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Abstract 

 

Title:  Immune Dysfunction in the Ts65Dn Mouse Model of Down Syndrome: Potential 

Role(s) of Reactive Oxygen Species (ROS) and Alterations in IL-7Rα Expression 

 

Laureanne Pilar E. Lorenzo, Doctor of Philosophy, 2011 

 

Dissertation Directed by: Mark S. Williams, Assistant Professor, Molecular 

Microbiology and Immunology and Center for Vascular and Inflammatory Diseases 

 

Down Syndrome (DS), a genetic disease caused by a triplication of chromosome 

21, is characterized by increased markers of oxidative stress.  In addition to cognitive 

defects, DS is characterized by hematologic disorders such as myelodysplastic syndrome, 

premature thymic involution and increased incidence of infections and leukemia. 

However, the potential causes of these defects have not been fully elucidated. The goal of 

this study was to examine hematopoietic stem cell, lymphoid progenitor cell, and mature 

lymphocyte function in DS using the Ts65Dn mouse model, which contains a segmental 

triplication of mouse chromosome 16 that is partially syntenic to human chromosome 21. 

Analysis of hematopoietic progenitor populations showed that Ts65Dn mice possessed 

fewer functional hematopoietic stem cells (HSC) and a significantly decreased percentage 

of bone marrow lymphoid progenitors. Increased reactive oxygen species (ROS) and 

markers of oxidative stress were detected in HSC populations and were associated with a 
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loss of quiescence and increased apoptosis. Bone marrow progenitor, immature 

thymocyte, and mature lymphocyte populations expressed diminished levels of the IL-

7Rα chain, which was associated with decreased proliferation and increased apoptosis. 

Modulating oxidative stress in vitro suggested that oxidative stress induced by 

diminished glutathione levels selectively leads to decreased IL-7Rα expression, and 

inhibits the survival of IL-7Rα-expressing hematopoietic progenitors, potentially linking 

increased ROS and immunopathology. Other possible mechanisms identified in Ts65Dn 

mice that could induce diminished IL-7Rα expression in DS are increased microRNA 

expression and inhibition of the Notch pathway.  The data suggest that hematopoietic 

stem cell, lymphoid progenitor cell, and mature lymphocyte defects underlie immune 

dysfunction in DS and that increased oxidative stress and reduced cytokine signaling may 

alter hematologic development in Ts65Dn mice. Therefore, the current study may support 

modulation of redox balance and IL-7Rα expression as possible therapeutic targets to 

treat immune dysfunction in DS and may provide a starting point for the manipulation of 

redox balance to modulate the immune response. 

 

 
 
 
 
 
 
 
 
 
 



[Type text] 
 

 
 
 
 
 
 

 
 

Immune Dysfunction in the Ts65Dn mouse model of Down Syndrome: Potential 

Role(s) of Reactive Oxygen Species (ROS) and Alterations in IL-7Rαααα Expression 

 

 

 

By 

Laureanne Pilar E. Lorenzo 

 

 

 

 

 
Dissertation submitted to the Faculty of the Graduate School of the 

University of Maryland, Baltimore in partial fulfillment 
of the requirements for the degree of 

Doctor of Philosophy 
2011   

 
 
 
 
 



[Type text] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

©Copyright 2011 by Laureanne Pilar E. Lorenzo 
All rights Reserved 

 
 
 
 
 



 

iii 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

For my parents, family, mentors and friends  
Who always believed in me 

Whose love, support, dedication, and inspiration made this possible 
Thank you 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

iv 
 

 
 

ABBREVIATIONS 
BCR: B cell receptor 

BM : bone marrow 

CCL : chemokine ligand 

CCR : chemokine receptor 

CD : cluster of differentiation 

CLP : common lymphoid progenitor 

CMP: common myeloid progenitor 

CTL : cytotoxic T lymphocyte 

DN : double negative 

DNA : deoxyribonucleic acid 

DS : Down Syndrome 

Fc : fragment crystallizable 

Flk2 : fetal liver kinase-2  

Flt3: fms-like tyrosine kinase receptor-3   

FOXP-3 : forkhead protein-3 

GMP : granulocyte-monocyte progenitor 

GSH : glutathione 

GSSG : oxidized glutathione 

HSC : hematopoietic stem cell 

IL: interleukin 

Ig: immunoglobulin 
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IFN: interferon 

JAK : Janus kinase 

LMPP : lymphoid-primed multipotent progenitor 

MEP : megakaryocte-erythroid progenitor 

MPP : multipotent progenitor 

ROS: reactive oxygen species  

STAT : signal transducer and activator of transcription 

TCR: T cell receptor 

TLR : toll-like receptor 

Ts65Dn: Ts(1716)65Dn 
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IA. Hematopoiesis 

The generation of a diverse repertoire of cells in the blood occurs in a process known as 

hematopoiesis, and arises from a single cell type, the hematopoietic stem cell (HSC). HSC, 

similar to other adult, tissue-specific stem cells, are distinguished by their capacity to undergo 

long-term self-renewal as well as differentiate into mature, functional cells1. HSC generate 

terminally differentiated blood cells through cycles of proliferation and differentiation, and as 

hematopoietic progenitors differentiate, they become increasingly committed and specified to 

specific lineages, and lose the ability to give rise to other cell types. A single HSC, along with 

supporting CD34+ LSK (Lineage-negative, Sca-1+, c-Kit+) cells has been shown to have the 

ability to reconstitute the entire hematopoietic system of a mouse2. 

