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“You know, sometimes all you need is twenty seconds of insane courage. 

Just literally twenty seconds of just embarrassing bravery. And I promise 

you, something great will come of it...” 

~Benjamin Mee (We Bought A Zoo) 
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Summary 

 

Lifelong hematopoiesis is supported by hematopoietic stem cells (HSCs) differentiating 

within the bone marrow (BM) down all blood cell lineages including erythrocytes, platelets, 

myeloid and lymphoid cells. Although most blood cells are generated entirely within the 

BM, T cells complete their development in the thymus, a primary lymphoid organ within 

the mediastinal cavity. Together, B and T cells represent the lymphoid arm of the immune 

system and are vital in the adaptive protection against foreign pathogens.  

While hematopoiesis is continuous for the lifespan of the organism, it is currently well 

established that, paradoxical to its fundamental importance for establishing and 

maintaining good health, the adaptive immune system degenerates very early with age; a 

phenomenon temporally linked to sex steroid exposure. Beginning from birth, but 

accelerated at the onset of puberty, both the primary lymphoid organs – the BM and 

thymus, gradually deteriorate, resulting in a decline in the generation of new naïve B and T 

cells. In healthy adults this does not pose a major threat, however in patients who are 

immunocompromised following cytoreductive treatments, such as chemo- or radiation- 

therapy or chronic infections best exemplified by acquired immunodeficiency syndrome 

(AIDS), immune recovery is considerably delayed leaving these individuals susceptible to 

opportunistic infections and malignant relapses. As a corollary to the hypothesized 

underlying cause of immune atrophy, our laboratory and others have previously 

demonstrated that removing the negative effects of sex steroids by either surgical or 

chemical (reversible) castration (sex steroid ablation; SSA) facilitates significant immune 

regeneration in aged mice and can enhance lymphoid recovery post HSC transplantation 

(HSCT) or treatment with chemotherapy.  
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This thesis aimed to elucidate the mechanisms underlying SSA-mediated lymphoid recovery 

by comprehensively assessing the impact of SSA on (1) the function of hematopoietic stem 

and progenitor cells in the BM, (2) the ability of the supporting BM stromal 

microenvironment to support hematopoiesis, and (3) the function of the earliest T-lineage 

progenitors in the thymus.      

Consistent with previous reports, we observed an age-associated accumulation of HSCs that 

demonstrated inferior self-renewal capacity and lymphoid differentiation potential when 

compared to young HSCs.  We further demonstrated both a numerical and functional 

enhancement of the primitive long-term HSC (LT-HSC) population following SSA. Not only 

did these LT-HSCs show enhanced self-renewal, they were also more efficient at 

differentiating into downstream lymphoid cells with SSA. Detailed molecular analysis 

revealed important cell intrinsic changes pertaining to quiescence, self-renewal, lymphoid 

differentiation and DNA replication processes occurring within these primitive HSCs, 

collectively suggesting their role in establishing SSA-mediated immune regeneration. 

Since HSCs rely heavily on their stromal cell-based microenvironmental “niches” for signals 

governing their differentiation and survival, the effects of SSA on the the endosteal and 

vascular (central marrow) compartments were profiled. Interestingly, a population of 

osteoblasts (OBLs) with high Runx2 expression was revealed within the vascular niche of 

the BM that numerically increased with age; this correlated with an accumulation of LT-

HSCs seen with age in the BM. These Runx2 –rich OBLs also expressed hematopoietic 

supporting molecules, albeit to a lesser degree than the canonical LT-HSC-associated 

endosteal osteoblasts. These age-related changes were not observed within the endosteal 

osteoblasts compartment however. While SSA was unable to reverse the age-associated 

increase in the vascular OBL population, there was increased expression of genes linked to 

promoting HSC quiescence, self-renewal, lymphoid differentiation and cell adhesion. This 
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clearly indicates the important synergisms between the hematopoietic and stromal 

compartments of the bone marrow – with both contributing to the SSA-induced 

rejuvenation of the blood system.  

With this evidence suggesting that enhanced HSC and BM niche function led to 

downstream improvements in lymphopoiesis, the final section of this thesis focused on the 

effects of SSA on the lymphoid progenitors: their ability to seed the thymus and 

subsequently differentiate into T cells. While there has been considerable insight into the 

developmental hierarchy of HSCs and the downstream progenitors within the BM, little is 

known about the identity of the thymic-bound progenitor that egresses from the BM.  

Increases in the CD27+CD62L+ lymphoid primed multipotent progenitors (LMPP) and 

common lymphoid progenitors (CLPs) within the BM, and the early thymic progenitor 

(ETP) and CLP-2 within the thymus were evident following SSA. The earliest T cell 

progenitor within the thymus is the ETP, which has proficient T differentiation potential. 

However the earliest cellular increase in the thymus post SSA was by the CLP2 population at 

day 2. The CLP and its downstream CLP-2 produced in the BM, are by default a B cell 

progenitors, yet have a very efficient capacity for thymic entry and the propensity to form 

T cells once influenced by Notch signaling within the thymus. Several thymic homing 

molecules, CCR-7, CCR-9 and PSGL-1 have been identified on various circulating thymic 

progenitors (CTPs), however the expression of these molecules was unaltered following 

SSA. This would suggest the increased ability of these BM derived CLP-2s to migrate into 

the aged regenerating thymus, is possibly due to a noncanonical “stress” or “damage” 

associated pathway. The data are thus consistent with the downstream improvements 

observed in lymphopoiesis being the result of an increased supply of lymphoid progenitors 

from the BM, subsequently entering the thymus coupled with an enhanced ability of the 
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intrathymic microenvironment in supporting thymopoiesis, rather than an enhanced 

intrinsic ability of these progenitors to differentiate into T cells, on a per cell level. 

Collectively, the work presented here provides a tantalizing glimpse into the mechanisms 

underlying SSA-mediated lymphoid regeneration, and hence a means of improving 

transplant outcomes, perhaps by either conditioning donor HSCs or the recipient BM 

niche, or by targeted acceleration of the regeneration process to reduce the time required 

for immune recovery. 
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1.1 Abstract 

	  
Adaptive immunity is predicated on the continuous production of T cells in the thymus and 

B cells in the BM from hematopoietic stem cells (HSCs). HSCs differentiate into multiple 

distinct lineages in addition to maintaining the pool of stem cells and it is this dual function 

that ensures the support of blood cell production for the lifespan of the organism. This 

balance between stem cells quiescence and self-renewal, in addition to the differentiation of 

downstream progenitors, occurs via a network of complex interactions with the supporting 

microenvironmental niche. Although hematopoiesis is continuous for the duration of life, 

there is a profound reduction in lymphoid development and function with age that could be 

at least one etiological basis for the increased incidence of malignant disease. Developing 

strategies to enhance lymphopoiesis, particularly following cytoablative treatments, is 

therefore a significant unmet clinical need.  
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1.2 Introduction 

 
Hematopoiesis is predicated on the complex interactions between hematopoietic stem and 

progenitor cells (HSPCs) and their supporting stromal microenvironmental niches and 

remains responsible for maintaining all blood cell lineages throughout an organism’s 

lifespan (Figure 1.1 and (1)). Although most hematopoietic lineages are generated from 

hematopoietic stem cells (HSCs) in the bone marrow (BM), T cell precursors begin their 

development in the BM before migrating to the thymus (Figure 1.1 and (2-4)). While there 

is some debate about the nature of the thymus-seeding BM-derived precursor, there is 

increasing evidence that there is an intrinsic link between the mobilization of precursors 

from the BM and their gated entry into the thymus (5). Under the instructive interaction 

with the highly specialized thymic stromal compartment, precursor T cells differentiate 

through a series of distinct stages of development, ultimately generating a diverse 

repertoire of T cells to protect from foreign pathogens.  

With age, there is considerable degeneration of both BM and thymus lymphopoiesis and 

hence a decline in lymphoid cell production and function (6-9). The thymus atrophies 

severely with age, with profound disruption of functional thymic tissue.  Many of these age-

related effects can be correlated to sex steroids, and the cessation of sex steroid production 

through either chemical or surgical castration leads to the regeneration of lymphopoiesis in 

both the BM and thymus (8, 10). However, the specific mechanisms that underlie sex 

steroid ablation (SSA)-mediated regeneration are unclear. Several possibilities arise, 

including 1) intrinsic regeneration of HSPCs in the BM leads to the restoration of their 

lymphoid lineage capacity, 2) intrinsic impacts on the stromal compartments of the BM and 

thymus lead to enhanced support of lymphoid lineage commitment sets a new demand for 

HSPCs from the  
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Figure 1.1 Maintenance of HSCs in the niche and their differentiation down 
lymphoid lineages in the BM and thymus. Long-term hematopoietic stem cells (LT-
HSC) reside in specialized niches in the endosteum and adjacent to sinusoidal vascular 
epithelial cells. CAR cells and a subset of hematopoiesis-supporting osteoblasts (OBL) are 
though to be critical for HSC maintenance in the niche. Adhesion of HSCs to these niches is 
mediated by signals through the calcium-sensing receptor, CXCR4, VLA-4 and 5, ckit and N-
cadherin. The balance between self-renewal and quiescence is maintained through the 
Notch and β-catenin pathways as well as signalling through Tie-2, hyaluronic acid, CD44 
and MPL by their respective ligands Ang-1, CD44, OPN and TPO. Differentiation down the 
lymphoid lineage towards LMPP and CLP is associated with expression of PU.1 and Ikaros. 
For T cell development to occur, hematopoietic progenitors periodically egress from the 
BM, associated with interactions through ckit, VLA-4, Flt3 and CXCR4, and enter the 
circulation. Expression on the surface of circulating progenitor cells of CCR9 and PSGL-1 
are crucial for the entry of hematopoietic progenitors into the thymus. Once in the 
thymus, commitment to the T-cell lineage is secured by interaction with the Notch ligands 
delta-like 1 and 4. With appropriate interactions from the supporting stromal 
microenvironment, comprised primarily of cortical and medullary thymic epithelial cells 
(cTEC and mTEC respectively) and fibroblasts, T cell development progresses through 
distinct stages and positive and negative selection, to form self-tolerant single positive T 
cells. Naïve T cells are exported from the thymus based on an S1P gradient that can 
influence the expression of P-selectin and CCL25 by thymic stromal cells and thereby 
influence thymic receptivity to circulating progenitors. 
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BM, or 3) a combination of these two alternative. Since lymphoid regeneration can severely 

improve the clinical outcomes for patients who have undergone myeloablative treatments, 

elucidating the mechanisms surrounding SSA-mediated immune regeneration will likely 

prove clinically beneficial through targeted approaches. 

 

1.3 Hematopoiesis in the Bone Marrow 

 1.3.1  Hematopoietic Stem Cells 

  1.3.1.1 Phenotype 

 
HSCs are multipotent stem cells able to generate all blood lineages. In the mouse, all HSC 

activity has been attributed to a phenotype known as “LSK”: that is they are phenotypically 

defined as being negative for all lineage-associated markers but positive for Sca1 and cKit 

(11-16). 

The LSK population is a very broad phenotypic definition of HSCs with only approximately 

1 in 10 LSK cells containing true HSC capacity (17). The LSK fraction can be further 

subdivided into LT-HSCs (long term HSCs), ST-HSCs (short term HSCs) and MPPs 

(multipotent progenitors) based on their reconstitution capacity and expression of the 

markers CD34, Flt3, CD150 and CD48 or through the use of the supravital Hoechst-33342 

dye (17-19) (Figure 1.1).  

The upregulation of Flt3 has been associated with a decline in the self-renewal capacity of 

LSK cells (20, 21). Consistent with this notion, LT-HSCs lack expression of CD34 and Flt3 

(17, 22, 23).  The remaining LSK Flt3- population is divided into the CD34+ (MPP) and 

CD34- (ST-HSC) fractions.  

More recently another method of phenotyping the three subsets of HSCs have been 

introduced based on the expression of the SLAM family markers. The SLAM family is 

comprised of 10 to 11 cell surface receptors that are thought to regulate the proliferation  
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and activation of lymphocytes (24, 25). Based on these set of markers, it has been found 

that the CD150+ CD48- population represents a highly purified LT-HSC pool (26, 27). These 

cells also uniformly lack CD244 expression (25). The utility of these markers in conjunction 

with the canonical HSC markers and the exclusion dye (Hoechst dye) provides us with a 

highly purified LT-HSC population (25, 28).  

 
 1.3.2 The supporting hematopoietic niche  

 
The BM HSC niche is a highly organized 3-dimensional microenvironment comprised of 

fibroblasts, macrophages, megakaryocytes, endothelium, adipocytes and osteogenic cells 

(osteoblasts - OBLs and osteoclasts). Moreover, recent evidence also suggests a role for 

upstream mesenchymal stem cells (MSCs) in the hematopoietic niche (29). In addition to 

these cellular components, the BM niche also relies on the extracellular matrix (ECM) and 

various hematopoietic growth factors. 

The spatial organization of these niche components is itself highly strategic and correlates 

closely to both the lineage and function of the supported HSCs, although there is some 

contention about this. Although one hypothesis suggests the existence of two distinct HSC 

niches within the BM, residing at the endosteal surface and adjoining sinusoidal 

endothelium, another suggests that only the endosteal niche supports true HSCs (30, 31). 

The endosteum is arbitrarily defined as the width of 12 cells between the bone-core marrow 

interface and has been described as home to the most primitive quiescent HSCs (31). 

However, recent findings suggest the sinusoidal niche can also support primitive HSCs and 

that quiescence is regulated by the hypoxia of the environment rather than its spatial 

localization (32, 33). These two niches are comprised of different cells with the endosteum 

enriched for hematopoiesis supporting OBLs while the vascular niche comprised of 

endothelium and MSCs. In contrast to these two-niche hypotheses, Lo Celso and colleagues 

propose a one-niche hypothesis, which lacks spatial distinction between these two regions 
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and argues that since OBLs are perivascularly located, the endosteal and sinusoidal niches 

are not, in fact different to each other (34). 

 

  1.3.2.1 Osteoclasts and OBLs at the endosteal surface 

 
Osteoclasts and OBLs work primarily in bone remodelling, with the phagocytic osteoclasts 

responsible for bone resorption and the OBLs for bone formation (35). Apart from their 

primary role in osteogenesis, these cells also play a role in hematopoiesis. 

Osteoclasts are monocyte-derived cells that are thought to play a crucial role in 

hematopoiesis by breaking down the bone matrix and releasing growth factors such as 

TGF-β (transforming growth factor β), IGFs (insulin like growth factors) and BMP (bone 

morphogenesis protein), all of which have been implicated in hematopoiesis (36-39). TGF-β 

has been shown to be involved in the maintenance of HSC quiescence (40) while IGF-1 

promoted survival of progenitor cells in the BM (37). BMPs represent a large family of 

secreted signalling molecules that play various roles in different stem cell systems (41). 

BMP4 is one such example and is vital in the maintenance of HSC long term repopulating 

activity (36). Osteoclasts are also thought to release high concentrations of hydroxyapatite-

bound calcium, a regulator of HSC accumulation at the endosteal interface (42).  

Additionally, recent evidence suggests a role for osteoclasts in the mobilization of 

hematopoietic progenitors from the BM into the circulation; mediated by osteoclast-derived 

matrix metalloproteinase 9 (MMP) and cathepsin K-mediated cleavage of SDF-1 (43). In a 

study by Lymperi and colleagues, a resorption inhibitor; bisphosphonate alendronate (ALN), 

was used to repress osteoclast-mediated bone resorption. This resulted in a reduction in the 

number and reconstitution capacity of primitive HSCs with a subsequent expansion of the 

HPCs (38). 

Of the numerous cell types implicated in supporting hematopoiesis, OBLs are perhaps the 

most widely studied (1, 44-47). OBLs are bone-lining cells that have dual functions: 
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regulating bone formation; by both producing bone matrix proteins and initiating the 

differentiation of osteoclasts, and supporting hematopoiesis (48). OBLs are derived from 

MSCs (49), which are CD34- CD73+CD105+CD166+CD90+ and generally HLA (A,B,C)+ cells 

found in the BM that can differentiate into adipocytes, chondrocytes and osteogenic cells 

(49, 50) (Figure 1.2).  

 
  1.3.2.2 The role of endothelium in BM hematopoiesis 

 
BM endothelial cells are also of critical importance in supporting hematopoiesis. In fact, 

endothelial cells are one of the few cells able to successfully support HSCs in vitro (51, 52). In 

the study by Ohneda and colleagues, two different endothelial cell lines were derived from 

the CD34+ population in the aorta-gonad-mesonephros (AGM) region of an embryo. Both 

these cell lines were then tested for their ability to support hematopoiesis in vitro. 

Interestingly, while the DAS 104-8 endothelial cell line promoted differentiation of co-

cultured fetal liver HSCs into erythroid, myeloid  

and B lymphoid pathways, the DAS 104-4 line was only able to support expansion and self-

renewal of the co-cultured HSCs (51). Similarly in another study by Li et al., primary 

endothelial cells isolated from the yolk sac of an embryo was capable of supporting the 

expansion of adult HSPCs ex vivo (52). 

 

  1.3.2.3 The role of fibroblasts and MSCs in the HSC niche  

 
MSCs are multipotent cells capable of differentiating down adipogenic, chondrogenic and 

osteogenic pathways. MSCs commit to an osteoblastic lineage and develop to pre-OBLs 

through expression of Runx2, which inhibits MSC progression down adipogenic and  
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chondrogenic lineages (53). Osterix and β-catenin are transcription factors that act 

downstream to Runx2 and are vital for pre-OBLs becoming immature OBLs (54, 55). 

Immature OBLs express matrix protein genes and high levels of osteopontin. They then 

differentiate into mature OBLs, expressing high levels of osteocalcin (56). These 

osteocalcin-expressing mature OBLs now have the propensity towards one of three fates: 

becoming quiescent bone lining cells or differentiate into osteocytes and embed into the 

bone matrix or to die by apoptosis (57) (Figure 1.2). 

Moreover, there is increasing evidence that have also suggested a role for MSCs in directly 

supporting hematopoiesis (29). Mendez-Ferrer et al. have described a role for CD45- nestin+ 

MSCs in the homing of HSCs into the BM; since they have been shown to be perivascularly 

located in both the endosteum and sinusoidal niches and in close proximity to HSCs as well 

as sympathetic nerve fibres. It is thought that the sympathetic nervous system controls 

HSC mobilization and homing through regulating the expression of CXCL12 via the β3-

adrenergic receptor (29). They were also found to express the hematopoietic associated 

genes CXCL12, stem cell factor (SCF), angiopoieitin, IL7, VCAM1 and osteopontin at levels 

higher than that found in OBLs (29). 

 

 1.3.3 Crosstalk in the hematopoietic niche 

 
Stem cells can be defined by two fundamental characteristics, 1) the ability to differentiate 

into multiple distinct downstream cells, that is differentiation, and 2) the ability to generate 

new stem cells, that is, self-renewal. The size of the stem cell pool is maintained by the 

balance between HSC quiescence and self-renewal and is tightly regulated through 

interactions with the surrounding BM microenvironment. This regulation, known as the 

niche concept,was first proposed by Schofield in the late 70s and has gained wide acceptance 

since  (58). 
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Figure 1.2 Mesenchymcal stem cell differentiation into the osteoblast lineage.  
Osteoblasts differentiate from mesenchymal stem cells (MSCs). MSCs are BM-resident cells 
that have the propensity to differentiate into adipocytes, chondrocytes and osteogenic cells. 
Runx2 expression inhibits MSC progression down the adipogenic and chondrogenic 
lineages and promotes preosteoblast formation. Preosteoblasts then differentiate into 
immature osteoblasts upon osterix and β-catenin transcription control. It is at the 
immature osteoblast stage that osteopontin expression begins. Immature osteoblasts also 
begin expressing extracellular matrix proteins and become mature osteoblasts, which 
express high levels of osteocalcin. Mature osteoblasts now become quiescent bone lining 
cells, differentiate into osteocytes within the bone matrix or die by apoptosis. 
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1.3.3.1 HSC quiescence and self-renewal 

 
Stem cell quiescence and self-renewal are critical for hematopoietic maintenance. Of several 

significant factors involved in regulating HSC quiescence, one of the most significant has 

been the hypoxic environment, either in endosteum or sinusoidal niches (59). Winkler et al. 

were able to show through the use of Hoescht dye and flow cytometry that the more 

primitive HSCs primarily resided in avascular regions of the BM. Only LSK CD41- CD48- 

CD150+ cells that excluded the Hoechst dye (Ho neg) and hence that were more distally 

located to blood vessels, were able to serially reconstitute lethally irradiated congenic 

recipients (59). Interestingly, HSCs with the same phenotype but found in vascularised 

regions of the BM (Ho bright) were only able to reconstitute a single host mice upon 

transplantation (59). Similarly, the Hoechst method of measuring perfusion was applied to 

BM stromal cells and it was found that the OBLs were more avascularly situated when 

compared to both endothelial and mesenchymal stromal cells (59). It is hypothesized that 

low oxygen and blood-borne nutrient concentrations resulting from being located near low 

velocity sinusoidal vessels, as well as a rich localized secretion of trophic niche factors 

favors more primitive long-term hematopoietic stem cells within the BM (59). Along with 

the physical environment, several trophic factors have also been implicated in maintaining 

HSC quiescence. These include angiopoietin, thrombopoietin, CXCL-12, Wnt signalling, 

transforming growth factor β (TGF-β) and osteopontin.  

The angiopoieitin-1 (Ang-1)/Tie2 signaling pathway is thought to play a crucial role in 

mediating quiescence. Ang-1 is expressed on OBLs while Tie2 is a receptor tyrosine kinase 

expressed in slow cycling HSCs that localized at the endosteal surface (60). Through an 

elegant transplantation assay involving BM cells transfected with a retrovirus containing 

Ang-1, Arai and colleagues were able to successfully demonstrate that Tie2/Ang-1 signalling 

played a direct role in promoting HSC quiescence (60). Arai et al. also showed that 
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Tie2/Ang-1 signalling led to the activation of β1-integrins and hence firm adhesion to the 

endosteal surface (60, 61).  

In a similar fashion, the interaction between thrombopoieitin (Tpo) and its receptor 

Myeloproliferative leukemia virus oncogene (Mpl) is another pathway found to be vital for 

quiescence, at least partially via the upregulation of β1-integrins (62). Mpl is expressed on 

quiescent HSCs while Tpo is produced by OBLs. Using neutralizing antibodies against Mpl 

or Tpo-deficient mouse models, it was found that there was upregulation of the G1-phase 

CDK inhibitor p57Kip2, which has been found to be specifically expressed in LT-HSCs, 

leading to HSC quiescence (63, 64). Interestingly, Tpo has a variety of functions; in addition 

to playing a role in maintaining HSC quiescence and in platelet production; it also acts on its 

receptor Mpl to facilitate HSC expansion in a transplantation setting (64). 

HSC localization in the niche is important for quiescence and the cell adhesion molecules 

that are associated with this, such as N-cadherin, β1-integrin and osteopontin are also 

thought to have a direct influence on quiescence (65). As mentioned previously, both the 

Tie2/Ang-1 and Tpo/Mpl pathways lead to downstream activation of β1-integrin. These 

signalling cascades also upregulate N-cadherin. N-cadherin is expressed on endothelial cells, 

HSPCs as well as a subpopulation of OBLs termed spindle-shaped N-cadherin+ OBLs (SNO 

cells) (66). It is involved in strong homotypic interactions that hold the primitive HSC onto 

the endosteal surface, preventing them from differentiating into downstream progenitors 

(30). 

TGF-β is perhaps one of the most effective inhibitors of HSC expansion as shown in 

numerous in vitro assays and like activins and bone morphogenic proteins (BMPs) mediates 

its downstream effects via Smad pathways (67). It has been suggested that TGF-β signalling 

alters cytokine receptor expression, ckit expression and up-regulates cyclin-dependent 

kinase inhibitors like p21cip1, p27 kip1and p57 kip2 (68, 69). Bmps on the other hand play a 

more ambiguous role in hematopoiesis with its effects being dose dependent. At high 
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concentrations of Bmp 2 and 7 and low concentrations of Bmp 4, CD34+ CD38- HSCs were 

more quiescent while at low concentrations of Bmp 2 and 7 and high concentrations of 

Bmp 4, there was a greater degree of expansion and differentiation (70, 71). 

Osteopontin (Opn) is a multidomain phosphorylated glycoprotein that negatively regulates 

HSC expansion, thereby influencing HSC quiescence. It is synthesized by many cell types 

including endothelial cells and OBLs. Its interaction to primitive HSCs is thought to be 

mediated by β1-integrins, α4-intergrin and CD44 (72) (Figure 1.3). Opn has well-defined 

roles in chemotaxis, adhesion and proliferation both within the blood and bone systems, 

however its precise role in hematopoiesis was only explored as recently as the mid 2000s. In 

Opn-/- mice, hematopoiesis, as measured by total lymphoid and myeloid output, appeared 

unaltered; however upon further dissection, these Opn null mice possessed a higher 

frequency of LSK cells (73). Iwata et al. were able to establish a link between Opn and 

Notch-1 in human CD34+ cells, which led to Calvi and colleagues finding a similar 

relationship in mice (47, 74).  

Jagged-1, a Notch-1 ligand, is produced by OBLs and endothelial cells and acts inversely to 

Opn to control the stem cell pool size (Figure 1.3). Opn-/- show an upregulation of both 

Jagged-1 and Ang-1; and hence quiescence as well as self-renewal, and reciprocally, when 

BM stromal cells were co-cultured with that from Opn-/- , there was downregulation of 

Jagged-1 and therefore control over HSC population size (47, 73). In one respect, 

Parathyroid hormone (PTH) works antagonistically to Opn to increase the HSC pool 

through activation of Jagged1 expression on OBLs (Figure 1.3). Produced by the 

parathyroid gland and sharing its receptor with the parathyroid related protein (PTHrP); 

PTH receptor (PTHR), PTH also acts on OBLs  to activate and induce production of Opn as  
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Figure 1.3 Maintenance of HSC quiescence. Osteopontin (Opn) and Jagged-1 act 
antagonistically to each other to control the stem cell pool size. Opn, expressed on 
osteoblasts binds to CD44, β-integrins and α4-integrins on HSCs to prevent HSC expansion 
and promote quiescence. Jagged-1 signaling via Notch-1 on HSCs causes expansion of the 
HSCs. Similarly, Angiopoietin-1 on osteoblasts bind to Tie-2 on HSCs to downregulate 
apoptosis hence promoting HSC expansion but also whilst maintaing quiescence. Opn 
expression appears to downregulate Jagged-1 and Angiopoietin-1 expression thereby 
inhibiting Ang-1/Tie-2 mediated apoptosis as well as Jagged-1/Notch-1 mediated expansion 
and maintaining the HSC pool size once again. Parathyroid hormone is secreted from the 
parathyroid gland in response to low Ca2+ in the blood. It binds to the parathyroid hormone 
receptor on osteoblasts and upregulates the Jagged-1/Notch-1 signaling pathway as well as 
activates osteoblasts to produce Opn to regulate the stem cell pool size. 
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a means of regulating stem cell pool size (73). PTH responds to low Ca2+ levels and primarily 

acts on the kidneys and bone to regulate Ca2+ (47).  

Stem cell fate is thought to be governed by three major signalling pathways: Notch, Wnt 

and Smad. 

The Wnt/β-catenin signaling pathway promotes self-renewal and negatively regulates 

quiescence and HSC differentiation (75). In vitro studies indicate that Wnt5a expands the 

fetal HSC pool while Wnt3a increases self-renewal of adult HSCs (76). The activation of β- 

catenin within HSCs by Wnt leads to the upregulation of other genes previously implicated 

in the self-renewal function of HSCs, namely HoxB4 and Notch1 (75, 77, 78). The role of 

Notch-1 in self-renewal is dose dependent; with constitutive Notch-1 signalling in in vitro 

experiments able to generate immortalized HSC cell lines with the Notch-1/Jagged-1 

signalling capable of expanding primitive HSPCs (78, 79). 

 
1.4 Lymphopoiesis  

 1.4.1 The thymus 

 
The thymus, which is the primary site of T cell development (thymopoiesis), is a multi-

lobulated bi-lobed structure situated in the central anterior compartment of the 

mediastinum. However, despite its anatomic prominence it was not until the discoveries of 

the Australian scientist Jacques Miller in the early 1960’s that its function was recognized 

(80). The internal structure of the thymus is divided into the functionally distinct regions 

of subcapsule (internal region near the capsule), cortex and medulla. Each of these distinct 

areas supports a specific stage of thymocyte development. 

