannot completely rule out that the slight degree of background DLL1 

cleavage observed in our OP9-NC-DLL1 cells might mask any effect that a completely 

non-cleavable construct might have on thymocyte development. 

In the mouse, it is theorized that Delta ligand expression on thymic epithelial cells 

is important for Notch-mediated T cell commitment and maintenance signals in 

thymocyte precursors [116-117].  Recent data show that in vivo in the mouse, DLL4 is 

the critical Notch ligand in the thymus, while DLL1 is dispensable [116].  However, it is 

clearly accepted that both DLL1 and DLL4 can support T cell development in vitro from 
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mouse and human thymocyte precursors [10, 118].  Given our results with NC-DLL1 and 

the known functional redundancy between DLL1 and DLL4, we feel DLL1 processing is 

a good model for the intrathymic situation.  In addition, ADAM10 and ADAM17, two 

enzymes implicated in the cleavage of DLL1, are expressed in primary mouse thymic 

epithelial cells [77] as well as in the OP9 cell line (data not shown).  The OP9-NC-DLL1 

system allows for the evaluation of the role of proteolytic cleavage regardless of the 

ADAM protease that is mediating this event [68].  Few studies on the biochemistry of 

DLL4 have been performed.  However, in OP9-DLL4 stromal cells, full-length DLL4 

(about 90kD) and a potential intracellular cleaved product of the DLL4 protein (25-30kD) 

are evident, similar to the full-length and cleavage products observed in OP9-DLL1 cells 

(D. Shah and J.C. Zúñiga-Pflücker, personal communication).  Further experimentation is 

required to determine whether the proteolysis of DLL4 is a functionally significant event 

for T cell development. 

The current model of Notch signaling and hematopoietic fate contends that Notch 

signaling mediated through DLL1 on pluripotent and multipotent hematopoietic 

progenitors inhibits differentiation to the myeloid and granulocytic fate, while promoting 

the T cell fate.  However, cells that have committed to the common myeloid progenitor 

(CMP) fate can still develop into CD11b+ cells on OP9-DLL1 cultures, albeit at lower 

numbers[119].  The role of Notch signaling in myeloid lineage fate is becoming more 

appreciated, given recent reports that Notch signaling promotes megakaryocyte lineage 

development [120].  In our studies, our starting progenitor population contained 

multipotent hematopoietic stem cells as well as CMPs and we observed a low level of 

granulocyte development, consistent with previous studies[119].   The further reduction 
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in granulocyte development observed in the OP9-NC-DLL1 cultures may be a result of 

potentiation of Notch signaling in the CMP, as seen by elevated Hes5 target gene levels.  

Indeed, Hes1 or Hes5 upregulation in bone marrow cells inhibits their ability to 

differentiate normally into granulocytes [113].  It remains to be determined whether 

modulation of Notch signaling through cleavage of Notch ligands could affect 

development of the granulocyte lineage in vitro or in vivo.   

In summary, in contrast to the regulatory function of Delta cleavage in other 

systems and species, our results show that in a murine in vitro T cell developmental 

system, proteolytic cleavage of DLL1 does not serve a critical role in T cell fate decisions 

or differentiation.  However, proteolytic cleavage of DLL1 regulates the expression of 

specific Notch target genes in T cell progenitors, which could result in alterations in the 

internal gene regulatory networks for T cell fate [121].  Furthermore, inhibition of DLL1 

cleavage may potentiate Notch signaling in common myeloid progenitors and alter the 

developmental fate of granulocytes. 
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Chapter 3: A Distinct Temporal Role for ADAM17 in the Fetal Versus Postnatal 

Thymus 

 

3.1. Introduction: 

Differences in the components of the immune system at fetal and adult stages of 

mammalian development have been described, particularly for blood cells.  For example, 

hematopoietic stem cells (HSC) in the fetus can be found in the placenta, aorta-gonado-

mesonephros (AGM) region, yolk sac, or fetal liver, but in the adult are exclusively found 

in the bone marrow (reviewed in [122]).  In erythrocytes, it is well-known that distinct 

fetal and adult types of hemoglobin exist, which allow for optimal binding of oxygen at 

these stages of development [123].  Similarly for the lymphoid lineage, fetal liver B cells 

express high levels of the cell surface marker CD5 compared to adult bone marrow pro-B 

cells, and this appears to result in distinct B cell developmental potentials (e.g. fetal pro-

B cells can produce mature CD5+ B cells found in the spleen and peritoneal cavity, 

whereas the adult CD5+ pro B cells cannot [124]).  Fetal and adult B cells also display 

differential responsiveness to the cytokine TSLP [125].  Here, we focus on the 

differences between fetal and adult T cell development in the thymus. 

The thymus organ is critical for development of T lymphocytes and is the location 

where a T cell repertoire that can distinguish between “self” and “foreign” antigens 

emerges, in a process termed “thymic education” [126].  Much effort has been directed to 

the understanding of the molecular interactions that occur in the thymus and the cell types 

that facilitate them.  The main anatomical regions of the thymus, the cortex and the 

medulla, perform different physiological roles with respect to T cell development [127].  
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For example, the corticomedullary junction is thought to be the location where thymocyte 

progenitors enter the thymus during development, beginning at the CD4- CD8- (“double 

negative”, DN) stage.  Migration into the cortex coincides with the transition to the CD4+ 

CD8+ (“double positive”, DP) stage of T cell development.  After selection, migration of 

DP cells into the medulla is concomitant with the downregulation of CD4 or CD8 to 

produce CD4 “single positive” (CD4 SP) or CD8 SP T cells, which then leave the thymus 

to seed the peripheral lymphoid tissues. 

Thymic stromal cells are heterogeneous, but are predominantly composed of 

thymic epithelial cells (TECs) of endodermal origin [15].  Within the thymus, cortical 

TECs and medullary TECs interact with developing thymocytes, providing critical 

lineage commitment and survival signals during the processes of positive and negative 

selection [127].  The importance of TECs to thymus organogenesis in general is 

exemplified in the nude (nu/nu) mouse [128-129], in which the Foxn1 transcription factor 

is non-functional.  In this mouse, the thymic epithelial cells do not develop normally and 

this results in an abnormal thymic microenvironment which is not conducive to the 

development of T cells, leaving the nude mice immunocompromised.  Furthermore, in 

mice deficient for the autoimmune regulator, Aire, which is expressed on a subset of 

medullary thymic epithelial cells, the persistence of autoreactive T cells in the thymus 

and the breakdown of self versus non-self recognition occur [25].  Other thymic stromal 

cells include hematopoietic cells such as macrophages and dendritic cells, as well as 

fibroblasts, endothelial, and other mesenchymal cells [130].  The specific role of these 

other stromal types in the thymus is an area of active investigation. 

The thymus begins to develop in the embryonic stage and continues to produce 
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new T cells in the adult.  The thymus organ consists of cells derived from distinct germ 

layers, with thymic stromal cells derived from the third pharyngeal pouch endoderm as 

well as neural crest-derived mesenchyme around embryonic day (E) 11, seeding with 

hematopoietic cells beginning at E12, and the rapid expansion of developing lymphocytes 

by E18 (reviewed by [131]).  Interestingly, many differences between the fetal thymus 

and the adult thymus have been noted.  For example, the type of T cell repertoire 

produced in the fetal and adult thymus is distinct.  Gamma-delta (γδ) T cells in the mouse 

develop in the fetal thymus between E14 through E18 [132] and migrate into the skin 

postnatally to produce dendritic epithelial T cells (DETC) in the adult skin.  These 

DETC-γδ Τ cell precursors are found only at the fetal thymus stage and are not evident in 

the adult [133].  In addition, the usage of specific γ and δ gene segments results in 

different γδ T cell repertoires in the fetus and adult thymus [134].  Differences in 

expression patterns for adhesion molecules also have been cited.  The adhesion molecule 

EVA is expressed in both hematopoietic and non-hematopoietic thymic cells at the fetal 

stage, but is only expressed on the non-hematopoietic cells in the adult thymus [135].  

Similarly, β4 integrin is more highly expressed on fetal thymocytes than in the neonate or 

adult [136].  These differences translate to functional differences in thymopoiesis.  For 

example, IL-7Rα knockout mice have shown that IL-7 signaling has a much more 

pronounced requirement in adult thymopoiesis than it does in the fetal state [137].  In a c-

kit-deficient viable mutant mouse, fetal T cell development was normal, but adult T 

lymphopoiesis was highly dependent on c-kit [138].  Likewise, α4 integrin is only critical 

during adult T cell development, but not necessary in the fetus [139].  On the other hand, 

the transcription factor Ikaros has a profound requirement for fetal T cell development, 
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but by the adult stage Ikaros deficient thymopoiesis is restored [140].  Differences in the 

gene profiles between fetal and adult pro-T cell stages have been identified [141].  Many 

of the genes mentioned above are intrinsically required in hematopoietic-lineage type 

cells, meaning the genes exert their effects in thymocytes themselves.  However, there are 

also cases where genes expressed in TECs have differential extrinsic effects on fetal stage 

versus adult stage thymocytes.  Notably, Stat3-deficient TECs are able to support normal 

thymopoiesis until 6 weeks of age, after which, there is a profound defect in thymic 

architecture and thymocyte survival [142].   

In this study, we investigated the role of the metalloprotease ADAM17 in fetal 

thymus development.  ADAM17 regulates several developmental signaling pathways 

through its activation of receptors via regulated intramembrane proteolysis and via its 

activity as a sheddase to release receptor ligands from the cell surface [143].  ADAM17 

knockout (ADAM17ΔZn/ΔZn) mice, which possess a mutant form of ADAM17 that lacks 

the zinc binding domain, are perinatally lethal due to severe developmental defects such 

as lack of eyelid fusion, low body weight, and widespread epithelial cell abnormalities in 

many organs [52].  These global defects have been related to an inability of cells in 

ADAM17ΔZn/ΔZn to produce soluble TGFα, and are similar to defects observed in mouse 

knockouts of EGF receptor family members [57-58, 144].  However, the specific 

contributions of ADAM17 to the development of the immune system are incompletely 

understood. 