 During mammalian embryonic development, hematopoiesis occurs in multiple sites until 

the establishment of bone marrow (BM) hematopoiesis at birth. In the embryo, HSC originate 

from the ventral mesoderm3, and hematopoiesis proceeds sequentially in the yolk sac, the aorta-

gonad mesonephros (AGM) region, and the fetal liver. The HSC found in these different sites 

have distinctive properties, which are proposed to reflect the diversity of the niches which 

support their generation, development and function.4,5  

The different cell types involved in the various stages of hematopoiesis can be 

characterized phenotypically by cell surface markers, and changes in gene expression which 

have been defined by in vitro and in vivo evaluation of developmental potential. The classical 

model of hematopoiesis (Figure I.1) postulates that the HSC gives rise to the multipotent 

progenitor (MPP), which has the ability to give rise to all hematopoietic lineages, but has lost the 

ability for long-term self renewal. The HSC and MPP are characterized by the lack of expression 

of lineage markers of differentiated cells and the expression of Sca-1 and the cytokine receptor   
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Figure I.1. Classical model of hematopoiesis.* Hematopoietic stem cells (HSC) give rise to 

differentiated cells in a sequential manner of differentiation and commitment, with increased 

commitment to a particular lineage concomitant to decreased plasticity to give rise to other cell 

types. The differentiation of the multipotent progenitor (MPP) into the common myeloid 

progenitor (CMP) and the common lymphoid progenitor (CLP) bifurcates hematopoiesis into 

and lymphoid and myeloid branches. 

*Adapted by permission from Macmillan Publishers Ltd: [ONCOGENE] 20 Aug 29;24(37):5676-92 copyright 2005 
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c-Kit, in a population of cells termed LSK (Lineage-negative, Sca-1+, c-Kit+). HSC and MPP 

can be distinguished based on the expression of the cytokine receptor Flk2/Flt3 and the SLAM 

markers CD48 and CD150 6,7. HSC lack expression of Flk2, and are CD150+ and CD48-, while 

MPP express low levels of Flk2 and are CD150- and CD48-. HSC also do not express CD34 and 

are Thy1low2,8 

  After HSC differentiation into MPP, there is proposed to be a bifurcation between the 

lymphoid and myelo-erythroid lineages, with the MPP giving rise to the common lymphoid 

progenitor (CLP) and the common myeloid progenitor (CMP). The CLP is proposed to give rise 

to all the cells of the lymphoid lineage: B-cell, T-cells and NK cells and is characterized by the 

expression of the cytokine receptor chain IL-7Rα, low expression of Sca-1 and c-Kit, and high 

expression of Flk2 (Lin- Sca-1lo, c-Kitlo, IL-7Rα
+, Flk-2/Flt-3+)9.  

The CMP is proposed to give rise to all the cells of the myelo-erythroid lineage and is 

characterized by the lack of expression of Sca-1 and IL-7Rα , low expression of the Fc receptor 

FcγR and the expression of c-Kit and CD34 (Lin- Sca-1-, c-Kit+, IL-7rα-, FcγRlo, CD34+)10. The 

CMP then differentiates into the granulocyte-monocyte progenitor (GMP), which gives rise to 

macrophages, and granulocytes and the megakaryocyte-erythroid progenitor (MEP), which gives 

rise to platelets and red blood cells. Similar to the CMP, the GMP and the MEP are characterized 

by the lack of expression of Sca-1 and IL-7Rα, but can be distinguished based on FcγR and 

CD34 expression: GMP: (Lin- Sca-1-, c-Kit+, IL-7Rα
-, FcγRhi, CD34+), MEP: (Lin- Sca-1-, c-

Kit+, IL-7Rα
-, FcγRlo, CD34-). 

However, an alternative myeloid-based model of hematopoiesis has been proposed 

(Figure I.2), where the MPP gives rise to a common myeloid-erythroid progenitor (CMEP) 

equivalent to the CMP in the classical model, and a common myelo-lymphoid progenitor  
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Figure I.2. Myeloid-based model of hematopoiesis.* In contrast to the classical model of 

hematopoiesis, the myeloid-based model proposes that the MPP gives rise to a common myeloid-

erythroid progenitor (CMEP) and a common myelo-lymphoid progenitor (CMLP) which can 

give rise to both lymphoid and myeloid cells. 

*Adapted by permission from Macmillan Publishers Ltd: [ONCOGENE] 20 Aug 29;24(37):5676-92 copyright 2005 
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(CMLP) also known as the lymphoid-primed multipotent progenitor (LMPP) which retains 

myeloid potential but is unable to give rise to erythrocytes or megakaryocytes11-14. The CMLP is 

then proposed to give rise to T-cell progenitors through the biopotential myeloid-T progenitor 

(MT) and B-cell progenitors through the bipotential myeloid-B progenitor (MB). This contrasts 

with the classical model where the loss of myeloid potential precedes the bifurcation between the 

B- and T-cell lineages. Recently, fate-mapping experiments using the IL-7Rα locus as a marker 

show that pro T-cells and myeloid cells in the thymus and spleen may not arise from a common 

progenitor, contrasting with the idea of a myeloid-T progenitor in physiological hematopoiesis15.   

More definitive studies need to be performed in order to resolve these issues. 
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IA. B-cell development 

 
Similar to the development of more immature hematopoietic progenitors, B-cell 

development occurs in the bone marrow. The steps in B-cell development proceed sequentially 

and can be identified based on the expression of cell surface markers, changes in gene 

expression, and assays for developmental potential (Figure I.3). The earliest hematopoietic 

progenitor that is committed to the B-cell lineage in the mouse is known as the pre-pro B-cell or 

fraction A (FrA) cell and has the cell surface phenotype B220+c-Kit-CD19-

Flk2+CD43+AA4.1+CD24loIgM-. At this stage, there is almost no immunoglobulin (Ig) gene 

rearrangement occurring, no D-J rearrangement was detected in single cell PCR analysis. 