Like all leukocytes, T cells are direct progeny of BM-resident HSCs. However, the thymus 

contains no self-renewing progenitors, instead relying on the importation of progenitor 

cells from the circulation, previously released from the BM in a process known as 

mobilization,  
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While there are multiple progenitors with the ability to either generate T cells and/or 

contain the ability to seed the thymus, the canonical pathway for T cell development 

appears to be a progenitor immediately downstream of the HSC which is skewed towards 

the lymphoid lineage but maintains myeloid potential (81) (Figure 1.1). This circulating T 

cell progenitor (CTP) egresses from the BM and, in an active process mediated by 

chemokines and adhesion molecules, homes to the thymus. Once seeded in the thymus and 

through close interactions with the thymic stromal microenvironment, passes through a 

series of developmentally distinct stages of T cell development (Figure 1.1). The thymic 

stromal microenvironment is comprised of many different cells including fibroblasts, 

endothelium, macrophages, dendritic cells and highly specialized thymic epithelial cells 

(TECs) that together with extracellular, form a three-dimensional network of cells inside 

the thymic capsule (65, 66). It is within this three-dimensional structure that imported 

CTPs initially become committed to the T lineage through Notch signalling and 

progressively develop into the various defined stages of thymopoiesis and, ultimately, to 

leave the thymus and circulate as a naïve T cell (82)(Figure 1.1). 

One of the hallmarks of thymopoiesis is that it is severely abrogated with age (8). Thymic 

involution is a gradual process that is exacerbated from puberty, leading to the generally 

accepted role of sex steroids in thymic involution (8). While the proportion of thymocyte 

subsets remains remarkably unchanged with age, emphasizing the homeostatic regulation 

of T cell development pathways, there is a considerable decline in total thymopoiesis and 

significant disruption to thymic architecture (8), resulting in a reduction in emigration of 

naïve T cells into the periphery (83). This leads to a situation where the numbers of 

circulating T cells are maintained by homeostatic expansion of pre-existing memory T cells 

(reviewed in (84)). The subsequent decline in T cell receptor diversity leads to compromised 

responsiveness to foreign pathogens (reviewed in (84)). 
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While there is little impact of thymic involution on healthy individuals, there is 

considerable delay in recovery following immune depletion such as that caused by 

chemotherapy, radiation therapy, infection and stress. As a consequence, these individuals 

are left in a severely immunocompromised state and susceptible to infecting pathogens. In 

the case of patients undergoing hematopoietic stem cell transplants this prolonged immune 

deficiency leads to significantly higher rates of morbidity and mortality. 

 
 1.4.2 BM derived T cell  Progenitors 

 
The contains no self-renewing T-lineage stem cells, instead relying on the importation of 

BM-derived progenitors from the circulation. This process is maintained by the periodic 

egress of these progenitors from the BM (85) (Figure 1.1). However, the precise identity of 

the thymus-seeding progenitor cell remains elusive and, in fact, several cell types have been 

postulated all with thymus-seeding potential.  

Considerable work has recently called into question the classic model of hematopoiesis in 

which there is strict delineation between myeloid and lymphoid lineages. The classic model 

proposed only true multipotent stem cells within the HSC compartment and several lineage-

committed downstream progenitors such as common lymphoid (CLPs) and myeloid 

progenitors (CMPs). However, recent work has found that within the HSC compartment 

there are lineage-biased precursor cells (86, 87). Furthermore, two recent papers have also 

recently suggested that the progenitor that gains entry into the thymus also retains 

myeloid potential (88, 89).  Within the stem cell compartment, this is dependent upon Flt3, 

PU.1 and GATA-1 expression. Flt3 (Flk2) expression as well as PU.1 activation and GATA-1 

repression prevent a MPP from having megarkaryocyte or erythroid potential (90, 91), 

however this remains controversial (86).  

To date, there are a multitude of phenotypically distinct progenitors with lymphoid 

potential, although their specific relationships to each other and physiological relevance 
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remain poorly understood. Historically, the classic model proposed a CLP that gave rise to 

all lymphoid lineages T, B and NK cells, and was described as Lin-cKitloSca1loThy1-

IL7Rα+B220-CD19- (2). However, recent findings suggest that lymphopoiesis from HSCs 

involve passage through a lymphoid-biased LSK cell known as the lymphoid-primed 

multipotent progenitors (LMPPs) (81) (Figure 1.1). These cells are characterized by the 

upregulation of lymphoid associated genes such as PU.1 and Ikaros and the downregulation 

of GATA-1 and Mpl (90, 92-94) (Figure 1.1). Within this LMPP population lie subsets of 

progenitors distinguished by their RAG1 and VCAM1 expression (95). RAG1 and VCAM1 

expressing LMPPs are termed ELPs (early lymphoid progenitors) and represent the earliest 

committed lymphoid progenitor in the hierarchy of HSPCs with minimal myeloid and 

erythroid potential. Lymphoid specific progenitor (LSPs) however are RAG1- LMPPs and are 

thought to give rise to the more lymphoid-restricted common lymphoid progenitors (CLPs) 

(75). Furthermore, consistent with the identification of LMPPs was that its phenotype 

mirrored that of the earliest intrathymic T-lineage progenitor (ETP) however the thymus-

seeding progenitors retained myeloid potential (88, 89) (Figure 1.1).  

Utilizing a transgenic mouse engineered to contain a human CD25 (huCD25) gene tag under 

the control of the pre-TCR α promoter, Martin and colleagues were able to describe a new 

progenitor with the capacity for efficient thymus-seeding (2). These cells were 

phenotypically similar to CLP-1 and termed CLP-2: Lin-ckit-B220+CD19-huCD25+IL7Rα+. 

Furthermore, in an in vitro differentiation assay it was found that CLP-2 are descendants of 

CLP-1 (2)(Figure 1.2). Balciunaite and colleagues in fact suggest that this transition occurs 

via another intermediate progenitor, the early progenitor with lymphoid and myeloid 

potential (EPLM) (96) (Figure 1.2). Similar to CLP-1 however, they are able to differentiate 

into both T and B lineages but show no myeloid potential in vivo (96). Through short-term 

transplantation assays and subsequent thymic organ cultures, the authors effectively 

showed that CLP-2s posses both the ability to home to the thymus as well as differentiate 
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into CD4 and CD8 T cells. However, it is currently unclear the physiological role of CLP-2 in 

generating T cells is currently unclear as in vivo they appear to be primarily B cell precursors 

(2). 

Of the aforementioned progenitors, only few are found in the blood stream and even fewer 

have been detected in the thymus, although this latter fact could be due to the extremely 

rapid differentiation that occurs immediately upon contact with the thymic 

microenvironment (mediated primarily by Notch). HSCs, MPPs, LMPPs, LSPs, ELPs, CLPs, 

CTPs have all been found in the circulation, however CLP-2 has yet to be detected in the 

bloodstream (3, 81, 97-99). 

  
 1.4.3 BM Egress and Thymic Entry 

  1.4.3.1 BM Egress 

 
Mobilization of HSPCs out of the marrow is a multistage process beginning with the 

uncoupling from adhesion molecules followed by their transmigration across specialized BM 

sinusoidal endothelium (100). Of the many specific interactions that have been identified in 

this process of mobilization, including VLA-4/VCAM-1, VLA-5/Fibronectin, ckit/mSCF and 

CaR/Ca, the chemokine receptor CXCR4 on HSPCs and its ligand SDF-1α (CXCL12), 

expressed by the BM stroma, play a crucial role in regulating the localization of HPSCs 

within the BM niche (8, 101-105). Disruption of this axis results in rapid mobilization of 

HSCs into the periphery. 

An additional mechanism for mobilization involves activation of the parathyroid hormone 

(PTH) receptor, which is primarily expressed by OBLs as previously mentioned (106). In 

conjunction with its ability to increase the size of the HSC pool, PTH is also thought to 

positively influence both engraftment and mobilization of HSCs to and from the BM niche 

(106). Brunner et al. showed that while not as effective as G-CSF, PTH was indeed capable of 

mobilizing HSCs from the BM into peripheral blood (107). They propose that PTH acts via 
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endogenous G-CSF to mobilize HSCs and appears to replenish and maintain the HSC pool 

within the BM as it promotes mobilization – G-CSF on the other hand depletes its HSC 

supply as it mobilizes them from the BM (107). 

Recent studies have suggested, that low oxygen levels can also impact on mobilization 

through modulation of SDF-1α levels, much like maintenance of HSC quiescence. Hypoxia 

in peripheral tissue can also lead to the upregulation of SDF-1α expression on endothelial 

cells and hence the recruitment of HSPCs from the circulation into the tissue (108). 

Furthermore, nitric oxide (NO) promotes mobilization of CD34+Flk-1+ progenitor cells; 

which includes ST-HSCs and MPPs but not LT-HSCs (109). 

Apart from the paracrine factors mentioned above, another method of mobilization 

involves disrupting cell adhesion molecules that are involved in homing and adhesion of 

HSPCs to the stroma. The integrins very late antigen 4 and 5 (VLA-4 and VLA-5) are cell 

adhesion molecules found on the surface of HSPCs (110). VLA-4 is responsible for both cell-

cell and cell-matrix interactions and binds to several ligands expressed on stromal cells, the 

most important being vascular cell adhesion molecule 1 (VCAM-1) and fibronectin. VLA-5 

on the other hand is primarily responsible for cell-matrix interactions and binds to 

fibronectin. Anti-VLA-4 and anti-VCAM-1 antibody pre-transplantation treatment resulted 

in an abrogation of HSC homing into the BM and an accumulation of HSCs in the blood 

(110). 

The exploitation of these phenomena have been extremely successful in the clinic to enable 

and enhance mobilization of HSPCs in donors of HSCT - a far less invasive procedure than 

extracting BM. This is extremely important as one of the major obstacles for successful 

transplantation is ensuring there is a sufficient number of HSCs infused for functional 

reconstitution of the recipient (111) .While several next generation mobilization agents are 

under development, granulocyte colony stimulating factor (G-CSF) has been widely used to 

promote mobilization. G-CSF promotes mobilization through modulating SDF-1 and CXCR4 
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expression and creating a proteolytic environment where release of elastase and cathepsin G 

lead to cleavage and degradation of CXCL12 as well as adhesion molecules like ckit (112). 

Recently it has been shown that G-CSF also mobilizes HSCs by stimulating neutrophils to 

release elastase and cathepsin G, both of which degrade CXCL12 (SDF-1) (112). Specifically 

targeting the CXCR4-CXCL12 axis, AMD3100, a CXCR4 antagonist, is extremely effective at 

mobilizing HSPCs into the periphery (111).  

   
  1.4.3.2 CTP thymic Entry 

 
While the mobilization of HSPCs into the periphery, both in the steady-state and enforced 

mobilization, has been a widely studied phenomenon, the specific mechanisms governing 

the entry of T-lineage progenitors into the thymus are only beginning to be resolved. 

Although several molecules have been implicated in influencing the entry of progenitors 

into the thymus, recent work has clearly established that expression of chemokine 

receptors 7 and 9 (CCR7 and CCR9) and P-selectin glycoprotein ligand-1 (PSGL-1) by 

circulating progenitors and their respective ligands/receptors on thymic stromal cells is 

crucial for entry of progenitors into the thymus (113-116). Indeed only CCR9-expressing 

MPPs or CLPs could seed the thymus and, moreover, expression of CCR9 was dependent on 

Flt3 signaling in the BM, which is also associated with lymphoid priming suggesting an 

intrinsic link between the processes of lymphoid commitment and thymic entry (91).  

Thymic entry is a multistep event initiated by the chemokine gradient formed with CCL-25 

and proceeding to the interaction of P-selectin, found on thymic endothelium, and P-

selectin glycoprotein ligand 1 (PSGL-1) expressed on thymic-bound HSPCs (113, 117). This 

allows the thymic-bound HSPC to respond to local chemokine gradients and interact with 

both intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 

(VCAM-1) found on endothelial cells. This interaction occurs via integrins found on the 

CTP and allows the CTP to be firmly attached to the thymic endothelium (117). 
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Through the use of elegant adoptive experiments, it was demonstrated that free intrathymic 

microenvironmental niches control the importation of thymic progenitors via the opening 

or closing of so-called intrathymic microvascular gates (118). This process is thought to 

occur in coordination with the periodic release of progenitors from the BM, suggesting a 

feedback loop exists between the BM and thymus (5). While elucidation of this periodic link 

between the BM and thymus has remained difficult, a recent study found that both niche 

availability, possible under the control of the early response gene 1 transcription factor, and 

the levels of circulating sphingosine-1-phosphate SIP, which controls the egress of naïve T 

cells from the thymus, can control expression of P-selectin and the chemokine CCL25 

(ligands for PSGL-1 and CCR9 respectively), thereby directing thymic receptivity to 

circulating progenitors (119, 120). 

 
  1.4.3.3 Intrathymic T cell Development 

 
Once in the thymus, thymic progenitors form an intimate interaction with the supporting 

stromal microenvironment to pass through several distinct and well-defined stages, 

ultimately to generate naïve MHC-restricted and self-tolerant T cells. The ETP is the earliest 

known thymic progenitor to be found within the thymus. While the CTP retains myeloid 

potential (88), once in the thymus Notch signalling quickly leads to commitment to the T 

cell lineage (82). cTECs surrounding TN1 cells have the highest level of Delta-like 1, a ligand 

for Notch mediated signalling (121). ETPs fall within what is known as a triple negative 

(TN) phenotype – that is they lack the expression of the mature T cell markers CD3, CD4 

and CD8. TN cells themselves can be subdivided based on expression of CD25 and CD44. 

Within the T cell lineage, TN populations remain uncommitted and retain the potential for 

both the γδ and αβ T cell receptor (TCR) expressing T cells (122). ETPs remain in the TN1 

state for approximately 10 days and receive signals such as stem cell factor (SCF), Hedgehog 
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and low levels of IL7 (to some subsets of TN1) from thymic cortical TECs (cTECs) (123-

125).  

Definitive T cell commitment occurs at the onset of TCR expression. Upregulation of CD25 

(IL2R-α) promotes expression of the pre-TCR signalling complex, which can be directly 

regulated by Notch signalling (126, 127). αβ-TCR rearrangement begins at the TN3 stage, 

where the pTα couples with the TCRβ chain and CD3/ζ forming the pre-TCR complex. This 

requires recombination-activating gene-1 and 2 (RAG-1 and RAG-2), which allow DNA 

rearrangements of the TCRβ chain (128, 129). Pre-TCR signalling is tested at this point in a 

process known as β-selection. If deemed non-functional, maturation will be arrested at the 

DN3 stage. Thymocytes that pass β-selection progress to the DN4 stage where 

rearrangement of the TCRα chain leads to formation of the mature αβ TCR. This correlates 

with upregulation of CD4 and CD8 and thus progression to the DP stage of development. 

Positive selection by MHC (Major Histocompatibility Complex) restriction occurs at DP 

stage (CD4+CD8+) in the cortex. DPs that show strong affinities for self-MHC molecules are 

deleted from the pool of TCR repertoire as part of central tolerance (reviewed in (130)). It is 

estimated that approximately 90% of the DPs fail to progress through positive selection 

(131). DPs that have passed positive selection migrate to the thymic medulla where they 

downregulate either CD4 or CD8 and undergo further tolerance checkpoints. Negative 

selection is predominantly mediated by dendritic cells (DC) as well as mTECs. DCs present 

self-peptides synthesized by medullary TECs to SP cells (reviewed in (101)). SPs that show 

strong affinity towards these self-peptide:MHC complexes are deleted, preventing auto-

reactive T cells from being released into the circulation. Much like several other lymphocyte 

migration processes, naïve SP T cells exit the thymus in a SIP1 dependent manner (102). 

 
1.5 Immunodepletion 

 1.5.1 Immunosenescence 
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It is well established that the adaptive immune system deteriorates considerably with age. 

The concept of immune aging is poorly understood, with many studies assuming that it is 

simply the result of wear and tear (103). The notion that aging is perhaps an active and 

regulated process remains foreign to many. Through studies involving elderly individuals it 

was observed that whilst there were differences in the lymphoid population with age, there 

was no difference in natural killer (NK) cell activity suggesting that the impacts of aging 

were not a system-wide deterioration (105).   

 
   1.5.1.1 The Thymus with Age 

 
Paradoxical with its pivotal role in establishing and sustaining a healthy immune system, 

the thymus atrophies with age. This process begins shortly after birth but is heightened 

from the onset of puberty (8, 132). With age there is severe accumulation of adipose tissue 

in the thymus accompanied by a dramatic loss of functional thymic tissue (133). 

Consequently there is an age-related decline in thymic cellularity and thymic output of naïve 

T cells leading to a reduced TCR repertoire in the periphery, although the absolute number 

of circulating T cells is maintained by homeostatic expansion of pre-existing memory T cells 

(134). Aging also alters the balance of T helper 1 (TH1) and T helper 2 (TH2) cells as well as 

functional changes in the ability of these T cells to produce cytokines , possibly as a result of 

impaired signal transduction pathways (135-137). Under normal circumstances, this decline 

in thymic function is not detrimental to the individual as most of the naïve T cell repertoire 

has been established and maintained in the periphery from an early age (8, 138). However, 

many patients who could benefit from a rejuvenated thymus to regenerate their adaptive 

immune system following depletion caused by chronic infection or standard of care 

cytoreductive cancer treatments (such as chemotherapy or radiotherapy), as a consequence 

of their reduced thymic function with age, there is a severely delayed ability to restore 

peripheral immune function (139). These individuals are subsequently impaired in their 
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ability to combat opportunistic infections and, as such, the morbidity and mortality 

associated with these patients is high (8, 139).  

The production of IL-7, which is crucial for proliferation and differentiation of thymocytes, 

is reduced significantly with age and has thus been implicated in age-related thymic 

involution (140). However, exogenous administration of recombinant IL-7 does not reverse 

thymic atrophy significantly, suggesting the decline in IL-7 production might only partially 

explain thymic involution (140, 141).  

The underlying cause of thymic atrophy has largely been attributed to increased levels of 

sex steroids (8, 142). Androgen receptors (AR) are expressed by both thymocytes and TECs, 

however in the thymus, TECS are the most affected by sex steroids (143), with  

testosterone  treatment inducing TEC apoptosis(142, 144, 145, 146). 

Whilst ARs are also expressed on stem cells, few studies have looked at expression 

throughout the different stages of lymphoid differentiation. Primitive lymphoid 

progenitors within the BM, specifically the CLPs, appear to be selectively depleted in mice 

treated with estrogen (147). Interestingly, estrogen receptors (ERs) are found to be 

expressed on adult human BM CD34+ cells but not cord blood HSCs indicating that sex 

steroid-mediated regulation of hematopoiesis occurs post-natally (148). In a similar fashion, 

androgens also exhibit an inibitory effect on B and T lymphopoiesis (149). The effects of 

sex steroids on myelopoiesis are in contrast to those seen in lymphopoiesis.  It has even 

been proposed that sex steroids influence the branching of hematopoietic lineages from 

common precursors (150, 151). Studies using in vitro organ cultures have shown that 

treatment of thymic tissue from both female and male mice results in AR-mediated 

apoptosis (152). Estrogen on the other hand appears to negatively affect the thymus by 

depleting the supply of progenitors that seed it. While there was significant loss of 

thymocytes upon estrogen administration, it is possible this could be caused by depletion of 

the LSK population within the BM (153). The effects of estrogen on the thymus are more 
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complex than those of androgens. Estrogen signalling via ERα is actually vital for normal 

thymic development but ERβ has been shown to mediate thymic atrophy (154). 

Using androgen resistant testicular-feminization mice (Tfm), Olsen et al. were able to show 

that ARs were expressed on the thymic epithelium and that this was important in the 

context of thymic development (155, 156), possibly through the upregulation of TGFβ and 

downregulation of IL7 production (146, 157, 158). 

 
   1.5.1.2 HSPCs with Age 

 
While the direct effects of sex steroids on thymocytes as well as on the thymic 

microenvironment contribute significantly to thymic involution, the role of the BM and its 

progenitors in thymic atrophy is unclear.  Considering the direct effects of sex steroids on 

HSCs and in particular, LMPPs (148, 159, 160), it is conceivable that a decline in the supply 

of lymphoid progenitors (161, 162), together with a decline in their release into the 

circulation, contributes towards age-related thymic involution. While it has been shown 

that the decline in thymopoiesis with age is intrinsically linked to the degradation of the 

thymic stroma by the action of sex steroids, the interdependence in development of both 

hematopoietic and stromal elements (163) implies that a decline in one would lead to a 

decline in the other. As such, declines in the export of BM progenitors into the circulation, 

along with the reduced ability of the thymus to accept these progenitors for seeding, could 

contribute to a degeneration of both the thymic stroma and developing thymocytes with 

age.  

While there is thought to be a shift in the clonal composition within the HSC population, 

there is also increasing evidence that supports the notion that HSCs are intrinsically altered 

in an aged setting (164, 165). Previous studies using assays such as colony forming unit 

(CFU) activity, cobblestone area-forming cell (CAFC) activity, BM transplantation (BMT) 

and serial transplantation assays on aged HSCs have offered conflicting results depending 
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on the assay as well as strain of mice used (166-168). Current techniques however have 

provided a means of assessing purified aged HSCs at a single cell level thus allowing a more 

accurate investigation (138).  

In C57Bl/6 mice, the most widely used strain for hematopoiesis research, and arguably one 

of the most similar strains with respect to hematopoieisis, an accumulation of LT-HSCs 

with age, assessed by phenotype (170). However, these cells display a decreased ability to 

differentiate into lymphoid progeny (165). Upon transplantation, HSCs were also found to 

be deficient in homing and engraftment in recipient BM (171). Moreover, in competitive 

repopulation assays, aged HSCs are at least 2 to 4 times less efficient at long-term 

reconstitution than young HSCs (172, 173). Interestingly, aged HSCs exhibit a greater 

propensity towards myeloid reconstitution. Consistent with this, genome-wide analysis 

demonstrated significant upregulation with myeloid- and downregulation of lymphoid-

associated genes with age (165, 174, 172, 175).  

Interestingly there is a significant age-related decline in the expression of the B-lineage 

transcription factors Pax-5 and E2A as well as the general lymphoid factor Ikaros (176, 

177). While reduction in Ikaros expression is likely to impact on lymphoid lineage 

differentiation, other T lineage factors such as GATA-3, similar to Pax-5 and E2A, might 

underlie the reduced generation of T cells with age. One possible mechanism by which 

Ikaros may influence this bias is explained by the age-associated decline in IL-7R expression 

in HSCs (178, 165). IL-7R signaling is vital for both the formation of lymphoid cells as well 

as their maintenance and survival and hence the absence of it during early HSPC 

development may provide a more myeloid conducive pathway. Furthermore, the number of 

CLPs in aged mice is significantly less than in young mice of the same strain (179). In 

contrast, myeloid progenitors (MEP, CMP and GMP) were found to be either at normal or 

elevated levels within an aged mouse (165).  
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 Along with these age-related differences in lineage commitment and reconstitution 

potential, there has also been identified an intrinsic decline in the ability of HSCs to self-

renew (180). Consistent with this, Bmi-1 which has an integral role in self-renewal, has 

been implicated in the senescence and aging of HSCs, predominantly through its 

downstream targets, p16ink4A and p19Arf (173, 181-185). It is unlikely that these age-

associated functional changes are initiated exclusively intrinsic to the HSC. Rather, 

influences of the surrounding BM microenvironment are likely to contribute significantly 

towards these age-related alterations in HSC function. In fact, Geiger and colleagues have 

demonstrated that the adhesion between an aged HSC and its surrounding stroma is 

compromised (186). They suggest that this is mediated by Cdc42, a small RhoGTPase that 

has been previously implicated in adhesion signalling in HSCs  (186). Aged HSCs upregulate 

Cdc42 which correlates to a reduction in the adhesiveness to fibronectin; an ECM 

component of the BM HSC niche. Apart from the intrinsic changes in genes associated with 

lineage-commitment, self-renewal and localization, there also appears to be downregulation 

of genes that promote epigenetic maintenance in HSCs (187). However, it is currently 

unclear if this is a consequence or trigger of HSC aging. 

While supply of blood-borne hematopoietic or thymic progenitors is crucial for maintaining 

thymopoiesis throughout life, a reduced ability for their importation does not appear to 

underlie the initiation of thymic involution. Although the aged thymus does not appear to 

be impacted significantly in its ability to import hematopoietic progenitors from the 

circulation, intrathymic T cell precursors, along with their upstream BM-resident lymphoid 

progenitors, deteriorate with age in frequency, number and their ability to produce T cells 

(161, 188-191). Expression of Flt3 on LSK cells is also significantly reduced with age and 

might be associated with a decline in the absolute number of BM-resident lymphoid 

progenitors through the link to CCR9 (165, 192).  
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It has recently been suggested that plasma levels of S1P, which is involved with regulating 

the export of naïve SP thymocytes, also regulates the expression of P-selectin, CCL25 and 

subsequently thymic receptivity (193). In the aged, where there is a decline in thymic 

export, curiously there is no apparent corresponding change in the expression of P-selectin 

or CCL25 and subsequently receptivity of the thymus to the entry of circulating progenitors 

(190). The direct relationship between age, circulating S1P levels and thymic expression of 

P-selectin and CCL25 is still unresolved. However, given the considerable role for S1P not 

only in the thymic importation of TCP, but also in HSC migration, homing and 

mobilization, this is a potentially fruitful avenue of research to pursue in aiding thymic 

regeneration (194-196). 

HSC aging is a combination of intrinsic, extrinsic and systemic factors that, combined, 

renders the HSC functionally inferior to young HSCs. Understanding the processes 

underlying these defects will be important when trying to enhance BM transplantation 

outcomes in a clinical setting. 

 
 1.5.2 Clinically Induced Immunodepletion 

 
One of the drawbacks of common standard-of care strategies for treating both 

hematopoietic and solid tumour malignancies is the resulting immunodepletion that occurs. 

This induced immunodepletion is achieved through the use of chemotherapeutic 

cytoablative agents such as cyclophosphamide (Cy) or ionizing irradiation. It is used 

clinically when 1) diseased hematopoietic cells or cancer cells need to be eradicated, 2) as 

part of the conditioning regime for successful HSC transplantation (HSCT) or 3) as a means 

of immunosuppresion following solid organ transplantation (197). This is particularly 

devastating to the lymphoid compartment, which is composed of highly proliferative cells, 

and can result in high morbidity and mortality if immune recovery is delayed by 

complications such as an aging immune system (197-200). Efficient T cell recovery is one of 
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the most challenging obstacles post BMT. As mentioned previously, the aged thymus is 

extremely inefficient at producing T cells and immune recovery in aged individuals poses a 

major threat to their prognosis. B cell recovery is also impaired in aged mice following 

irradiation (201). 

Primitive HSCs are less susceptible to cytoablative chemotherapy due to their quiescence 

(202). Primitive HSC frequency is unaffected by low dose Cy treatment in mice, however 

functionally they do decline in repopulation ability. Busulfan, which does target HSCs, 

induced elevated levels of senescence-associated markers p16INK4A and p19Arf (203). Ionizing 

radiation on the other hand appears to induce apoptosis in HSCs via the p53-p21Cip1/Waf1 –

dependent pathway (203). 

One area that has been far less studied but is of great clinical concern, is the damage to the 

BM stromal microenvironment. Ionizing radiation and chemotherapy severely compromise 

the microvasculature that comprises the sinusoidal niche, suggesting that HSC function will 

be significantly altered by the niche (204, 205). While very few studies have assessed the 

effects of cytoablative therapies on the function of OBLs in a hematopoietic setting, many 

have investigated this in the context of bone formation. In an in vitro assay involving 

human OBLs cultured with varying combinations of chemotherapeutic agents, 

chemotherapy was found to cause a reduction in osteoblast numbers by inducing apoptosis 

(206). In a separate study, also with human BM cells, high-dose chemotherapy negatively 

affected the ability of BM stromal cells to form confluent layers when compared to 

unablated controls (207). 

 
 1.5.3 Immune Regeneration 

  1.5.3.1 Thymic Rejuvenation with Growth Factors 
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Several strategies have been described to enhance thymic function. These include cytokines, 

growth factors and hormone strategies. Most have been studied in the context of recovery 

from allogeneic HSCT.  