The role of ADAM17 in thymic development is controversial.  In ADAM17ΔZn/ΔZn 

embryos, the normal expression pattern of mature CD4 SP and CD8 SP T cells was noted 

[52], but an extensive detailed analysis of thymocyte developmental stage progression 
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and the age of the thymus were not reported.  Extracellular L-selectin and TNF receptor 

are not released from ADAM17ΔZn/ΔZn leukocytes upon stimulation, but this appears to 

have no immunological functional consequence in neonatal thymocytes or mature 

neutrophils [52, 145].  A subsequent study showed that ADAM17ΔZn/ΔZn mice were able 

to survive when crossed to the 129S3 background [77].  On this background, 

approximately 25% of ADAM17 KO mice survived to weaning age (3 to 4 weeks), 

which allowed for the study of postnatal T cell development in the absence of ADAM17.  

This analysis revealed that weanling-age ADAM17ΔZn/ΔZn mice had a five-fold reduction 

in total thymocytes, due to a profound lack of DP stage thymocytes [77].  Interestingly, 

the DN cell numbers and progression through the DN1 to DN4 stages [5] was overtly 

intact, indicating a specific block between DN4 and DP stages in the adult 

ADAM17ΔZn/ΔZn thymus.  Moreover, the effect of ADAM17 on thymocyte development 

was non-cell autonomous, but the cell type that expresses ADAM17 and regulates 

thymocyte development in the ADAM17ΔZn/ΔZn mice has not yet been identified. 

 Given that postnatal thymopoiesis is altered in the absence of ADAM17, but 

apparently normal in the fetal stages, we hypothesized that a more comprehensive 

analysis of the fetal ADAM17-deficient thymus would reveal subtle differences in their 

development.  Here, we report the analysis of fetal T cell development in greater detail in 

ADAM17ΔZn/ΔZn mice than performed in previous studies.  In addition, we provide novel 

data on the fetal thymic stromal compartment in ADAM17ΔZn/ΔZn mice.  Using enzymatic 

digestion, we isolated both thymocyte and TEC populations and performed highly 

extensive population analyses using flow cytometry.  Our results demonstrate that at the 
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fetal stage of development, there is no profound block from the DN to DP stage in 

ADAM17ΔZn/ΔZn mice, in contrast to what has been reported in the adult.  With the 

exception of decreased percentages of thymocytes at the DN3 stage, the proportions of all 

other thymocyte differentiation stages, thymocyte lineage fate decisions, and TEC 

population structure were unaltered in ADAM17ΔZn/ΔZn mice at E17.5.  These findings 

highlight a significantly different genetic requirement for ADAM17 during fetal and 

adult T cell development.  
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3.2. Materials and Methods: 

Mice.  A heterozygous breeding pair of ADAM17+/ΔZn mice was obtained from Dr. W. Shi 

(Children’s Hospital, Los Angeles).  As described, ADAM17 knockout mice were 

generated through homologous recombination in which wild type ADAM17 was replaced 

with a mutant form lacking the zinc binding domain [52].  Single nucleotide 

polymorphism analysis was performed to determine the genetic background of 

ADAM17+/ΔZn mice we obtained (UC Davis Mouse Biology Program), and were 

determined to be of a mixed B6 and DBA background.  Mice were housed pathogen free 

in sterile microisolator cages under 12 hour light/dark cycles with ad libitum access to 

sterile feed and autoclaved water.  Mice were euthanized by CO2 asphyxiation followed 

by cervical dislocation.  All procedures were approved by the UC Merced Institutional 

Animal Care and Use Committee.   

 

Isolation of embryonic thymus organs.  Timed pregnancies were obtained by setting up 

matings of ADAM17+/ΔZn mice in the evening, followed by separation of mice the 

following morning.  Presence of a vaginal mucous plug was assessed to confirm mating.  

The morning after mating was considered embryonic day 0.5.  Embryonic day 17.5 

(E17.5) embryos were extracted and considered to be viable if a heartbeat could be 

detected by eye.  If no heartbeat was detected, embryos were considered dead and not 

included in further analyses.  Fetal thymi were carefully removed under a dissecting 

microscope (Zeiss).  Fetal thymic lobes were placed into 1.5ml tubes containing Medium 

199 (Invitrogen) plus 2% fetal calf serum (FCS) (Atlanta Biologicals) on ice.   

 



- 53 - 

Genotyping.  Genomic DNA was isolated from tail snips collected from each embryo and 

PCR performed to determine the genotype.  The following primers were used:  ADAM17 

forward, 5’-GGTATGTGATAGGTGTAATGTGG-3’; wild type ADAM17 reverse, 5’-

TGGTCACCGCTCACAGCTA-3’ ; mutant ADAM17 reverse, 5’-

GAGCCCAGAAAGCGAAGGAG-3’, as described [77].  PCR products were visualized 

after gel electrophoresis with ethidium bromide using a ChemiDoc Gel Visualization 

system (BioRad). 

 

Thymocyte and TEC preparation.  To obtain thymocytes, fetal thymic lobes were 

mechanically disrupted with fine tipped forceps and incubated in a 1ml solution of 

Medium 199 containing 0.125% (w/v) collagenase D with 0.1% (w/v) DNAse I and 

gently rotated on an orbital shaker at 37˚C for 15 minutes to digest the thymic lobes.  

After each incubation, thymic fragments were pelleted by centrifugation at 300 x g and 

the digestion buffer was exchanged.  After 5 sequential digestions, cells were incubated 

in 1xPBS containing 5mM EDTA + 1% FCS + 0.02% (w/v) NaN3 for 10 minutes on ice.  

Cells were passed several times through a 21G needle and filtered through a 70μm nylon 

mesh.  Red blood cells were lysed with ACK lysis buffer (0.15M NH4Cl + 10mM 

KHCO3 + 0.1mM Na2EDTA, pH 7.2).  Single cell suspensions of thymic stromal cells 

were generated as described above, except that on the fifth sequential digestion, the 

digestion buffer was supplemented with 0.125% (w/v) dispase (Worthington 

Biochemical) [18].  Total thymocyte and thymic stromal cell yields were obtained by 

counting with a hemocytometer with Trypan Blue staining. 

 



- 54 - 

Antibodies.  The hybridoma which produces anti-EpCAM (clone G8.8, Developmental 

Studies Hybridoma Bank, University of Iowa) was cultured in DMEM media containing 

10% FCS until confluent.  Hybridoma supernatants were collected and antibody purified 

using goat anti-rat CNBr Sepharose Beads (Jackson Immunohistochemical, Amersham 

Biosciences).  EpCAM (rat IgG2a) antibody was conjugated to phycoerythrin using the 

Lightning Link PE kit (Novus Biological).  The following primary antibodies were 

purchased from Biolegend: anti-MHCII-PE/Cy5 (clone MM5/114.15.2), anti-CD45.2-

APC/Cy7 (clone 104), anti-CD4-PE/Cy7 (clone RM4-5), anti-CD8α-FITC (clone 53-

6.7), anti-CD44-PE (clone IM7), anti-CD25-APC (clone PC61), anti-TCRγδ-FITC (clone 

UC7-13D5), anti-TCRβ-PE (clone H57-597), anti-CD3-APC (clone 145-2C11), anti-

CD19-PE/Cy7 (clone 6D5), anti-Ter119 (clone Ter-119).  The lectin Ulex agglutitin-1 

(UEA1)-FITC was purchased from Vector Laboratories. 

 

Flow cytometric analysis.  Thymocytes and TECs were resuspended in FACS staining 

buffer containing 1x HBSS, 4.2mM sodium bicarbonate, 0.1% w/v sodium azide and 1% 

bovine serum albumin, Fraction V, pH 7.2.  For all analyses, Fc receptors were blocked 

with anti-CD16/32 (eBioscience) prior to antigen staining.  Staining was performed on 

ice for 15 minutes, and cells washed by centrifugation at 300 x g for 3 minutes at 4C.  

Labeled cells were resuspended in FACS staining buffer containing 0.1μg/ml DAPI to 

allow for gating of viable during analysis.  Flow cytometric analysis was performed on a 

FACSAria or LSR II cytometer (BD Biosciences).  Flow cytometric data analysis was 

performed using FlowJo software (TreeStar). 
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Statistical Analysis.  The absolute number of cells within each thymocyte and TEC 

population was calculated by multiplying the total cell hemocytometer counts by the 

population frequencies obtained from flow cytometric analysis.  Differences between 

means of the absolute cell numbers and population frequencies in the ADAM17 +/+ and 

ADAM17ΔZn/ΔZn embryos were tested using a two-tailed T-test (GraphPad Prism 5) and 

were considered significant if p < 0.05. 
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3.3. Results: 

Characterization of ADAM17ΔZn/ΔZn embryo viability at E17.5   

At E14, the mouse embryonic thymus contains 15 x 104 cells on average, which 

are mainly CD4-CD8- thymocytes.  However, at E17.5, the thymus is considerably larger, 

with thymic stromal cells and all thymocyte lineages represented [2, 146].  These features 

provided the rationale for selecting the E17.5 time point for analysis of thymus 

development in ADAM17ΔZn/ΔZn mice. 

Dissection of ADAM17ΔZn/ΔZn embryos at E17.5 mice revealed a high frequency 

of lethality (36.4%) at this time point, as indicated by a lack of visual heartbeat, swollen 

appearance, and fragility of tissues upon dissection compared to wild-type embryos of the 

same age (Fig. 3.1A,C).  Genotyping of embryos confirmed the identities of individual 

mice by discriminating between wild-type ADAM17 and null ADAM17 alleles (Fig. 

3.1B).  It is unlikely that death of ADAM17ΔZn/ΔZn embryos occurred substantially prior to 

E17.5, as the total number of E17.5 embryos obtained at dissection were genotypically 

distributed according to the expected Mendelian ratios resulting from a cross of 

heterozygous breeders (Fig. 3.1C).  This pattern is consistent with the numbers of 

ADAM17ΔZn/ΔZn embryos and the frequency of embryonic losses previously reported at 

this age [52].  In addition, a complete absence of ADAM17ΔZn/ΔZn mice amongst 

littermates was observed postnatally at 3 to 4 weeks of age ([52] and data not shown). 

The thymus organ lobes were easily identified in E17.5 control and 

ADAM17ΔZn/ΔZn embryos, allowing for detailed analysis of thymocyte and thymic 

epithelial cell development at this stage.  The thymi from viable embryos were analyzed, 
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whereas thymi from nonviable embryos were excluded from further study. 