Consistent with this lack of rearrangement, FrA cells express low levels of Rag-1 and Rag-2, but 

high levels of µ heavy chain germline transcripts can be detected.16,17 The next stage in B-cell 

development in the pro B-cell stage or fraction B (FrB) characterized by the cell surface 

phenotype B220+c-Kit+CD19+Flk2-CD43+AA4.1+CD24(HSA)+IgM-. At this stage, heavy chain 

rearrangement occurs and there is high expression of Rag-1 and Rag-2. Pro-B-cells then pass 

through a late pro-B/early pre-B stage or fraction C (FrC) where they proliferate extensively and 

express the pre-BCR, consisting of an assembly of a productively rearranged heavy chain with 

the surrogate light chain composed of λ5 and VpreB associated with the signaling proteins Igα 

and IgΒ.18 At the small pre B-cell stage or fraction D (FrD), cells are characterized by the cell 

surface phenotype B220+c-Kit-CD19+Flk2-CD43-CD24(HSA)+IgM-IgD- and light chain 

rearrangement occurs. Immature B-cells can complete their maturation in the bone marrow, or 

exit the bone marrow and migrate to peripheral lymphoid organs such as the spleen to complete 

their maturation. Several factors have been shown to be required for B-cell development in mice, 

including CXCL12, Flt3L, SCF (required in adult mice only), RANKL, and IL-7 19-22 . 
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Figure I.3. B-cell development in the BM.* B-cell development occurs in the bone marrow in a 

sequential manner, and is characterized by changes in gene and protein expression profiles, as 

well as differential responses to cytokine and chemokine stimulation.  

*Adapted by permission from Macmillan Publishers Ltd: [NATURE REVIEWS IMMUNOLOGY] 2006 

Feb;6(2):107-1 copyright 2006 
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In the spleen, B-cells can be categorized into transitional or immature, follicular, and 

marginal zone types (Figure I.4).  Transitional, or immature B-cells are short-lived, and tend to 

undergo apoptosis instead of proliferating in response to BCR signaling. Transitional B-cells can 

be divided into 3 subtypes, T1-T3. T1 B-cells are defined as CD23-AA4.1+sIgMhisIgD-

/loCD24hiCD62L-CD21/35-/lo, T2 B-cells are defined as 

CD23+AA4.1+sIgMhisIgDhiCD24hiCD62L+CD21/35lo, and T3 B-cells are defined as 

CD23+AA4.1+sIgMlosIgDhiCD24hiCD62L+CD21/35lo. Unlike mature B-cells, Transitional B-

cells express the B-cell progenitor marker AA4.1 on their surface.  

Follicular B-cells are the predominant subset in the peripheral B-cell pool and can be 

found recirculating in the blood and lymph to the B-cell areas of the spleen and lymph nodes. 

These B-cell areas are known as the “follicular niche”, and the B-cells in this area mainly 

function in promoting T-cell dependent immune responses to protein antigens by presenting T-

cell dependent antigens to activated T-cells. Follicular B-cells are generally found in a resting 

state, and are long-lasting, existing for approximately 9 months.23 Follicular B-cells can also be 

found in the bone marrow surrounding vascular sinusoids, in a region known as the 

perisinusoidal niche. B-cells in the follicular niche are dependent on BAFF for survival, while B-

cells in the perisinusoidal niche do not require BAFF.24 Follicular B-cells can be divided into 

Follicular type I cells, which are defined as CD23+AA4.1-

sIgMlosIgDhiCD24loCD62L+CD21/35int, and Follicular type II cells, which are defined as 

CD23+AA4.1-/losIgMhisIgDhiCD24loCD62L+CD21/35int . The development of follicular type I 

cells are dependent on signals from Btk and antigen, while follicular type II cells are 

recirculating cells with an extended life span, develop independently of signals from Btk and 

antigen, and are proposed to replenish the marginal zone (MZ) B-cell pool during infection.25   



10 
 

 

 

Figure I.4. B-cell maturation in the BM and periphery.* After developing in the BM, 

immature B-cells can complete their maturation in the BM or the periphery. Mature B-cells can 

be classified as innate-like marginal zone (MZ) B-cells, or follicular (FO) B-cells, the 

predominant B-cell population in the periphery. 

*Adapted from Current Opinion in Immunology, Peripheral B-cell Subsets Apr;20(2):149-57. David Allman, Shiv 

Pillai   Copyright (2008) with permission from Elsevier  
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Marginal zone B-cells are found in the marginal sinus areas of the spleen and are poised 

to mount a rapid response to blood-borne pathogens. Marginal zone B-cell precursors (MZP) can 

be defined as CD23+AA4-/lowsIgMhighCD1d+sIgDhighHSA+CD21/35high while MZ cells are 

defined as CD23_AA4_ sIgMhighCD1d+sIgDlowHSA+CD21/35high.25-27 

 

IB. T-cell Development 

 
In contrast to other mature blood cells that develop in the BM, T-cells develop in a 

specialized lymphoid organ called the thymus. The thymus does not contain its own self-

renewing population of stem cells; instead, it must be continuously seeded by BM-derived 

progenitors that travel through the circulation. The precise identity of this thymus-seeding cell is 

still controversial, and numerous candidates have been proposed. The difficulty in pinpointing 

the precise identity of the thymus seeding progenitor may be due to several factors, such as many 

different extrathymic cell types having been shown to have T-cell potential, as well as the low 

number of thymus seeding cells, with possibly only a few cells enter the thymus in a day28,29. 

Additionally, cells have been shown to change their cell surface phenotype depending on the 

environmental context, making direct phenotypic comparisons of BM-derived, blood-derived, 

and thymic T-cell progenitors difficult30. It is likely that there are multiple progenitor cell types 

with thymus-seeding potential, as shown by fate mapping experiments15.  