IL-7 is an important lymphopoietic factor and is essential for thymopoiesis. It is expressed 

in a subset of TECs that reside in the cortico-medullary junction of the thymus as well as in 

specialized BM stromal cells (208). Interestingly, the number of TECs that express IL-7 

diminishes with age contributing to thymic involution (209). In a study by Bhatia et al., the 

administration of anti-IL-7 antibodies was able to induce thymic atrophy and this was 

reversible upon cessation of the antibody treatment (210). Pre-clinical studies in mice and 

primates have shown remarkable increases in both the peripheral expansion of T cells as 

well as output of T cells from the thymus after administration of exogenous IL-7, possibly 

through reduced apoptosis and promotion of T cell expansion (211-213). More recently, 

clinical trials in humans using recombinant human IL-7 have shown similar results to that 

seen in mice and primates and report an upregulation of the anti-apoptotic marker bcl-2 

followed by increases in both peripheral CD4+ and CD8+ T cells (214).  

Preclinical studies have shown that exogenous Flt3L enhances both thymus-dependent and 

independent T cell reconstitution. The effects of Flt3L are predominantly due to an 

expansion of Flt3+ progenitors in the BM  (215). However, increases in T cell reconstitution 

can be at the expense of B-lymphopoiesis which is significantly declined with exogenous 

Flt3L administration and, in particular, its effects on the EPLM subset of BM progenitors 

(216, 217). 

The cytokines discussed thus far exert their regenerative effects on the lymphoid 

compartment. Keratinocyte growth factor (KGF or FGF-7) enhances expansion of both 

immature and mature TECs and also promotes the differentiation of mature TECs and 

activates pathways within the TEC that support thymopoiesis (218). KGF treatment in a 

mouse aging model was able to enhance thymic micro-architecture, enhance thymic 
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cellularity to untreated young levels and restore both naïve T cells in the periphery as well 

as restore their ability to mediate effector function through T cell-dependent antibody 

production levels (219). 

Recombinant growth hormone (GH) has also been found to have beneficial effects in the 

thymus. GH was able to enhance both age and irradiation associated depletion of HSPCs 

within the BM (220). GH is thought to operate through insulin growth factor-1 (IGF-1), 

however, the precise mechanism through which immune regeneration occurs remains 

vague. Upon administration of exogenous IGF-1 however, while there was no apparent 

enlargement of the thymus, there were larger TN2 and TN3 populations within the thymus 

as well as increased peripheral CD3+ T cells, B cells and myeloid cells within the spleen and 

blood circulation (221). When used in combination with exogenous IL-7, there was also 

synergistic improvement in B cell lymphopoiesis with no difference observed in 

thymopoiesis (221). 

 
   1.5.3.2 Sex Steroid Ablation 

 
The removal of sex steroids through either surgical or chemical castration results in 

regeneration of lymphopoiesis in both the BM and thymus as well as a complete restoration 

of the stromal architecture in the thymus (8, 222, 223). Chemical castration can be 

pharmacologically achieved through the use of luteinizing hormone releasing hormone 

(LHRH) analogues or antagonists (Figure 1.4). Synthesized and released within the 

hypothalamus, LHRH stimulates release of follicle stimulating hormone (FSH) and 

luteinizing hormone (LH) from the anterior pituitary gland. These hormones subsequently 

act on the gonads to regulate the release of sex steroids through a negative feedback loop 

mechanism.  Both forms of pharmacological castration involve reversible cessation of 

testosterone from the testes, albeit in moderately different ways: while the LHRH-agonist 

results in overstimulation of the LHRH receptors, the LHRH-antagonist blocks signalling of  
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Figure 1.4 The hypothalamo-pituitary-gonadal axis and its pharmaceutical 
manipulation to induce lymphoid regeneration. (Panel A) The hypothalamus 
produces and releases the luteinizing hormone releasing hormone (LHRH), which acts on 
the pituitary gland to secrete follicle-stimulating hormone (FSH) and luteinizing hormone 
(LH). FSH and LH in turn bind to receptors on the gonads (in this case testes) and stimulate 
sex steroid (testosterone) production and release by the gonads. Testosterone negatively 
acts on both the hematopoietic and stromal compartments of the bone marrow and thymus 
causing immune degeneration. (Panel B) The LHRH agonist binds to the LHRH receptors 
in the pituitary gland causing an oversecretion of LH and FSH which in turn causes an 
oversecretion of sex steroids (in this case testosterone) from the gonads (testes). This 
oversecretion feeds back to the hypothalamus and eventually secretion of sex steroids from 
the gonads ceases leading to immune regeneration. (Panel C) The LHRH antagonist blocks 
the LHRH receptor from binding to LHRH. As a result, there is little or no production and 
release of LH and FSH and therefore cessation of sex steroid (testosterone) production once 
again leading to immune regeneration. 
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the LHRH receptor. The mechanism by which the agonist, is by initial hyperstimulation of 

the pituitary LHRH-R inducing an initial temporary surge of LHRH and subsequent 

testosterone production, before downregulation of LHRH-R and the associated negative 

feedback loop takes effect (Figure 1.4).  

Sex steroid ablation results in both BM and thymic rejuvenation and hence immune 

enhancement. Previous studies in our laboratory have also shown enhanced immune 

recovery following both autologous and allogeneic BMT (8, 223-228),. Interestingly, 

following thymic regeneration mediated by sex steroid ablation (SSA) there is both an 

increase in thymic export and enhanced thymic CCL25 expression and receptivity, 

suggesting enhanced thymic activity. An improvement in HSC engraftment, BM function 

and an increase in B cell output is also observed with SSA. With an overall improvement in 

lymphoid output and function, the clinical implications that result from temporary SSA are 

numerous, particularly in situations of severe immunodepletion. 
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1.6 conclusion 

 
The thymus contains no self-renewing stem cell for T cell development and relies heavily 

on the supply of T cell precursors from the BM. Through sex steroid exposure, with age, 

there is considerable decline in lymphopoiesis as the BM and thymus degenerate. While not 

so dramatic in the BM, the thymus deteriorates profoundly from puberty, with severe 

disruption of its stromal microenvironment and hence T cell producing function. It 

remains unclear how degeneration is initiated, whether intrinsic hematopoietic defects 

trigger stromal degeneration within both organs or vice versa, since the development of 

both the hematopoietic and stromal compartments are interdependent. HSPCs within both 

the BM and thymus from aged mice models have been found to be both numerically and 

functionally inferior to their young counterparts. There appears to be a more myeloid 

skewing within aged HSCs than in young HSCs and this is thought to affect the prognosis 

of patients undergoing cytoablative therapies. 

Immunosenescence is therefore a major clinical issue in individuals who are severely 

immunocompromized, either due to immunodepleting diseases or cytoreductive treatments. 

Current research has shown that the ablation of sex steroids, through either chemical or 

surgical castration, can lead to the rejuvenation of the immune system. There is 

considerable enhancement in both lymphoid output and function with sex steroid ablation 

post bone marrow transplantation. The mechanism that leads to this regeneration is 

however unclear. Whether intrinsic changes within the hematopoietic compartment in the 

BM and thymus initiate the enhancement of the stromal compartments or the rejuvenation 

of the molecular signalling and growth factor production by the stromal cells improve 

HSPC function remains unanswered to date. It will be highly beneficial from a clinical 

standpoint to elucidate these mechanisms, as it will improve the approaches for immune 

regeneration following cytoreductive therapies on adult patients. 
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2.1 Abstract 

 

There is clearly a major unmet clinical need to restore lymphopoiesis as a prelude to 

overcoming the clinical manifestations of chemotherapy-, radiation- and age-related 

immune system degeneration. Of the many potential aetiological factors, fundamental 

intrinsic defects within lymphoid progenitors and upstream hematopoietic stem cells may 

be contributing. We have previously shown that sex steroid ablation (SSA) rejuvenates 

thymic and BM lymphopoiesis and enhances recovery from HSC transplantation. In the 

present study we examined the impact of SSA on the earliest hematopoietic stem and 

progenitor cells. SSA increased the number of long-term HSCs and functionally enhanced 

their differentiation and self-renewal potential at the population level and per cell basis. 

Underlying this were intrinsic molecular changes in long-term hematopoietic stem cells 

(LT-HSCs), most significantly upregulation of molecules associated with HSC quiescence. 

Together these findings demonstrate a role for SSA in boosting HSC function and lay the 

groundwork for improving outcomes in HSC transplantation.  

 

 

Highlights 

•  Withdrawal of sex steroids enhances the number of hematopoietic stem and 

progenitor cells, primarily restricted to the vascular niche 

•  Prior to expanding in number, functionally these cells have significantly 

enhanced lymphoid differentiation, self-renewal and hematopoietic repopulation 

potential. 
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2.2 Introduction 

 

With age there is a widely accepted chronic progressive decline in immune system function 

(Dorshkind et al., 2009). This deterioration is most evident through increased levels of 

opportunistic infections and poor responsiveness to vaccines. At its origin is a reduction in 

naïve T cells, in turn derived from waning lymphopoiesis in both the thymus (Rodewald, 

1998) and ultimately bone marrow (BM) (Miller and Allman, 2003). There is also a reduction 

with age in the number and function of bone marrow (Min et al., 2006) and intrathymic 

lymphoid progenitors (Min et al., 2004) and, moreover intrinsic changes to hematopoietic 

stem cells (HSCs) contribute towards immune degeneration with age (Guerrettaz et al., 

2008). 

 

Paradoxically, there are up to five times the number of HSCs in aged mice (Rossi et al., 

2005; Sudo et al., 2000), however, functionally they exhibit only one quarter the homing 

and engraftment capacity as HSCs from young mice (Liang et al., 2005) and are less able to 

reconstitute the immune system (Kim et al., 2003; Morrison et al., 1996; Rossi et al., 2005; 

Sudo et al., 2000). In particular, these studies highlighted defects in B cell reconstitution, 

suggesting that age-related lymphoid deterioration may be, at least in part, due to decline in 

HSC function (Guerrettaz et al., 2008). The mechanisms behind these intrinsic HSC 

changes with age are poorly understood. However, an upregulation of myeloid-, at the 

expense of lymphoid-, associated genes (Rossi et al., 2005), accumulation of mitochondrial 

and genomic DNA mutations (Geiger et al., 2005; Yao et al., 2007), deficiency in DNA repair 

(Rossi et al., 2007) and altered p53 expression (Dumble et al., 2007), all contribute to altered 

HSC function with age. These studies support the hypothesis that aged HSCs are 

functionally biased with predominantly myeloid lineage capability (Muller-Sieburg et al., 
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2004; Signer et al., 2007). HSCs from aged patients also have a reduced ability to form T 

cells in vitro (Offner et al., 1999), albeit in an artificial environment, and exhibit a reduced 

proliferative potential (Vaziri et al., 1994). Furthermore, patients receiving HSCs from 

young donors had a better chance at disease-free survival than patients who received HSCs 

from older donors (Carreras et al., 2006). 

 

Previous studies have demonstrated that sex steroids play a major role in the degeneration 

of lymphopoiesis in the thymus (Olsen et al., 2001b) and BM (Olsen et al., 2001a), at least 

partially through effects on the supporting microenvironment. These studies, however, 

failed to examine the effect on hematopoietic progenitor cells, likely to be pertinent 

considering other work has shown that exogenously administered estrogen is a potent 

negative regulator of lymphoid commitment at the level of the HSC (Thurmond et al., 2000) 

and lymphoid-primed multipotent progenitor (LMPP) cells (Medina et al., 2001). We, and 

others, have previously shown that SSA is able to regenerate aged and immunodepleted BM 

and thymus, enhance peripheral T and B cell function and promote recovery from 

autologous and allogeneic HSC transplant (Chidgey et al., 2007; Chidgey et al., 2008; 

Dudakov et al., 2009a; Dudakov et al., 2009b; Goldberg et al., 2010). The mechanisms behind 

this regeneration have yet to be fully elucidated. 

 

While age-induced reduction in HSC function does not seem to reach its nadir until at least 

24 months of age in mice, it is clear that significant defects in the capacity for T cell 

differentiation at least, are already evident by 9-mo due to the significant thymic atrophy 

observed with age (Chidgey et al., 2007; Dudakov et al., 2010). B cell genesis is also 

compromised at this age (Dudakov et al., 2009a). We sought to examine the events 

upstream of SSA-mediated thymic and BM lymphopoietic regeneration. We report here that 
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SSA induces a significant numerical increase in BM LT-HSCs and LMPPs as well as 

functionally enhancing their capacity for lymphoid differentiation, self-renewal and 

hematopoietic repopulation potential. These findings suggest that SSA-mediated 

regeneration of lymphopoiesis is predicated on enhanced HSC function. 
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2.3 Materials and Methods 

 2.3.1 Animals 

 

Inbred C57Bl/6 or Ly5.1 mice were obtained from the Animal Resources Centre (Perth, 

Australia), Monash Animal Services (Clayton, Australia) or the Baker Institute Precinct 

Animal Centre (Prahran, Australia). IL7Rα-/- animals were a gift from A. Strasser (Walter 

and Eliza Hall Institute, Melbourne). Young mice were between 6-8 weeks old and aged mice 

were 9-12 months old in this study. Mice were maintained at the Precinct Animal Centre 

(Prahran, Australia), Mouseworks (Clayton, Australia) or Monash Animal Services (Clayton, 

Australia). Animals were allowed to acclimatize for at least 2 days before experimentation, 

which was performed according to Monash University animal experiment ethics committee 

guidelines and which approved these studies. 

 

 2.3.2 Surgical Castration 

 

Mice were anaesthetized and a small incision was made in the scrotum. The testes were 

exposed, ligated with dissolvable sutures, and removed. The wound was closed with 

dissolvable sutures. For surgical stress control, shSSA was performed as above, but without 

removal of the testes. 

 

 2.3.3 Cell Suspensions 

 2.3.3.1 Vascular (central marrow) Fraction 

 

Individual or pooled single cell suspensions of freshly dissected BM were obtained by 

flushing tibias and femurs with cold FACS buffer (PBS supplemented with 0.2% v/v BSA and 

0.5mM EDTA). Bone ends were crushed in a mortar and pestle with FACS buffer, the 
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crushed ends washed to remove contaminating marrow and the wash added to the flushed 

vascular cells. 

  

  2.3.3.2 Endosteal Fraction 

 

Flushed bones were crushed and added to the washed crushed ends with 0.3% (w/v) 

Collagenase/Dispase (Roche, Germany) and 0.1% (w/v) DNAse I (Roche, Germany) in 

RPMI-1640 for digestion. Bones were incubated for 40 minutes total at 37oC in a water bath, 

mixing the cells at 20 minutes.  

 

Both fractions were lysed of red blood cells in pre-warmed ammonium chloride (0.15M) in 

0.01M Tris-EDTA in RO-water for 1-3 minutes at 37oC. Cell counts were determined by 

gating viable cells based on cell size using a Z2 Coulter Counter (Beckman Coulter).  

 

 2.3.4 Flow Cytometric Analysis 

 

The following fluorochrome labelled antibodies against Murine antigens (as well as 

appropriate isotype controls) were used: FITC-conjugated anti-CD34 (RAM34), PE-

conjugated anti-CD27 (LG.3A10), PE-Cy5-conjugated anti-CD135 (A2F10.1), APC-conjugated 

anti-CD117 (2B8), PE or PE-Cy7-conjugated anti-Sca1 (D7), APC-Alexa Fluor 750-

conjugated anti-CD62L (MEL-14), Pacific Blue-conjugated CD44 (IM7), biotin-conjugated 

anti-CD184 (2B11/CXCR4), biotin-conjugated anti-CD49d (9C10), biotin-conjugated anti-

CD49e (5H10-27), FITC, eFluor450, PE-Cy7 or biotin-conjugated anti-CD45.1 (A20), FITC or 

biotin-conjugated anti-CD45.2 (104). Secondary reagents used were Fitc, PercP, PE-Cy7 or 

Pacific Orange-conjugated to streptavidin. Lineage cocktail consisted of the following 
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antibodies conjugated to Biotin, FITC or PE: anti-CD3 (145-2C11), anti-CD4 (GK1.5), anti-

CD8α (53-6.7), anti-CD19 (1D3), anti-CD11b (M1/70), anti-CD11c (HL3), anti-Gr-1 (RB6-

8C5) and anti-B220 (RA3-6B2). B220 was not added for CLP stains. BM stromal populations 

were analysed using Percp-Cy5.5 or APC-conjugated anti-CD45 (30-F11), Fitc, PE, Percp-

Cy5.5 or APC-conjugated anti-TER119 (TER119), PE-conjugated anti-CD51 (RMU-7), Fitc-

conjugated anti-CD61 (2C9.G2), APC-conjugated anti-CD31 (MEC 13.3). All conjugates were 

purchased from eBiosciences or BD Biosciences except streptavidin-Pacific Orange, which 

was purchased from Molecular Probes. All cells were analysed or sorted on multiparameter 

FACSCalibur, FACSCanto II, FACSVantage, FACSAria or Influx (BD Biosciences) cytometers 

and cell sorters using CellQuest Pro (BD Biosciences) or FlowJo software (Treestar 

Software). 

 

 2.3.5 Competitive Repopulation Analysis 

 

Donor cells were harvested and pooled from untreated CD45.1 2-mo; 9-12mo CD45.1+ 

animals 7 days following surgical shSSA (d7shSSA); or 9-12mo CD45.1+ animals 7 days 

following surgical SSA (d7SSA). Competitor cells were harvested from untreated 2-mo 

CD45.2+ congenic animals. 2.5 x 106 donor whole bone marrow (WBM) cells or 2000 

purified LSK cells were mixed with 2 or 2.5 x 106 competitor cells and injected into each 

lethally irradiated recipient mouse. 

 

For serial transplantation donor mice were sacrificed and their BM individually suspended 

and transferred so that there were two recipients/individual donor at a dose of 2.5 x 106 

WBM cells along with an equal dose of untreated CD45.2+ 2-mo competitor cells. Primary 

recipients were sacrificed at 12 weeks after transplant and their BM individually suspended 

and transferred so that there was one recipient/individual donor at a dose of 2.5 x 106 WBM 
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cells along with an equal dose of untreated 2-mo CD45.2+ competitor cells. Secondary 

recipients were sacrificed at 12 weeks following transplant. Recipient C57Bl/6J (CD45.2) 

mice were lethally irradiated with a dose of 1100cGy total body irradiation (137Cs source) as a 

split dose (2 x 550cGy) separated by 3 hours. At least 1 hour after the final irradiation, 

100µL, comprising 4-5 x 106 total BM cells in RPMI, was injected into the tail vein of 

recipient mice. Recipients were provided with antibiotics (Baytril) in water for 2 weeks after 

irradiation. At staged timepoints after transplant, recipients were humanely killed and 

thymus, spleen and BM were harvested for flow cytometric analysis. 

 

Limit-dilution competitive repopulation analysis was performed. Cell doses of 10, 100 or 

1000 Lin-Sca1+ckit+ (LSK) cells were FACS purified from vascular (central marrow) fractions 

of untreated CD45.2+ 2-mo; 9-12mo CD45.2+ animals 7 days following surgical shSSA 

(d7shSSA); or 9-12mo CD45.2+ animals 7 days following surgical SSA (d7SSA) were 

competed against 5 x 105 CD45.1+ WBM cells were transplanted into six lethally irradiated (2 

x 550cGy) CD45.1 recipients/cell dose/treatment. Peripheral blood and spleen were analysed 

12 weeks after transplant and competitive repopulation unit (CRU) frequencies were 

calculated by L-Calc software (Stem Cell Technologies, Vancouver) using Poisson statistical 

analysis. Multilineage reconstitution was taken as greater than 1% donor derived B cells, T 

cells, granulocytes and macrophages as measured by expression of B220, TCRβ, Gr-1 and 

Mac-1. Bipotent progenitor frequency was determined as greater than 1% reconstitution in 

T or B cells and either granulocytes or macrophages. 

 

 2.3.6 Short-term Homing Assays 
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Donor cells were individually harvested from untreated CD45.1 2-mo; 9-12mo CD45.1+ 

animals 7 days following surgical shSSA (d7shSSA); or 9-12mo CD45.1+ animals 7 days 

following surgical SSA (d7SSA) and a saturating dose of 20 x 106 WBM cells were 

transferred into untreated (no myeloablation) 2-mo C57Bl/6J (CD45.2+); 9-12mo C57Bl/6J 

(CD45.2+); or 2-mo IL7Rα-/- (CD45.2+) recipient animals such that one recipient/donor. 

Recipient animals were sacrificed 40 hours after transfer and engraftment in the BM of 

donor CD34-Flt3- LSK cells (LT-HSCs) was examined by flow cytometry. 

 

2.3.7 OP9-DL1 Cultures 

 

OP9-DL1 were maintained and co-cultured as per the protocol described previously (Schmitt 

and Zúñiga-Pflücker, 2006). LT-HSCs (8X103 to 1X104) were sorted from d7ShSSA and 

d7SSA mice and cultured on GFP OP9-DL1 for 12 days in the presence of 5ng/mL of each 

mouse Flt3 ligand and mouse IL7 purchased from Miltenyi Biotec. Cells were analyzed by 

flow cytometry based on  CD44 and CD25 expression after removal of all lineage (CD4, CD8, 

CD3, B220,Gr1, CD11b, TER119, NK1.1) and GFP positive cells. 

 

 2.3.8 Microarray Analysis 

 

30000-50000 LT-HSCs were purified by lineage depletion of whole BM from 9mo ShSSA and 

SSA mice 2 days post surgical castration, using the Miltenyi Lineage Depletion Kit (Miltenyi 

Biotechnology, Germany). Depleted cells were then enriched by FACS for LT-HSCs (LSK 

CD34-Flt3-).  
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Mouse total RNA was quality ascertained using the Agilent Bioanalyser 2100 using the 

NanoChip protocol.  A total of 500ng was labelled using the Ambion Total Prep RNA 

amplification kit (Cat. No. – IL1791). A total of 1.5ug of labelled cRNA was then prepared for 

hybridisation to the Mouse WG-6_V2 array (Illumina, www.illumina.com) by preparing a 

probe cocktail (cRNA @ 0.05ug/ul) that includes GEX-HYB Hybridisation Buffer (supplied 

with the beadchip). 

 

A total hybridisation volume of 30ul is prepared for each sample and 30ul loaded into a 

single array on the Mouse WG-6_V2 array.  A total of 6 different labelled samples can be 

loaded into 6 individual arrays per beadchip.  The chip is hybridised at 58 oC for 16 hours in 

an oven with a rocking platform.  After hybridisation, the chip is washed using the 

appropriate protocols as outlined in the Illumina manual.  Upon completion of the washing, 

the chips are then coupled with Cy3 and scanned on Illumina iScan scanner.  The scanner 

operating software, GenomeStudio, converts the signal on the array into a TXT file for 

analysis. 

 

  2.3.8.1 Gene Expression and Pathway Analysis: 

 

Raw data were imported into Partek v 6.5 (www.Partek.com). Data below a value of 50 were 

floored to an expression level of 50, which was about 50% of background signal intensity. 

Thereafter, data were filtered by coefficient of variance, which had to be at least 20%. Then, 

data were log2 transformed, and quantile normalized. Testing for statistical significance was 

performed by applying ANOVA. Probe sets with unadjusted p-value of less than 0.05 and a 

fold change of at least 1.5 were considered to be differentially expressed genes (DEG). DEGs 
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were used for hierarchical cluster analysis, using squared Euclidean and single linkage as 

distance measure.  

 

Pathway analysis on the set of differentially expressed genes was performed with GO 

ANOVA (Gene Ontology ANOVA) (Partek v 6.5). In the present analysis we restricted our 

focus on pathways with p-values smaller than 0.05. Those pathways were then clustered 

using Euclidean distance and average linkage. 

 

Microarray processing and initial bioinformatics analyses using Partek Genomic Suite and 

R/Bioconductor, were conducted by the Australian Genome Research Facility Ltd (AGRF; 

Melbourne). 

 

 2.3.9 Statistical Analysis 

 

Statistical analysis was performed with the nonparametric, unpaired Mann-Whitney U test. 

Limiting dilution CRU frequencies were calculated by L-calc software (Stem Cell 

Technologies, Vancouver), using Poisson statistics (2-tailed test). Comparative analysis of 

relative gene expression in SSA animals was performed using the students t test. All figures 

follow the convention */^p < 0.05, **/^^p < 0.01, ***/^^^p < 0.001.  
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2.4 Results 

2.4.1 SSA Increases the Number of Hematopoietic Stem and Progenitor Cells by Phenotype and 

Lineage Potential  

 

Mice (9-12mo) were surgically castrated and the endosteum and central marrow (vascular 

fraction) enumerated for HSCs at multiple timepoints up to 8 weeks following SSA, by 

multiparameter flow cytometry (Figure 2.1 a). Pooling both endosteal and vascular fractions 

there was no change in the total number of LSK cells by 9-12mo (Figure 1B) and only 

minimal impact of SSA. However, significant changes were found when the subsets were 

analysed. While there was no change in the number of CD34-Flt3- LT-HSCs located in the 

endosteal region (Figure 2.1 c), following SSA there was a significant increase in LT-HSCs in 

the vascular niche from day 14 and maintained through to day 56 compared to sham-SSA 

(shSSA) control animals (Figure 2.1 d). SSA also caused a significant and sustained increase 

in CD34+Flt3- ST-HSCs restricted to the vascular niche. While there was no observable 

impact of age or SSA on the total number of CD34+Flt3+ MPP cells in the vascular niche, 

there was a selective decrease in Flt3hiCD62L+ LMPPs by 9-12mo, which was reversed 

following SSA. 

 

A defining characteristic of HSC function is the ability to differentiate into multiple lineages. 

The frequency of multilineage repopulating cells was enumerated using a limiting-dilution 

competitive repopulation assay. 10, 100 or 1000 FACS sorted vascular LSK cells from 

untreated 2-mo, 9-12mo animals 7 days following surgical shSSA (d7shSSA), or 9-12mo 

animals 7 days following surgical SSA (d7SSA) were transferred along with 5 x 105 

supporting BM cells into lethally irradiated congenic recipients and peripheral 

reconstitution measured 12 weeks after transplant. Mice were considered reconstituted by a 

single HSC if there was ≥1% contribution of donor cells (Figure 2.1 e). While there was no  
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Figure 2.1 SSA increases the number of LT-HSCs. (a) Lin-Sca1+ckit+ (LSK) BM can be 
subdivided into populations of LT-HSCs (CD34-Flt3-), ST-HSCs (CD34+Flt3-) and MPPs 
(CD34+Flt3+). The MPP population was further fractionated based on Flt3 and CD62L 
expression for analysis of LMPPs (Flt3hiCD62L+). Shown are representative flow cytometry 
profiles from an untreated 2-mo mouse to illustrate gating strategies. (b) Absolute number 
of LSK cells in both endosteal and vascular fractions of BM from 2-mo and 9-mo untreated 
(), 9mo-sham-SSA () or 9-mo SSA () mice at various timepoints after surgical SSA 
(n=5/group/timepoint). (c) Absolute number of endosteal CD34-Flt3- LT-HSCs 
(n=5/group/timepoint). (d) Absolute number of CD34-Flt3- LT-HSCs, CD34+Flt3- ST-HSCs, 
CD34+Flt3+ MPPs and CD34+Flt3hiCD62L+ LMPPs in vascular BM (n=10/group/timepoint). 
(e) LSK cells from untreated CD45.2+ 2-mo; CD45.2+ 9-12mo animals 7 days following 
surgical shSSA (d7shSSA); or CD45.2+ 9-12mo animals 7 days following surgical SSA 
(d7SSA) (n=6 recipients/group/dose) were FACS purified and graded doses of cells were 
transferred into lethally irradiated congenic CD45.1 recipients along with 5 x 105 CD45.1+ 
supporting BM cells. Reconstitution was analysed 12 weeks after transplant and the 
frequency of repopulating cells was calculated by Poisson statistics using L-Calc software 
(Stem Cell Technologies). (f) Proportion of Ki67+ LSK cells 4, 7 and 14 days after surgical 
SSA in 9-12mo shSSA or SSA mice (n=10/treatment/timepoint). (g) Proportion of Ki67+ 
cells 7 days after SSA in CD34- HSCs, CD34+CD62L- MPPs and CD34+CD62L+ LMPPs 
(n=10/treatment). (H) Proportion of AnnV+ cells 7 days after SSA in CD34- HSCs, 
CD34+CD62L- MPPs and CD34+CD62L+ LMPPs (n=10/treatment). All data are expressed as 
mean ± SEM. Data are cumulative of at least two independent experiments. * compared with 
shSSA 9-12mo mice. ^ compared with 2-mo mice. 
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statistical decrease in the frequency of multi-lineage repopulating cells with age, at day 7 

following SSA there was a significant increase in the frequency of these cells compared to 

d7shSSA control mice. The frequency of bipotent LSK, or those restricted to the lymphoid 

lineage was similarly increased from d7SSA. Accordingly, when individual lineages were 

analysed for reconstitution, there was no change as a result of age, in the frequency of B, T 

or macrophage reconstituting cells, however, d7SSA had an increased frequency of B-

lineage and macrophage reconstituting cells to 1 in 9 (compared to 1 in 71 and 1 in 37 

respectively in d7shSSA). There was no change in the frequency of T-lineage or granulocyte 

reconstituting cells and, in fact, granulopoiesis was reconstituted in 100% of mice thereby 

precluding limited-dilution analysis (data not shown). 