Thymocyte developmental progression is unaltered in ADAM17ΔZn/ΔZn E17.5 thymi 

Thymocytes enter the thymus as early thymic progenitors of the CD4- CD8- (DN) 

phenotype and progress through the DN1 through DN4 stages, as assessed by differences 

in CD44 and CD25 expression [5].  They then transition to the CD4+ CD8+ (DP) stage, 

followed by positive and negative selection to become single positive CD4 or CD8 

thymocytes (schematized in Fig. 3.2A).  In adult ADAM17ΔZn/ΔZn mice, a developmental 

block between the DN to DP stage, more precisely a block from the DN4 to DP stages, 

has been reported [77].  In contrast, analysis of ADAM17ΔZn/ΔZn embryos at E17.5 

showed no difference in thymocyte progression between the DN4 to DP stage (Fig. 

3.2B,D).  Instead, a decrease in the average frequency of DN3 stage thymocytes was 

observed in ADAM17ΔZn/ΔZn embryos (Fig. 3.2C,E).  This difference was statistically 

significant (p = 0.03, two-tailed T-test), but did not translate to a difference in the 

absolute number of DN3 cells (p = 0.08, Table 3.1).  Furthermore, we did not observe 

any differences in the frequencies or total cellularity of any other thymocyte stage in 

ADAM17ΔZn/ΔZn embryos (Fig. 3.2D,E  and Table 3.1).  Thymocyte development in wild 

type ADAM17+/+  and heterozygous ADAM17+/ΔZn mice were similar (data not shown), 

demonstrating no effect of ADAM17 haploinsufficiency.  Therefore, in contrast to what 

has been observed in the adult, the DN3 to DN4 transition is affected in ADAM17ΔZn/ΔZn 

embryos, but to minimal consequence on thymocyte development as a whole. 
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Typical TCRγδ, TCRαβ, and B lineage-fate decisions in the ADAM17ΔZn/ΔZn embryonic 

thymus 

We next assessed the presence of thymocyte lineages to determine if alterations in 

cell fate decisions were evident in ADAM17ΔZn/ΔZn embryos.  Staining for the mature T 

cell marker CD3 revealed equal numbers of mature T cells between ADAM17ΔZn/ΔZn 

embryos and controls (Fig. 3.3A).  At the embryonic stage, the majority of CD3+ 

thymocytes are normally of the γδ lineage, with a minority of αβ T cells [147].  Analysis 

of gated CD3+ thymocytes showed that these T cells are, as expected, predominantly of 

the TCRγδ lineage in both ADAM17ΔZn/ΔZn and ADAM17+/+ embryos, and present at 

similar levels (Fig. 3.3B) [148].  TCRαβ T cells were also detectable at similar 

proportions between ADAM17ΔZn/ΔZn and ADAM17+/+ mice at this time point (Fig. 3.3B). 

ADAM17 has been implicated in the regulation of Notch signaling [63], and 

alterations in Notch signaling have been shown to result in skewing of cell fate from the 

T to B cell lineage in the thymus [149-151].  To assess whether this lineage fate decision 

was altered in the absence of ADAM17, we stained thymocytes for the B cell marker, 

CD19.  B cells in the thymus are normally rare, and our analysis confirmed the presence 

of very few thymic B cells in both ADAM17ΔZn/ΔZn embryos and ADAM17+/+ control 

embryos (Fig. 3.3A).  Therefore, lineage fate decisions in the embryonic thymus are 

normal in the absence of ADAM17. 

 

Thymic epithelial cell composition is intact in ADAM17ΔZn/ΔZn mice 

ADAM17 is highly expressed on TECs [77], which has led to the speculation that 
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ADAM17 might be required cell-autonomously for their development.  To assess this, we 

analyzed if changes in the TEC compartment were evident at the fetal stage in 

ADAM17ΔZn/ΔZn mice.  

TECs are distinguished by their lack of expression of the pan-hematopoietic 

marker CD45 and their expression of the pan-epithelial marker EpCAM and MHC class 

II [18].  Furthermore, TEC populations can be subdivided into medullary TECs based on 

UEA1 lectin binding, or into cortical TECs based on the lack of UEA1 lectin binding 

[152].  Using these markers, we analyzed thymic epithelial cell composition from E17.5 

mice by performing enzymatic thymic digestion followed by antibody staining and flow 

cytometry.  Staining of digested thymi with anti-CD45 antibody revealed a large 

population of CD45- stromal cells, as expected (Fig. 3.4A).  Similar distributions of 

EpCAM+ MHC II+ stromal cells were observed in E17.5 ADAM17ΔZn/ΔZn and 

ADAM17+/+ thymi (Fig. 3.4B).  Moreover, analysis of TEC subsets revealed no 

statistically significant differences in any of the TEC populations examined (Fig. 3.4C-

E).  Therefore, our results indicate that E17.5 ADAM17ΔZn/ΔZn and ADAM17+/+ thymic 

stromal cell composition are remarkably similar at this stage.  
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Thymocyte 
Population 

Population Frequency 
Mean ± SD 

Absolute Cell Number 
Mean ± SD 

 +/+ ΔZn/ΔZn p-valueb +/+ ΔZn/ΔZn p-value 
total    442097 ± 

161429 
340676 ± 
128604 

0.3940 

DN1a 
 

10.52 ± 1.2 11.03 ± 0.7 0.5416 21317 ± 
6424 

17010 ±  
891 

0.3058 

DN2a 8.67 ± 1.18 10.14 ± 
1.72 

0.1978 17601 ± 
5601 

15533 ± 
1352 

0.5639 

DN3a 50.67 ± 
1.93 

45.20 ± 
3.94 

0.0352 102201 ± 
26066 

69653 ± 
4936 

0.0832 

DN4a 30.14 ± 
2.33 

33.63 ± 
5.52 

0.2456 61915 ± 
21754 

52664 ± 
14142 

0.5410 

All DN 51.63 
±11.74 

52.88 
±14.16 

0.8963 203034 ± 
58696 

154860 ± 
16886 

0.2261 

DP 42.53 ± 
12.57 

41.01 ± 
13.79 

0.8784 183000 ± 
95043 

141757 
±107515 

0.5904 

CD4 SP 1.01 ± 0.61 0.81 ± 0.22 0.6189 3753 ± 
1762 

2764 ± 
1934 

0.4851 

CD8 SP 2.75 ± 1.07 3.31 ± 0.31 0.4272 12609 ± 
10428 

10444 ± 
4456 

0.7502 

TCR γδ+a 83.01 ± 
4.80 

78.30 ± 
12.13 

0.4516 16725 ± 
7656 

13953 ± 
6361 

0.6193 

TCR αβ+a 10.62 ± 
3.32 

17.89 ± 
9.18 

0.1452 2185 ± 
1504 

3502 ± 
2451 

0.3727 

CD19+ B 0.21 ± 0.14 0.31 ± 0.16 0.3873 850 ± 595 970 ± 521 0.7831 
 

Table 3.1: Frequencies and Absolute Cell Numbers of Thymocyte Populations in 
ADAM17+/+ and ADAM17ΔZn/ΔZn Embryos 

aFrequencies of DN1, DN2, DN3 and DN4 are shown as % of gated DN thymocytes, and 
frequencies of TCR γδ+ and TCR αβ+ cells are shown as % of gated CD3+ thymocytes.  All other 
populations are shown as % of CD45+ thymocytes. 
 
bp-value is shown for an unpaired two-tailed T-test with 95% confidence interval comparing the 
means of the two groups.  For ADAM17+/+, n=5, and for ADAM17ΔZn/ΔZn, n=3. 



- 61 - 

* *
ADAM17ΔZn

ADAM17+

+/+ ΔZn/ΔZn

24.44%48.89%26.67%Percentage

112212Total

400Dead Embryos

72212Live Embryos

ΔZn/ΔZn+/ΔZn+/+

A)
B)

C)

 

Figure 3.1: ADAM17ΔZn/ΔZn E17.5 embryos are present in expected Mendelian ratios, but 
begin to show lethality at this stage.  (A)  An image of one dead E17.5 ADAM17ΔZn/ΔZn 
and one live ADAM17+/+ embryo. (B)  Genotyping for the ΔZn (null) and wild-type (+) 
form of the ADAM17 allele for clear identification of all embryos.  The asterisk indicates 
lanes characterizing ADAM17ΔZn/ΔZn embryos.  (C) Total numbers of live and dead 
embryos obtained from mating ADAM17ΔZn/+ heterozygous mice and percentages of total 
embryos belonging to each indicated genotype.  



- 62 - 

 

Figure 3.2: ADAM17ΔZn/ΔZn E17.5 embryos do not display a severe block in their T cell 
developmental program.  (A) Schematic diagram to show stepwise progression of 
thymocyte development using combinatorial flow cytometric staining for CD44, CD25, 
CD4 and CD8. (B) Representative flow cytometry plots indicating DN, DP, CD4 SP and 
CD8 SP populations in ADAM17+/+ (top) and ADAM17ΔZn/ΔZn embryos (bottom).  (C) 
Representative flow cytometry plots of electronically gated CD4- CD8- thymocytes to 
delineate the DN1 through DN4 populations.  (D) Quantitation of total cell numbers as 
assessed by flow cytometry population frequencies and total thymocyte counts by 
hemocytometer (also see Table 3.1).   E) Frequencies of DN subpopulations.  * p<0.05, 
two-tailed T test, ADAM17+/+ n=5, ADAM17ΔZn/ΔZn n=3.  
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Figure 3.3:  Frequencies of T and B cell lineages within the ADAM17ΔZn/ΔZn E17.5 
embryonic thymus.  (A) Thymocytes from ADAM17ΔZn/ΔZn (bottom) and ADAM17+/+ 
(top) embryos were stained for CD3, CD19, TCRβ and TCRγδ.  Representative flow 
cytometry profiles for CD3 versus CD19 staining are shown.  (B) Analysis of expression 
of TCRβ versus TCRγδ on gated CD3+ shown in part (A).  ADAM17+/+, n=5, 
ADAM17ΔZn/ΔZn, n=3.   
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Figure 3.4: Fetal TEC populations are unaffected in the absence of ADAM17.  (A) 
Thymic stromal cells were simultaneously stained for expression of CD45, MHCII, 
EpCAM, and UEA1.  Representative flow cytometry plots from ADAM17ΔZn/ΔZn 
(bottom) and ADAM17+/+ (top) embryos showing the frequency of CD45- thymic stromal 
cells.  (B) Representative flow cytometric staining of gated CD45- population shown in 
Fig. 3.4A.  TECs are defined as positively expressing MHCII and EpCAM.  (C) 
Representative flow cytometry plots of medullary TECs as defined by their CD45- 
EpCAM+ UEA1+ profile.  (D) Total cell numbers and (E) population frequencies for the 
stromal cell subsets examined.  No statistically significant differences were found 