In order to generate T-cells, BM progenitors have to enter the circulation and home to the 

thymus. In the BM, expression of Flk2 is believed to mark the cells that contain thymus-seeding 

ability. These cells include MPPs, CLPs, LMPPs, and the CLP-2, which was isolated based on 

pre T-cell receptor α (pTcrα) reporter expression and is defined by the cell surface phenotype (c-
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Kit -, IL-7Rα
+, B220+, CD19-)12,31,32. In the circulation, a population known as the committed T 

cell progenitor (CTP) defined by the cell surface phenotype (c-Kitlo, IL-7Rα
+, Thy1+) was 

identified as having T-lineage potential. The origin of the CTP is still unknown. MPP, CLP, 

LMPP but not the CLP-2 have also been detected in the circulation 33,34. The chemokine receptor 

CCR9 has been shown to be important for thymic homing, and CLP, LMPP, CTP, and CLP-2 all 

express this receptor.35 Examination of CCR7/CCR9 double KO cells revealed that the lack of 

both of these chemokine receptors results in an inability to settle the thymus in competitive 

reconstitution assays. A small subset of LMPP and CLP have been shown to express both CCR7 

and CCR9, leading to the hypothesis that thymus-seeding progenitors may lie in these 

populations36. 

Regardless of the exact identity of the thymus-seeding cell, T-cell progenitors in the 

thymus undergo a sequential process of commitment and differentiation, which, similar to 

hematopoiesis in the bone marrow, can be characterized phenotypically by cell surface markers 

and gene expression which have been defined by in vitro and in vivo evaluation of 

developmental potential. Developing thymocytes can be found in distinct regions of the thymus, 

and are subdivided into populations based on the expression of the CD4 & CD8 antigens (Figure 

I.5).  

The most immature thymocyte populations express neither CD4 nor CD8 (CD4-CD8-) 

and are known as double-negative (DN) thymocytes. These cells are also referred to as triple-

negative (TN) thymocytes, because they also lack expression of CD3 (CD3-CD4-CD8-). The DN 

thymocyte population corresponds to ~5% of the total thymocyte population, and can further be 

subdivided into DN1-DN4 stages based on the expression of CD44, a glycoprotein and CD25, 

the high-affinity IL-2 receptor chain. The DN1 population was initially characterized by the   
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Figure I.5. T-cell development in the thymus.* T-cell development in the thymus proceeds 

sequentially and is characterized by changes in gene expression, developmental potential, and 

migration through particular regions of the thymus. 

*Adapted by permission from Macmillan Publishers Ltd: [NATURE REVIEWS IMMUNOLOGY] 2008 Jan;8(1):9-

21 copyright 2008 
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markers CD44+CD25-, but subsequent studies have shown that T-cell activity is only found in 

CD44+CD25- that also express high levels of the receptor tyrosine kinase c-Kit, these 

CD44+CD25-c-Kithigh cells are known as early T-cell precursors (ETPs). The DN2 population 

was initially characterized by the markers CD44+CD25+, but this population was also found to 

be heterogeneous and has now been subdivided into DN2a and DN2b populations based on c-Kit 

expression, with DN2a cells being c-Kithigh and retaining dendritic cell (DC) potential in vitro, 

while DN2b cells are c-Kitlow and lack DC potential.37 

The immature DN1 and DN2 thymocytes are highly proliferative, but in the next stage of 

development, known as DN3 and characterized by the markers CD44-CD25+, thymocytes slow 

their proliferation, turn on the expression of the RAG genes and Tdt, and begin rearranging the 

TCRβ, TCRγ, and TCRδ chains. The transition from the DN2 to the DN3 stage marks the 

commitment of thymocytes to the T-cell lineage as determined by in vitro assays. The DN3 stage 

can also be further subdivided based on the expression of CD27, DN3a cells are CD27 low and 

have not yet undergone TCR rearrangement, while DN3b cells are CD27 high and have 

completed β selection or γδ selection. β selection is contingent on the successful pairing of the 

rearranged β chains with an invariant pre-TCRα chain to form the pre-TCR. Cells that have 

undergone β selection successfully proceed to the DN4 stage and are characterized by the lack of 

expression of both CD44 and CD25 (CD44-CD25-).  

The developing thymocytes then transiently upregulate CD8, and are known as immature 

single positive (ISP) cells, the significance of which are still unknown. ISP cells then quickly 

upregulate CD4 and enter the double positive CD4+CD8+ stage of thymocyte development 

which comprises ~75-88% of developing thymocytes. During the DP stage, thymocytes 

rearrange their α chain and undergo MHC-mediated negative and positive selection. At this 



15 
 

 

stage, the majority of thymocytes (~98%) will undergo apoptosis, but the lucky survivors will 

have been selected to become single-positive (SP) CD4+ or CD8+ TCR αβ+ T-cells, which will 

migrate to the periphery. SP T-cells comprise ~15% of the thymus.38 The exact pathway of γδ T-

cell development is still unclear, with some groups proposing that of γδ T-cells do not undergo 

selection, while others propose that γδ T-cells undergo positive selection.39,40 

 Depending on their specific stage of development, thymocytes can be found in distinct 

areas of the thymus corresponding to specialized microenvironments suited to ensure proper T- 

cell differentiation. Initially, immigrant precursors from the blood enter the thymus in the 

cortico-medullary junction. As DN1 cells differentiate into DN2 cells, they migrate into the 

cortex toward the subcapsular zone. In the subcapsular zone, DN3 cells accumulate and β 

selection occurs. After β selection, DN 4 cells migrate back to the cortex toward the medulla41, 

where the subsequent stages of thymocyte development occur until the SP cells exit through the 

medulla. 

 

IC. ROS in hematopoiesis 

IC1. Reactive oxygen species (ROS) 

Molecular oxygen (O2) is vital for the survival and function of human beings and all 

aerobic life on earth. The utilization of oxygen to extract energy from food molecules is known 

as aerobic respiration, and this process involves oxidative phosphorylation, where the 

electrochemical energy of the mitochondrial electron transport chain (ETC) generates adenosine 

triphosphate (ATP), the energy currency of the cell. O2  is the final electron acceptor in the ETC, 

resulting in the formation of water (H20). 