 

Ki67 and AnnV were used to determine if the increases in the number of HSCs in the 

vascular niche was due to a change in their cycling status and apoptosis respectively. 

Following SSA there was little change in Ki67 expression on total LSK cells at days 4 and 7, 

however, it was significantly increased by day 14 (Figure 2.1 f) in accord with increases in 

the total number of LSK cells. Within LSK subsets there was no change in Ki67 expression 

on CD34-, CD34+ or CD34+CD62L+ subsets at day 7 following SSA (Figure 2.1 g). Similarly, at 

day 7 there was no change in expression of AnnV (Figure 2.1 h). 

 

2.4.2 Long-term Competitive Repopulation Reveals 9-mo BM is Significantly Enhanced 

Following SSA 

 

Vascular BM (2.5 x 106 cells) from CD45.1+ d7shSSA or d7SSA were co-transplanted at a 1:1 

ratio with congenic untreated 2mo competitor BM into lethally irradiated CD45.2+ 

recipients. Over the 17 weeks analysed, total CD45.1+ donor-derived peripheral leukocyte 

reconstitution of animals transplanted with d7SSA BM was significantly higher than those 
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reconstituted by d7shSSA animals (Figures 2.2 a and b). Reflecting this, d7SSA-derived BM 

significantly improved B cell engraftment, with T cell engraftment transiently increased at 

4  

weeks after transplant compared to d7shSSA controls (Figure 2.2 c). Enhanced 

reconstitution by d7SSA was not restricted to the lymphoid compartment, with a significant 

improvement in myeloid engraftment also observed. 

 

2.4.3 Enhanced Long-term Repopulation Ability of BM Following SSA is Intrinsic to LSK 

Fraction of the Vascular Niche 

 

To assess the intrinsic impact on stem cells by SSA, 2000 purified LSK cells from untreated 

2-mo, d7shSSA, or d7SSA (9-12mo) Ly5.1+ mice were co-transplanted with 2 x 106 BM cells 

from untreated congenic competitors into lethally irradiated recipients. Reconstitution was 

measured up to 19 weeks after transplant. There was no age-induced impact at 9-12mo in 

the ability of LSK to engraft the BM 28 days after transplant; however, d7SSA-LSK 

significantly increased the number of CD45.1+ cells in the marrow (Figure 2.2 d) including  

LSK cells and downstream Lin-Sca1-ckit+ myeloid progenitors and Lin-IL7Rα+ckit+ CLP-1 

populations (Figure 2.2 e). 

 

Long-term peripheral repopulation was significantly impaired with 9-12mo d7shSSA 

compared to untreated 2-mo LSK (Figures 2.2 f and g). Over the same timeframe there was 

a significant increase in the repopulation potential of LSK cells derived from d7SSA mice 

compared to d7shSSA mice, restoring LSK repopulation potential to 2mo levels. Principally 

these consisted of improved B cell engraftment, but also improved T cell repopulation from 

day 70 after transplant. Although myeloid engraftment increased with age, we found that  
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Figure 2.2 Sex steroid ablation improves the repopulation potential of HSCs. 2.5 x 
106 CD45.1 BM cells were harvested from 2-mo untreated CD45.1 (), 9-12mo CD45.1 
d7shSSA (), (n=5 recipients/donor group) or 9-12mo CD45.1 d7SSA () (n=5 
recipients/donor group) and transferred with an equal dose of untreated 2-mo CD45.2 BM 
cells into lethally irradiated CD45.2 recipients. Reconstitution was analysed at the designated 
timepoints. (a) Representative donor (CD45.1) versus competitor (CD45.2) flow cytometry 
profiles of spleen 17 weeks after transplant. (b) Total peripheral reconstitution measured by 
CD45.1 in spleen or peripheral blood over 120 days. (c) Lineage specific reconstitution of B 
cells, T cells, granulocytes and macrophages in the spleen at 28 and 120 days after 
transplant. To assess the intrinsic functional effect on HSCs, 2000 CD45.1 LSK cells from 
untreated CD45.1+ 2-mo; 9-12mo CD45.1+ d7shSSA; or 9-12mo CD45.1+ d7SSA were 
transferred along with 2 x 106 BM cells from untreated 2-mo CD45.2 competitors into 
lethally irradiated CD45.2 recipients (n=5-7 / donor group). (d) Total number of CD45.1 
donor-derived cells in the BM of recipients 28 days after transplant. (e) Proportion of 
CD45.1+ whole BM, LSK, CLP-1, CLP-2 and MCP cells in the BM 28 days after transplant. 
(f) Representative donor (CD45.1) versus competitor (CD45.2) flow cytometry profiles of 
spleen 19 weeks after transplant. (g) Peripheral reconstitution in 28, 70 and 135 days after 
transplant. Lineage repopulation was measured amongst CD11b+ myeloid cells, B220+ B cells 
and TCRβ+ T cells. Results are expressed as mean ± SEM of five to seven mice for each group 
at each time point. * compared with shSSA 9-12mo mice. ^ compared with 2-mo mice. 
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d7SSA further increased this (as indicated by CD11b+ cells), albeit transiently at 70 weeks 

after transplant (Figure 2.2 g). 

 

2.4.4 Enhanced Repopulation Ability Following SSA is Not Due to the Altered Homing of HSCs 

to the Bone Marrow or Altered Expression of Migration-related Markers 

 

To assess if improved homing and engraftment could explain SSA-mediated improvements 

to HSC repopulation, LSK cells were first analysed 7 days post-SSA for expression of the 

homing and adhesion molecules VLA-4, VLA-5 and CXCR4. With age, there was a decrease in 

the proportion of LSK cells expressing VLA-4, VLA-5 and CXCR4 (Figure 2.3 a) and also a 

decrease in the mean fluorescence intensity of VLA-4 (150±6 to 101±5, p=0.008) and VLA-5 

(56±1 to 37±0.9, p=0.008). Following SSA there was a slight increase in the proportion of 

CXCR4 expressing LSK cells (23.5±0.8 to 26.1± 0.8, p=0.036), however there was no change 

in the expression of VLA-4 or VLA-5. There was also no change in the frequency of CXCR4, 

VLA-4 or VLA-5 expressing LSK cells following SSA (Figure 2.3 b). 

 

To directly examine the homing ability of LT-HSCs in vivo, BM was harvested from 

individual d7shSSA or d7SSA animals and transplanted into unablated congenic 2-mo or 

9mo recipients. BM was harvested 40 hours later and analysed for short-term homing and 

engraftment of CD34-Flt3- LT-HSCs relative to the number of LT-HSCs transferred (Figure 

2.3 c). Consistent with the minimal FACS differences, there was no change in homing and 

engraftment between groups transplanted into 2-mo or 9-mo recipients. The same 

proportion homed to BM irrespective of the age of the recipient, or whether donors had 

undergone SSA. This result held true for downstream ST-HSCs and MPPs (data not shown). 
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Figure 2.3 Withdrawal of sex steroids does not improve the homing efficiency of 
HSCs. (a) Representative FACS plots showing expression of VLA-4, VLA_5 and CXCR-4 on 
LSK cells from untreated 2-mo; 9-12mo d7shSSA; or 9-12mo d7SSA. Shaded plots represent 
isotype controls. (b) Frequency of LSK cells expressing CXCR4 (n=10/treatment), VLA-4 
(n=5/treatment) or VLA-5 (n=5/treatment) in vascular BM from 2-mo untreated (),9mo-
sham-SSA () or 9-mo SSA () mice. (c) 20 x 106 BM cells from individual CD45.1+ 9-
12mo d7shSSA; or CD45.1+ 9-12mo d7SSA were transferred into unablated 2-mo 
(n=5/donor group) or 9-12mo (n=5/donor group) C57Bl/6 mice. The proportion of CD45.1+ 
CD34-Flt3- LT-HSCs was measured in vascular BM 40 hours after transplant and 
engraftment was calculated relative to the number of CD34-Flt3- LT-HSCs transferred. 
Results are expressed as mean ± SEM. ^ compared with untreated 2-mo mice. 
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2.4.5 SSA Increases Lymphoid Differentiation Capacity of LT-HSCs 

 

To assess the direct effect of SSA on the lymphoid differentiation capacity of HSCs, we 

seeded 8000 to 10000 LT-HSCs from d7ShSSA or d7SSA mice onto OP9-DL1 cells and co- 

cultured these cells for 12 days. OP9-DL1 cells are a BM stromal cell line transduced to 

express the Notch ligand delta-like 1 (DL1), enabling them to support T cell differentiation.  

Importantly, LT-HSCs derived from d7SSA mice progressed through triple negative (TN) 

stages more rapidly when compared to LT-HSCs derived from d7ShSSA mice (Figure 2.4 a). 

There were also more TN3 cells in the d7SSA (1.94% of Lin- GFP-) than in d7ShSSA (0.14% 

of Lin- GFP-). 

 

To assess these functional effects in vivo, we developed an assay to test lymphoid 

differentiation without the confounding impacts of lethal TBI. Mice lacking expression of 

IL7Rα, which have a block in lymphoid development, exhibit high levels of donor HSC 

engraftment, even if recipients are unablated (Gossens et al., 2009). This receptivity makes 

them an ideal model to assess lymphoid differentiation in the absence of confounding 

factors such as myeloablation. To specifically assess the lymphoid differentiation capacity of 

HSCs, 2000 CD34-Flt3- LSK cells were FACS purified from untreated 2-mo, 9-12mo d7shSSA 

or d7SSA vascular niche BM and transferred into unablated IL7Rα-/- recipients and donor-

induced hematopoiesis examined 70 days after transplant (Figure 2.4 b and c). d7shSSA-

derived LT-HSCs exhibited reduced engraftment capacity compared to untreated 2-mo HSCs 

in all lineages examined, including in this model a reduction in CD11b+ myeloid 

engraftment. Recipients reconstituted with d7SSA HSCs, on the other hand, had increased 

levels of CD45+, CD11b+, TCRβ+ and B220+ donor engraftment compared to d7shSSA, 

restoring their differentiation capacity to that of untreated 2-mo. 



	   109	  

Figure 2.4 Sex steroid ablation improves lymphoid differentiation capacity of 
hematopoietic progenitors. (a) 8000-10000 LT-HSCs from d7shSSA or d7SSA mice were 
purified and seeded onto OP9-DL1 cells in vitro. Representative TN differentiation profiles of 
LT-HSCs 12 days after being seeded onto OP9-DL1 T cell differentiation system. (b) 2000 
CD34-Flt3- LSK cells from untreated CD45.1+ 2-mo (); CD45.1+ 9-12mo 7shSSA (); or 
CD45.1+ 9-12mo d7SSA () mice were transferred into unablated 2-mo IL7Rα-/- recipients 
(n=6 recipients/donor group, one recipient/donor) and donor-derived hematopoiesis 
measured in the spleen 70 days after transfer. Representative profiles showing donor-
derived B220+ B cells, TCRβ+ T cells and CD11b+ myeloid cells in IL7Rα-/- recipients. (c) 
Number of donor derived cells in the periphery of IL7Rα-/- recipients. Results are expressed 
as mean ± SEM. * compared with shSSA 9-12mo mice. ^ compared with 2-mo mice.  
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2.4.6 Improved HSC Self-renewal Following SSA  

 

Lethally irradiated congenic mice were initially transplanted with 2 x 106 CD45.1 BM cells 

from untreated 2-mo, d7shSSA or d7SSA mice at a 1:1 ratio with untreated 2-mo CD45.2 

BM. 12 weeks after transplantation, BM from primary recipients were transferred into 

secondary recipients. In both primary and secondary recipients, no change in BM  

engraftment of d7shSSA cells was evident compared to those from untreated 2-mo animals 

(Figure 2.5 a). However, with age there was a significant decline in the proportion of donor-

derived cells upon secondary transplant (Figure 2.5 a). In both primary and secondary 

recipients there was increased engraftment of d7SSA cells compared to both d7shSSA and 2-

mo BM. BM from d7SSA animals showed no appreciable loss in donor engraftment in 

secondary recipients and was comparable to BM of untreated 2-mo, if not better. Decline in  

reconstitution of secondary recipients was not due to a defect in the engraftment of donor-

derived LT-HSCs as there was no change as a consequence of age or SSA (Figure 2.5 b). 

There were significantly decreased donor-derived LMPPs from aged d7shSSA BM, which 

was reversed when d7SSA BM was transplanted, confirming defective lymphoid 

differentiation with age. In the periphery of secondary recipients we found that there was 

no loss in the proportion of donor-derived T cells or CD11b+ myeloid cells with age. There 

were, however, declines in B cell engraftment, which contributed towards a global decline in 

CD45+ cells (Figure 2.5 c). d7SSA-derived BM significantly increased the engraftment of all 

leukocyte subsets, reflected in the number of donor-derived cells (Figure 2.5 d). 
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Figure 2.5 SSA enhances self-renewal in HSCs. 2.5 x 106 CD45.1 BM cells from CD45.1 
2-mo untreated (); 9-12mo d7shSSA (); or 9-12mo d7SSA () were transferred along 
with 2.5 x 106 untreated 2-mo CD45.2 BM cells into lethally irradiated CD45.2 primary 
recipients (n=6 recipients/donor group, one individual recipient/individual donor). 12 weeks 
after transplant primary recipient BM was harvested and 2.5 x 106 BM cells were 
transplanted along with an equal dose of untreated 2-mo CD45.2 BM cells into lethally 
irradiated CD45.2 secondary recipients (n=12 recipients/donor group, two 
recipients/individual donor). Reconstitution of secondary recipients was measured 12 weeks 
after transplant. (a) Proportion of CD45.1+ donor cells in BM 12 weeks following transplant 
in primary and secondary recipients (*, compared with 9-12mo d7shSSA mice within 1° or 
2° recipients.  ^, compared to untreated 2-mo mice within either 1° or 2° recipients. †, 
compared to d-7shSSA between 1° and 2° recipients). (b) Frequency of donor-derived CD34-

Flt3- LT-HSCs and CD34+Flt3hiCD62L+ LMPPs in the BM of secondary recipients 12 weeks 
after transplant. (c) Representative flow cytometric profiles of donor reconstitution among 
B220+ B cells, TCRβ+ T cells and CD11b+ myeloid cells in the spleen of secondary recipients 
12 weeks after transplant. (d) Absolute number of CD45.1+ donor cells in the spleen of 
secondary recipients 12 weeks after transplant. Results are expressed as mean ± SEM. * 
compared with d7shSSA 9-12mo mice. ^ compared with untreated 2-mo. 
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2.4.7 Intrinsic Hematopoietic Alterations in 9mo-SSA LT-HSCs Begin by Day 2 Post Surgical 

Castration 

 

To determine the earliest intrinsic changes to the stem cell compartment after SSA, LT-

HSCs from 9mo-d2ShSSA and d2SSA mice were FACS purified and transcriptome analysis 

performed. 

We found 770 genes significantly altered by day 2 post SSA (upregulated or downregulated 

Figure 2.6 a). Pathway analysis revealed an overall upregulation of genes associated with 

DNA replication processes as well as intercellular and cell-matrix interactions (Figure 2.6 b). 

Importantly, of the 770 differentially expressed genes, several key hematopoietic-associated  

genes were altered by day 2 post surgical castration (Figure 2.6 c), including downregulation 

of early stem cell genes (Socs4, kit), myeloid associated genes (Mpo) and genes associated 

with aging (Igf1r) while lymphoid associated genes were significantly upregulated (Bcl10, 

Zbtb5, Zbtb7a, Tcf712, Rag1ap1) (Figure 2.6 c). 
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Figure 2.6 Hematopoietic-associated molecular alterations in LT-HSCs at the early 
timepoint following SSA. 30000-50000 LT-HSCs from 9-mo d2shSSA or 9-mo d2SSA 
mice BM were purified by FACS and analysed by microarray using the Partek 6.6 software. 
(a) Heat map showing the differential gene expression between 9-mo d2shSSA and 9-mo 
d2SSA LT-HSCs. Gene upregulation is presented in red (⎯) and downregulation in blue (⎯) 
(b) Pathway analysis GO enrichment scores based on genes that were significantly altered 
(GO ANOVA p-value ≤ 0.05) between 9-mo d2shSSA vs 9-mo d2SSA. (c) Fold-change and 
function of selected hematopoietic-associated genes that are significantly (GO ANOVA p-
value ≤ 0.05) altered with SSA in LT-HSCs. 
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2.5 Discussion 

 

There is growing evidence for intrinsic age-related changes in HSC function (Dumble et al., 

2007; Geiger et al., 2005; Rossi et al., 2007; Rossi et al., 2005; Sudo et al., 2000). We have 

previously demonstrated that SSA regenerates age-related declines in lymphopoiesis and 

enhances recovery following HSCT (Chidgey et al., 2007; Chidgey et al., 2008; Dudakov et 

al., 2009a; Dudakov et al., 2009b; Goldberg et al., 2010). We hypothesised that age-related 

declines in lymphopoiesis correlate with defects in HSC function. Conversely, we sought to 

determine if lymphoid regeneration following SSA is mediated by enhanced hematopoietic 

stem and progenitor cell function – even in middle-aged mice that by consensus do not yet 

have considerable stem cell defects, but exhibit all the hallmarks of immune degeneration. 

 

We found that despite the previously reported accumulation of LT-HSCs with age (Rossi et 

al., 2005; Sudo et al., 2000) there was a further increase in the number of these cells 

following SSA. These increases were restricted to the vascular niche with little impact 

observed in the endosteum. Long-term reconstitution studies revealed d7SSA-derived HSCs 

had a significant increase in the frequency of multi-lineage repopulating cells as well as an 

increased repopulation potential on a per cell basis. In serial transplant experiments there 

were no differences between groups in the number of donor-derived LT-HSCs but there was 

a significant defect in their differentiation into LMPPs when transplanted with d7shSSA 

BM. SSA reversed this cell-intrinsic block in differentiation. Transplantation of d7shSSA 

CD34-Flt3- LT-HSCs into IL7R-/- recipients confirmed this defect in lymphoid differentiation, 

which was again reversed by SSA. Collectively these findings highlight the important role of 

SSA in enhancing HSC function and capacity for lymphoid regeneration. 
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While 9-12mo mice showed a decreased expression of Flt3 on LSK cells, this was not 

accompanied by reduced numbers of MPPs, which are observed in older mice (Rossi et al., 

2005). Within this subset we found in 9-12mo mice a selective depletion of CD62L+Flt3hi 

LMPPs, a subset analogous to intrathymic early T-lineage progenitors (ETPs) (Perry et al., 

2004) - potentially explaining the profoundly reduced number and function of ETPs with 

age (Heng et al., 2005; Min et al., 2004). Taken together with the previously reported 

sensitivity of early lymphoid progenitors to negative regulators such as sex steroids and 

glucocorticoids (Igarashi et al., 2005; Medina et al., 2001), as well as our own data showing 

significant increases in downstream lymphoid progenitors following SSA (Dudakov et al., 

2009a), it is consistent that SSA also significantly increased LMPPs herein. The kinetics of 

regeneration of ETPs following SSA, which increase in number from day 7-10 (Heng et al., 

2005), are similar to those we report here amongst BM Flt3hiCD62L+ LMPPs – further 

linking these two populations. In vivo differentiation in IL7Rα-/- animals showed that twelve 

weeks after transfer of LT-HSCs from 9-12mo d7shSSA was significantly reduced in 

comparison to untreated 2-mo BM. This decline in HSC function was restored to untreated 

2mo levels by d7SSA implying that SSA-mediated lymphoid regeneration, and consequently 

age-related lymphoid degeneration, is predicated on the altered function of BM-derived 

hematopoietic stem and progenitors. Moreover, our findings suggest that these improved 

repopulation and differentiation abilities of HSCs following SSA are not due to changes in 

the homing, engraftment and retention of HSCs in the BM. 

 

Clinically, HSCs from aged, or chemotherapy treated patients exhibit a reduced proliferative 

potential and ability to form T cells in vitro (Offner et al., 1999; Vaziri et al., 1994). 

Moreover, patients receiving HSCs from young donors fare better than those receiving 

HSCs from older patients (Carreras et al., 2006). Previous findings, which identified 

myeloid-biased HSCs (Muller-Sieburg et al., 2004; Sudo et al., 2000) and showed increased 
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myeloid gene usage in aged LT-HSCs (Rossi et al., 2005), implied an intrinsic age-related 

lineage skewing away from lymphopoiesis and towards myelopoiesis. The accumulation of 

these cells with age is also consistent with the age-associated increased incidence in 

myelogenous leukemias (Muller-Sieburg et al., 2004) and has led to the clinical hypothesis 

that myeloid-biased HSCs are the targets for transforming into myelogenous leukemia 

(Appelbaum et al., 2006; Bell and Van Zant, 2004; Muller-Sieburg et al., 2004; Satoh and 

Ogata, 2006; Sudo et al., 2000). At least some of the defects observed in HSCs with age can 

be attributed to an accumulation of damage to mitochondrial DNA (Yao et al., 2007) as well 

as defects in p53 activity (Dumble et al., 2007) and DNA damage repair (Geiger et al., 2005). 

Importantly, our data revealing the upregulation of lymphoid associated genes by day 2 

suggests that SSA directly promotes the regeneration of lymphoid lineage potential within 

LT-HSCs (Maeda et al., 2007; McLeod et al., 2011; Pridans et al., 2008; Xue et al., 2003). It is 

unclear whether this is evident within a defined subset of newly formed cells or generic to 

the total population. 

 

The data presented here suggest that withdrawal of sex steroids can dramatically improve 

HSC function, particularly with respect to their lymphoid differentiation potential - possibly 

even ameliorating myeloid dysplasia. These findings suggest that enhanced lymphopoiesis, 

in both the BM and thymus can be explained by the impacts of SSA on improving the 

function of HSCs. This is further supported by their exposure to a “rejuvenated” 

microenvironment, sufficient to restore function of aged satellite progenitor cells (Conboy 

et al., 2005). The improvement of BM function and enhanced HSC function by SSA is a 

novel and rational approach to the unmet clinical need of lymphoid regeneration following 

cytoreductive therapy for haematological malignancies, particularly given that this can be 

achieved clinically and reversibly using the hormone LHRH (Chidgey et al., 2007). 

Moreover, demonstrating enhanced HSC function lays a solid foundation for improving 
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transplantation outcomes in patients undergoing high dose cytoreductive therapy, by 

ensuring effective engraftment and subsequent immune reconstitution. 
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3.1 abstract 

 

Severe immune degeneration is a consequence of aging. Architectural deterioration of the 

two primary lymphoid organs, the bone marrow (BM) and thymus, lead to functional 

impairments such as reduced B and T cell output as well as peripheral function leading to 

increased susceptibility to opportunistic infections, recurring malignancies as well as a 

reduced ability to recover from cytoablation (chemo- and radio-therapies) in those who are 

immune-compromised. We have previously described the rejuvenation of lymphopoiesis 

following sex steroid ablation (SSA) and in particular, the contribution of SSA hematopoietic 

stem cells (HSCs) in SSA-mediated lymphoid regeneration. This study focuses on the impact 

of SSA on the BM hematopoietic niche, particularly the CD51+ osteoblasts (OBLs) and 

CD31+ endothelial cells, and their role in immune regeneration. Vascular CD51+ OBLs 

represent a more immature population compared to the endosteally located OBLs and are 

seen to accumulate with age. While numerically unaffected by SSA, these cells showed 

enhanced expression of hematopoietic-associated molecules at an earlier timepoint when 

compared to the more mature endosteal OBLs and prior to any observed functional changes 

within their associated LT-HSCs. Collectively however, the 9-mo SSA HSC niche appears to 

alter progressively towards the younger 2-mo BM phenotype suggesting their involvement 

in supporting enhanced hematopoiesis noticed with SSA-mediated immune regeneration. In 

conclusion, SSA improves the hematopoietic-associated molecular profile of both the 

endosteal and vascular OBLs and hence their ability to support hematopoiesis. 
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3.2 Introduction 

 

One of the hallmarks of mammalian immunity is its degeneration with age, a phenomenon 

referred to as immune-senescence.  The two primary lymphoid organs; thymus and bone 

marrow, progressively become less efficient at producing T and B cells respectively. These 

functional declines begin primarily at puberty. In healthy individuals immune-senescence 

does not normally pose a significant problem as most of the adaptive repertoire is already 

established. However in those adults whose immune system is severely depleted by high 

dose chemo- and radio- therapy, stress or chronic infection, the severely compromised 

function of the thymus means these individuals are often left immune-compromised for 

prolonged periods and hence are extremely susceptible to infections and malignant relapse. 

As a corollary, immune recovery in adults has been intrinsically linked with the need for 

regeneration of thymic function. The key question is – how can this be achieved? In turn 

this requires an understanding of what causes thymic decline. Several previous studies have 

reported that the removal of sex steroids through either chemical or surgical castration 

rejuvenates the immune system and lymphopoiesis in particular (1-8). But how does this 

happen? Is it a consequence of overcoming endogenous thymic defects? 

 

Alternatively, given that the thymus has a continual need for T cell progenitors since it does 

not contain any self-renewing HSC or equivalent progenitor cell (HSPC) for the T cell 

lineage, is thymic decline a consequence of BM deficiency? Indeed HSC and HSPC are 

functionally altered with age manifesting as a progressive bias towards the myeloid lineages 

and away from the lymphoid lineages (9-13). This skewing could well explain the increased 

incidence in myelopathologies and anemia with age (12). Through comparative microarray 

analysis, studies have identified an obvious upregulation of myeloid associated genes and 
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downregulation of lymphoid associated genes in aged mice (13). Moreover, previous reports 

from our laboratory and others have reported a quantitative decline in lymphoid 

progenitors in the BM with age (Chapters 2 and 4 (13)).  

 

In addition to this myeloid skewing, there is also a well-described age-associated 

accumulation of functionally deficient HSCs within the BM. These phenotypically identical 

HSCs show reduced self-renewal potential, as seen in long term repopulating assays, as well 

as diminished lymphoid differentiation capacities; all of which improve upon sex steroid 

ablation (Chapter 2 (14)). Hence, similar to the thymus, sex steroid ablation reverses the 

impacts of age on BM function.  

 

Although the impacts of age on HSC function are well described, it is unclear how this 

arises. As for the thymus, is it a direct, cell intrinsic feature or rather attributed to defects in 

the microenvironmental niches, which nurture HSC development and maintenance? 

Although the latter potential niche involvement was first postulated by Schofield and 

colleagues in 1978, it is only recently that satisfactory methods have been developed for the 

cellular and hence molecular dissection of the BM HSC niche (15). The cells include 

fibroblasts, adipocytes, macrophages, endothelial cells, osteoblasts (OBLs), osteoclasts and 

specialized mesenchymal stromal cells (MSCs) (16, 17). These are arranged into complex 3-

dimensional structures held together by the extracellular matrix (ECM) and spatially 

arranged at the endosteal surface (endosteal HSC niche) and adjoining sinusoidal 

endothelium within the central marrow (vascular HSC niche), although there is some 

uncertainty whether this represents just one or more distinct HSC niches (17-19). 
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OBLs, which are of mesenchymal origin, have a dual function within the BM: to synthesize 

bone matrix and to maintain the HSC pool size (20, 21). While mature osteocalcin 

expressing OBLs are primarily found lining the bone in highly vascular regions of the 

endosteum, more primitive Runx2 expressing pre- and immature OBLs is proposed to be 

further away from the bone (reviewed in 22). The vascular endothelium includes arteries 

that penetrate through dense bone structures and form capillaries that converge into a 

central sinus (23, 24). These sinusoidal blood vessels are highly fenestrated and form a 

network often in the close proximity to endosteal surfaces (24). 

 

 These niche components are able to regulate HSC function through several molecular 

interactions including osteopontin (Opn), which maintains HSC quiescence; Parathyroid 

Hormone Receptors (PTHrs), which activate OBLs and causes a Notch- mediated increase in 

HSC proliferation (21, 25, 26); Angiopoietin-1 (Ang-1), which promotes stem cell quiescence 

and regulates HSC numbers via its anti-apoptotic effects; CXCL-12, which regulates HSC 

localization and promotes their quiescence (27, 28); and Notch activation which promote 

HSC self-renewal  (29). 