- 65 - 

between ADAM17ΔZn/ΔZn and ADAM17+/+ TEC populations.  ADAM17+/+, n=5, 
ADAM17ΔZn/ΔZn, n=4, p > 0.05, two-tailed T-test.   
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Figure 3.5: A hypothetical model for ADAM17’s temporal requirement in thymocyte 
development.  Based on our findings that E17.5 ADAM17ΔZn/ΔZn mice do not present with 
severe blocks in T cell development, we propose that ADAM17 acts in an adult-specific 
manner to regulate thymocyte development.   
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3.4. Discussion 

Our current study supports the hypothesis that ADAM17 has distinct roles during 

the fetal and adult stages of thymocyte development.  As described above, genetic 

knockout studies in the mouse have revealed differential functional requirements for T 

cell development-related genes at the fetal and postnatal stages.  Moreover, these studies 

have revealed both cell-autonomous and non-cell autonomous effects of these genes on 

the development of both the hematopoietic and non-hematopoietic cells that comprise the 

thymus.  We have shown that in the absence of ADAM17, development of both 

thymocytes and TECs is intact at the fetal stage, a result which contrasts the block in 

thymocyte development observed in the absence of ADAM17 and striking loss of total 

thymocyte numbers at the adult stage [77].  Our data show nominal changes in 

progression through the DN stages and importantly, no reduction in the numbers of DP 

thymocytes, as seen in adult ADAM17ΔZn/ΔZn mice [77].  The reduction in the frequency 

of DN3 thymocytes observed in the ADAM17ΔZn/ΔZn embryos did not impact the overall T 

cell developmental outcome.  The DN3 stage is a regular checkpoint during αβ T cell 

development, where thymocytes that do not successfully rearrange the TCRβ gene die by 

apoptosis, whereas the cells that pass “β-selection” progress to the DN4 stage and 

actively proliferate [153].  Therefore, the reduction in DN3 populations observed in 

ADAM17ΔZn/ΔZn embryos could be compensated for by active proliferation at the DN4 

and later stages.  There is evidence in the fetal thymus of progression from the DN3 to 

DN4 stages without the requirement of β-selection at E15.5 and E16.5 [154].  Whether 

all or a portion of the DN4 cells present in ADAM17ΔZn/ΔZn embryos at E17.5 represent 
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residual members of this fetal DN4 subset is unclear. 

Moreover, we provide novel data that demonstrates that the absence of ADAM17 

does not affect the differentiation and maturation of fetal thymic epithelial cells.  Most 

published studies of thymic epithelial cells have focused on fetal stage TECs, and 

currently serve as the model for adult TEC biology.  However, key differences between 

fetal and adult TECs are becoming appreciated.  For example, keratin expression has 

historically served as a means to distinguish TEC populations and delineates populations 

well in the fetus [16].  However, there appears to be a much greater degree of 

heterogeneity within the adult TEC population with respect to keratin expression [155].  

Also, in the fetus, the antibody MTS24 stains a progenitor population that gives rise to a 

functional thymus from a single progenitor cell when transplanted under the kidney 

capsule of nu/nu mice [17], but adult MTS24+ TECs have not been shown to have this 

same capability [156].  Thus, there is a precedence of differences between the fetal and 

adult TEC populations, and our current study adds further information to this topic. 

It has been speculated that the absence of ADAM17 in TECs could explain the 

non-cell autonomous defect on postnatal thymocyte development observed in 

ADAM17ΔZn/ΔZn mice [77].  Our data demonstrate that this defect does not originate at the 

embryonic stage.  Furthermore, the normal distribution of fetal TEC subsets observed in 

the ADAM17ΔZn/ΔZn mice also suggests that ADAM17 may be required in other stromal 

cell types, such as thymic fibroblasts or thymic mesenchymal cells, for normal thymus 

development in the adult.   

 The genetic background of the animal cannot be excluded as a factor to explain 

the differences observed between fetal and adult ADAM17ΔZn/ΔZn thymus.  Indeed, a high 
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proportion of ADAM17ΔZn/ΔZn mice on the C57BL/6 background do not survive post-

weaning, in contrast to what has been observed in the ADAM17ΔZn/ΔZn mice on the 129S3 

background [52, 77].  We have also observed a decrease in the number of live 

ADAM17ΔZn/ΔZn embryos when the parental strains are further backcrossed to the B6 

background. The mice used in the current study were of a mixed B6 and DBA/2 

background, which both slightly increase viability of Egfr-mutant mouse embryos [75].    

Recently, it has been reported that a fraction of ADAM17ΔZn/ΔZn mice on a mixed B6 and 

129 background survived to older than 8 weeks [76], which is from the opposite of the 

early perinatal lethality reported for ADAM17ΔZn/ΔZn on the same background [52].  The 

mechanisms by which background strain-specific genetic modifiers contribute to the 

differences observed in thymic development between fetal versus adult ADAM17ΔZn/ΔZn 

mice remains to be investigated. 

 In conclusion, we have shown that unlike adult ADAM17ΔZn/ΔZn mice, the thymus 

in ADAM17ΔZn/ΔZn mice at embryonic day 17.5 does not have defects in the ability to 

generate T cells.  This supports the idea that ADAM17 is a regulator of adult, but not 

fetal, thymic development (Fig. 3.5).  This study highlights the importance of the 

differences in fetal and adult thymus development, a paradigm which has previously been 

observed in several other gene knockout models, and which should be considered 

carefully when extrapolating results between these distinct temporal stages.  These data 

also have implications for strategies to induce thymic regeneration for improving immune 

function in aged populations [157].  Postnatally, thymic involution advances with 

increasing age [158], and the aged thymic epithelial environment does not support 



- 70 - 

thymopoiesis as well as the younger thymus microenvironment [159].  Taken together, 

these data show the dynamic nature of the thymus during the transitions from the fetal to 

young adult to aged adult stages.  Further studies are necessary to determine if 

modulation of ADAM17 function in aged thymic microenvironments can regulate thymic 

involution and regeneration.  
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Chapter 4: ADAM17 Deletion in Thymic Epithelial Cells Alters Aire Expression 
without Affecting T Cell Developmental Progression 
 

4.1. Introduction: 

 Proper intercellular communication is critical for the development of T cells in the 

thymus.  Hematopoietic progenitors must receive signals from the thymic 

microenvironment to proliferate, differentiate, and undergo positive and negative 

selection [3].  Thymocyte progenitors enter the thymus at the corticomedullary junction 

and are phenotypically identified as CD4- CD8- “double negative” (DN).  During the 

generation of TCRαβ+ T cells, they then progress through four DN stages characterized 

by the expression of CD44 and CD25 (DN1: CD44+CD25-, DN2: CD44+CD25+, DN3: 

CD44-CD25+, and DN4: CD44-CD25-) [5].  After TCRβ selection in the DN3 stage 

thymocytes progress through the transitory DN4 stage to the CD4+ CD8+ “double 

positive” (DP) stage, and then undergo both positive and negative selection prior to being 

released as single positive (SP) CD4 or CD8 T cells.  The thymocytes migrate through 

anatomically distinct thymic microenvironments as they progress through these 

developmental stages (reviewed in [3]).  

The identification of genes that mediate cellular crosstalk in the thymus during T 

cell development is an area of active investigation [15].  ADAM17 (Entrez GeneID: 

11491), for example, has been proposed as one of these genes.  The metalloprotease 

ADAM17 has a well characterized “sheddase” activity, in which it releases membrane 

bound proteins from the cell surface, often initiating their signaling ability [49, 160-162].  

ADAM17 can also participate in the process of regulated intramembrane proteolysis in 

which it cleaves the extracellular portion of a transmembrane receptor, which leads to 
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intracellular cleavage by the γ-secretase complex and resultant cellular signaling [45].  

By analyzing the temporal and spatial activities of ADAM17, we can gain insights into 

the regulation of cellular signaling in the thymus.   

 ADAM17 is capable of cleaving a large number of immunologically relevant 

substrates (reviewed in [143]).  It was initially described for its role in shedding the 

transmembrane precursor of soluble TNFα [49, 163].  Subsequently, it was described to 

regulate cell surface expression of TNFR-I [65], TNFR-II [164], Notch [63], Delta-Like-

1 [68], SCF [71], CD40 [64], L-selectin [52], CX3CL1 [72], LAG3 [73], Flt3L [74] and 

several other transmembrane proteins that are relevant to immune system development.  

Through a conventional knockout (KO) approach, it became clear that ADAM17 is 

critically important for the development of epithelial tissues via its regulation of the 

EGFR signaling pathway [52].  ADAM17 acts to shed EGF family ligands, a mechanism 

that is implicated in the development of mammary epithelium, heart valves, skin, and hair 

[52, 58, 144].  However, due to perinatal lethality of Adam17ΔZn/ΔZn conventional 

knockout mice (in which mutated ADAM17 that lacks its critical zinc binding ability is 

expressed), analyses of adult physiology could not be assessed.  Conditional knockout of 

ADAM17 using the Cre/Lox system has recently solved this issue and revealed 

ADAM17’s importance in inflammation [165].   

The role of ADAM17 in adult T cell development is largely unknown at a 

mechanistic level.  The current literature describes a block from the DN to DP stage of 

thymopoiesis in Adam17ΔZn/ΔZn mice that survive to adulthood on a mixed B6 and 129S3 

background [76-77].  Importantly, through transplantation of Adam17ΔZn/ΔZn bone marrow 

into RAG-/- recipient mice, this block was shown to be non-cell autonomous to the 
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hematopoietic compartment [77].  This line of experimentation indicated that the likely 

location of ADAM17’s role in T cell development was the thymic stroma.  Through in 

vitro assays analyzing the effect of the cleavage of the Notch ligand DLL1, our 

laboratory determined that modulation of the Notch signaling pathway is not likely the 

causative mechanism of the defect in Adam17ΔZn/ΔZn mice [166]. 

 Thymic epithelial cells (TECs) are a principal component of the thymic stroma 

that provides signals to developing thymocytes, and we therefore hypothesized that 

ADAM17 in TECs plays a key non-cell autonomous role on the development of T cells.  