16 
 

 

A byproduct of oxidative phosphorylation is the generation of reactive O2 metabolites 

known as reactive oxygen species (ROS) that can damage cells by oxidizing cellular components 

such as DNA, protein, and lipids. ROS can be free radicals such as superoxide (O2
.)  and the 

hydroxyl radical (.OH), which are reactive due to the presence of an unpaired electron in their 

valence shell and therefore react by oxidizing surrounding molecules in order to attain a stable, 

non-radical state. Other ROS such as hydrogen peroxide (H202) are non-radical agents that are 

pro-oxidant due to a large oxidation potential. 

ROS can also be generated in cells as a result of environmental stress such as nutrient 

deprivation, heat and UV exposure and external sources such as ionizing radiation. The 

importance of neutralizing excessive ROS is underscored by the discovery of superoxide 

dismutase (SOD), an enzyme solely dedicated to the metabolism of superoxide to hydrogen 

peroxide, a less toxic ROS which can in turn be converted to water by the enzyme catalase. 

Significantly, evolution has harnessed these potentially toxic molecules and converted 

them into useful tools for the cell, and ROS have been shown to be involved in, and required for 

diverse processes such as the regulation of gene expression, signal transduction, and functional 

responses in cells.42-44  In line with this, enzyme systems have evolved that are specifically 

designed to generate ROS. These enzymes include NADPH oxidases (NOXes) and xanthine 

oxidases, which generate superoxide through the transfer of an electron from NADPH to 

molecular oxygen, nitric oxide synthase (NOS), which catalyzes the oxidation of L-arginine to 

generate nitric oxide (NO.)45 and cyclooxegenase (COX), which converts arachidonic acid to 

prostaglandin H2, a precursor of prostanoids. 46 

The redox balance in cells is determined by the rate of production of various ROS species 

counterbalanced by the concentration and activity of the antioxidants that clear them. 
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Antioxidants have been defined as substances that at relatively low concentrations can 

significantly inhibit or delay the oxidation of substrates.47 Antioxidants can be classified into 2 

major categories:  antioxidant enzymes include catalase, glutathione peroxidase (GPx) and SOD, 

while non-enzymatic antioxidants include α-tocopherol (Vitamin E), ascorbate (Vitamin C), Β-

carotene, and glutathione. 

 

IC2. HSCs and ROS 

 
 ROS have been implicated in alterations in HSC self-renewal, quiescence, apoptosis, & 

differentiation. HSCs are hypothesized to reside in a niche characterized by low levels of O2, and 

are proposed to be inherently hypoxic in comparison to more differentiated cell types. These low 

levels may be maintained by cell-intrinsic, as well as extrinsic environmental factors (Figure I.6). 

It has been shown that HSCs with robust reconstitution potential can be found primarily in the 

BM endosteal region.48 However, this region has numerous capillaries, and the entire region may 

not necessarily be hypoxic. Presumably, HSC that are distant from sinusoidal capillary vessels 

will be in a more hypoxic environment in comparison to HSC that are in close proximity to such 

vessels.   

 HSC evaluation using the oxidizable fluorescent probe DCFDA suggested that the 

DCFDAlow fraction representing cells with lower levels of ROS contained increased 

reconstitution ability in comparison to DCFDAhi cells.49 In vivo Hoechst 33342 dye treatment, 

which correlates oxygenation with dye uptake, showed that HSC could be found in the cell 

fraction with the least amount of dye uptake, indicating a lower level of oxygenation. Treatment 

with pimonidazole, a marker of hypoxia, marked these HSC-enriched BM fractions, and HSC  
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Figure I.6. HSCs contain low levels of ROS.* The HSC niche, as well as the intrinsic 

properties of HSC, maintain low levels of ROS in HSC. 

*Adapted by permission from John Wiley and Sons Ltd: [JOURNAL OF CELLULAR PHYSIOLOGY] 2011 Mar 

29 copyright 2011 
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loss resulted when mice were treated with tirapazamine, a chemical that is toxic to hypoxic 

cells.50 

 In addition to decreasing the levels of potentially toxic ROS, hypoxia in HSC may also 

promote certain gene expression programs essential to HSC maintenance and function. HIF-1α 

(hypoxia-inducible factor 1α), a transcription factor known to play a significant role in the 

intracellular response to hypoxia, has been shown to be essential for HSC function. It is 

expressed in HSC and a conditional HIF-1α knockout results in HSCs with decreased 

reconstitution activity, and the upregulation of p19Arf, and p16Ink4a.51,52 

 HSC exposure to oxidative stress has been shown to result in loss of function and 

apoptosis. Increased ROS levels in HSCs as a result of treatment with the chemical pro-oxidant 

buthionine sulfoximine (BSO) or a deficiency in Atm, a protein kinase that regulates the 

response to oxidative stress, resulted in decreased ability to reconstitute a lethally irradiated 

recipient. This defect in self-renewal was paralleled by the upregulation of p38 MAPK, p19Arf, 

and p16Ink4a, thus causing aberrant cell cycle progression. Treatment with the antioxidant N-

acetyl cysteine as well as a p38 MAPK inhibitor prevented the upregulation of p38 MAPK, 

p19Arf, and p16Ink4a as well as the loss of self-renewal capacity, suggesting that elevated ROS 

levels and p38 MAPK activation were responsible for the bone marrow failure observed in BSO-

treated & Atm-deficient mice. 4,5  

 The forkhead box family of transcription factors (FoxOs) have also been proposed to 

regulate HSC function through regulation of oxidative stress.6,7,8 FoxO1, FoxO3 and FoxO4 are 

all expressed in the bone marrow and in HSCs.  Tothova et al. found that the absence of FoxO1, 