 

Recent studies suggest a decline in cell-to-cell adhesion within the niche with age, a finding 

supported by enhanced mobilization of HSCs as a result of granulocyte-colony stimulating 

factor (G-CSF) treatment (30, 31). Moreover, with age, HSCs were also found to be further 

away from the endosteum (32). While the aging of OBLs within the context of bone 

synthesis has shown declining proliferation and bone synthesizing abilities, its role in the 

aging HSC microenvironment is less well understood (33, 34). This study will assess how 

aging affects the ability of the hematopoietic niche to support hematopoiesis, particularly 

within the hematopoietic niche. Furthermore, given the impact of sex steroid ablation (SSA) 
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on hematopoiesis and lymphoid development (described in Chapter 2), we sought to assess 

the impact of SSA on the BM microenvironment. 
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3.3 Materials and Methods 

 3.3.1 Animals 

 

Inbred male C57BL/6 or congenic CD45.1 mice were obtained from the Animal Resources 

Centre (Perth, Australia) or Monash Animal Services (Clayton, Australia). Young mice were 

between the ages of 6-8 weeks and aged mice were more than 8 months of age in this study. 

Mice were maintained at the Monash Animal Services (Clayton, Australia) and were allowed 

to acclimatize for 7 days before experimentation, which was performed according to animal 

experiment ethics committee guidelines and approval. 

	  

 3.3.2 Surgical Castration  

 

Mice were anaesthetized by inhalation of a gaseous mixture of 2.5% isofluorane and 2% 

oxygen. A small incision was made in the scrotum. The testes were exposed, ligated with 

dissolvable sutures and removed. The wound was closed with dissolvable sutures.  For 

surgical stress control, sham SSA (ShSSA) was performed as above, but without the removal 

of the testes.  

	  

 3.3.3 Cell Suspensions 

 

Single cell suspensions of the hematopoietic vascular niche of bone marrow (BM) were 

obtained by flushing freshly dissected tibias and femurs with cold PBS supplemented with 

0.2%BSA and 0.02% sodium azide (FACS buffer) with a 22G needle (Becton Dickinson, USA). 

Bone ends were crushed in a mortar and pestle with FACS buffer, the crushed ends washed 

to remove marrow and the wash added to the flushed vascular niche cells. The resulting 

marrow was then made into a single cell suspension by gentle pipetting. Marrow 
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preparations for the hematopoietic content involved flushing the aforementioned bones 

with cold FACS buffer using a 26G needle (Becton Dickinson, USA) and then made into 

single cell suspension using a 22G needle (Becton Dickinson, USA). In the case of endosteal 

niche preparations, the flushed tibias and femurs were crushed with a mortar and pestle in 

the presence of 0.3% Collagenase/Dispase and 0.1% DNAse I (Roche, USA). The bones were 

incubated with the enzymes at 370C for 2 x 30 minute digests. Cells were recovered by 

centrifugation at 470 x gmax for 5 minutes at 40C. Cell counts were determined by gating 

viable cells based on cell size using a Z2 Coulter Counter (Beckman Coulter, U.S.A.). 

	  

 3.3.4 Red Blood Cell Lysis 

 

Red blood cells in the bone marrow preparation (hematopoietic niche) were lysed by adding 

1mL of 8.3g/L ammonium chloride in 0.01M Tris-HCL buffer per a bone marrow 

suspension for 2 minutes at room temperature. Cells were then washed with 9mL FACS 

buffer and recovered by centrifugation at 470 x gmax for 5 minutes at 40C. 

 

 3.3.5 BM Transplantation Assay with Lethal Irradiation 

 3.3.5.1 LT-HSC Transplant Assay 

 

Donor cells were harvested and pooled from untreated CD45.2+ 2-mo; 9-mo CD45.2+ 

animals 2 days following surgical shSSA (d2shSSA); or 9-mo CD45.2+ animals 2 days 

following surgical SSA (d2SSA). Supporting cells were harvested from untreated 2-mo 

CD45.1+ congenic animals. 1 x 106 CD45.1+ cells whole bone marrow (WBM) cells or 2000 

purified CD45.2+ LT-HSCs were mixed and injected into each recipient mouse, intravenously 

via the tail vein. Recipient 2-mo CD45.1+ mice were conditioned with lethal 1100 rad split 
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dose 2 hours before transplantation. Spleens were harvested 6 weeks post transplantation 

and FACS analysed to assess peripheral reconstitution. 

 

  

3.3.5.2 BM Cell Dose-response Assay 

 

Donor cells were harvested and pooled from untreated CD45.1+ 2-mo; 9-mo CD45.1+ 

animals 7 days following surgical shSSA (d7shSSA); or 9-mo CD45.2+ animals 7 days 

following surgical SSA (d7SSA). Recipient 2-mo CD45.2+ mice were conditioned as 

mentioned above and injected with either 5 x 105 or 5 x 106 BM cells intravenously via the 

tail vein. BM, spleen and thymus were analysed via FACS to assess peripheral reconstitution. 

 

 3.3.6 Flow Cytometric Analysis 

 

The following fluorochrome labelled antibodies against murine antigens (as well as 

appropriate isotype controls) were used: FITC-conjugated anti-CD34 (RAM34), anti-CD45 

(30-F11), anti-CD61 (2C9.G2), anti-TER119 (TER-119), PE-conjugated anti-CD135 

(A2F10.1) and anti-CD51 (RMV-7), APC-conjugated anti-CD117 (2B8), anti-CD45 (30-F11) 

and anti-TER119 (TER-119), PECy7-conjugated anti-Sca1 (D7), biotin (MEC 13.3) or APC 

(MEC 13.3) -conjugated anti-CD31, APC eFluor 780-conjugated anti-CD25, and Pacific Blue-

conjugated anti-CD44 (IM7) and anti-CD45.1 (A20). Lineage cocktail consisted of the 

following antibodies conjugated to Biotin: anti-CD3 (145-2C11), anti-CD4 (GK1.5), anti-

CD8α (53-6.7), anti-CD19 (1D3), anti-CD11b (M1/70), anti-CD11c (HL3), anti-Gr-1 (RB6-

8C5) and anti-B220 (RA3-6B2). Secondary reagents used were APC Cy7, Pacific Orange or 

PercPCy5.5 conjugated streptavidin. 
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All conjugates were purchased from BD Biosciences except streptavidin- APC Cy7 and 

PerCPCy5.5, which were purchased from eBiosciences and Pacific Orange from Molecular 

Probes. 

 

All cells were analyzed on the multiparameter FACSCanto II (BD Biosciences, U.S.A.) using 

Flow Jo software (Flow Jo, USA). 

 

 3.3.7 Quantitative PCR Analysis 

 

Bone marrow stromal cells purified by cell sorting from pooled vascular or endosteal 

fractions (at least 10 animals/treatment) snap frozen in liquid nitrogen and stored at -80oC 

prior to RNA extraction. Total RNA was isolated using the Qiagen RNEasy Micro- or Mini-

Kit according to manufacturer’s instructions (Qiagen, USA). cDNA was produced using 

Superscript III First-strand Synthesis System (Invitrogen, USA) with oligo(dT)20 

oligonucleotides (Invitrogen, USA) as per manufactures instructions. Q-PCR was performed 

using Platinum SYBR Green Supermix-UDG (Invitrogen, USA) on a Corbett Rotor-Gene 

3000 (Corbett Research, Australia). The 2-ΔΔCt method was used to calculate relative levels of 

target mRNA compared to GAPDH. Relative expression of d7SSA animals was compared to 

d7shSSA control animals. The pre-validated primers for CXCL12 (QT00161112); SCF 

(QT00199430); Osteopontin (QT00157724); Angiopoietin (QT00166859); Jagged-1 

(QT00115703); VCAM-1 (QT00128793); BMP-4 (QT00111174); IL-7 (QT00101318); TGF-b1 

(QT00145250), Osterix, Osteopontin, Osteocalcin, Osteoactivin, Alkaine phosphatase; were 

purchased from Qiagen. 
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 3.3.8 Microarray Analysis 

 

BM niche (CD45-, OBLs and endothelial cells): 500,000-1,000,000 CD45-Ter119-, OBLs or 

endothelial cells were isolated from either the vascular or endosteal niche bone marrow of 

2-mo untreated, 9-mo untreated, 9-mo  ShSSA and 9-mo SSA mice 2, 4, 7, 10 days post-

surgical castration, using Miltenyi CD45 Depletion Kit (Miltenyi Biotechnology, Germany) 

and FACS (CD45-Ter119- with either CD31 or CD51 for endothelium and OBLs respectively). 

Total RNA was isolated using the Qiagen RNEasy Micro- or Mini-Kit according to 

manufacturer’s instructions (Qiagen, USA). Mouse total RNA was quality ascertained using 

the Agilent Bioanalyser 2100 using the NanoChip protocol.  A total of 500ng was labelled 

using the Ambion Total Prep RNA amplification kit (Cat. No. – IL1791). A total of 1.5µg of 

labelled cDNA was then prepared for hybridisation to the Mouse WG-6_V2 array (illumina, 

www.illumina.com) by preparing a probe cocktail (cDNA at 0.05µg/µl) that includes GEX-

HYB Hybridisation Buffer (supplied with the beadchip). 

 

A total hybridisation volume of 30µl is prepared for each sample and 30µl loaded into a 

single array on the Mouse WG-6_V2 array.  A total of 6 different labelled samples can be 

loaded into 6 individual arrays per beadchip.  The chip is hybridised at 58°C for 16 hours in 

an oven with a rocking platform.  After hybridisation, the chip was washed using the 

appropriate protocols as outlined in the illumina manual.  Upon completion of the washing, 

the chips were then coupled with Cy3 and scanned in the illumina iScan scanner.  The 

scanner operating software, GenomeStudio, was used to convert the signal on the array into 

a TXT file for analysis. 

 

 3.3.8.1 Gene Expression and Pathway Analysis: 
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Raw data was imported into Partek v 6.5 (www.Partek.com). Data below a value of 50 were 

floored to an expression level of 50, which was approximately 50% of background signal 

intensity. Thereafter, data was filtered by coefficient of variance, which had to be at least 

20%. Then, data was log2 transformed, and quantile normalized. Testing for statistical 

significance was performed by applying ANOVA. Probe sets with unadjusted p-value of less 

than 0.05 and a fold change of at least 1.5 were considered to be differentially expressed 

genes (DEG). DEGs were used for hierarchical cluster analysis, using squared Euclidean and 

single linkage as distance measure.  

 

Microarray processing and initial bioinformatics analyses using Partek Genomic Suite and 

R/Bioconductor, were conducted by the Australian Genome Research Facility Ltd (AGRF; 

Melbourne). 

 

 3.3.9 Statistical Analysis 

 

Statistical analysis was performed with the nonparametric, unpaired Mann-Whitney U test 

(when n≥ 4) or student T test (when n=3) using Graphpad Prism software (Graphpad 

Software, USA). A p value less than or equal to 0.05 was considered to be statistically 

significant. 
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3.4 Results 

 3.4.1 OBLs can be Phenotypically Isolated from Vascular BM 

 

In order to assess the hematopoietic supporting capacity of the BM, the BM niche was 

further characterized by analysing both the endosteal and vascular compartments. Given 

the importance of OBLs in LT-HSC maintenance and development, we focussed our analysis 

on this population. Interestingly, we identified CD51+ putative OBLs in both vascular and 

endosteal fractions of the BM (Figure 3.1 a). Endothelial and osteoclast lineage cells were 

excluded from the analysed population by lack of expression of CD31 and CD61, 

respectively. To test the osteolineage potential of CD51+cells in these fractions, we isolated 

mRNA from the CD45-TER119-CD61-CD31-CD51+ population and analysed for expression of 

OBL specific genes (osteopontin, osteocalcin, osteoactivin and Runx2) (35, 36). Whilst OBLs 

have been primarily identified within the endosteum, vascular CD51+ OBLs clearly 

expressed these markers, which include the early factor Runx2 (Figure 3.1 b), suggesting a 

precursor osteoblastic lineage.  Consistent with this interpretation, endosteal CD51+ OBLs 

had greater expression of the mature marker osteocalcin and lower expression of the 

immature marker Runx2 when compared to vascular OBLs (Figure 3.1 b). 

 

3.4.2 Age-associated Decrease in Endothelial Cells is Reversed by SSA but Does Not Alter the 

Age-associated Increase in OBLs 

 

SSA has been shown to enhance the function of HSPCs within the BM (Chapter 2,4 and 

(14)). To assess the effects of SSA on cellular components of the BM niche, mice were 

surgically ShSSA or SSA (reduces serum testosterone levels to ∼1% of normal levels within 

6 hours) and the hematopoietic niche analysed by flow cytometry. Analysis was restricted to 

the non-hematopoietic compartment of the BM (TER119- CD45- CD61-). 
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Figure 3.1 Phenotypic characterization CD51+ cells in the vascular niche reveal an 
immature OBL population (a) The TER119- CD45- stromal population can be further 
subdivided into CD31+ endothelial cells and CD31- CD51+ osteoblast cells. Shown are 
representative flow cytometry profiles from an untreated 2-mo mouse to illustrate gating 
strategies. (b) Expression of key OBL-associated genes in vascular CD51+ OBLs () relative 
to CD31+ endothelial cells (---) and endosteal OBLs(---) in 2-mo mice (n=10).  
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Following SSA, there were no changes in total BM cellularity except at the early timepoint, 

day 7, whereby there was a decline in total vascular niche cells with surgery compared to 2-

mo untreated BM (Figure 3.2 a). Further dissecting the CD45- fraction, whilst there were no 

changes with age in endosteal OBLs cell numbers (Figure 3.2 c) we found an age-associated 

increase in the number of CD51+ OBLs in the vascular hematopoietic niche; (Figure 3.2 b), 

consistent with the increase in HSC numbers by phenotype (11, 13) (Figure 2.1). However,  

despite its impact on HSC numbers after day 14, SSA (Figure 2.1) did not alter the number 

of the vascular OBLs (Figure 3.2 b). 

 

In contrast to our findings with CD51+ OBLs, the number of vascular endothelial cells 

declines with age (Figure 3.2 b). SSA restored the number of endothelial cells back to levels 

beyond untreated young mice from day 14 post SSA and remained significantly elevated 

through to at least day 56 (Figure 3.2 b). This was not seen with the endosteal endothelial 

cells (Figure 3.2 c). 

 

3.4.3 SSA Causes Profound Shifts in the Molecular Profile of the Hematopoietic Niche to 

Promote Lymphopoiesis 

 

To better understand the molecular alterations associated with SSA-mediated hematopoietic 

rejuvenation; and in particular the role of hematopoietic niches in SSA-mediated lymphoid 

regeneration, we performed transcriptome analysis on the CD45- cells from the flushed 

marrow fraction (vascular niche) from untreated 2-mo and 9-mo, and 9-mo ShSSA and SSA 

mice at days 2, 4, 7 and 10 post surgery. Using the statistical analysis of variants (ANOVA), 

232 genes had an absolute fold change greater than 2, between 2-mo and 9-mo mice, with 

160 of these genes being downregulated in 9-mo samples. A heat map with expression of  
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Figure 3.2 SSA does not affect age-associated increase in OBL proportion. (a) 
Absolute number of total BM cells in the vascular and endosteal hematopoietic niche from 
2-mo untreated (), 9mo-sham-SSA () or 9-mo SSA () mice at various timepoints after 
surgical SSA (n=5/group/timepoint). (b) Number of vascular and endosteal CD51+ OBLs 
and CD31+ endothelial cells (n=5/group/timepoint). All data are expressed as mean ± SEM. 
Data are cumulative of at least two independent experiments. * compared with shSSA 9-mo 
mice. ^ compared with 2-mo mice. 
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these genes across all timepoints is shown in Figure 3.3 a. Genes of particular interest that 

were downregulated in the aged include molecules associated with the extracellular matrix – 

collagens (15 fold decrease); osteoblast differentiation, such as secreted acidic cysteine rich 

glycoprotein (Sparc; osteonectin) (12 fold decrease) and bone carboxyglutamate proteins 

(Bglap: Osteocalcin), a promoter in pre-OBLs (10 fold decrease). Pattern discovery 

(correlation >0.7) identified 127 genes that demonstrated an increasing gene expression 

trend towards young profiles following castration of 9-mo old mice (Figure 3.3 b). This 

suggests that 80% of the genes downregulated with age in BM stromal cells were 

upregulated following SSA and reached close to young expression levels by day 10 (Figure 

3.3 b).  

Further analysis using quantitative PCR of known hematopoiesis associated genes within 

CD51+ OBLs and CD31+ endothelial cells in the vascular and endosteal niche (Figure 3.4 a-b), 

revealed that while by d2SSA, trends suggest enhancement in the expression of key 

hematopoietic supporting molecules in vascular OBLs (Figure 3.4 a), this was only seen in  

d7SSA endosteal OBLs when compared to ShSSA mice. In particular osteopontin and 

angiopoietin, two key regulators of HSC quiescence and self-renewal, were expressed at 

significantly greater levels compared to the d7ShSSA within the CD51+ OBLs from both BM 

niche compartments (29, 37). Within the endosteal CD51+ OBLs, other vital hematopoietic-

associated signals involved in HSC homing (CXCL-12 and VCAM-1 (28, 38)), expansion 

(Jagged-1 (39)), survival (IGF-1 (40)) and quiescence (Bmp4 and TGF-β (41, 42)) were 

significantly increased at d7SSA (Figure 3.4 b) 

 Also of importance, stem cell factor (SCF) and IL-7 were also increased within vascular 

CD31+ endothelial cells, indicating enhanced ability to support and promote lymphoid 

differentiation (Figure 3.4 b) (43, 44). 
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Figure 3.3 Progressive rejuvenation of the BM hematopoietic niche with SSA 
towards a 2-mo niche phenotype. 500,000-1,000,000 TER119- CD45- BM vascular cells 
were purified from 9-mo- d2,d4,d7,d10  following SSA and compared to sham-SSA and 
untreated 9-mo and 2-mo BM through microarray analysis using the Partek 6.6 software.  
(a) Heat map showing the differential gene expression between 9-mo and 2-mo CD45- 
TER119- hematopoietic stromal cells Gene upregulation is presented in red (⎯) and 
downregulation in blue (⎯). (b) Microarray pattern matching analysis based on a pattern 
discovery coefficient of >0.7 reveal 127 genes with progressive upregulation towards 2-mo 
levels with SSA. 
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To assess whether the early molecular rejuvenation (d2SSA) that was observed within the 

vascular niche had any functional hematopoietic implications, we transplanted 2000 d2SSA 

and d2ShSSA CD45.2+ LT-HSCs together with 1 x 106 supporting CD45.1+ whole BM cells 

into lethally irradiated (1100 rads) CD45.1+ 2-mo mice. Recipient spleens were harvested 6 

weeks post transplantation and analysed by flow cytometry. d2SSA LT-HSCs exhibited no 

functional difference to d2ShSSA LT-HSCs indicating that these observed  molecular 

changes within the vascular niche preceded any functional changes seen within the LT-HSC 

population at that timepoint (Figures 2.4 e and 3.4 c). 

 

3.4.4 Sex Steroid Ablation Reduces the Number of Cells Required for Hematopoietic 

Engraftment Following HSCT 

 

In order to measure the functional implications of these observed molecular rejuvenation in 

the CD45- stromal population, we postulated that fewer of these cells would be required for 

similar levels of engraftment – such cell dose sparing has important clinical implications 

because one of the greatest challenges is obtaining sufficient HSC/kg body weight for the 

transplant. To test this, 2-mo recipient C57Bl/6 mice were given sham-SSA or SSA and 1 

day later, lethally irradiated and reconstituted with either 5 x 106 or 5 x 105 BMCs from 

untreated congenic CD45.1 donors. At 28 days after transplant, primary organs were 

measured for lymphoid engraftment and at 84 days peripheral reconstitution was measured.  

In the BM, while there was no significant difference in the total number of CD45.1+ LSK 

cells regardless of BMC dose transplanted (Figure 3.5 a), suggesting that even with the 

lower cell dose all BM niches had been filled, there was a significant increase in the number 

of donor-derived LSK cells in both dosage groups after SSA reflecting an increase in 

available BM niches. However, the number of cells transferred significantly affected the  
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Figure 3.4 Hematopoietic-associated molecular alterations precedes functional 
changes within LT-HSCs with SSA. CD51+ OBLs and CD31+endothelial cells were FACS 
purified from the CD45-TER119-CD61- stromal compartment of both the vascular and 
endosteal niche 2 (a) or 7 (b) days after SSA or sham-SSA (n=10) and relative expression of 
(a) CXCL-12, (b) SCF, (c) Osteopontin (Opn), (d) Angipoietin-1 (Ang), (e) Jagged-1 (Jag), (f) 
VCAM-1, (g) BMP-4, (h) IL-7, (i) TGFβ and (j) IGF-1 determined by quantitative PCR. 
Expression is represented as d7SSA () relative to d7shSSA control mice (---), n=3-11 
independent experiments. * compared with d7shSSA 9-12mo mice.(c) 2000 CD45.2+ LT-
HSCs were FACS purified from d2SSA and d2sham-SSA mice and injected into 2-mo lethally 
irradiated CD45.1+ mice. Donor derived hematopoiesis was measured in the spleen 6 weeks 
following intravenous injection. Representative profiles showing proportion of donor 
derived TCRβ+ T cells, B220+ B cells and CD11b+ myeloid cells in the spleen 
(n=6/group/treatment). All data are expressed as mean ± SEM. Data are cumulative of at 
least two independent experiments. * compared with shSSA 9-mo mice. ^ compared with 2-
mo mice. 
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Figure 3.5 Withdrawal of sex steroids acts on both progenitors and the 
microenvironment to promote entry of circulating progenitors. Lethally irradiated 2-
mo sham-SSA () or SSA () were reconstituted with either 5 x 105 or 5 x 106 BMCs from 
untreated 2-mo CD45.1+ donors. (a) Number of donor-derived LSK, CLP-1 (Lin-IL7Rα+ckit+) 
and B220+ B cells in the BM 28 days after transplant. (b) Number of donor-derived 
intrathymic DP (CD4+CD8+) and SP (CD4+TCRβ+ or CD8+TCRβ+) thymocytes 28 days after 
transplant. (c) Number of donor derived peripheral leukocytes and lymphoid subsets 28 
and 84 days after transplant. Results are expressed as mean ± SEM of five to seven mice for 
each group. Data are representative of two or more independent experiments. *, (p ≤ 0.05); 
**, (p ≤ 0.01); compared with sham-SSA mice receiving 5 x 105 BMCs. †, (p ≤ 0.05); ††, (p ≤ 
0.01);  compared sham-SSA mice receiving 5 x 106 BMCs. 
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number of donor-derived CLPs (Lin-ckit+IL7Rα+): SSA mice receiving 5 x 105 cells had an 

increased number of CLP cells compared to sham-SSA mice receiving 5 x 106 cells.  

Downstream of CLPs, SSA improved engraftment of B cells in both dosage groups. In the 

thymus, there was also a direct relationship between the number of BMCs transplanted and 

the level of engraftment of T cells with a decrease in the number of donor derived DP, CD4+ 

SP and CD8+ SP cells in mice transplanted with 5 x 105 BMCs compared to 5 x 106, as 

expected (Figure 3.4 b). Following SSA there was a significant increase in the number of 

donor-derived thymocytes in both doses and for B cells in the BM.   

 

In the periphery, while there was no precursor cell dose-dependent link to the number of 

donor-derived CD45+ leukocytes at either 28 or 84 days after transplant in sham-SSA mice 

(Figure 3.4 c), following SSA there was a significant increase in both dosage groups 

compared to sham-SSA controls. This was reflected in both circulating B and T cell 

compartments. While the number of donor-derived B cells was significantly increased in 

both dosage groups and at both timepoints, CD4-CD8+ T cells were only increased in the SSA 

group receiving 5 x 105 cells at day 84.   
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3.5 Discussion 

	  

The functional aging of hematopoietic stem and progenitor cells is a significant clinical 

problem, particularly in the realm of HSC transplantation. Although several studies have 

demonstrated HSC-intrinsic defects as a result of aging, few have addressed extrinsic 

factors, particularly the impact of age on the supporting microenvironmental niche (9, 11, 

45, 46). We have previously found SSA causes lymphoid regeneration and rejuvenation of 

HSPC function (2, 7, 14, 47, 48). Therefore we hypothesized that immunosenescence 

stemming from age-associated HSC defects are a consequence of both HSC-intrinsic and –

extrinsic factors.  

 

Several studies have made a correlation between the number of OBLs and the number of 

HSCs (21, 49). Consistent with this – and the well described age-associated increase in the 

number of HSCs – we found an accumulation of OBLs within the BM with age (Chapter 2 

and (11, 13)). Interestingly, this age-associated increase was only found within the more 

vascularly located Runx2 expressing pre-OBLs which also expressed hematopoiesis-

supporting factors (50). The reduction in Osteocalcin promoter with age in these cells may 

be a contributing factor, although there was no obvious parallel reduction in osteoblast 

numbers in the endosteal niche, at least at 9-mo. Despite the numerical increase of HSCs 

after SSA, there was no corresponding change in the number of these OBLs. Transcriptome 

analysis however did reveal molecular changes in BM stromal cells after SSA, strongly 

indicative of functional improvement: these changes transformed the molecular 

“fingerprint” after SSA towards that of an untreated young mouse. Moreover, PCR revealed 

enhanced hematopoiesis-associated molecules within specific endothelial and OBL 

populations. Importantly, and consistent with our observed changes in HSC function after 
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SSA, both Ang-1 and Opn; (regulators of HSC self-renewal and quiescence), were 

significantly increased by day 7 after SSA (26, 29, 37, 49, 51).  

 

Interestingly, increases in Opn expression were observed as early as day 2 after SSA in 

vascular but not endosteal OBLs. Together with our findings that reveal early changes in 

gene expression within LT-HSCs after SSA (Chapter 2), this suggests that the effects of SSA 

can manifest in both hematopoietic stem cells as well as the stromal microenvironment that 

supports them. Although the suggestion is that SSA impacts on hematopoiesis by 

simultaneously and intrinsically altering the function of HSCs and their supporting stromal 

microenvironment, further studies are needed to elucidate the specific sequence of 

triggering events of SSA-mediated immune regeneration. 

 

We have previously demonstrated that SSA can be used to condition recipients of 

autologous and allogeneic HSCT to enhance lymphoid reconstitution (4, 52). Strikingly, 

these studies also suggest that the effects of SSA on the hematopoietic niche can be 

exploited to achieve successful hematopoietic engraftment using fewer HSCs. This should 

not only improve all currently performed HSCT but may also contribute towards the use of 

cord blood HSCs for adult recipients, which is currently limited by the low yield and delayed 

reconstitution kinetics of these cells (53, 54). Thus, these data offer proof-of-principle for 

the clinical use of fewer HSCs for equivalent reconstitution outcomes in adults (46). 