In order to assess the role of ADAM17 specifically in adult TECs, we devised a 

conditional knockout strategy in which Adam17 “floxed” mice [165] were crossed with 

Foxn1-Cre mice [167].  In these ADAM17 conditional knockout mice (Adam17/Foxn1), 

Adam17 was effectively deleted from TECs.  Surprisingly, T cell development was 

unaffected in Adam17/Foxn1 mice.  Interestingly, analysis of TECs revealed an unaltered 

TEC population structure, but a strong reduction of Aire mRNA expression.  The lack of 

T cell phenotype in these mice requires a re-assessment of the proposed role of ADAM17 

in the thymus.    
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4.2. Materials and Methods: 

Ethics Statement.  All animal procedures were approved by the UC Merced Institutional 

Animal Care and Use Committee (Protocol # UCM 185). 

 

Mice.  Adam17flox/flox mice [165] and Foxn1-Cre mice [167] have been previously 

described.  Adam17flox/flox mice were crossed with Foxn1-Cre mice to generate Foxn1-

Cre/Adam17flox/+ mice, which were backcrossed with Adam17flox/flox mice to generate 

Foxn1-Cre/Adam17flox/flox conditional knockouts (referred to as Adam17/Foxn1).  

Adam17/Foxn1 mice and littermate controls were of a mixed 129Sv and C57BL/6 (B6) 

background.  Genotyping for Cre recombinase was performed using the primers listed in 

Table 4.1.  Cre-expressing mice were distinguished by the presence of a 288bp amplicon 

from ear punch DNA samples.  Genotyping for Adam17 was performed using the primers 

listed in Table 4.1 which allowed clear distinction between the Adam17+ and Adam17flox 

alleles.  B6 mice were purchased from The Jackson Laboratory.  Mice were housed 

pathogen free in sterile microisolator cages under 12 hour light/dark cycles with ad 

libitum access to sterile feed and autoclaved water.  Mice were euthanized by CO2 

asphyxiation followed by cervical dislocation.     

 

Thymocyte and TEC isolation.  Thymi were harvested and placed in Medium 199 (M199) 

(Invitrogen) containing 2% heat inactivated fetal calf serum (FCS) (Atlanta Biologicals).  

For thymocyte analysis, thymocytes were extracted by mechanical disruption with the 

base of a 5ml syringe followed by filtration through 70μm nylon mesh.  For TEC analysis 

by flow cytometry [168], thymi were trimmed of excess fat and connective tissue.  Thymi 
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were placed in M199 and the capsule was nicked in several places with fine scissors.  

Thymi were agitated with a magnetic stirrer at 4˚C for 20 minutes to remove a large 

fraction of thymocytes.  Thymic fragments were then transferred into an enzymatic 

digestion buffer containing 0.125% (w/v) Collagenase D (Roche) with 0.1% (v/v) DNAse 

I (Roche) and gently rotated on an orbital shaker at 37˚C for 15 minutes.  Thymic 

fragments were pelleted by centrifugation at 300 x g and the digestion buffer was 

exchanged.  After 4 digestions, 0.125% (w/v) dispase (Worthington Biochemical) was 

added to the digestion buffer and thymi were incubated for an additional 15 minutes.  

After the final digestion, cells were incubated in PBS containing 5mM EDTA + 1% FCS 

+ 0.02% (w/v) NaN3 for 10 minutes on ice.  Cells were passed several times through a 

21G needle and filtered through a 70μm nylon mesh.  Red blood cells were lysed with 

ACK lysis buffer (0.15M NH4Cl + 10mM KHCO3 + 0.1mM Na2EDTA, pH 7.2).  Cells 

were counted by hemocytometer and population numbers determined by calculating 

based on flow cytometric gating. 

 

Antibodies, Flow Cytometry, and Cell Sorting.  The anti-EpCAM (clone G8.8, 

Developmental Studies Hybridoma Bank, University of Iowa) hybridoma was cultured in 

DMEM media containing 10% FCS until confluent.  Hybridoma supernatants were 

collected and antibody purified using goat anti-rat CNBr Sepharose Beads (Jackson 

Immunohistochemical, Amersham Biosciences).  EpCAM (rat IgG2a) antibody was 

conjugated to phycoerythrin using the Lightning Link PE kit (Novus Biological).  The 

following primary antibodies were purchased from Biolegend: anti-MHCII-PE/Cy5 

(clone MM5/114.15.2), anti-CD80-FITC (clone 16-10A1), anti-CD45.2-APC/Cy7 (clone 



- 76 - 

104), anti-CD4-PE/Cy7 (clone RM4-5), anti-CD8α-FITC (clone 53-6.7), anti-CD44-PE 

(clone IM7), anti-CD25-APC (clone PC61), anti-TCRγδ-FITC (clone UC7-13D5), anti-

TCRβ-PE (clone H57-597), anti-CD3-APC (clone 145-2C11), anti-CD19-PE/Cy7 (clone 

6D5), anti-Ter119 (clone Ter-119).  The anti-FoxP3-PE antibody (clone FJK-16s) was 

purchased from eBioscience.  Purified MTS-15 antibody was a gift of Dr. Richard Boyd, 

Monash University, Clayton, Victoria, Australia.  Purified anti-Aire antibody (clone 

5H12-2) was a gift of Dr. Daniel Gray, Walter and Eliza Hall Institute, Melbourne, 

Australia.  Rat IgG2c isotype control (clone RTK 4174) was purchased from Biolegend.  

The lectin Ulex agglutitin-1 (UEA1)-FITC was purchased from Vector Laboratories.  The 

secondary antibody anti-rat IgG2c-biotin (clone MRG2c-67, Biolegend) was used to label 

MTS-15 or anti-Aire, followed by staining with Streptavidin-FITC (eBioscience) or 

Streptavidin-PE/Cy5 (Biolegend).  For TEC analysis and sorting, CD45+ cells were first 

depleted by magnetic activated cell sorting (MACS).  Cells were stained with anti-CD45 

coated microbeads (Miltenyi Biotech) and magnetically sorted using the “DepleteS” 

program on an AutoMACS cell sorter (Miltenyi Biotech).  Prior to antigen staining, Fc 

receptors were blocked with anti-CD16/32 (eBioscience).  Each stain was performed on 

ice for 15 minutes in FACS staining buffer containing 1x HBSS, 4.2mM sodium 

bicarbonate, 0.1% w/v sodium azide and 1% bovine serum albumin, Fraction V, pH 7.2.  

For thymic stromal analysis, the MTS-15 stain was performed first, then washed and 

stained with fluorochrome-conjugated primary antibodies, secondary antibody, and 

streptavidin-FITC or PE/Cy5.  Labeled cells were resuspended in FACS staining buffer 

containing 0.1μg/ml DAPI to assess viability of unfixed cells.  For Aire and FoxP3 

intracellular stain, surface staining was performed first, followed by fixation and 
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permeabilization utilizing the buffers in the Foxp3 Staining Set (eBioscience), then 

intracellular staining, according to the manufacturer’s instructions.  Flow cytometric 

analysis and sorting of the CD45- fraction was performed on a FACSAria cytometer (BD 

Biosciences).  Thymic populations were sorted to greater than 95% purity, unless noted 

otherwise.  Flow cytometric data analysis was performed using FlowJo software 

(TreeStar). 

 

RT-PCR and qRT-PCR.  Total RNA was extracted from FACS or MACS sorted cells 

using the RNeasy kit (Qiagen) and cDNA was generated using the Superscript III RT kit 

(Invitrogen) according to the manufacturers’ instructions.  Reverse transcriptase PCR 

(RT-PCR) primers to Adam17 were designed to span the floxed exon2 with the forward 

primer annealing to exon1 and the reverse primer annealing to exon3 (Table 4.1).  This 

allows discrimination of a wild type transcript and a mutant, null transcript resulting from 

recombination.  After one minute dissociation at 95˚C, Adam17 was amplified from the 

cDNA over 40 cycles at 95˚C for 30 seconds, 57˚C for 30 seconds, and 72˚C for 1 

minute.  Quantitative RT-PCR (qRT-PCR) was performed using SYBR Green PCR 

master mix (Applied Biosystems) and samples run on an Applied Biosystems 7300 Real-

Time system.  Samples were denatured at 95˚C for 2 minutes followed by 40 cycles of 

95˚C for 15 seconds and 60˚C for 1 minute.  The ΔΔCt method was utilized to determine 

relative expression levels of the gene of interest between samples using ribosomal protein 

L7 (Rpl7) or Gapdh as the internal control.  For Adam17 qRT-PCR, the reverse primer 

anneals to exon2.  Therefore, amplification only occurs off the wild type transcript.  PCR 

primer sequences are listed in Table 4.1.  Unless noted otherwise, primer sequences were 
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obtained from Primerbank (http://pga.mgh.harvard.edu/primerbank/) or from previous 

literature [24].  All qRT-PCR primers were validated to be between 90-110% efficient by 

a template serial dilution standard curve and to have a single peak when a dissociation 

curve was performed.   

 

Immunohistochemistry.  Thymi were extracted and snap frozen in OCT compound 

(Sakura Finetek) over dry ice.  Sectioning of the thymus, tissue processing protocols, 

keratin-5, keratin-8 and Aire staining and morphometry data analysis were performed as 

previously described [169]. 