FoxO3 and FoxO4 induced increased oxidative stress which was suggested to play a role in the 

defects in HSC function observed in these mice. Notably, FoxO3 has been shown to directly 
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regulate Atm and the corresponding DNA damage response pathway, suggesting a link between 

these molecules and oxidative stress.9 Significantly, Atm-deficient and FoxO-deficient mice have 

been shown to have defects in the catalase and SOD antioxidant systems; catalase and SOD2 are 

downstream targets of FoxO3a.53 

 ROS levels and metabolism may be tightly linked in HSC. The PI3K/AKT/mTOR 

(mammalian target of rapamycin) pathway functions in promoting cell proliferation in response 

to growth factors and nutrients. Overactivation of this pathway in HSC results in a loss of 

quiescence and reconstitution ability. Significantly, the PI3K pathway is a negative regulator of 

the FoxO transcription factors, and Lkb1, which activates FoxOs and an mTOR inhibitor Tsc1 , 

is required for HSC homeostasis.54,55 

Alterations in oxidative stress in vitro, by culturing at low oxygen tension (3-5%) can 

also affect stem cell function. Enhanced proliferation in lower oxygen conditions have been 

reported for (rat) CNS-derived multipotent stem cells, (rat) fetal-derived neural crest stem cells, 

adult murine skeletal muscle satellite cells, (rat) marrow-derived mesenchymal stem cells, 

CD34+ marrow progenitor populations and induced pluripotent stem cells.56 Oxygen tension 

may also affect differentiation. For CNS stem cells cultured in low oxygen, differentiation is 

skewed toward a dopaminergic neuron phenotype, and serotonergic neuron differentiation is 

also enhanced.  Neural crest stem cells cultured in lower oxygen conditions show a similar 

pattern with enhanced differentiation of sympathoadrenal neurons10.   

However, maintenance of a certain level of ROS in HSC seems to be a requirement for 

proper function. A knockout of VHL (von Hippel Landau protein), an E3 ubiquitin ligase that 

functions in HIF-1α degradation, results in the complete loss of reconstitution ability in HSC.  

Additionaly, human CD34+ hematopoietic progenitor cells express the NOX1, NOX2 and NOX 
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4 isoforms of the ROS-generating enzyme NOX.57 These data suggest that redox balance must 

be maintained in HSC, and that both excessively high and excessively low levels of ROS will 

inhibit HSC function. 

 

ID. IL-7 signaling 

ID1. Overview of IL-7 and IL-7Rαααα 

IL-7 was first discovered based on its ability to induce B-cell progenitor proliferation in 

the absence of stromal cells.21 IL-7 is a member of the type 1 hematopoietin cytokine family that 

includes IL-2, IL-3, IL-4, IL-5, granulocyte macrophage-colony-stimulating factor (GM-CSF), 

IL-9, IL-13, IL-15, M-CSF and stem cell factor (SCF). IL-7 is encoded on chromosome 8q12-13 

in humans and chromosome 3 in mice.58 The human IL-7 gene contains 6 exons, and an open 

reading frame of 534 base pairs which includes a signal sequence. There is a high degree of 

homology between the human and mouse IL-7 genes, with approximately 81% sequence identity 

in the coding regions and 60% to 70% identity in the 5’ and 3’ untranslated regions (UTR). The 

active IL-7 protein has a molecular weight of 25kd and is glycosylated.  

IL-7 is predominantly a “tissue-derived” cytokine, produced by multiple stromal and 

epithelial tissues such as epithelial cells in the bone marrow and thymus, intestinal epithelium, 

keratinocytes, fetal and adult liver, with bone marrow-derived dendritic cells and follicular 

dendritic cells being a minor source.59 Lymphocytes do not normally express IL-7 RNA, but 

Epstein-Barr virus (EBV)-transformed lymphocytes have been shown to produce IL-7. IL-7 

localization and availability may be regulated by the extracellular matrix (ECM), as IL-7 can 

bind to ECM components such as glyosaminoglycans, heparin sulfate, and fibronectin.60 
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IL-7 signals by binding to a receptor complex composed of the IL-7 receptor alpha chain 

(IL-7Rα/CD127) and the common gamma chain (γc/CD132). The intracellular domain of IL-

7Rα chain is associated with the tyrosine kinase Janus kinase 1 (JAK1), while the intracellular 

domain of γc is associated with JAK3. Both of these receptor chains are shared with other 

cytokines, the cytokines IL-2, IL-4, IL-9, IL-15, and IL-21 all bind to γc, while thymic stromal 

lymphopoietin (TSLP) binds to IL-7Rα. The specificity of IL-7 signaling is regulated largely by 

IL-7Rα expression, since γc is expressed by numerous hematopoietic cell types. 

IL-7Rα expression is restricted to cells of the lymphoid lineage, specifically T, B, and 

NK-lineage cells, and the significance of IL-7 signaling in lymphoid development and 

homeostasis is emphasized by the severe lymphopenia observed in mice and humans with 

deficiencies in the IL-7 signaling pathway. IL-7 is required for T- and B-cell development in 

mice, but is not required for B-cell development in humans. Humans with mutations in IL-7Rα, 

γc, and JAK3 still retain normal B-cell numbers, and human B-cells can develop in vitro in the 

absence of IL-7.61 T-B+NK+ severe combined immunodeficiency (SCID) in humans has been 

shown to be caused by defective IL-7Rα expression due to mutations in the IL-7Rα gene.62 

However, even though B-cells are present in T-B+NK+ SCID, the function of these cells is 

defective. Additionally, human B-cell progenitors from the pre-pro B-cell stage to the large pre-

B cell stage express IL-7Rα, and CD10+CD34+CD31hiIgM- progenitor populations can 

proliferate in response to IL-7 in vitro, suggesting a physiologic role for IL-7 in human B-cell 

development. 63,64 NK cell numbers are normal, or even increased in patients with mutations in 

IL-7Rα, indicating that IL-7 is not required for human NK cell development. Intriguingly, a 

polymorphism in the IL-7Rα gene has been identified as a genetic risk factor for multiple 

sclerosis, with increased expression of IL-7Rα and IL-7 in the cerebrospinal fluid of patients.65 
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In mice, defects in the IL-7 signaling pathway result in both T-and B-cell lymphopenia. 