 

This study provides evidence for decline in the hematopoietic niche that underlies the 

degeneration in HSC function with age. While it is paradoxical that puberty and increasing 

age collectively depress the production and function of lymphoid cells, the ability of 

temporary sex steroid reduction to intrinsically rejuvenate both the HSC and BM stromal 
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function with age, provides a fundamentally new paradigm for the treatment of major 

clinical disorders. In particular, these findings suggest that SSA impacts intrinsically on the 

hematopoietic niche and this could be of immense benefit for the use of cord blood as a 

standard source of HSCs for transplants in older patients where the number of HSC per 

Kilogram of body weight is directly linked to survival outcome. 
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4.1 Abstract  

 
With age there is a significant decline in thymic function, which results in a decrease in the 

adaptive immune response. The thymus maintains T cell development through adult life by 

importing progenitors released from the BM into the circulation. We, and others, have 

previously shown that sex steroid ablation (SSA) regenerates the aged atrophic thymus and 

restores the number of intrathymic precursors to untreated young levels. Furthermore, BM 

hematopoietic stem cells (HSCs), lymphoid-primed multipotent progenitors (LMPPs) and 

common lymphoid progenitors (CLPs) are all increased indicating that SSA influences the 

production and, presumably, export of hematopoietic progenitors from the BM and uptake 

into the thymus. It is not known, however, if an increase in progenitors is sufficient to 

initiate the expansion of the thymus or whether triggers within the thymic stromal cells 

drive the increased import of progenitors into the thymus. Here we show that following 

SSA there is an increase in intrathymic canonical and non-canonical progenitors and BM 

content of LSK cells indicating an increased potential to develop into T cells. In a series of 

adoptive transfer experiments, we found that SSA improved the outcome of BMT at both 

the recipient and donor levels: SSA-recipient mice imported higher levels of both canonical 

and noncanonical progenitors into the thymus, while cells derived from SSA-treated donors 

resulted in increased entry of noncanonical progenitors into the thymus, but only in a 

damage model. Finally, SSA significantly reduced the number of BM cells required for 

efficient reconstitution of the immune system. These findings suggest that SSA impacts on 

both the hematopoietic microenvironment as well as hematopoietic progenitors cells to 

enhance lymphopoiesis in aged mice. This indicates that SSA can be clinically used to 

enhance lymphopoiesis following immunodepletion.  
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4.2 Introduction 

 
The thymus, which is the primary site of T cell development, contains no self-renewing 

progenitors to maintain thymopoiesis, instead relying on the uptake of circulating bone 

marrow (BM) - derived progenitors (1) . The importation of thymus-bound progenitors is 

thought to be a gated event that coincides with their periodic release from the BM, and in 

the freeing of intrathymic microenvironmental niches (2-4). Although the specific 

mechanisms governing this axis remain unclear, expression of several specific molecules on 

circulating progenitors are important for mediating thymic entry by binding to their 

appropriate ligand on vascular endothelial cells lining the post-capillary venules, primarily 

within the cortico-medullary junction of the thymus (5-9). These include P-selectin 

glycosylated ligand (PSGL-1) on the progenitors, binding to P- selectin on the endothelium 

and the chemokine receptors CCR-9 and -7 which bind CCL-25 and CCL-19/ CC-21 

respectively (7, 10, 11).  

In addition to the specific mechanisms underlying thymic entry, the precise identity of the 

thymus-seeding progenitor also remains unclear. Long-term HSCs (LT-HSCs), which are 

capable of self-renewal and T cell development, are found in circulation but cannot be found 

within the thymus suggesting a lack of thymic homing capacity or immediate 

differentiation upon thymic endothelial binding and entry. Several studies have proposed 

that downstream CLP cells have the ability to both differentiate into T cells and are efficient 

at entering the thymus, however while experimentally these capacities can be demonstrated, 

their physiological role in steady-state T cell development is still unclear (12). 

There is increasing evidence that lymphopoiesis involves passage through a lymphoid-

biased Lineage- cKit+ Sca1+ (LSK) cell known as the lymphoid-primed multipotent progenitor 

(LMPP) (13, 14). Lymphoid associated PU.1, Ikaros, Flt3 and CD27 are upregulated within 

LMPPs while the megakarocyte/erythroid genes (GATA-1) and thrombopoietin as well as 
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the myeloid-associated myeloproliferative leukemia virus oncogene (Mpl) are both 

downregulated (15-21). LMPPs phenotypically and functionally mirror the earliest thymic 

progenitors (ETPs), which are cKithi and found within the early intrathymic triple negative 

1 (TN1) CD44+ CD25- population, specifically TN1a-c, making the LMPP a prime candidate 

for the putative thymus-seeding precursor (22, 23).  Whilst ETPs retain some myeloid 

potential, they are very efficient at differentiating into T cells (24).  

Interestingly, a recent study found that while populations of BM-derived and circulating 

MPPs passed through an ETP stage in the thymus, no such transition was noted for CLP-2 

(Lineage- IL7Rα+ B220+cKit- pre-Tα+), suggesting a route of T cell development separate from 

the canonical ETP pathway (25). 

With age there is a profound decline in lymphopoiesis in both the BM and thymus leading 

to a decrease in export of naïve lymphocytes to the periphery (26-29). Upstream there is a 

decrease in the number of lymphoid progenitors supporting T and B lymphopoiesis as well 

as a decline in the lymphoid potential of HSCs (30-35). These effects of age are largely due 

to the influence of sex steroids, which directly impacts both the microenvironment 

supporting lymphopoiesis, as well as primitive lymphoid progenitors (36-40). We, and 

others, have previously shown that sex steroid ablation (SSA), either surgically or 

chemically using, for example, lutenizing hormone releasing hormone (LHRH) analogues, 

profoundly reverses age-related thymic atrophy and increasing the number of all 

thymocytes (41, 42). Furthermore, we have shown that SSA can intrinsically improve the 

function of HSCs, particularly in their ability to generate lymphopoiesis and that there is a 

selective increase in the previously mentioned LMPPs; which are the CD62L+CD27+ 

population of CD34+Flt3+ MPPs, a putative circulating cell capable of seeding the thymus 

(Chapter 2). The present study aimed to characterise the impact of SSA on the earliest 

intrathymic progenitors as well as to assess the importation of canonical (LMPP and ETP) 

and noncanonical (CLP-2) BM-derived thymus-seeding progenitors following SSA.   
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4.3 Materials and Methods 

 4.3.1 Animals 

 
Inbred male C57BL/6, IL7Rα-/- or congenic CD45.1 mice were obtained from the Animal 

Resources Centre (Perth, Australia) or Monash Animal Services (Clayton, Australia). Young 

mice were between the ages of 6-8 weeks and aged mice were 8-9 months of age in this 

study. Mice were maintained at the Monash Animal Services (Clayton, Australia) and were 

allowed to acclimatize for 7 days before experimentation, which was performed according to 

animal experiment ethics committee guidelines and approval. 

 
 4.3.2 Surgical Castration  
 
Mice were anaesthetized by inhalation of a gaseous mixture of 2.5% isofluorane and 2% 

oxygen. A small incision was made in the scrotum. The testes were exposed, ligated with 

dissolvable sutures and removed. The wound was closed with dissolvable sutures.  For 

surgical stress control, sham SSA was performed as above, but without the removal of the 

testes.  

 
 4.3.3 Cell Suspensions 
 
Single cell suspensions of the vascular niche of bone marrow (BM) were obtained by 

flushing freshly dissected tibias and femurs with cold PBS supplemented with 0.2% BSA and 

0.02% sodium azide (FACS buffer) with a 22G needle (Becton Dickinson, USA). The resulting 

central marrow was then made into a single cell suspension by gentle pipetting. Marrow 

preparations for the hematopoietic content involved flushing the aforementioned bones 

with cold FACS buffer using a 26G needle (Becton Dickinson, USA) and then made into 

single cell suspension using a 22G needle (Becton Dickinson, USA). Single cell suspensions 

of spleen and thymus were obtained by mechanical digestion using two frosted glass slides. 

Cells were recovered by centrifugation at 470 x gmax for 5 minutes at 40C. Cell counts were 
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determined by gating viable cells based on cell size using a Z2 Coulter Counter (Beckman 

Coulter, U.S.A.).  

 
 4.3.4 Short-term Homing Assays 
 
Femurs and tibias were harvested from untreated young, aged ShSSA and aged SSA from 

Ly5.1 (CD45.1) mice 7 days after surgery. A saturating transplant dose of 2 X 107 BM cells 

were transferred into unablated untreated young, aged ShSSA and aged SSA C57 Bl/6 

(CD45.2) mice 7 days after surgery. Thymuses were harvested 40 hours after transplant and 

analyzed for donor reconstitution. 

 
 4.3.5 Intrathymic Injection of LSK Cells 
 
Femurs and tibias were harvested from untreated young, aged ShSSA and aged SSA Ly5.1 

(CD45.1) mice 7 days after surgery and 200 Lineage-Sca1+cKit+ cells were purified and 

transferred into each thymic lobe of unablated young C57 Bl/6 (CD45.2) recipients. 

Recipient thymuses were harvested 14 days after transplant and analyzed for donor 

reconstitution. 

 
 4.3.6 OP9-DL1 Cultures 
 
OP9-DL1 were maintained and co-cultured as per the protocol described previously (43). 

3000 LMPPs (Lineage- Sca1+ cKit+ CD34+ Flt3+ CD62L+) were sorted from 9-mo ShSSA and 

SSA mice and cultured on GFP OP9-DL1 for 11 days in the presence of 5ng/mL of each 

mouse Flt3 ligand and mouse IL7 purchased from Miltenyi Biotec. Cells were analyzed by 

flow cytometry based on CD44 and CD25 expression after removal of all lineage (CD4, CD8, 

CD3, B220, Gr1, CD11b, TER119, NK1.1) and GFP positive cells. 
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4.3.7 LMPP Transplantation into IL7Rα-/- 
 
3000 purified LMPPs (Lineage- Sca1+ cKit+ CD34+ Flt3+ CD62L+) were isolated from the BM 

of untreated 2-mo, 9-mo sham-SSA or 9-mo Ly5.1 (CD45.1+) mice SSA 7 days after surgery 

and intravenously injected into IL7Rα-/- (CD45.2+) mice. Donor T cell development (CD45.1) 

was measured by flow cytometry 28 days post transplantation by harvesting thymus and 

spleen. 

 4.3.8 Flow Cytometric Analysis 
 
The following fluorochrome labelled antibodies against murine antigens (as well as 

appropriate isotype controls) were used: FITC-conjugated anti-CD24 (M1/69), PE-

conjugated anti-CD127 (A7R34), PercP-conjugated anti-B220 (RA3-6B2), APC-conjugated 

anti-CD117 (2B8), PE-Cy7-conjugated anti-Sca1 (D7), APC-Alexa Fluor 750-conjugated anti-

CD25 (PC61.5), Pacific Blue-conjugated CD44 (IM7),  PE-Cy7 or biotin-conjugated anti-

CD45.1 (A20). Secondary reagents used were FITC, PercP or Pacific Orange-conjugated to 

streptavidin. Lineage cocktail consisted of the following antibodies conjugated to Biotin, 

FITC or PE: anti-CD3 (145-2C11), anti-CD4 (GK1.5), anti-CD8β (53-6.7), anti-CD19 (1D3), 

anti-CD11b (M1/70), anti-CD11c (HL3) and anti-Gr-1 (RB6-8C5).  

All conjugates were purchased from BD Biosciences except anti-CD127 PE, which was 

purchased from Chemicon International. All cells were analysed or sorted on 

multiparameter FACSCanto II (BD Biosciences), FACSVantage (BD Biosciences) or FACSAria 

(BD Biosciences) cytometers and cell sorters using CellQuest Pro and Diva software (BD 

Biosciences).  

 4.3.9 Statistical Analysis 
 
Statistical analysis was performed with the nonparametric, unpaired Mann-Whitney U test 

(when n≥ 4) or student T test (when n=3) using Graphpad Prism software (Graphpad 

Software, USA). A p value less than or equal to 0.05 was considered to be statistically 

significant. 
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4.4 Results 

4.4.1 Withdrawal of Sex Steroids Increases Canonical and Non-Canonical Intrathymic T-

lineage Progenitors in Aged Mice 

 
To assess the impact of SSA on the earliest progenitors in the thymus, untreated 2mo and 

9mo as well as 9mo sham-SSA and SSA mice were analysed for intrathymic progenitors by 

multiparameter flow cytometry. The CD44+CD25- TN1 population was separated based on 

CD24 and ckit (44) as well as intrathymic IL7Rα- ETP and IL7Rα+B220+ CLP-2 populations 

enumerated. With age there was a shift in the proportion of TN1 subsets with an increase 

in TN1a-d cells and a decline in the proportion only in TN1e cells (Figure 4.1 a). Following 

SSA, there was little change in the proportion of most subsets compared to sham-SSA 

controls; however, at days 7, 14 and 42 there was a skewing away from TN1c cells towards 

TN1b. There was a significant decrease with age in the number of all TN1 subsets that 

corresponds with a decline in the total thymic cellularity (Figure 4.1 b). Interestingly, there 

was no age-associated decrease in the number of intrathymic B220+ckit- cells, which 

contained the CLP-2 subset. Collectively, these data confirm previous reports, which 

suggest a decline in the number and function of intrathymic ETPs with age (45, 46).  

Following SSA there was an initial decrease in the number of TN1a, b and ETP cells at day 2 

(Figure 4.1 b). While there was little change in TN1c cells, there was a significant increase in 

the number of TN1b cells from day 7 and TN1a, d and e by day 14 after surgery. However, 

while this increase was maintained for up to 56 days within the TN1b population, increases 

in other subsets were less consistent (Figure 4.1 b).  ETPs and CLP-2s were consistently 

increased across all timepoints from day 4 and 2 respectively, post-SSA. 
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Figure 4.1 Sex steroid ablation enhances the number of canonical and noncanonical 
intrathymic T cell progenitors. (a) Representative FACS plots of expression of CD24 and 
ckit gated on Lin-CD25-CD44+ TN1 cells from untreated 2-mo, 9-mo and sham-SSA or SSA 
9-mo mice at selected timepoints up to 56 days after surgery. (b) Absolute cellularity of 
thymus and intrathymic precursors from 2-mo, 9- mo () and sham-SSA () or SSA () 
9-mo mice up to 56 days after surgery. Results are expressed as mean ± SEM of five to ten 
mice for each group at each time point. Data are representative of two or more independent 
experiments. *, (p ≤ 0.05); **, (p ≤ 0.01); compared with sham-SSA 9-mo mice. ^, (p ≤ 0.05); 
^^, (p ≤ 0.01);  compared with 2-mo mice. 

 

 



	   174	  

α

!

"



	   175	  

4.4.2 SSA Does Not Alter the Expression of PSGL-1 or CCR9 on BM or Circulating 

LSK Cells 

 
Several cell surface receptors have been identified as being important for entry of 

circulating progenitors into the thymus including CD62L (22, 47), CD44 (48) and Flt3 (49) 

as well as two that are critical: CCR-9 (50) and PSGL-1 (51). To determine if the increase in 

primitive intrathymic progenitors following SSA was due to an increase in the ability of BM 

and circulating progenitors to enter the thymus, expression of PSGL-1 and CCR-9 on the 

surface of LSK cells following SSA (Figure 4.2 a) was analysed. At 7 days following surgery, 

there was no difference in the proportion of BM-resident or circulating LSK cells expressing 

CCR-9 or PSGL-1 on the surface.  

4.4.3 SSA Enhances Non-specific Import of T-lineage Progenitors by the Thymic 

Microenvironment and Directly Promotes the Entry of Non-canonical T-cell Progenitors 

 
The profound increase in thymic cellularity following SSA is accompanied by co-incident 

increases in the number of intrathymic progenitors as well as the supporting epithelial cells 

(46, 52) making identification of the earliest events in thymic regeneration difficult. To 

address if SSA acts on the thymic microenvironment to increase the uptake of progenitors 

and/or on the progenitors themselves and their ability to enter the thymus, a series of 

adoptive transfer experiments were conducted (Table 4.1). Interestingly, when BMCs from 

SSA mice were transferred into either untreated 2-mo or 9-mo mice, there was a significant 

increase in thymic cellularity compared to mice receiving BM from sham-SSA mice (Figure 

4.2 b).  
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Figure 4.2 Withdrawal of sex steroids acts on both progenitors and thymic 
microenvironment to promote entry of circulating progenitors. (a) Representative 
FACS plots showing expression of PSGL-1 and CCR-9 on BM and splenic Lin-Sca1+ckit+ cells 
from untreated 2-mo, sham-SSA and SSA 9-mo mice 7 days after surgery. (b) Total thymic 
cellularity of 2-mo and 9-mo mice 40 hours after transfer of 2 x 107 BMCs from untreated 
2-mo and 9-mo sham-SSA or SSA mice 7 days after surgery. (c) and (d), Proportion and 
number of donor-derived intrathymic ETP (Lin-CD25-CD44+IL7Rα-ckit+) and CLP-2-like 
cells (Lin-CD25-CD44+IL7Rα+ckit-B220+) 40 hours after 2 x 107 untreated 2-mo (c) or 9-mo 
(d) BMCs were transplanted into unablated 2-mo and 9-mo sham-SSA or SSA mice 7 days 
after surgery. (e) Proportion and number of donor-derived intrathymic ETPs and CLP-2 
cells 40 hours after 2 x 107 untreated 2-mo, 9-mo sham-SSA or SSA BMCs 7 days after 
surgery are transferred into untreated 2-mo, 9-mo sham-SSA or SSA mice 7 days after 
surgery. (f) and (g), Proportion and number of donor-derived intrathymic ETPs and CLP-2 
cells 40 hours after 2 x 107 untreated 2-mo, 9-mo sham-SSA or SSA mice 7 days after 
surgery are transplanted into untreated 2-mo (f) and 9-mo (g) unablated recipients. Results 
are expressed as mean ± SEM of five mice for each group. Data are representative of one or 
more independent experiments. *, (p ≤ 0.05); **, (p ≤ 0.01); compared with sham-SSA 9-mo 
mice. ^, (p ≤ 0.05); ^^, (p ≤ 0.01);  compared with 2-mo mice. 
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Donor  

(CD45.1) 

age n= Recipient  

(CD45.2) 

age n*= 

Untreated 2-mo 5 

Sham-SSA 9-mo 5 

 

Untreated  

 

2-mo 

 

5 

SSA 9-mo 5 

      

Untreated 2-mo 5 

Sham-SSA 9-mo 5 

 

Sham-SSA 

 

9-mo 

 

5 

SSA 9-mo 5 

      

Untreated 2-mo 5 

Sham-SSA 9-mo 5 

 

SSA 

 

9-mo 

 

5 

SSA 9-mo 5 

      

Table 4.1: Recipient groups for adoptive transfer experiments 

* - has been performed at least twice 

 

Untreated 2-mo or 9-mo sham-SSA or SSA mice, 7 days after surgery, were transplanted 

with 2 x 107 BMCs from untreated 2-mo (Figure 4.2 c), untreated 9-mo (Figure 4.2 d) or 9-

mo SSA mice 7 days after surgery (Figure 4.2 e). Recipient thymuses were analysed 40 hours 

after transplant for the proportion and number of canonical and non-canonical progenitors 

of donor origin, thereby assessing the short-term homing capacity of these cells into 

untreated young, aged and regenerated thymi.  
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In mice that received BM cells from untreated 2-mo, there was no change in the proportion 

of donor-derived ETPs or CLP-2 cells in any of the three recipient groups (Figure 4.2 c). 

Interestingly, when young donor cells were transferred into 9-mo SSA mice there was a 

significant increase in both donor ETP and CLP-2 number, presumably reflecting an 

increase in intrathymic niche availability or very early intrathymic donor cell proliferation. 

When untreated 9-mo BMCs were transplanted into the same three recipient treatment 

groups, there was no change in the number of donor ETPs or CLPs, which suggests the 

quality of BMCs plays an important role in the increase in donor progenitors in SSA mice. 

This was confirmed by a cohort which received age- and treatment-matched donor BMCs, 

that is, untreated 2-mo mice received BMCs from untreated 2-mo, 9-mo SSA mice received 

BMCs from 9-mo SSA mice.  

To assess the impact of SSA on the BM progenitors and their ability to enter the thymus, 2 

x 107 BMCs from untreated 2-mo, 9-mo sham-SSA or 9-mo SSA mice 7 days after surgery 

were transferred into untreated 2-mo (Figures 4.2 b and f) or 9-mo (Figures 4.2 b and g) 

mice. Interestingly, while there was no change in total thymus cellularity when BMCs from 

9-mo sham-SSA mice compared to 2-mo BMCs transferred, cells taken from SSA mice 

caused a significant increase in total thymic cellularity when transferred into both 2-mo and 

9-mo mice (Figure 4.2 b). In the undamaged young thymus there was no change in the 

ability of cells from any of the donor groups to enter the thymus with no change in the 

number or proportion of ETPs or CLP-2 cells (Figure 4.2 f). In the aged, damaged, thymus 

however, there was a significant increase in the proportion and number of donor-derived 

CLP-2 cells (Figure 4.2 g) implicating these cells in damage repair.  

 

4.4.4 SSA Enhances the T-cell Developmental Potential of LSK Cells 

To ascertain the impact of SSA on the lymphoid developmental potential of HSCs, 200 

purified CD45.1 LSK cells from untreated 2-mo or 9-mo sham-SSA or SSA-9-mo mice 7 days 
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after surgery, were transferred intrathymically into unablated 2-mo congenic recipients. 

Donor cell development was measured by flow cytometry 21 days after transplant. With 

age, despite a decline in the frequency of donor-derived ETPs, there is little impact in TN 

subsets (Figure 4.3). However, by the double positive (DP) stage, there is a significant 

decrease in the frequency of donor-derived cells from aged mice. This can partly be 

explained by an accumulation of donor-derived cells at the TN4 stage of thymocyte 

development. Following SSA there was a significantly enhanced developmental potential of 

LSK cells as evidenced by an increase in the frequency of donor-derived DP, CD4+ and CD8+ 

single positive (SP) thymocytes compared to sham-SSA controls. Interestingly, when 

examining the earliest intrathymic progenitors SSA impacts significantly on the frequency 

of donor-derived CLP-2 and TN2 cells but not ETPs. This is despite the likelihood that 

progeny of LSK cells in the thymus would preferentially differentiate down the canonical 

ETP pathway rather than the non-canonical CLP-2 pathway.  

 
4.4.5 Sex Steroid Ablation Does Not Enhance the T Developmental Potential of LMPPs by Both 

In vitro and In vivo Assays 

 

To determine the effects of SSA on the T cell progenitors, 3000 purified LMPPs were 

isolated from the BM of untreated 2-mo, 9-mo sham-SSA or 9-mo SSA 7 days after surgery 

and co-cultured with the OP9-DL1 BM stromal cell line which has been shown to support T 

lymphopoiesis in vitro (43). T cell development was measured by flow cytometry 11 days 

after initiation of culture. There were no differences between the 9-mo ShSSA and 9-mo SSA 

LMPPs in the kinetics of their development into T cells (Figure 4.4 a).  

We used the IL7Rα-/- mice model as these mice have a block in their lymphocyte 

differentiation pathways, making their thymus and BM highly receptive to seeding 

progenitors due to high niche availability (53). Again, 3000 purified LMPPs were isolated 

from the BM of untreated 2-mo, 9-mo sham-SSA or 9-mo SSA 7 days after surgery and  
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Figure 4.3 Withdrawal of sex steroids promotes the differentiation of LSK cells 
down the T-lymphoid lineage. 200 LSK cells from untreated 2-mo () and 9-mo sham-
SSA () or SSA () mice 7 days after surgery, were intrathymically transferred into 
individual untreated 2-mo thymic lobes and the frequency of donor-derived thymocyte 
subsets were analysed 14 days after transplant. Results are expressed as mean ± SEM of 
individual thymic lobes from five mice for each group. *, (p ≤ 0.05); **, (p ≤ 0.01); compared 
with sham-SSA 9-mo mice. ^, (p ≤ 0.05); ^^, (p ≤ 0.01);  compared with 2-mo mice. 
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Figure 4.4 Sex steroid ablation does not reverse age-associated deficiencies in 
LMPP differentiation down the T-lylmphoid lineage. (a) 3000 LMPPs from untreated 
2-mo, 9-mo sham-SSA or SSA mice 7 days after surgery were co-cultured with OP9-DL1 
cells and analyzed 11 days later. (b) and (c), 3000 LMPPs from untreated 2-mo () and 9-
mo sham-SSA () or SSA () mice, were  intravenously injected into IL7Rα-/- 7 days after 
surgery. Spleen and thymus were analyzed 28 days after transplant. Results are expressed as 
mean ± SEM of individual thymic lobes from five mice for each group. *, (p ≤ 0.05); **, (p ≤ 
0.01); compared with sham-SSA 9-mo mice. ^, (p ≤ 0.05); ^^, (p ≤ 0.01);  compared with 2-
mo mice. 
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transplanted into IL7Rα-/- mice. Donor T cell development was measured by flow cytometry 

28 days post transplantation by harvesting thymus and spleen. There was a significant age-

associated reduction in total thymic cellularity, however this was not reversed by d7SSA 

(Figure 4.4 b). While not statistically significant, the trend followed with reduced total 

CD45.1+ cell and CD45.1+ T cell frequencies in the spleen and no reversal using d7SSA cells 

(Figure 4.4 c). 
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4.5 Discussion 

 
While the exact identity of the thymus-seeding T cell progenitor remains to be fully 

determined, it is becoming increasingly clear that multiple progenitors and routes of T cell 

development exist (13, 22, 24, 54-59). Previous work has indicated shifts within these 

systems with aging, and that following SSA there is a profound regeneration of the aged 

and chemically immunodepleted thymus (46, 60) with lymphoid lineage commitment of BM 

HSCs being restored to young levels (Chapter 2). Furthermore, there is a selective increase 

in resident BM CD62L+ LMPPs, analogous to intrathymic ETPs, suggesting there may be an 

improved uptake of progenitors into the thymus. However it remains to be seen whether 

increases in thymic cellularity are due to an increase in the number of progenitor cells able 

to enter the thymus or due to an increase in the number of intrathymic niches, or their 

enhanced promotion through intrathymic T cell development pathways.  Here we show 

that following SSA there was an increase in both canonical (TN1a and TN1b) and 

noncanonical (TN1d and TN1e) subsets - a result confirmed by specific staining identifying 

IL7Rα- ETPs and IL7Rα+B220+ CLP-2-like populations. Interestingly, the earliest changes 

observed were within the CLP-2 fraction, a population that is unaffected by age.  

Using a series of adoptive transfer experiments we showed that SSA-mediated regeneration 

of the aged thymus causes an increase in both canonical and noncanonical progenitors 

suggesting that an increase in niche availability, as the thymus enlarges, rather than a 

selective increase in the uptake of specific progenitor cells. However, as both the thymic 

microenvironment and the endogenous progenitors were exposed to the effects of SSA, the 

role of progenitors in triggering thymic regeneration cannot be discounted. Indeed BMCs 

taken from SSA mice led to enhanced thymic cellularity compared to sham-SSA mice. 

Interestingly, this increase in donor progenitors into the regenerated thymus only 

occurred when young or SSA BMCs and not when untreated 9-mo BMCs were transferred. 
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This suggests that in the young, and following SSA of the old, there is an increase in the 

number or quality of progenitors able to gain access to the thymus. Furthermore, when 

BMCs from SSA treated mice are transferred into an aged, but not young, thymus, there is 

an increase in the proportion and number of donor-derived noncanonical CLP-2 cells. 

Importantly, this suggests that regeneration following SSA may be, at least in part, 

mediated or initiated by noncanonical T cell development pathways. This is supported by 

our findings which show that CLP-2 cells in the thymus are the first precursor cell to be 

impacted following SSA at 2 days after surgery.   

When purified LSK cells were injected directly into the 2-mo thymus, bypassing thymic 

entry events, there was an age-related decline in the ability of LSK cells to undergo 

thymopoiesis. This result concurs with previous studies showing an age-related decline in 

the lymphopoietic function of HSCs (61, 62). Accordingly, when LSK cells from SSA mice 

were transferred there was a significant increase in the frequency of donor-derived DP and 

SP cells in the thymus indicating SSA improved their ability to generate T cells.  

Co-culture of committed T cell progenitors with the OP9-DLL1 BM stromal cell line 

indicated that there was a severe age-associated decline in the lymphoid differentiation 

capacity of LMPPs. Interestingly, this was not reversed with SSA suggesting that, in 

contrast to its effects on the most primitive LT-HSCs (Chapter 2), SSA promotes an 

increase in the number of LMPPs and other lymphoid progenitors rather than intrinsically 

conferring an enhanced lymphoid differentiation capacity on a per cell basis.  

The present findings begin to unravel the nature of thymic regeneration following SSA and, 

in particular, the role of BM-derived progenitor cells in this process. SSA impacts BM and 

intrathymic progenitors as well as their supporting microenvironments so that, 

functionally, there is an improvement in the number and functional lymphoid potential of 

HSCs and LMPPs including  their ability to generate T cells. While SSA apparently increases 
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intrathymic niche availability facilitating a general increase in the uptake of circulating 

progenitors, the effect of SSA on the progenitors themselves in the BM, seems to induce a 

noncanonical CLP-2-like precursor bias suggesting an alternate route of T cell recovert is 

utilized in regenerating a damaged thymus.  
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General Discussion  

	  

One of the hallmarks of the aging immune system is the deterioration of adaptive 

immunity. While this immunosenescence is often undetected in many older people because 

of their generally healthy state, it poses a severe threat to those who have undergone 

immuno-depleting circumstances, such as cytoreductive radiation- or chemo- therapies as 

well as chronic infectious diseases such as HIV. The underlying cause is a severe decline in T 

and B cell lymphopoiesis within the thymus and BM resepectively, with age. These age-

related changes begin primarily from puberty and hence are temporally linked to increasing 

concentrations of sex steroids. The thymus in particular, is profoundly impacted by age and 

shrinks considerably in size and suffers progressive loss of functional tissue, replaced by 

the accumulation of adipoctyes (1). This results in a decline in the production of naive T 

cells and their receptor repertoire, ultimately leading to compromised peripheral T cell 

function. Similarly, albeit to a lesser extent, there is also accumulation of adipose tissue 

within the BM and a decrease in B cell generation output and function (2-4). The resulting 

ability of these organs to replenish lymphopoieisis in settings of lymphopenia is thus 

severely hindered leading to a prolonged period of immune depletion and hence increased 

susceptibility to opportunistic infections, malignant relapse yet ironically autoimmune 

diseases. The development of novel strategies for enhancing hematopoiesis, and in 

particular lymphopoiesis, is therefore of great clinical significance. 