Statistical Analysis.  Differences between means were tested using two-tailed T-test 

(GraphPad Prism) and were considered significant if p < 0.05 (*), p < 0.01 (**), p < 

0.001 (***). 
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Gene Application 
NCBI 

Accession 
Amplicon size 
(base pairs) Forward Sequence (5' to 3') Reverse Sequence (5' to 3') 

Cre Genotyping AB449974 288 CGATGCAACGAGTGATGAGG GCATTGCTGTCACTTGGTC 

Adam17 Genotyping NM_009615 
WT-558 
Flox~800 GCCACGATTCAGAGTGATTCC CTCCATCAGCAGTTAAGAGCAC 

Adam17 RT-PCR NM_009615 
WT-313 
Null-180 CGGAGGAAGCAGGCTCTG GAGTCAGGCTCACCAACCAC 

Adam17 qRT-PCR NM_009615 78 CGGAGGAAGCAGGCTCTG GTTTCTAAGTGTGTCGCAGACTG 
Gapdh qRT-PCR NM_008084 82 ATGCATCCTGCACCACCAA GTCATGAGCCCTTCCACAATG 
Rpl7 qRT-PCR NM_011291 202 GAAGCTCATCTATGAGAAGGC AAGACGAAGGAGCTGCAGAAC 
Aire qRT-PCR NM_009646  70 GTACAGCCGCCTGCATAGC CCCTTTCCGGGACTGGTTTA 
Csnα qRT-PCR NM_007784 76 CCTATGAGTGTAGTGGATCAGGCA AGGCATCATACTGGAAGATTTGTG 
Csnβ qRT-PCR NM_009972 73 TGTGCTCCAGGCTAAAGTTCACT GGTTTGAGCCTGAGCATATGG 
Csnγ qRT-PCR NM_007785 78 ATGTTGCACACCTCTTCACCAG GGCGTGTTATGGATGGCATT 
Csnκ qRT-PCR NM_007786 76 GCCGTGGTGAGAAGAATGACA AAGTTCAGGACGGAGCGGA 
Ins2 qRT-PCR NM_008387 80 GGGAGTCCCACCCCACCCAG CACGCTCCCCACACACCAGG 
Gad67 qRT-PCR NM_008077 77 GGTTCGCACAGGTCACCC GCCATTCACCAGCTAAACCAA 
Spt1 qRT-PCR NM_009267 116 CTGGTGAAAATACTGGCTCTGAA AGCAGTGTTGGTATCATCAGTG 
Adam10 qRT-PCR NM_007399 85 CACTGCCGGGGAGGCTCGTCG CCGCCTCCTCACGGGTTAACCG 
 

Table 4.1: Primer sequences for genotyping, RT-PCR, and qRT-PCR.  
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4.3. Results: 

Generation of TEC-specific Adam17 knockout mice 

Mice expressing Cre under the control of the Foxn1 promoter [167] were crossed 

with Adam17 exon2-floxed mice [165].  Specificity of Cre expression in TECs has 

previously been demonstrated and its utility in in vivo functional assays has been 

validated [117].  To further confirm Cre restriction to the TEC compartment, we 

performed TEC digestions from 1 week old Foxn1-Cre mice.  CD45- and CD45+ 

fractions were separated by MACS and the CD8+ fraction of thymocytes was further 

purified by FACS.  RT-PCR for Cre expression revealed high levels of Cre in the CD45- 

fraction enriched for TECs, but low to no expression in other sorted populations (Fig. 

4.1C).  Mice of the genotype Foxn1-Cre/Adam17flox/flox (referred to as Adam17/Foxn1) 

were present in expected Mendelian ratios compared to littermate controls and had no 

overt phenotypes or distinctive external features (data not shown), unlike Adam17ΔZn/ΔZn 

mice [52]. 

To confirm knockdown of gene expression, Adam17 levels were assessed by 

qRT-PCR.  TECs were digested, MACS enriched for CD45- cells, and further sorted by 

FACS based on EpCAM expression.  Quantitative Adam17 levels were determined using 

primers specific to the floxed region of Adam17 (Fig. 4.1A).  EpCAM+ TECs from 

Adam17/Foxn1 mice displayed less than 2% the Adam17 levels of littermate controls 

(Fig. 4.1E).  Furthermore, RT-PCR confirmed the presence of the truncated, null form of 

the mRNA transcript expected after recombination in Adam17/Foxn1 mice, while the 

wild type form of the transcript was present in both Adam17flox/+ and Foxn1-

Cre/Adam17flox/+ mice (Fig. 4.1B,D).   
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Thymocyte development is normal in Adam17/Foxn1 mice 

Conventional Adam17 KO mice exhibit a non-cell autonomous block in T cell 

development from the DN to DP stage, which indicated a likely role for ADAM17 on 

TECs [77].  However, in our TEC-specific Adam17/Foxn1 knockout mice, the thymus 

and spleen are of normal size (Fig. 4.2A).  Likewise, analysis of intrathymic populations 

revealed indistinguishable numbers of DN, DP, CD4SP, and CD8SP thymocytes between 

control and Adam17/Foxn1 mice (Fig. 4.2B).  Furthermore, the frequencies and absolute 

numbers of DN1 through DN4 stages of thymocyte development were unaltered in the 

absence of ADAM17 on TECs (Fig. 4.2C, and data not shown).  Likewise, analysis of 

regulatory T cells showed no alterations in the frequency of CD4SP thymocytes 

expressing FoxP3 or CD25 (Fig. 4.3A,C) nor CD4SP splenocytes expressing FoxP3 (Fig. 

4.3B).  These results are not consistent with the hypothesis that the ADAM17 non-cell 

autonomous role in T cell development is localized to the TECs. 

 

Aire expression is diminished in Adam17/Foxn1 TECs 

We next examined whether deletion of ADAM17 in TECs affected their 

development and expression of TEC-specific genes in a cell-autonomous fashion.  

Analysis of gene expression in FACS-sorted EPCAM+ TECs by qRT-PCR yielded the 

unexpected finding that the autoimmune regulator transcription factor, Aire, was 

diminished in Adam17/Foxn1 mice (Fig. 4.4A).  Aire mutations have been implicated in 

the human disease APECED, which may result from defective medullary TEC 

development, and/or lack of expression of tissue-restricted antigens (TRAs) that result in 
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alterations in negative selection of thymocytes (reviewed in [23]).  Aire mRNA 

expression in TECs in Adam17/Foxn1 mice was less than 10% of control mice.  TRAs 

whose expression is dependent or independent of Aire have been previously described 

[24].  The Aire-dependent TRA, Casein α (Csnα), was significantly reduced in 

Adam17/Foxn1 mice relative to controls (Fig. 4.4B).  However, other Aire-dependent 

TRAs, Casein γ (Csnγ), Salivary protein 1 (Spt1), and Insulin 2 (Ins2), were not reduced.  

As expected, Aire-independent TRAs, Casein β (Csnβ), Casein κ (Csnκ), and Glutamic 

acid decarboxylase-67 (Gad67), were expressed similarly between Adam17/Foxn1 and 

control mice (Fig. 4.4B). 

To assess why there was not a more pronounced reduction in Aire-dependent 

TRAs in Adam17/Foxn1 thymi, we analyzed Aire protein levels by 

immunohistochemistry and flow cytometry.  Aire protein was clearly present in 

Adam17/Foxn1 thymi based on immunofluorescence analysis of thymic tissue sections 

(Fig. 4.5A).  Furthermore, thymi were properly organized into outer cortical and inner 

medullary regions as assessed by staining with the predominantly medullary marker 

Keratin-5 and the predominantly cortical marker Keratin-8 (Fig. 4.5A) [16].  

Morphometrical analyses of the thymic sections did not did not reveal any quantitative 

differences in the size of the medullary regions or the numbers of Aire+ cells in the 

medulla between controls and Adam17/Foxn1 thymi (data not shown).  Flow cytometric 

analysis of TECs to measure the percentage of Aire+ events within the EpCAM+ fraction, 

indicated a reduction in the frequency of TECs that express Aire in Adam17/Foxn1 thymi 

(Fig. 4.5B).  From two independent experiments, the frequency of Aire+ TECs in 

Adam17/Foxn1 thymi was 65% and 85% of control mice (Fig. 4.5B and data not shown).  
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Furthermore, the mean fluorescence intensity of the events in the EpCAM+Aire+ gate was 

reduced 8% and 4% relative to control mice in two independent experiments (data not 

shown).  The more modest reduction in Aire protein levels relative to the more 

pronounced reduction in mRNA levels may explain why Aire-dependent TRAs are not 

more significantly altered in Adam17/Foxn1 thymi.  To confirm the identity of Aire+ 

TECs, we stained for CD80 and observed that all Aire+ cells in both control and 

Adam17/Foxn1 mice expressed CD80 (Fig. 4.5C), consistent with the previous literature 

[170]. 

 

Thymic stromal populations are unaltered in Adam17/Foxn1 mice 

In order to determine if the observed reduction in Aire levels were the result of a 

reduction in mature medullary TECs (mTECs) or an alteration in another thymic 

population, we stained for markers of thymic stromal cells.  Critically, EpCAM+ TECs 

were unaltered both in number and frequency in Adam17/Foxn1 mice (Fig. 4.6A,D,E).  

mTECs at the terminal stage of differentiation upregulate Aire expression and can be 

identified by several surface markers [30].  To address whether lack of ADAM17 results 

in a loss of mature Aire+ mTECs, we stained with the mTEC markers UEA1, CD80, and 

MHCII [19].  TEC subpopulation analysis revealed similar percentages of medullary 

TECs, as shown by the marker UEA1 (Fig. 4.6B, F), and normal proportions of mature 

and immature medullary TEC subsets as assessed by high and intermediate MHCII 

levels, respectively (Fig. 4.6C).  Also, Aire+ TECs in both control and Adam17/Foxn1 

thymi highly expressed CD80, corresponding to a mature medullary TEC phenotype, 

while Aire- TECs were predominantly CD80low (Fig. 4.5C).  These combined data 
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indicate that, based on phenotypic TEC markers and histological examination, the 

medullary compartment in Adam17/Foxn1 mice is normal despite the clear reduction in 

Aire mRNA expression.  Furthermore, staining with the antibody MTS15 [171] revealed 

normal proportions of MTS15+ thymic fibroblasts in Adam17/Foxn1 mice (Fig. 4.6A,G). 

 

ADAM17 and EGF substrates are expressed on non-TEC thymic stroma 

 Since Adam17/Foxn1 thymi do not display the T cell developmental block 

observed in Adam17 conventional knockout mice [77], it is possible that ADAM17 in 

another thymic stromal cell type is used during T cell development.  To assess this 

possibility, we examined the non-TEC stroma for presence of ADAM17 and EGF family 

ligands, which have been shown to be key substrates for ADAM17 in vivo.  First, to 

confirm ADAM17 expression on non-TEC stroma, we FACS sorted CD45-Ter119-

EpCAM- cells from normal B6 mice.  Quantitative PCR revealed levels of Adam17 

expression in these non-TECs, at least as high as that of TECs (Fig. 4.7A).  We then 

proceeded to examine more specific stromal cell populations, including CD45-Ter119-

EpCAM-MTS15+ thymic fibroblasts and the CD45-Ter119-EpCAM-MTS15- populations 

containing thymic endothelial cells and other mesenchyme [171] (Fig. 4.6A).  Notably, in 

thymic fibroblasts, we observed levels of TGFα and HB-EGF that were elevated relative 

to those of TECs, as well as the presence of the EGF receptor (Fig. 4.7B).  This indicates 

that ADAM17 and EGF pathway substrates shown to be critical in other developmental 

systems are present on the non-TEC populations in the thymus.   