Specifically, IL-7-/- mice have a block in the pro-B-cell to pre-B-cell transition ,a decrease in the 

number of peripheral T-cells, as well as developing thymocytes, with a 20-fold decrease in 

thymic size.66 Lymphopenia is even more pronounced in IL-7Rα
-/- mice, where the pre-pro-B-

cell to pro-B-cell transition is blocked and thymic cellularity is decreased to 0.01% to 10%.67 

Some αβ T-cells can develop in these mice, but the cells exhibit altered function. No γδ T-cells 

can develop in IL-7-/- and IL-7Rα
-/- mice due to the absence of TCR γ chain rearrangement. The 

increased severity of lymphopenia in IL-7Rα
-/- mice in comparison to IL-7-/- mice suggests that 

other IL-7Rα–binding cytokines, such as TSLP may function physiologically, or partially 

compensate for IL-7-deficiency in certain situations.  

The over expression of IL-7 has been shown to induce a variety of phenotypes, 

depending on the promoter from which IL-7 expression is controlled. The over expression of IL-

7 under the control of an MHC-II promoter results in a general expansion of immature & mature 

B-cells as well as mature T-cells, without affecting thymic cellularity or the ratio of CD4 to CD8 

cells.  In contrast, IL-7 over expression under the control of an IgH promotor results in a 5- to 6-

fold decrease in thymic cellularity, loss of the DP population, and the development of an 

immature B-cell lymphoproliferative disease as well as T-cell lymphoma in the periphery, 68,69 

Additionally, IL-7 treatment results in a general expansion of immature & mature B- and T-cells 

in both normal mice and mice lacking lymphocytes.68-71 

ID2. IL-7 signaling 

IL-7 signaling has overlapping, but distinct functions in T- and B-cells, and different 

signals/effectors of signaling are required during various stages of development and homeostasis. 

The binding of IL-7 to the extracellular domains of IL-7Rα and γc induces receptor cross-



24 
 

 

linking, resulting in the activation of JAK1 and JAK3 kinase activity and the subsequent 

phosphorylation of the intracellular domain of IL-7Rα. This generates docking sites for signaling 

molecules such as signal transducer and activator of transcription 5 (STAT5), an important 

effector of IL-7 signaling. IL-7 signaling results in the generation of pro-survival, proliferative, 

and receptor recombination signals through several nonreceptor tyrosine kinase pathways such as 

the Janus kinase/signal transducer and activator of transcription (Jak/STAT) pathway, 

phosphatidylinositol 3-kinase (PI3-kinase) and Src family tyrosine kinases.72 Some important 

pro-survival signals include the modulation of gene expression of the B-cell lymphoma 2 (BCL-

2) family by the induction of anti-apoptotic genes such as BCL-2 and myeloid-cell leukemia 

sequence 1 (MCL-1) and inhibition of pro-apoptotic genes such as BH3-interacting domain death 

agonist (bid), BCL-2-interacting mediator of death (bim) and BCL-2-antagonist of cell death 

(bad). Another important pathway induced during IL-7 signaling is the PI3K pathway, which has 

been shown to induce both pro-survival and proliferative signals. The cytosolic domain of IL-

7Rα contains a binding site for PI3K.73 

 

ID3. IL-7 signaling in B-cell development 

In mice, IL-7Rα is expressed from the Pre Pro-B cell (Fr A) stage to the early pre-B cell 

stage (Fr C) stage, and blocks in B-cell development are observed when there is a deficiency in 

the IL-7 signaling pathway. IL-7 is not required for fetal or neonatal B-cell development, and IL-

7Rα is not expressed in mature B-cells. However, mouse germinal center B-cells have been 

shown to re-express IL-7Rα and, in an IL-7-dependent manner, re-express RAG and undertake 

secondary V(D)J recombination.74  
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Along with other cytokines such as stromal-derived factor (SDF-1), SCF, and Flt3L that 

have been shown to act synergistically with it, IL-7 has been shown to function by inducing B-

cell proliferation during development in vivo 75,76 and in vitro 77. The pro-survival function of IL-

7 signaling in B-cell development is still unclear. There is increased apoptosis in IL-7-/- mice 

which correlates with decreased BCL-2 and increased BAX, however transgenic expression of 

BCL-2 was unable to rescue B-lymphopoiesis in IL-7Rα
−/− mice. Mutations in the IL-7Rα chain 

resulting in defective PI3K signaling resulted in the loss of IL-7 mediated proliferation, but BCR 

rearrangement still occurred, suggesting that these signals may be mediated by different effector 

pathways.78 

 

ID4. IL-7 signaling in T-cell development and T-cell homeostasis 

 
The importance of IL-7 in T-cell development is underscored by the fact that IL-7 can be 

detected during the first wave of thymocyte proliferation, which occurs on day 13 in murine 

embryos.79 IL-7Rα is expressed robustly during the DN2 and DN3 stages of thymocyte 

development until β selection, is downregulated during the ISP and DP stages, and is re-

expressed again during the SP stage. This expression pattern parallels IL-7 responsiveness, as 

measured by pSTAT5 analysis.80 Surprisingly, the enforced expression of IL-7Rα during 

thymocyte development driven by human CD2 promoter/enhancer elements resulted in 

decreased thymic cellularity in adult, but not fetal mice, and caused a partial block in thymocyte 

development at the DN2 and DN3 stages. This constant IL-7Rα expression was also shown to 

prevent the transition from the ISP to the DP stage by the inhibition of the expression of the 
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transcription factors TCF-1, LEF-1 and RORγt. IL-7Rα overexpression did not affect positive 

selection.81,82 

 Notably, the majority of ETPs do not express IL-7Rα and do not proliferate in response 

to IL-7. However, fate-mapping experiments show that the majority of ETPs expressed IL-7Rα 

in preceding developmental stages, suggesting a downregulation of IL-7Rα expression during 

migration from the BM to the thymus, or upon thymic entry.15 The significance of this 

downregulation of IL-7Rα has yet to be determined. During thymocyte development, IL-7 

signaling is absolutely required for the inhibition of apoptosis and TCR γ chain rearrangement. In 

IL-7Rα–deficient mice, the overexpression of BCL2 or deletion of BAX partially restores αβ T-

cell development. However, this restoration still does not result in normal levels of developing 

thymocytes/peripheral T-cells, suggesting a physiologic role of IL-7 signaling in thymocyte 

proliferation. In contrast, TCR γ chain is not rearranged and no γδ T-cells develop, indicating 

that distinct signals are required for γ chain in comparison to αβ chain rearrangement. 