 

The correlation between sex steroid exposure and immune-deterioration has revealed the 

immuno-regenerative potential of sex steroid ablation (SSA) (1, 5-8). Following SSA, there is 

a restoration of the thymic internal architecture leading to enhanced T cell output and 

function (9-11). Since androgen receptors are expressed within both thymocyte and 

stromal compartments, it remains unclear what initiates the regeneration of the immune 
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system upon abrogation of sex steroid production (8, 12, 13). Possible hypotheses include 

1) SSA rejuvenates hematopoieitic stem and progenitor function within the BM leading to 

an increase in both supply and quality of thymus-bound progenitors; 2) SSA regenerates the 

stromal compartment within the BM and thymus leading to improved HSPC development 

within the BM, and T cell development within the thymus; and 3) abrogation of sex steroids 

results in intrinsic changes within both HSPC and stromal compartments leading to an 

overall increase in to generate lymphocytes (8, 12, 14) . These findings presented here 

suggest that SSA is able to simultaneously enhance HSPC function intrinsically (Chapters 2 

and 4) as well as aiding in the ability of the hematopoietic BM niche to support HSPC 

differentiation and function (Chapter 3) and the thymic microenvironment to generate T 

cells  (Chapter 4). 

 

With age, while there is a well-described accumulation of functionally inferior HSCs within 

the BM, they are primarily geared towards myelopoiesis (15-18). SSA was able to not only 

further expand these HSCs, but also enhance their function and reverse the skewing 

towards myelopoiesis. While these effects were evident at the population level, the improved 

functional propertions of HSCs were also demonstrated by limiting dilution competitive 

transplantation assays. These HSCs had a greater capacity for self-renewal in serial 

transplantation; increased ability to reconstitute hematopoiesis; and enhanced lymphoid 

differentiation capacity. This enhanced lymphoid function was linked to an increase in the 

number of downstream progenitors (such as LMPPs), although these cells were not 

functionally superior on a per cell basis. Previous studies have suggested that sex steroids 

can directly regulate lymphoid precursors within the BM (3).  
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Molecular analysis of primitive LT-HSCs has revealed deficiencies in DNA damage repair 

processes with age. Although these were not reversed early after SSA, this can be explained 

by the lack of enhanced HSC function observed with d2SSA LT-HSC (17). Interestingly 

however, d2SSA LT-HSC exhibited strengthened cell:cell and cell:extracellular matrix 

adhesion as seen with our pathway analysis and concordant with previous studies 

suggesting reduced cell adhesion of HSCs to the niche with age (19) . The d2SSA BM stroma 

also showed early signs of increased hematopoietic regulation (osteopontin, angiopoietin, 

Jagged-1 and stem cell factor); perhaps functional changes manifest within the HSC 

compartment with SSA are both cell autonomous but also very likely mediated through 

changes within the niche stromal components (14).  

 

Several groups have revealed changes in the aging of BM stromal components, particularly 

osteoblasts (OBLs), but primarily only their osteogenic capacity has been studied, with little 

known about their hematopoiesis-supporting capacity (20, 21). The findings presented here 

demonstrate that there is an age-associated accumulation of high Runx2 and osteopontin 

producing OBLs (or pre-OBLs) in the central marrow, that correlates with the numerical 

increase in HSCs (15). However, despite SSA further enhancing the number of HSCs, there 

was no equivalent numerical change in these or endosteal OBLs after SSA. Whilst this 

indicates that the two cell types (OBLs and HSCs) are not unequivocally linked numerically, 

the molecular changes that occurred in these OBLs suggest functional changes. 

Furthermore, this population of osteopontin-producing, SSA-responding high-Runx2-

expressing OBLs in the central marrow have not been previousl described and warrant 

further investigation on their more precise role in hematopoiesis (22, 23). 
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Collectively, the data generated in this study clearly showed functional abnormalities in the 

BM HSPC compartment; there was improved reconstitution observed with the d7SSA HSCs 

compared to d7ShSSA controls. The logical implication being that these defects had at their 

source, associated abnormalities in the BM stromal niches that nurture and maintain them. 

Although numerically, there were only minimal changes to the supporting BM 

microenvironment after SSA, our data show the aged stroma to be functionally deficient 

through HSC dose dependent transplantation experiments, with improved reconstitution 

observed when the recipient stroma were SSA compared to the shSSA controls.  Our 

microarray analysis of the BM stroma also indicated considerable early molecular changes 

that provide a tantalizing glimpse into how hematopoiesis is changing after SSA. However, 

similarly there were also considerable changes intrinsic to the HSCs themselves at the early 

timepoint after SSA. Consequently more research is required into the potential age-related 

functional abnormalities in the stroma and precise dissection of the sequential changes 

within this compartment relative to that occurring in the HSCs during the early stages of 

regeneration. This should help elucidate the degree of specific crosstalk interactions 

between HSCs and their supporting stromal niche that are vital for regulating quiescence, 

self-renewal and downstream differentiation of HSCs. The outcome of these studies are 

particularly relevant for designing more taional, strategic approaches to improving immune 

reconstition following HSCT or other cytoreductive therapies. 

 

With the HSCs regenerating with SSA, and their mobilization unhindered with age, the next 

stage of lymphopoiesis, thymic entry and subsequently intrathymic development of HSPCs 

were next examined (19). Despite the vast increase in knowledge of BM hematopoiesis, the 

precise identity of the progenitor that egresses from the BM and homes into thymus 

remains unclear. Indeed many studies suggest the potential of more than one cell with the 

experimental capacity for thymus migration and T cell development, however their 
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physiological significance is poorly understood (24-28). Progenitors with both multi-lineage 

potential MPPs) in addition to committed lymphoid progenitors (CLPs and LMPPs) express 

the molecules deemed critical for thymic entry, CCR7, CCR9 and P-selectin glycoprotein 

ligand (PSGL-1). Interestingly, despite the considerable decline in thymus import, 

expression of these molecules remained unaltered with age (29-32). While SSA enhanced the 

overall thymic importation of both ETPs and CLP-2s, presumably as a consequence of the 

generalised increase in niche availability, short term homing assays indicated that SSA 

directly impacts on the ability of the CLP-2s but not ETPs to enter the thymus. 

Interestingly, this regenerative impact of SSA on CLP-2 was only observed in aged recipient 

mice implicating these cells in injury or stress responses and perhaps suggesting an thymic 

entry occurs via an alternate pathway to that mediated by the established CCR7, CCR9 and 

PSGL-1 (10).  

 

The specific response with d7SSA in CLP-2s and not ETPs also suggest that under 

homeostatic conditions, ETPs represent a more canonical route to thymopoiesis with a 

superior T cell generating ability while CLPs, which are primarily B cell precursors, may 

serve as a non-canonical progenitor for T cell development with CLP-2s having a strong 

thymic homing capacity (27).  

 

The thymic stromal cells remain vital in facilitating the development of intrathymic 

precursors into T cells and the re-establishment of their structure and function from an 

aged phenotype will be key in improving thymopoiesis and hence the clinical outcome of 

HSCT (1, 33, 34).  While the degree of SSA-induced numerical regeneration of thymic 

epithelial cells remains controversial (35, 36), other findings from our laboratory have 

suggested a role for the non-epithelial supporting stroma in qualitatively rejuvenating 
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thymic epithelial cells (Chidgey, manuscript in preparation). It will be important to further 

research how SSA alters the signalling between the intrathymic T cell precursors and its 

supporting stroma allowing for its manipulation and perhaps more accelerated lymphoid 

regeneration. 

 

Although the studies described herein have utilised surgical castration as a model for SSA, 

more clinically acceptable techniques are necessary. The most readily available is chemical 

SSA using the clinically approved and reversible luteinizing hormone releasing hormone 

(LHRH)/gonadotrophin releasing hormone (GnRH) analogues. Several options are available 

including LHRH-antagonists (which compete for LHRH receptor occupancy), LHRH-

agonists (which work through a negative feedback loop) and direct sex steroid blockers (1, 

37). All of these approaches achieve castrate levels of androgens and estrogens but have 

their advantages and disadvantages. For instance, while LHRH antagonists do not trigger 

the surge of androgens that LHRH agonists do, their use can be limited because 

pharmacologically it is more difficult to saturate a receptor than block the production of the 

hormone itself (37). Having taken advantage of the more precise timing in removing sex 

steroids with surgical SSA, the next iteration of this project will be to use the chemical SSA 

approach making the data more clinically relevant. 

 

A major drawback of the current HSCT regime lies in the supply of HSCs for 

transplantation. Since SSA enhances the HSPC population and their capacity for restoring 

hematopoiesis within the BM and thymus in vivo, further clinical studies could be conducted 

to investigate the possibility of enhancing the expansion of HSCs in vitro and therefore 

addressing the issue of HSC supply. 
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It remains however,  a major concern that the administration of cytoreductive agents such 

as cyclophosphamide (Cy) damage both the HSCs as well as the hematopoietic BM and 

thymic niche thus affecting the engraftment and differentiation efficiencies of the HSPCs. 

Although there is  general consensus that the BM stroma is functionally altered with 

chemotherapy, the very nature of this damage is still unclear (38-40). More precise 

investigation into the effects of cyto-ablative therapies on both the HSPC and stromal 

niches at the cellular and molecular levels will be important for devising more strategic 

protocols. With previous studies indicating enhancement of immune recovery following 

HSCT with SSA, understanding the mechanism of chemotherapeutic damage to the 

hematopoietic system will enable more focused rejuvenation of key hematopoietic and 

stromal populations (5, 41, 42). 

 

In conclusion, SSA allows for the rejuvenation of lymphopoiesis; simultaneously acting 

directly on the intrinsic capacity for HSCs to develop down the lymphoid lineage in addtion 

to the stromal microenvironment and its ability to support HSC function and lymphoid 

differentiation. While it is paradoxical that puberty and increasing age collectively depress 

the production and function of lymphoid cells, predisposing the individual to a wide range 

of both opportunistic and tratment-induced diseases, SSA provides a clinilcally safe and 

effective means of regenerating immunity. Not only does this address the multiple facets of 

immunodeficiency, but the improved BM and thymus function provides a platform for 

strategically manipulating the function of the immune system. Clearly SSA provides a 

clinically achievable means of immune restoration but as important as this is, it is also the 

catalyst to a new thrust for research focussed on its underlying molecular mechanisms and 

hence in the future enhancing more tailored therapies. 
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Abstract The ability of stem cells to differentiate into
various different cell types holds great promise for the
treatment of irreversible tissue damage that occurs in many
debilitating conditions. With stem cell research advancing
at a tremendous pace, it is becoming clear that one of the
greatest hurdles to successful stem cell-derived therapies is
overcoming immune rejection of the transplant. Although
the use of immunosuppressive drugs can decrease the
incidence of acute graft rejection, the burden of problems
associated with prolonged immunosuppression must be
reduced. Strategies inducing specific immunological tolerance
complemented by enhanced immune function will bring stem
cell therapies closer to reality.

Keywords Stem cells . Immune tolerance . Haematopoietic
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Introduction

The use of stem cells in medicine holds tremendous
promise in many therapeutic areas and has generated
enormous interest among researchers and unprecedented
expectations from patients and their advocates worldwide.
This unbridled enthusiasm, however, has to be tempered
with realistic timelines to clinical implementation and many
ethical, safety and practical hurdles.

Stem cells, by definition, have the ability to self-renew
and differentiate into multiple specialised cell lineages.

Several types of stem cells have been defined, namely
embryonic stem (ES) cells, adult stem cells and induced
pluripotent stem (iPS) cells. Presently, the difficulty in
controlling the differentiation of these cells into specific cell
populations appropriate for clinical use creates a challenging
scenario. Although ES cells are the most versatile source of
pluripotent cells, ethical issues associated with their derivation
have limited their clinical use. Indeed, the applications for
stem cells in medicine primarily have involved only adult
stem cells until very recently with FDA approval being
granted to Geron for the use of ES-derived neural stem cells to
treat early spinal cord injury.

One major area that has, for many years, incorporated
stem cells as part of its treatment regime is bone marrow
(BM) transplantation or haematopoietic stem cell (HSC)
transplantation (HSCT) for primary immunodeficiency
disorders, bone marrow failure syndromes, non-malignant
haematological disorders and haematological malignancies.
The transplanted HSCs rebuild the haematopoietic com-
partment of myeloablated patients after engraftment in the
BM and differentiate into lymphoid progenitors. Upon
migration to the thymus, lymphoid progenitors develop into
non-self-reactive Tcells capable of recognising and eliminating
foreign antigens.

HSCT can be performed using either the patient's own
HSCs harvested prior to conditioning treatment (autologous
HSCT) or from a matched donor (allogeneic HSCT).
However, in the latter approach, the transplant may mount
an immunological attack against the “foreign” host cells
resulting in a systemic disorder known as graft-versus-host
disease (GvHD), which can result in destruction of the
thymus and increased opportunistic infections [1]. Such
patients are thus treated with immunosuppressive drugs for
extended periods of time. Additionally, the administration
of total body irradiation or high-dose chemotherapy to
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deplete the cancer cells while conditioning the BM to allow
for HSC engraftment severely depletes the immune system
and leaves patients in a protracted immunocompromised
state. Consequently, patients receiving HSCT have a
significantly higher risk of morbidity and mortality associ-
ated with these cytoablative and conditioning regimes. This
is particularly problematic in adult and older patients whose
immune systems are highly inefficient at recovering from
immunoablation because of age-related thymic atrophy and
reduced BM function [2].

Prolonged immunosuppression is also critical in solid
organ transplantation to prevent donor tissue rejection by
the recipient's immune system. Unfortunately, such immu-
nosuppressive drugs can also cause extensive loss of an
important tolerance-inducing subset of thymic epithelial
cells essential for deleting autoreactive T cells specific to
selected peripheral antigens [3]. Hence, the ultimate
challenge for successful translation of stem cell-derived
therapies to the clinic is to restore the ageing or damaged
thymus while establishing host immune acceptance of the
donor cells and tissues. This can be achieved by combining
thymic rejuvenation with HSCT using donor-derived HSCs
leading to re-education of the emerging T cell repertoire to
be tolerant to both donor and host cells [4].

Much ado about stem cells?

Since the identification of the first putative HSC over 40 years
ago [5], stem cells have been widely used in the clinic as a
curative therapy in severe haematological malignancies
(leukaemia, lymphoma), non-malignant haematological
disorders (sickle cell anaemia, thalassaemia) and immunode-
ficiency states (severe combined immunodeficiency) [6].

Other tissue-specific stem cells capable of regenerating
specific biological systems have since been identified
including neural stem cells in the subventricular zone of
the brain [7], skin epithelial stem cells in the hair follicular
bulge [8], intestinal stem cells in crypt base columnar cells
[9] and skeletal stem cells in muscle satellite cells [10].
While these tissue-specific stem cells have the ability to
differentiate into multiple lineages, they are more restricted
in their potential than ES cells. ES cells have the ability to
differentiate into all three germ layers, thereby giving them
the capacity to generate all tissue-specific stem cells and
consequently, all organs and tissues. Thus, the promise of
ES cells is the custom-made development of specific types
of cells and tissues to be transplanted on demand. If not
properly differentiated before infusion, however, ES cells
pose a grave health risk because they can form into lethal
cancers called teratomas [11].

Several significant barriers need to be overcome before
the therapeutic potential of stem cells can be realised on a

large scale. Advances in the generation of iPS cells by
reprogramming somatic cells [12] have assuaged ethical
concerns about the use of human embryos and may even
overcome the issue of immunological rejection of alloge-
neic tissue. Recently, the ability to generate human iPS cells
using recombinant proteins that can penetrate across the
plasma membrane [13, 14] eliminates the potential risk of
unexpected genetic modifications induced from the retro-
viral vectors used in the original protocols [15–17].
However, iPS derivatives may again cause teratomas if
infused without prior, complete and stable differentiation
[18]. Thus, there still exists a need to design more efficient
protocols to obtain pure populations of differentiated cells
in sufficient quantities for clinical use. Moreover, evidence
is emerging that diverse tissue-specific stem cell reserves
and niches decline with age, manifest in increasing
functional deficiencies [19], which may compromise stem
cell therapies [20]. Nevertheless, the main hurdle to stem
cell therapies is immunological recognition and rejection of
the transplant by the recipient immune system (Fig. 1) [4].

Are stem cells really immune-privileged?

The immune system targets foreign antigens normally
associated with infections. However, cells that are genetically
different, such as cancers and those expressing non-self major
histocompatibility (MHC) antigens, are also attacked. Several
studies have shown that undifferentiated ES cells may be
transplanted acrossMHC barriers without eliciting an immune
response [21, 22], at least in the short term, suggesting that
ES cells are immune-privileged. This is best explained by the
fact that an acute allogeneic response is induced upon
recognition of MHC proteins, and undifferentiated human
ES cells do not express MHC class II and only low levels of
MHC class I. However, the latter is upregulated upon
differentiation of ES cells into primitive embryoid bodies
or teratomas and, in the presence of IFN-γ [23], a cytokine
released in inflammatory settings. ES cells in these settings
may therefore be targeted for acute rejection. Similarly,
transplanted ES cell derivatives may be eliminated by
alloreactive T cells or alloantibodies induced following
uptake of graft-derived antigens by host antigen-presenting
cells [24]. The capacity of human ES cells to induce robust
cellular and humoral responses is clearly demonstrated in a
recent study tracking the fate of transplanted cells over
longer periods of time, which were ultimately rejected [25].

Overcoming immune recognition of stem
cell-derived therapies

As MHC alloantigens are the primary target for immune
recognition, it may be possible to create a bank of
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immunotyped ES cells to enable patient–cell line matching
[26]. However, mismatched minor histocompatibility anti-
gens are sufficient to provoke graft rejection [27], thus the
logistics of establishing a bank broad enough to represent
diverse MHC polymorphisms are staggering. Furthermore,
transplantation of grafts into “immune-privileged” sites
such as the brain may not necessarily result in engraftment
as MHC class I expression is induced in an inflammatory
environment [28].

Deceiving the immune system

Although cells with low MHC class I expression normally
elicit natural killer (NK) cell recognition [29], human ES
cells appear to be protected from NK cell killing by their
low or lack of expression of lysis receptors [23]. As such,
abrogation of MHC molecules has been suggested as a
strategy to generate less immunogenic cell lines. However,
skin grafts from MHC-deficient mice are still rejected by
thymic-derived CD4+ T cells in allogeneic recipients
possibly due to minor or non-classical MHC molecules
[30, 31]. Knocking out MHC class I expression may also be
dangerous since MHC class I molecules are essential for
clearance of viral-infected or cancerous cells. Similarly,
attempts to enforce ectopic expression of Fas ligand on
transplanted cells to activate apoptosis of potentially

alloreactive T cells have resulted in rejection when the
transplanted cells themselves expressed Fas or were trans-
planted in Fas-expressing tissues [32].

Immunosuppression: drug administration versus
the “natural” way

Immunosuppressive regimes have long been employed in
the clinic to prevent transplant rejection. Immunosuppres-
sants commonly used include anti-inflammatory cortico-
steroids, T cell-depleting or blocking antibodies, calcineurin
inhibitors to block T cell proliferation and anti-proliferative
drugs to interfere with lymphocyte activation [33]. While
immunosuppressive drug therapy has enhanced initial graft
acceptance rates, significant long-term graft survival is yet
to be achieved. Chronic administration of non-specific
immunosuppressive drugs is also associated with increased
susceptibility to infections and malignancies as well as non-
immunological complications such as liver toxicity and
renal failure [33]. Moreover, thymic epithelial cell damage
caused by the use of immunosuppressive drugs [3] might
even lead to autoimmune disease by impairing central
tolerance.

An alternative to drug-based therapies is to harness the
inherent immunosuppressive properties of endogenous cell
populations as a form of “natural” immunosuppression. One
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such cell population is the Foxp3-expressing CD4+CD25+

regulatory T cell (Treg) subset essential for maintaining self-
tolerance and preventing autoimmunity [34]. Although
naturally arising Tregs are generated when developing T
cells encounter self-antigens in the thymus, they may also be
induced specifically to a chosen foreign antigen under
subimmunogenic conditions [35] and confer transplantation
tolerance [36].

Another cell population that has gained much interest
over recent years for its striking immunosuppressive effects
is the multipotent mesenchymal stromal cell (MSC). MSCs
are adherent fibroblast-like cells with the ability to expand
in culture and differentiate into bone, fat and cartilage [37].
Initially isolated from the bone marrow [38], MSCs have
since been identified in various other foetal and adult
tissues including umbilical cord blood [39], placenta [40]
and fat [41]. MSCs can home to sites of injury and produce
growth factors to alleviate inflammation and promote tissue
repair [42]. Importantly, MSCs are highly immunosuppres-
sive and evoke little immunity when transplanted, prompting
their use in the clinic to facilitate hematopoietic engraftment
and combat graft-versus-host disease [43]. The mechanisms
underlying MSC-mediated immunoregulation remain largely
unclear but likely involve interplay between IFN-γ, TGF-β,
IL-1, nitric oxide and chemokines [44]. Although the
significance of the immunomodulatory properties of MSCs
under steady-state conditions is yet to be defined, co-
transplantation of MSCs could well facilitate allograft
acceptance by suppressing the activation of alloreactive T
cells. Similarly, epithelial cells isolated from the amnion
display multilineage differentiation potential and, unlike ES
cells, are non-tumorigenic upon transplantation [45]. These
cells may also possess a degree of immunosuppressive
capacity [46], although their clinical application requires
further in vivo studies.

Engineering pluripotent stem cells

In recent years, advances in nuclear cloning technology have
brought us closer to patient-specific transplantation therapy.
The conversion of differentiated cells to an embryonic state can
be achieved by several techniques including transfer of a
somatic nucleus into an enucleated oocyte (somatic cell
nuclear transfer), cellular fusion of somatic cells with ES cells,
selective expansion of pluripotent ES-like cells in culture and
reprogramming of somatic cells by defined transcription
factors (iPS) [47]. Such is the success of iPS technology that
several groups have managed to engineer disease-relevant
cell types by reprogramming somatic cells from patients [48,
49]. Although iPS cells are comparable in their developmen-
tal potential to ES cells, they are not genetically identical [50]
and many questions remain with regards to their long-term
stability (do they revert?), safety (will they become cancers?)

and function (how comparable are iPS cell derivatives to their
in vivo counterparts?) in humans.

Inducing tolerance

Although the use of patient-specific iPS cells may theoret-
ically circumvent the need for inducing tolerance to donor
grafts, there are many unknowns regarding cellular thera-
pies based on iPS technology. On the other hand, the use of
HSCT has been shown to be an effective means of
preventing graft rejection by inducing central tolerance via
the in vivo differentiation of donor HSCs into the dendritic
cell lineage [51]. Intrathymic donor-derived DCs presenting
donor antigens are capable of inducing tolerance by
deleting the recipient's donor-reactive thymocytes [52],
thereby ensuring permanent graft acceptance as happens
for normal self-tolerance (Fig. 1).

In order to induce tolerance to donor grafts, however, HSCs
must be derived from either the same donor or at least be
MHC-matched to the transplant. Furthermore, for transplan-
tation to be successful, the graft must also be tolerant to the
recipient's cells or GvHD can occur. The induction of central
tolerance of both donor and host lymphocytes can only be
achieved with a functioning thymus. This is made difficult
by the gradual atrophy of the thymus with age, which is
further compounded by the myeloablative conditioning
required to enhance HSC engraftment. One strategy to
overcome this is to use low-dose myeloablation that is
sufficient to create “space” for the HSCs to engraft but low
enough to ensure there is no severe prolonged depletion of
the immune system [53]. However, this strategy will still
require immunosuppression of the pre-existing immune
system to prevent graft rejection and immune regeneration
through restoration of the thymus to enable the production of
new cohorts of donor- and recipient-tolerant T cells.

Rebooting the immune system

Utilising the innate capacity of the thymus to induce central
tolerance obviates the need to depend on long-term immuno-
suppression. Paradoxically, the thymus degenerates with age
[2] (Fig. 1). This results in one of the fundamental problems
with the use of HSCT to induce tolerance—the severe delay
in immune recovery from immunoablation in adults and the
elderly. Consequently, a critical challenge in transplantation
biology is enhancing immune and, particularly, thymic
regeneration.

Regenerating the immune system

Sex steroids have a profound impact on lymphoid devel-
opment and immune function [54, 55], and consequently,
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endocrine-based strategies can potentially restore the
immune system. We and others have found that sex steroid
ablation (SSA) enhances thymopoiesis and T cell function
in adult or aged mice and humans [56, 57] as well as
improve thymic recovery following chemotherapy treatment
[58]. The effects of SSA are not restricted to the thymus as
B-lymphopoiesis and lymphoid progenitor numbers are
enhanced in the BM [59]. Furthermore, SSA enhances
immune recovery following autologous [60] and allogeneic
HSCT without exacerbation of GvHD [61, 62]. In this
regard, we have recently demonstrated in a clinical study that
treatment with a luteinising hormone releasing hormone
(LHRH) agonist, which blocks sex steroids in a reversible
manner, augments thymic and immune recovery following
both autologous and allogeneic HSCT [63].

As an alternative to SSA, exogenously administered
cytokines and hormones have also been investigated for

their potential to reverse age-related or immunoablation-
induced lymphopoiesis. Studies using keratinocyte growth
factor (KGF) have found that thymic cellularity is signif-
icantly increased in aged animals and following radiation or
chemotherapy [64, 65]. KGF acts directly on the proliferation
of thymic epithelial cells [66] and also prevents GvHD-
mediated thymic damage [67]. Furthermore, we have found
that combination therapy with KGF and SSA has an additive
effect on thymic reconstitution [68]. Interleukin-7 (IL-7),
another candidate molecule, reverses age-associated
increases in apoptosis of thymocytes [69] and enhances
peripheral T cell function following allogeneic HSCT by
promoting the proliferation of lymphocytes and lymphoid
progenitors [70–72]. Likewise, Fms-like tyrosine kinase 3
ligand (Flt3L) predominantly promotes the expansion of BM
progenitors [73] leading to an increase in both thymic-
dependent and independent reconstitution [74, 75]. Another
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soluble factor with possible therapeutic potential is growth
hormone (GH), which, despite concerns over its safety, has
been shown to regenerate the aged [76] or immunodeficient
thymus [77] and enhance BM HSC function [78]. Taken
together, these studies indicate that these therapies may
provide a novel clinical basis for enhancing immune
reconstitution and, as a result, improving the induction of
tolerance to transplanted allogeneic organs or tissues (Fig. 2).

Constructing a new immune system

Recently, the development of the OP9-DL1 culture system
has enabled the generation of precursor T cells from HSCs
[79] and ES cells [80]. Adoptive transfer of these in vitro-
generated precursor T cells has been shown to enhance
thymic reconstitution following allogeneic HSCT, thereby
providing a clinical basis for their use [80]. A major concern
with this approach, however, is the issue of safety since such
cells have not been subject to normal selection processes in
the thymus, particularly induction of self-tolerance.

It may be possible to enforce the de novo development
of a tolerant cohort of cells by injecting patient-specific iPS
cell-derived HSCs if their bone marrow has been severely
damaged, but this needs to be coupled with a functional
thymus. One could thus envisage employing a combination
of emerging stem cell-based technologies to create a new
thymus. We have previously isolated a population of
thymic stromal cells enriched in stem cell or progenitor
activity in the foetal mouse [81]. Identifying the equivalent in
the adult human thymus and the important stem cell-niche
interactions may lead to the ability to specifically activate
resident thymic stem cells to repair or replace damaged
tissue. Furthermore, it may be possible to use microRNAs
and specific transcription factors to direct the differentiation
of stem cells down the thymic epithelial pathway. Such
thymic epithelial progenitor cells could then be seeded with
donor, or same ES cell-derived, HSCs supporting mesen-
chyme and growth factors in sophisticated biomatrices to
simulate the in situ thymus and promote the development of
a new cohort of donor-tolerant cells [82] (Fig. 2).