 

Adam10 expression is not altered on Adam17/Foxn1 thymic stroma 
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ADAM10 has a high degree of substrate overlap with ADAM17 and may function 

to compensate for ADAM17 deficiency in vivo.  ADAM10 has been shown to be tightly 

regulated at the transcriptional level, whereas ADAM17 is predominantly activated in a 

post-transcriptional manner [73, 161].  To assess whether ADAM10 expression is altered 

in the thymus following deletion of ADAM17, we performed qRT-PCR on sorted 

EpCAM+ TECs and EpCAM- stroma.  We did not see any alteration in ADAM10 levels 

in TECs or non-TEC stroma in Adam17/Foxn1 mice (Fig. 4.8A,B).  
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Figure 4.1: ADAM17 is efficiently deleted in TECs from Adam17/Foxn1 mice.  Primer 
design to detect the null form of the ADAM17 transcript (A).  Upon Cre-mediated 
excision of exon 2, qPCR for ADAM17 using the indicated primers results in no 
amplification, whereas the wild type ADAM17 transcript is amplified (B).  RT-PCR 
using the indicated primers results in a shortened 180bp amplicon from the ADAM17 
null allele (B).  MACS-sorted CD45+ and CD45- fractions, and FACS-sorted CD8+ cells 
of 13 pooled thymi from 1-week old Foxn1-Cre mice were assessed for the expression of 
Cre recombinase using β-actin as a loading control (C).  MACS-sorted CD45+ cells from 
B6 thymus were used as a negative control.  (D) RT-PCR analysis for the exon2-deleted 
null transcript (180bp amplicon) or the wild type transcript (313bp amplicon) in CD45-

Ter119-EpCAM+ FACS sorted TECs from 8-week old mice.  Mice were pooled to obtain 
ample genetic material for RT-PCR: fl/+, n=6; Cre fl/+, n=4; Cre fl/fl, n=6. (E) CD45-

Ter119-EpCAM+ TECs from 8-week old Control (fl/+ or fl/fl) or Adam17/Foxn1 (Cre 
fl/fl) mice were assessed for Adam17 levels by quantitative RT-PCR.  Each data point 
represents a pool of at least 3 thymi of the indicated genotype from independent 
experiments.  Adam17 expression levels were determined relative to control mice, using 
Gapdh expression as the internal control  The mean Adam17 expression is shown (**p < 
0.01, Student’s t-test).   
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Figure 4.2: T cell developmental progression and thymocyte cellularity are unaltered in 
Adam17/Foxn1 mice.  (A) Representative image of the thymus and spleen extracted from 
4-week old Control or Adam17/Foxn1 mice.  (B) Total cell numbers from individual 
mice of the indicated genotype.  Data represent mean + SD; Control, n=6; 
Adam17/Foxn1, n=8.  p > 0.05 for all comparisons between Control and Adam17/Foxn1 
thymocyte populations.  (C) Representative flow cytometry data from Control and 
Adam17/Foxn1 mice showing CD4 versus CD8 profiles and DN1 through DN4 stages, as 
assessed by CD44 and CD25 staining within the DN gate.  Control (fl/+ or fl/fl); 
Adam17/Foxn1 (Cre fl/fl) 
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Figure 4.3: Thymic and splenic regulatory T cells are present in Adam17/Foxn1 mice.  
Thymus and spleen from 11-12 week old mice were harvested.  FoxP3 intracellular stain 
was performed and the FoxP3+ fraction was determined within the CD4SP thymic 
population (A, left and middle panels).  CD25 stain was performed to assess co-
localization with FoxP3 stain on CD4SP thymocytes (A, right panels).  Splenic CD4SP 
lymphocytes assessed for FoxP3 expression (B).  Frequency of FoxP3+ thymocytes 
within the CD4SP gate (C).  All flow plots are representative of indicated groups.  Data 
represent mean + SD; Control, n=5; Adam17/Foxn1, n=3.  Control (fl/+ or fl/fl); 
Adam17/Foxn1 (Cre fl/fl) 
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Figure 4.4: Aire mRNA expression is reduced in Adam17/Foxn1 EpCAM+ TECs.  FACS-
sorted CD45-Ter119-EpCAM+ TECs were pooled from 8-week old Control and 
Adam17/Foxn1 mice (n≥3 for each pool).  qRT-PCR for Aire (A) and TRA (B) 
expression was determined from 3 independent experiments.  Rpl7 was used as the 
internal control and expression levels were determined relative to mean expression in 
Control mice.  Data represent mean + SD;  p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).  
Control (fl/+ or fl/fl); Adam17/Foxn1 (Cre fl/fl) 
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Figure 4.5: Adam17/Foxn1 mice display normal cortico-medullary thymic architecture.  
(A) Representative thymic sections from 8-week old mice stained for Keratin-5 (K5), 
Keratin-8 (K8), and Aire.  Inset displays a higher magnification image demonstrating the 
typical speckled nuclear Aire staining that is present in both Control and ADAM17/Foxn1 
thymi.  (B) Thymi from 11-week old mice were pooled and digested and CD45-Ter119-

EpCAM+ TECs were analyzed for Aire expression (n≥3 for each pool).  Aire+ gates were 
determined on the basis of IgG2c isotype control staining.  (C) CD80 levels were 
determined for Aire+ and Aire- TECs based on gating in Part B.  Control (fl/+ or fl/fl); 
Adam17/Foxn1 (Cre fl/fl) 
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Figure 4.6: TEC population structure is intact in Adam17/Foxn1 mice.  (A) 
Representative staining of gated CD45-Ter119- thymic stromal cell populations from 8-
week old Control and Adam17/Foxn1 mice.  (B and C) Within the EpCAM+ TEC 
population, staining for UEA1 alone (B), and MHCII plus UEA1 (C) are shown, with 
frequencies of UEA1-, UEA1+, UEA1+MHCIIhi, and UEA1+MHCIIint indicated.  Data are 
representative of Control, n=6 and Adam17/Foxn1, n=10.  (D) TEC frequencies and (E) 
total numbers determined based on population frequencies and total cell counts as 
determined by FACS.  (F) Frequency of the UEA1+ fraction within the CD45-Ter119-

EpCAM+ fraction.  (G)  Frequencies of MTS15+ fibroblasts.  In Parts D through G, the 
graphs report the mean value and each data point represents an individual mouse.  Data 
between genotypes were not statistically significant, with p > 0.05.  Control (fl/+ or fl/fl); 
Adam17/Foxn1 (Cre fl/fl) 
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Figure 4.7: ADAM17 and EGF pathway members are expressed on non-TEC thymic 
stromal cells.  Enzymatically digested thymi from B6 mice were FACS-sorted based on 
TEC and fibroblast markers.  (A) Adam17 expression on CD45-Ter119-EpCAM+ TEC 
and CD45-Ter119-EpCAM- non-TEC stroma with Gapdh serving as the internal control.  
(B) EGF pathway gene expression levels on the indicated populations were calculated 
relative to levels on TECs with Gapdh serving as the internal control.  Data are from 2 
independent experiments with each experiment consisting of n ≥ 3 pooled mice.  Data 
report mean + SD.  In these experiments, the cell types were identified as follows:  TEC: 
CD45-Ter119-EpCAM+MTS15-; Fibroblast: CD45-Ter119-EpCAM-MTS15+; Non 
TEC/Fibroblast: CD45-Ter119-EpCAM-MTS15-.  TECs were sorted to an average of 
92% purity, fibroblasts to 68.73% purity, and non-TEC/fibroblast to 95.84% purity.  
Despite lower fibroblast purity, notably, no sorted fibroblasts fell within the TEC FACS 
gate upon re-analysis (data not shown).   
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Figure 4.8: Adam10 levels are unaltered on ADAM17/Foxn1 TECs and non-TEC stroma.  
FACS-sorted CD45-Ter119-EpCAM+ TECs and CD45-Ter119-EpCAM- stroma were 
pooled from 8-week old Control and Adam17/Foxn1 mice (n≥3 for each pool).  Adam10 
levels were determined in TECs (A) and non-TEC stroma (B).  Rpl7 was used as the 
internal control and expression levels were determined relative to mean expression in 
Control mice.  Data represent mean + SD of 2 independent experiments.  No statistically 
significant differences were found.  Control (fl/+ or fl/fl); Adam17/Foxn1 (Cre fl/fl) 
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Figure 4.9: A revised model of ADAM17’s role in the thymus.  ADAM17 may act in 
several related manners which collectively regulate T cell development:  1) ADAM17 
may modulate systemic factors in that can affect T cell development in an endocrine 
fashion, potentially through control of DP cell survival;  2) ADAM17 may release factors 
from non-TEC stromal cells (such as fibroblasts) that in turn act directly on thymocytes 
or on TECs to promote proper T cell development;  3) ADAM17 in TECs regulates 
expression of Aire mRNA levels through an unknown substrate interaction.   
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4.4. Discussion: 

 Loss of ADAM17 results in a profound non-cell autonomous T cell 

developmental block in conventional knockout mice, and the underlying assumption from 

the previous literature was that absence of ADAM17 in thymic epithelial cells was the 

key cause of this block [77].  In the present study, we have conditionally knocked out 

ADAM17 in thymic epithelial cells expressing the transcription factor Foxn1 [167].  We 

have convincingly shown that wild type Adam17 is eliminated at the mRNA level by both 

quantitative and standard RT-PCR strategies.  Surprisingly, Adam17/Foxn1 conditional 

KO mice do not possess a similar block in T cell development to Adam17 conventional 

knockout mice.  No hematopoietic lineage was statistically different in percentage or total 

cell numbers in the Adam17/Foxn1 thymus compared to controls.  Adam17 has been 

deleted under the control of other promoters including Sox9, resulting in an osteoporotic 

phenotype due to G-CSF dysregulation [172] and Tie2, revealing a role for Adam17 in 

pathological neovascularization [173].  Our results, which show that Adam17 in TECs is 

not necessary for thymic development, were contrary to expectation, but could be 

explained by several possible reasons, described below. 

 First, ADAM17 may be acting within the thymic microenvironment to regulate T 

cell development, but on a non-epithelial cell type (see conceptual model shown in Fig. 