Conclusions

Rapid advances in stem cell research have provided a
tantalising glimpse into a future where “made-to-order”
tissues and organs may be possible. However, there remains
the fundamental complication of transplant rejection due to
the immunological recognition of donor grafts by the
recipient immune system. Current preventative measures
mainly entail prolonged immunosuppression, which leaves
the patient in a severely immunocompromised state. These
problems need to be overcome in order for stem cell

therapies to be a clinically viable option for the many
millions of patients suffering from severe diseases or less
life-threatening conditions such as neural degeneration,
deafness, blindness, autoimmune disease, spinal disc repair
and accident- or sporting-related injuries.

Although significant progress has been made in reverting
autologous somatic cells into a stem cell-like state and
thereby avoiding the problem of graft rejection, there are
many questions that need to be addressed before iPS cell-
derived therapies are deemed safe for clinical use. Co-
transplantation with immunosuppressive MSCs may facilitate
graft acceptance, but, ultimately, their use does not confer
central tolerance to donor grafts. In this respect, the
application of HSCT coupled to thymic regeneration for
creating long-term immune tolerance has been an important
step towards achieving acceptance of donor tissue grafts.
However, severe and prolonged immune depletion due to
conditioning regimes significantly increases the risk of patient
morbidity or mortality. This is further exacerbated by the
diminished capacity of the immune system to fully regenerate
with age.

As LHRH agonists are already used routinely to treat
prostate cancer, endometriosis and fibroids, their use is
currently the most clinically feasible approach to address
this problem. Furthermore, combination therapy with
certain growth factors such as KGF or even thymic
epithelial progenitor cells may provide an attractive
platform to enhance immune recovery following HSCT
while concomitantly inducing tolerance to allogeneic donor
tissue. The ability to generate transplantable tissue, induce
graft tolerance and enhance immune function will aid in
achieving successful transplantation and herald an exciting
future for regenerative medicine.
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Most of the steps of lymphopoiesis have been elucidated
but contentious issues remain, particularly regarding the
identity and function of the earliest lymphoid progeni-
tors that leave the bone marrow and seed the thymus.
Hematopoiesis is effectively continuous throughout life,
but there is a profound decline in immune function with
increasing age, driven by thymus involution and severely
curtailed B cell development. A key question is whether
defects in bone marrow progenitors, such as reduced
differentiation and repopulation potential, are the com-
mon denominator. While thymic involution temporally
precedes overt HSC functional decline, a logical supposi-
tion is that the latter exacerbates the former. This review
explores this possible link, and concludes that improving
bone marrow function is fundamental to sustained thy-
mic regeneration.

Maintenance of hematopoietic stem cell function in the
niche
Hematopoietic stem cells (HSCs) are crucial throughout
life for their ability to differentiate and generate all hema-
topoietic lineages while maintaining the capacity for self-
renewal. This requires populations of quiescent HSCs in
the bone marrow (BM) that differentiate as needed, a
process that is particularly important following hemato-
poietic stress, such as cytoreductive chemotherapy or radi-
ation therapy for neoplastic malignancies. Maintenance of
HSC quiescence, self-renewal and differentiation is a com-
plicated process involving multiple interactions and sig-
nals derived from the surrounding microenvironment, or
niche (Figure 1). HSC niches have been identified in the
BM at the endosteal interface between the central marrow
and bone and adjoining sinusoidal vascular endothelium;
however, the individual roles of these niches and the extent
of their involvement in hematopoiesis is currently in ques-
tion [1]. Within these niches, several individual cell popu-
lations have been implicated in the maintenance of HSCs,
including osteoblasts (OBL), CXCL12 abundant reticular
cells (CAR), endothelium, mesenchymal stromal cells,
adipocytes and osteoclasts [1,2]. Molecular signals from
these cells including osteopontin (OPN), thrombopoietin
(TPO), CXCL12, parathyroid hormone (PTH), angiopoie-
tin-1 (Ang-1), stem cell factor (SCF), N-cadherin, and

bone morphogenic protein (BMP)-4, as well as their
downstream mediators, such as c-Myc, Bmi-1, Rac-1 and
Rac-2, and the cyclin-dependent kinase inhibitors (CDKIs)
p16ink4A, p21cip1/waf1, p19Arf, and p57kip2, initiate or
repress programs that govern the localisation, quiescence,
self-renewal or differentiation of HSCs (Figure 1) [2,3].

Lymphoid commitment of HSCs
Commitment and differentiation toward the lymphoid and
T cell lineages within the BM is a complex process invol-
ving multiple paracrine signals and cell–cell interactions
as well as their downstream transcriptional programs.
Recent findings suggest that lymphopoiesis from HSCs
involves passage through a lympho-myeloid progenitor
that contains no erythroid potential (Figure 2) [4]. These
BM-derived precursors, known as lymphoid-primed multi-
potent progenitors (LMPPs), are characterised by the upre-
gulation of lymphoid associated genes such as PU.1 and
Ikaros [5,6]. Ikaros is a member of the zinc finger tran-
scription factor family implicated in upstream HSC func-
tion [7] and has a crucial role in HSC lymphoid lineage
priming. Ikaros represses key myeloid genes and self-
renewal while promoting the expression of lymphoid
associated genes such as Flt3, ckit and IL7R [5,8]. How-
ever, while Ikaros is very important, the redundancy of
hematopoiesis, which would be of evolutionary advantage,
is evident through the presence of intrathymic early T-
lineage progenitors (ETPs) in Ikaros-/- animals and T cell
development still occurs in these mice, albeit at a reduced
rate [9]. PU.1, which is a member of the Ets transcription
factor family, is expressed in HSCs, downstream multi-
potent progenitors (MPPs) and common lymphoid progeni-
tors (CLPs), but not in erythroid or thromboid cells, and is
vital for balancing cell lineage decisions of HSCs between
myeloid and lymphoid lineage choices [10]. A recent study
revealed that alongwith promoting differentiation of HSCs
down lympho-myeloid lineages, PU.1 might play a role in
promoting self-renewal of HSCs [11] and so prove to be
critical to asymmetric divisions of HSCs [12].

LMPPs are enrichedwithin the Flt3hiCD34+Thy1- popu-
lation of Lin-Sca1+ckit+ (LSK) cells [4,13,14] and those
expressing a recombination activating gene (RAG-1) were
found to be surprisingly quiescent when labelled with
bromodeoxyuridine (BrdU), suggesting that some lym-
phoid-committed precursors remain quiescent to sustain
lymphopoiesis throughout life [15]. Furthermore, several
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other BM-resident lymphoid progenitors with T-lineage
potential have been identified, including CLP-1 and
CLP-2 [16]. In fact, in the case of both CLP-1 and CLP-2
there is evidence to suggest their capacity for thymus-
seeding [17,18], although their limited T cell differen-
tiation potential compared to that of intrathymic ETPs
[17,19] suggests a role in non-canonical T cell development
or as a response to injury [20,21].

Journey from the BM to thymus
The thymus continues to function throughout life, albeit at
a progressively reduced rate with age but, importantly, it
contains no self-renewing lymphoid stem cells. Thymopoi-
esis is instead maintained by the periodic egress of pro-
genitors from the BM into the circulation. It is this
dependency that raises the question of a causal link be-
tween alterations in BM function and subsequent loss of

Figure 1. Maintenance of HSCs in the niche and their differentiation down lymphoid lineages in the BM and thymus. Long-term hematopoietic stem cells (LT-HSC) reside in
specialised niches in the endosteum and adjacent to sinusoidal vascular epithelial cells [1]. CAR cells and a subset of hematopoiesis-supporting OBL are thought to be
critical for HSC maintenance in the niche [1,2]. Adhesion of HSCs to these niches is mediated by signals through the calcium-sensing receptor, CXCR4, VLA-4 and 5, ckit and
N-cadherin. The balance between self-renewal and quiescence is maintained through the Notch and b-catenin pathways as well as signalling through Tie-2, hyaluronic acid,
CD44 and MPL by their respective ligands Ang-1, CD44, OPN and TPO [2,3]. Differentiation down the lymphoid lineage towards LMPP and CLP is associated with expression
of PU.1 and Ikaros [10]. For T cell development to occur, hematopoietic progenitors periodically egress from the BM, associated with interactions through ckit, VLA-4, Flt3
and CXCR4, and enter the circulation [37]. Expression on the surface of circulating progenitor cells of CCR9 and PSGL-1 are crucial for the entry of hematopoietic progenitors
into the thymus [28,32,33]. Once in the thymus, commitment to the T-cell lineage is secured by interaction with the Notch ligands delta-like 1 and 4 [10,30]. With appropriate
interactions from the supporting stromal microenvironment, comprised primarily of cortical and medullary thymic epithelial cells (cTEC and mTEC respectively) and
fibroblasts, T cell development progresses through distinct stages and positive and negative selection, to form self-tolerant single positive T cells [57]. Naı̈ve T cells are
exported from the thymus based on an S1P gradient that can influence the expression of P-selectin and CCL25 by thymic stromal cells and thereby influence thymic
receptivity to circulating progenitors [39].
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thymopoiesis. LMPPs, a subset of which are phenotypically
and functionally analogous to the earliest intrathymic ETP
population [9,13,22], can be found in the circulation [22],
making them a prime candidate as a thymus-seeding cell.
However, while the identity of the thymus-seeding pro-
genitor has yet to be elucidated unequivocally, it does not
necessarily need to be a unique entity; indeed, numerous
candidates with thymus-seeding ability and T lineage
potential have been proposed, albeit with only limited data
to imply their steady-state physiological functions
(Figure 2) [23,24]. Moreover, the extent of T-lineage com-
mitment before thymic entry is unclear [23]. Recent studies
have found the earliest intrathymic T cell precursors retain
myeloid potential [25,26]; however, there is still debate
over their propensity, or lack thereof, for B cell potential
[27,28]. Furthermore, populations of cells restricted to
either the lymphoid [17,18] or specifically T-lineage [29]

have been identified in the circulation and might contrib-
ute towards T cell development. These alternative lineage
programs are soon repressed by engaging the Notch
ligands delta-like 1 and 4, expressed by thymic stromal
cells, ensuring commitment and progression down the T
lineage [30,31].

The mechanisms underlying the entry of T-lineage pro-
genitors into the thymus are only just being resolved. It is
now clear that expression of chemokine receptors 7 and 9
(CCR7 and CCR9) and p-selectin glycoprotein ligand
(PSGL)-1 by circulating progenitors and their respective
ligands/receptors on thymic stromal cells is crucial for
entry of progenitors into the thymus [32–35]. Indeed, it
was shown recently that only CCR9-expressing MPPs or
CLPs could seed the thymus and that expression of CCR9
was dependent on Flt3 signalling in the BM [33], which is
also associated with lymphoid priming [4].

Figure 2. Identification and interrelationship between hematopoietic progenitor cells of BM and thymus. All blood cells derive from HSCs that lack expression of mature
hematopoietic markers (such as CD3, CD4, CD19, CD45R, CD11b, CD11c, Mac-1 and TER-119) and express LSK. Using expression of Flt3, CD34, CD150, and CD48, LSK cells
can be further subdivided according to their repopulation and self-renewal potential [105]. Within the MPP population, LMPPs can be isolated based on differential
expression of Thy-1, Flt3, VCAM-1, CD27 and CD62L [4,14,22]. Numerous Lin-IL7Ra+ bipotent lymphoid precursors have been identified and can be distinguished by
expression of B220 and c-kit, including the ‘‘classic’’ CLP-1 and CLP-2 and early progenitor with lymphoid and myeloid potential (EPLM), all of which can form the earliest B
cell precursors. Experimentally, many lymphoid progenitors can give rise to myeloid cells but the physiological relevance of this is not known [106]. Several potential routes
of egress from the BM to the thymus have been proposed. The ‘‘canonical’’ route involves the egress of LMPP cells from the BM and their homing and settling in the thymus
[9,25,26,28]. Despite only limited T cell potential, CLP-1 and CLP-2 cells have been shown to home to and seed the thymus, suggesting an alternate ‘‘non-canonical’’ route of
T cell development [17,18] that might be involved in the regeneration following insult [20,21]. Indicated for each cell type are their percentages relative to total organ
cellularity in 2-mo (black) and 9-mo (blue) C57Bl/6 mice.
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Through the use of elegant adoptive transfer exper-
iments, it was demonstrated that free intrathymic micro-
environmental niches control the importation of thymic
progenitors [36] via the opening or closing of so-called
intrathymic microvascular gates. This process is thought
to occur in coordination with the periodic release of pro-
genitors from the BM, suggesting a feedback loop exists
between the BM and thymus [37]. While elucidation of this
periodic link between the BM and thymus has remained
difficult, a recent study found that both niche availability,
possibly under the control of the early response gene 1
transcription factor [38], and the levels of circulating S1P,
which controls the egress of naı̈ve T cells from the thymus,
can control expression of P-selectin and the chemokine
CCL25, thereby directing thymic receptivity to circulating
progenitors [39].

The aging thymus
The profound involution of the thymus is one of the most
widely studied aspects of age on the immune system. It is a
gradual process that begins at the onset of puberty, leading
to the generally accepted role of sex steroids in inducing
thymic involution (Box 1) [40] While the proportion of
thymocyte subsets remains remarkably unaffected with
age, emphasising the homeostatically regulated T cell de-
velopment pathways, there is a considerable decline in
total thymopoiesis and significant disruption to the thymic
architecture (Figure 3) [40]. This results directly in a
decline in the emigration of naı̈ve T cells into the periphery

[41], the numbers of which are then maintained by homeo-
static expansion of pre-existing peripheral memory T cells.
The subsequent decline in diversity of the T cell receptor
repertoire leads to reduced responsiveness to new antigens
[42].

Mechanistically, the production of IL-7, which is crucial
for proliferation and differentiation from the triple nega-
tive 2 (TN2) stage of thymocyte development, is reduced
significantly with age and,. thus, implicated in thymic
involution [43]. However, exogenous administration of
IL-7 does not reverse thymic atrophy significantly
[43,44], suggesting the decline in IL-7 production might
only partially explain thymic involution. Moreover, the
impact of exogenous keratinocyte growth factor (KGF) or
growth hormone, as well as the removal of sex steroids
implicates these processes in thymic involution [40,39].

Box 1. Strategies for immune regeneration

Several strategies have been developed to reverse thymic degen-
eration as a consequence of age or following immunodepletion
caused by cytoreductive treatments such as chemotherapy and
radiation therapy. These include: administration of exogenous
growth factors and cytokines, such as KGF, growth hormone,
ghrelin, IL-7, IL-15, insulin-like growth factor-1, IL-12, or Flt3L;
adoptive transfer of T cell precursors generated in vitro; the
chemical or surgical ablation of sex steroids (Figure 3)
[45,56,61,97,98] While most of these treatments primarily promote
thymopoiesis directly, KGF and sex steroid ablation enhance thymic
regeneration by acting on thymic stromal cells [40,45,61,99].
However, the success of growth factors such as IL-7, growth
hormone and Flt3L is equivocal [40,44]. Furthermore, one of the
main drawbacks to these therapies is that their efficacy is limited to
the duration of administration due to the short half-life of these
growth factors. Adoptive transfer of in vitro generated precursor T
cells aids in thymic regeneration and even has long-lasting impacts
on the thymus well after the transient progenitors have passed
through the thymus; however, the mechanism behind this pro-
longed regeneration is poorly understood [100]. Among these
therapies, sex steroid ablation has beneficial impacts on both the
BM and thymus, reversing age-related thymic involution [56] and
enhancing BM recovery following chemotherapy [98,101] and bone
marrow transplantation [97]. These novel approaches to restore
immune capacity through the translation of pre-clinical research are
likely to result in the development of strategies to improve the
outcome for a variety of patients who incur considerable morbidity
and mortality from infections and relapse after high-dose che-
motherapy and HSC transplant or following chemotherapy. Further-
more, these strategies could be used in a variety of other clinical
settings to overcome lymphocytopenia, to enhance the effective-
ness of adult vaccinations or to stimulate lymphoid regeneration
following prolonged viral infection such as HIV. Finally, rejuvenation
of the thymus might be used to re-establish self-tolerance in
autoimmune disease or to prevent rejection of donor transplants.

Figure 3. Age-related changes and regeneration of lymphopoiesis. There is a
significant increase with age in the number of cells expressing the phenotype of
long-term hematopoietic stem cells (LT-HSCs) [52,65]. Functionally, however,
these cells are reduced in their self-renewal capacity [67]; ability to generate
lymphocytes [52,68,72]; and repopulation potential [52]. These functional changes
lead to a reduction in number and function of lymphoid progenitors [48]. In the
thymus, there is a profound involution with age, with reductions in the number of
developing thymocytes leading to reduced export of naı̈ve T cells and a limited
peripheral receptor repertoire [41,42]. In the thymus, impacts are observed also on
the supporting stromal cells, such as epithelium and fibroblasts, which are
radically reduced in number with an associated architectural disorganisation [40].
Several strategies have been proposed to assist thymic regeneration, all impacting
on different elements of this hierarchy of degeneration. Directly impacting on
thymocytes and early T-lineage progenitors are the cytokines IL-7 and Flt3,
although their clinical effectiveness is equivocal [40,44]. KGF produced by
fibroblasts impacts directly on the expansion of epithelial cells, thereby
enhancing thymopoiesis indirectly [99]. Also, adoptive transfer of in vitro
generated precursor T cells (pre-T) has been shown to enhance thymopoiesis
and regenerate thymic stromal cells [100]. SSA has wide-ranging impacts on this
hierarchy and regenerates both at the level of improved microenvironments and
thymic and BM lymphopoiesis [40,56,97,98,101].
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At the cellular level, while the aged thymus does not
appear to be significantly impacted in its ability to import
hematopoietic progenitors from the circulation [46,47],
intrathymic T cell precursors, along with their upstream
BM-resident lymphoid progenitors, deteriorate with age in
frequency, number and their ability to produce T cells [48–
50], although this functional defect has been challenged
[51]; differences in the experimental techniques used
might underlie the discrepancy. Expression of Flt3 on
LSK cells is also reduced significantly with age [52] and
might be associated with a decline in the absolute number
of BM-resident lymphoid progenitors through the link to
CCR9 [33].

It has been suggested recently that plasma levels of S1P,
which is involved with regulating the export of naı̈ve single
positive thymocytes, also regulates the expression of P-
selectin, CCL25 and subsequently thymic receptivity [39].
However, in the aged, where there is a decline in thymic
export, curiously there is no apparent corresponding
change in the expression of P-selectin or CCL25 and sub-
sequently receptivity of the thymus to the entry of circulat-
ing progenitors [47]. The direct relationship between age,
circulating S1P levels and thymic expression of P-selectin
and CCL25 is still unresolved (Box 2). Considering the role
of S1P in HSC migration and homing [53,54], however, a
greater role for S1P might be on the egress of these
progenitors from the BM, limiting thymus function
indirectly. Interestingly, following thymic regeneration
mediated by sex steroid ablation there is both an increase
in thymic export [40] and enhanced thymic CCL25 expres-
sion and receptivity [55].

While supply of blood-borne hematopoietic or thymic
progenitors is crucial for maintaining thymopoiesis
throughout life, and there is a reduced BM capacity for
these cells with age, a reduced ability for their importation
does not appear to underlie the initiation, of thymic invo-
lution [47]. Just as there is significantly reduced develop-
mental potential of T lineage progenitors and HSCs with
age, there is a profound deterioration of the thymic micro-
environment that initiates and controls the complex path-
ways of T cell differentiation and maturation [40,56,57].
Deciphering the initial events of thymic involution is diffi-
cult, particularly due to the crosstalk between developing
thymocytes and the supporting stromal cells: reduced
thymopoiesis can alter the thymic microenvironment sig-

nificantly, just as microenvironmental defects can alter
thymopoiesis [58–60].

While numerous treatments have been developed to
combat thymic involution (Box 1), including growth hor-
mone, KGF, IL-7, the use of in vitro generated precursor T
cells, and sex steroid ablation (SSA) [40,45,61], it is prob-
able that regeneration of both the thymic microenviron-
ment and the HSC compartment are essential for rapid,
long-term stable regeneration.

Linking HSC aging with the functional decline in
thymopoiesis
It is becoming increasingly clear that there are significant
impacts of aging on the intrinsic function of HSCs. While
different across strains [62–64], in the most widely used
C57Bl/6 there is a numerical accumulation of HSCs, in
particular long-term (LT)-HSCs [52,65], but they are func-
tionally far less effective in their homing and engraftment
capacity [66]. HSCs from aged animals exhibit decreased
repopulation and lymphoid differentiation potential
[49,52] as well as reduced self-renewal capacity upon serial
transplantation [67]. In repopulation experiments, defects
in HSC engraftment were restricted to the lymphoid lin-
eage and acquired HSC defects have been linked directly to
a reduced antibody repertoire in B cells with age [68],
further implicating an intrinsic skewing away from the
lymphoid lineage. In this regard, HSCs from young
animals transformed with the Bcr-Abl oncogene produce
bothmyeloid and lymphoid leukemias, whereasHSCs from
agedmice exhibit exclusively a myeloproliferative disorder
[69]. These studies are consistent with an intrinsic bias
away from lymphopoiesis with age and have led to a
clinical hypothesis that myeloid-biased HSCs may be the
transforming site in myelogenous leukemias, which are
more prevalent with age [70,71]. Moreover, despite declin-
ing self-renewal capacity amongst multipotent HSCs, clon-
ally there is an accumulation of phenotypically identical
self-renewing myeloid-biased progenitors [72,73].

The mechanisms underlying these intrinsic age-related
changes include upregulation of myeloid- and downregula-
tion of lymphoid-associated genes [52], accumulation of
mitochondrial and genomic DNAmutations [74,75], altera-
tions in epigenetic regulation [76–78], deficiency in DNA
repair [79,80] and altered p53 expression [81], all of which
contribute to altered HSC function. Bmi-1, which has an

Table 1. Age-related changes to the expression of molecules associated with HSC differentiation towards the T-lineage .
Factor Role Changes with age REF.

HSC maintenance
Bmi-1-p16ink4A/p19Arf Self-renewal and quiescence Increase in p16 ink4A and p19 Arf [79,82–84,86]
Tie2-Ang-1 HSC quiescence Reduced Tie-2 expression in skeletal muscle [88]

Lymphoid commitment and differentiation
Ikaros Lymphoid commitment Higher turnover and lower expression [89,90]
E2A, E47, Pax5 B-lineage commitment Decreased [90,102]
Notch T-lineage commitment Intrathymic Notch and Delta-like 1 increased [103]
RAG-1 Lymphoid differentiation Decreased [104]
Flt3-Flt3L Lymphoid differentiation Reduction in Flt3 expression on LSK cells in BM [52]
IL-7 Lymphoid development Reduced IL-7 expression in both BM and thymus [43,52]

Thymic seeding
CCL25-CCR9 Thymic seeding CCR9 potentially downregulated as expression is

dependent on Flt3 signalling, which is decreased
[33]

L-, E-, P-selectin-PSGL-1 Thymic seeding P-selectin might change if there is a change in S1P gradients [39]
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integral role in self-renewal [82], has been implicated in
the senescence and aging of HSCs [79,82], predominantly
through its downstream targets, p16ink4A and p19Arf,
which are increased significantly with age (Table 1)
[83,84], although it is possible that these are an adaptation
towards cancer resistance [84,85]. Collectively, these
changes result in a block in self-renewal and the promotion
of cellular senescence [86]. The interaction between Ang-1
(expressed by the BMniche) and Tie-2 (expressed byHSCs)
has been implicated in the maintenance of HSC quiescence
within the niche [87]. In skeletal muscle, while there was
no change in Ang-1 expression with age, there was a
significant decrease in expression of its receptor Tie-2
[88], which, if translated to HSCs, could explain age-
related declines in HSC quiescence [87].

Interestingly there is a significant age-related decline in
the expression of the B-lineage transcription factors Pax-5
and E2A as well as the general lymphoid factor Ikaros
[89,90]. While reduction in Ikaros expression is likely to
impact on lymphoid lineage differentiation, other T lineage
factors such as GATA-3, similar to Pax-5 and E2A, might
underlie the reduced generation of T cells with age. More-
over, as Ikaros controls IL7Ra expression [5], the minimal
impact of IL-7 administration on thymopoiesis could be
explained by reduced signalling potential through the re-
ceptor (Box 2).

Defects in HSC function might arise through age-
related changes to the niche. Microenvironmental defects
in the BM have been linked to degeneration of HSC
function with age [91,92] and the age of the BM micro-
environment was found to be crucial for effective thymo-
poiesis, regardless of the degree of residual thymus tissue
present [93]. Moreover, progressive shortening of telo-
meres by BM stromal cells leads to niche dysfunction
with age, contributing to the myeloid-lineage bias with
age [94]. Importantly a young microenvironment, and
presumably more functional niches, is enough to, at least
partially, restore age-related stem cell function
[92,93,95,96].

As profound as these alterations are in the provision and
function of BM progenitors, their role as the trigger for
thymic involution remains speculative and, if anything,
unlikely because the latter is more overt earlier in life.
Furthermore, transferring youngHSCs or ETPs alone does
not induce regeneration of the aged atrophic thymus

[46,51]. It is likely that chronologically, the decline in
the structure and function of the individual thymic stromal
microenvironments or niches related to the earliest TN
stages are the primary cause. However, the exacerbation
and prolongation of this thymic atrophy would appear to be
markedly dependent on the subsequent loss in provision of
adequately functional BM-derived HSCs and T-lineage
progenitors.

Concluding remarks
The clinical impacts of age-related thymus involution are
profound and represent a major therapeutic challenge.
Understandably, much research has been levelled at thy-
mus structure, development, maintenance and degener-
ation as a basis to developing strategies for its functional
rejuvenation. However, since thymic function is inti-
mately linked to a continual supply of relevant blood-
borne progenitors, it would be logical to predict that
age-related defects in the BM might have a major aetio-
logical role in thymic degeneration, if not in its initiation,
certainly in its severity and prolongation. As a corollary,
improvement of BM function could provide an important
catalyst for thymic rejuvenation. Indeed, it is now clear
that thymus atrophy is a multifaceted process involving a
confluence of events, including alterations in the BM
niches, limited HSC function with respect to propensity
for lymphoid lineages, decreased thymic importation of
circulating progenitors and a dysregulated thymic micro-
environment as a direct consequence of reduced T cell
development. Ultimately, these collectively lead to
reduced thymic export of naı̈ve T cells, potentially even
leading to the consequential reduction in the re-importa-
tion of circulating progenitors.

Clearly, a more rational approach to thymic regener-
ation requires more detailed investigations into the role of
the BM niches in the induction of age-associated HSC
defects. It will be important to reveal the feedback loops
between the thymus and BM that allows for the periodic
egress of progenitors from the BM and their uptake by the
thymus and the dysregulation of these pathways leading
towards age-related immune degeneration. Considering
that at least some of these processes are reversed following
surgical or chemical sex steroid ablation, it is important to
understand the mechanism of action of sex steroids on the
immune and hematopoietic systems as a first approach to
delineating the complex molecular and cellular networks
dictating lymphopoiesis.

Understanding the processes involved in thymic invo-
lution, in particular the crosstalk between developing
thymocytes and their supporting stromal niches, is
beginning to yield novel therapeutic strategies for
thymic rejuvenation. It is now clear that consideration
must be given to the cellular and molecular dialogue
with the BM to provide a more strategic and efficient
approach to thymus-based reconstitution of the immune
system. The clinical applications for this include redu-
cing morbidity and mortality in HSC transplant recipi-
ents following high-dose chemotherapy, which, in turn,
allows for earlier re-immunisation against common
pathogens and even potentially enhances the graft ver-
sus tumour phenomenon.

Box 2. Outstanding questions

! What is the role of niche aging in initiating functional changes to
HSCs?

! Does the reduced lymphoid differentiation potential of HSCs lead
to reduced thymic seeding by circulating progenitors?

! What are the relative contributions of reduced thymic seeding and
an altered thymic microenvironment with age in causing thymic
involution?

! What is the impact of age on circulating S1P and receptor
expression?

! Is there a correlation between P-selectin or CCL25 expression in
the thymus and LMPP or CLP egress from the BM and is there a
role for S1P expression and naı̈ve T cell export in this correlation?

! Is there a bi-directional communication between the BM and
thymus with respect to progenitor migration and immigration?
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