4.9).  Consistent with this idea, we have observed high levels of Adam17 expression on 

the CD45-EpCAM- population of cells in the thymus, which contain fibroblasts, 

endothelial cells, and other mesenchymal cells.  Furthermore, these non-epithelial cell 

types are unaffected in Adam17/Foxn1 mice.  In addition, TGFα and HB-EGF, two EGF 

pathway ligands shed by ADAM17 during the development of other epithelial tissues, are 
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expressed at high levels in adult thymic fibroblasts relative to TECs.  It is has been well 

established that growth factors such as FGF7 and FGF10 are secreted from the neural 

crest-derived mesenchyme that surrounds the thymic epithelium in fetal development 

[127].  The interaction of mesenchyme regulates TEC development, proliferation and 

ability to support thymopoiesis.  Through fetal thymic organ culture experiments it has 

been shown that this mesenchymal support can be replaced by addition of the soluble 

ADAM17 substrate TGFα [38].  Thus, ADAM17 may potentially be produced by non-

TEC stroma during the fetal and/or adult stages to promote the development and 

proliferation of TECs, facilitating proper thymocyte development.  Alternatively, signals 

shed by ADAM17 on non-TEC stroma may target the thymocytes directly.  It has 

previously been shown that thymic mesenchyme and fibroblasts can play a direct role in 

early T cell development [174-175].  Recently, intrathymic PDGFR+ pericytes of neural 

crest origin have been show to promote thymocyte egress, highlighting the importance of 

non-TEC stroma in thymus physiology [176-177]. 

 Second, it is possible that there is an extrathymic requirement for ADAM17 for 

proper T cell development (Fig. 4.9).  Since ADAM17 sheds factors that can act 

systemically [52], it is possible that extrathymically derived factors influence intrathymic 

development.  The multiple systemic defects in Adam17ΔZn/ΔZn mice also support this 

hypothesis [52].  For example, the DP thymocyte subset, which is the population reduced 

in Adam17ΔZn/ΔZn mice [77], is highly sensitive to levels of systemic factors such as 

glucocorticoids, which are involved in metabolism and stress response [178].  Adult 

Adam17ΔZn/ΔZn mice have a lean and hypermetabolic phenotype characterized by reduced 

fat mass despite normal food intake.  However, corticosterone (the major glucocorticoid 
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in mice) was not altered in Adam17ΔZn/ΔZn mice [76].  Interestingly, plasma levels of 

leptin, a key factor in the energy homeostasis system, were reduced approximately 2-fold 

in Adam17ΔZn/ΔZn mice.  Leptin-deficient ob/ob mice possess a high level of DP 

thymocyte apoptosis, which can be reversed by addition of recombinant leptin [179].  

Leptin has been shown to act by protecting thymocytes from glucocorticoid induced 

apoptosis [180].  The phenotype of ob/ob DP thymocytes is very similar to 

Adam17ΔZn/ΔZn mice.  It remains to be determined if changes in these systemic factors 

(which theoretically would not be altered in the Adam17/Foxn1 mice) are the cause of the 

thymic hypocellularity in Adam17ΔZn/ΔZn mice. 

 Our data show that Adam17/Foxn1 mice have reduced expression of the 

transcription factor Aire in TECs, but this reduction does not affect TEC population 

composition.  Mutations in Aire have been associated with autoimmune disease in 

humans and in mouse models [23].  Adam17/Foxn1 mice do not display any overt 

phenotypes that would indicate autoimmune disease, which is consistent with the normal 

thymic phenotype and production of mature T cells observed in two-to-three-month-old 

Aire KO mice [181].  The extent of autoimmune disease in Aire KO mice is dependent 

on the genetic background [182], with very mild disease observed on the mixed 129xB6 

background [27] (which incidentally, is the same background as the Adam17/Foxn1 mice 

used in our studies).  Therefore, the unaltered thymus development observed in 

Adam17/Foxn1 mice, despite the reduced Aire mRNA expression in these mice, is of 

similar phenotype to Aire KO mice.  Little is known about the factors that regulate Aire 

expression.  Aire expression is highly specific to mature medullary TECs only at their 

latest stages of differentiation [30].  Lymphotoxin β receptor signaling was initially 
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thought to regulate the expression of Aire [183], but the current consensus now favors the 

conclusion that lymphotoxin β receptor signals are required for TEC differentiation but 

do not impact Aire expression directly [23, 184].  ADAM17 has recently been shown to 

cleave the RANK receptor [185].  RANK signaling is key to the development of mature 

medullary Aire-expressing TECs [186-188].  However, our observation that TEC 

populations are normal in Adam17/Foxn1 mice does not support the hypothesis that 

ADAM17 is necessary to facilitate RANK signaling in the thymus. 

 In conclusion, our findings reveal that ADAM17 is dispensable in TECs for the 

ability to support T cells to progress through the characterized stages of αβ T cell 

development.  This contrasts with conventional Adam17ΔZn/ΔZn mice and suggests a novel 

role for ADAM17 in non-TEC stroma or extrathymically-derived ADAM17 substrates on 

T cell development.  New conditional knockout strategies are necessary to identify the 

cell type in which ADAM17 non-autonomously regulates T cell development.  In 

addition, our findings indicate that ADAM17 in TECs regulates the expression of the 

transcription factor Aire.  Further experiments will be required to identify the exact 

ADAM17 substrates involved in Aire regulation and whether and the ADAM17 deficit in 

TECs leads to breaches in the regulation of negative selection in thymocytes and self-

tolerance.   
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Chapter 5: Synthesis and future directions:  

 Altogether, the studies conducted on the metalloprotease ADAM17 have led to a 

better understanding of its role in the process of T cell development.  Through our use of 

both in vitro and in vivo systems we have come to the following overall conclusions: 

1) Cleavage of DLL1 does not negatively affect Notch signaling in the thymus. 

 Our findings utilizing the OP9 co-culture system clearly demonstrate that 

deficiency in ADAM protease mediated cleavage of the Notch ligand DLL1 does not 

hinder the ability of hematopoietic precursors to adopt the T cell fate.  However, 

interestingly, elevated Notch signaling as assessed by the target gene Hes5 and reduced 

ability to adopt the granulocyte cell fate are consistent with a downregulatory role of 

ADAM protease mediated DLL1 cleavage.   

2) ADAM17 is differentially required during fetal and adult T cell development. 

In ADAM17ΔZn/ΔZn fetal mice at E17.5 we have observed no deficits in thymocyte 

development or TEC composition.  These results indicate that ADAM17 does not exert 

its effect on T cell development at this early stage of development.  Understanding the 

differential genetic requirements between fetal and adult T cell development will be 

necessary for comparing findings between models and generating therapies targeted at a 

particular temporal stage of development.   

3) ADAM17 in adult TECs alters Aire expression without affecting thymocyte or TEC 

populations. 

An understanding of how intrathymic communication is established will facilitate 

in thymus and T cell regenerative strategies.  Our findings here show that while 

ADAM17 is not necessary in TECs for their ability to support canonical αβ T cell 
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development, it may be critical in promoting self-tolerance.  We have observed 

reductions in the level of the transcription factor Aire in ADAM17/Foxn1 mice, and it will 

be of interest to characterize the link between ADAM17 and Aire.   

 There are a number of future studies that will provide answers to several of the 

remaining questions about the role of ADAM17 in the thymus.  Conventional 

ADAM17ΔZn/ΔZn knockout mice have served as a useful tool for understanding 

ADAM17’s biological functions in vivo.  These mice revealed a role for ADAM17 in the 

thymus.  Analysis of ADAM17ΔZn/ΔZn mice on the 129S3 mixed background would be 

useful for determining if systemic factors in these mice are causing their T cell block.  A 

simple experiment would be to inject recombinant leptin into these mice to determine if 

its normal levels can rescue the T cell block.  However, these mice are difficult to 

maintain, and in fact, the original line that was used to analyze the role of ADAM17 in 

adult mice has recently not been able to generate mice that survive to adulthood (D. 

Vignali, personal communication).  Therefore, to better understand the function of 

ADAM17 in T cell development new models will have to be generated to overcome their 

lethality and replicate their T cell phenotype.  This can most precisely be done through 

the use of conditional knockout mice, in which ADAM17 is deleted in a tissue specific 

manner.   

 ADAM17’s potential role in non-TEC stroma that makes up the thymic 

microenvironment will be important to assess.  Due to the heterogeneity of non-TEC 

stroma [15], targeted deletion of the ADAM17 will require multiple knockout models.  

The neural crest derived thymic mesenchyme has been successfully labeled in Wnt1-Cre 

and Sox10-Cre mice, allowing the fate mapping of this population [176].  These Cre mice 
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would be useful for targeting ADAM17 specifically in thymic neural crest derivatives. 

VE-Cadherin-Cre mice would be another useful tool that would allow us to delete 

ADAM17 in the endothelial cell of the thymus [189].  Deleting ADAM17 in these 

stromal elements would be informative for understanding ADAM17’s role in the thymus.   

 TEC culture has been notoriously difficult as TECs lose their functional ability to 

support T cells and lose expression of key functional genes in two dimensional culture 

[190].  However, thymic fibroblasts and other mesenchyme may be easier to culture, 

which would allow in vitro functional studies.  Several informative in vitro experiments 

could be performed, such as culturing ADAM17ΔZn/ΔZn fibroblasts with TECs and looking 

at short term proliferation of TECs.  This strategy has proven useful in studying 

development of myocardium, and has shown that HB-EGF released by cardiac fibroblasts 

is critical for myogenesis [191-192].  Better protocols to culture TECs would also allow 

for in vitro manipulation to study the processes that ADAM17 is regulating and what 

factors might control the expression of Aire.   

 Aire reduction in ADAM17/Foxn1 mice is an interesting finding and it will be 

important to characterize which ADAM17 substrate is responsible.  There is little 

characterization of Notch signaling and EGF signaling in TECs.  These pathways may be 

involved as ADAM17 is implicated in their regulation.  Broad gene expression arrays via 

microarray or PCR array of ADAM17/Foxn1 TECs would provide critical information 

about signals being altered and may give clues to Aire regulatory mechanisms.   

 To further solidify the role of ADAM17 in Aire expression it will be useful to 

examine ADAM17/Foxn1 mice for signs of autoimmunity.  Assays for auto-antibody 

levels have been used to indicate an Aire dependent loss in central tolerance.  Aire 
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deficient mice on a mixed B6 x 129Sv background have organ specific auto-antibodies 

after 3 to 6 months of age [25].  Likewise, these mice show signs of lymphocytic 

infiltrate into the salivary gland and retina.  The process of tissue infiltration is rare until 

after 13 weeks of age, so it is critical that these studies be performed on aged mice.  

These analyses of ADAM17/Foxn1 mice will allow us to determine the extent of the Aire 

deficiency and whether its reduction results in autoimmunity in mice.  Through the use of 

novel in vivo models and in vitro techniques, it will be further possible to characterize 

how ADAM17 is functioning in the thymus.  
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