Importantly, IL-7Rα expression is permissive, not instructive. Ectopic expression of IL-7Rα on 

myeloid cells results in the increased survival and proliferation of these cells, but does not result 

in the conversion of myeloid cells into lymphoid cells.83 

Unlike other γc cytokines such as IL-2, which are considered to be “activation” 

cytokines, IL-7 is considered to be a “homeostasis” cytokine. IL-7 is constantly available in 

secondary lymphoid organs, and IL-7Rα is expressed in resting T-cells. This expression is 

mediated by the transcription factors FOXO1 and ETS1.84,85 IL-7 signaling in the periphery 

induces pro-survival, proliferative, and costimulatory signals. Upon T-cell activation, IL-7Rα is 

downregulated on the majority of T-cell subsets. However, a subset of CD8 T-cells that are 
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destined to become central memory T-cells continue to express it, indicating that IL-7Rα is 

important in the generation of memory cells from effector cells.86 

 

ID5. The regulation of IL-7 and IL-7Rαααα expression 

 
The production of IL-7 mRNA is proposed to be constitutive and unaffected by external 

stimuli such as IL-7 availability, leading to the hypothesis that the amount of available IL-7 is 

regulated by lymphocyte consumption. However, because the levels of IL-7 are too low to be 

assayed by immunohistochemistry in a normal host, this has not been shown directly.87 

Conflicting with this view, TGFβ has been shown to inhibit IL-7 mRNA production and protein 

secretion, by an as yet unknown mechanism. IL-7 and TGFβ are proposed to act antagonistically, 

with IL-7 also having the ability to inhibit TGFβ generation.88,89 

In contrast, IL-7Rα expression is tightly regulated during lymphocyte development, 

differentiation and homeostasis in response to various stimuli such as cytokines and receptor 

activation. IL-7Rα expression is directly modulated by IL-7, which induces IL-7Rα 

downregulation by inhibiting IL-7Rα gene expression. This suppression has been shown to be 

mediated by the transcriptional repressor growth-factor independent 1 (GFI1) in CD8, but not 

CD4 T-cells. The γc cytokines IL-2, IL-4, and IL-15, as well as IL-6 are all known to function in 

lymphocyte survival, and similar to IL-7, inhibit IL-7Rα expression.90 The role of TCR signaling 

in modulating IL-7Rα expression is still unclear. Therefore, other signaling pathways which 

generate pro-survival signals seem to inhibit IL-7Rα expression, which may have a redundant 

function. 
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The promoter of the IL-7Rα gene contains consensus sequences for the transcription 

factors Ikaros, PU.1 and RUNX1. In developing B-cells, it is proposed that PU.1, in coordination 

with an unidentified factor induced by Flk2 signaling binds to the PU.1 consensus sequence to 

induce IL-7Rα expression.91 However, both immature and mature T-cells lack PU.1 expression, 

and it is proposed that GA-binding binding protein transcription factor (GABPA) instead binds 

to the PU.1 consensus sequence in these cells to promote IL-7Rα expression.92   FOXO1 binding 

sites are also found in the IL-7Rα promoter region and the conditional deletion of FOXO1 in T-

cells results in decreased IL-7Rα expression and fewer naïve T-cells.93   

Other inducers of IL-7Rα gene expression include glucocorticoids, which bind to a 

glucocorticoid response element (GRE) and type 1 interferons, which induce IRF1 and IRF2, 

which can bind to  an interferon-stimulated response element.94,95 Tumor necrosis factor (TNF) 

has also been shown to induce IL-7Rα expression, although the mechanism of induction is still 

unknown. Consensus sequences for GATA, nuclear factor-κB (NF-κB), AP-1, AP-2 and 

ecotropic viral integration site 1 (EV11) are also found in the IL-7Rα promoter, but the function 

of these sites is yet to be examined. 

  

IE. Down Syndrome 

 
Down Syndrome (DS) is a common genetic disease occurring at a frequency of ~1 in 800 

live births. It was first described in 1866 by Dr. John Langdon Down, the physician after whom 

the disease was eventually named.96  

 DS is caused by a trisomy of chromosome 21, with a triplication of the entire 

chromosome due to a nondisjunction event occurring in greater than 95% of DS patients. 
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Nondisjunction events during oogenesis account for the majority of DS cases, with only 

approximately 5% of DS cases arising as a result of erroneous spermatogenesis.97,98 Mosaicism 

in DS, where only a fraction of the cells in an individual carry trisomy 21 can occur due to 

nondisjunction events during mitosis.99   

Due to genetic and epigenetic variation, the pathology associated with Down Syndrome 

varies between individuals. Craniofacial dysmorphology and cognitive impairment are observed 

in almost all individuals with DS. Around 40% of children with DS display congenital heart 

defects, and there is increased risk of childhood leukemia, but a decreased risk of the 

development of solid tumors. Additional clinical phenotypes include gastrointestinal defects, 

endocrine abnormalities, muscle hypotonia, neuropathology causing dementia and Alzheimer’s 

disease, and immune disorders. Life expectancy is 40 – 50 years.100 

The phenotypic effects of DS have been attempted to be explained by two hypotheses: 

the “gene dosage effect” hypothesis and the “amplified developmental instability” hypothesis. 

The “gene dosage effect” hypothesis states that certain phenotypes in DS can be directly linked 

to the dosage imbalance of certain genes caused by the triplicated chromosome. Trisomy 21 

results in the expression of these genes being increased by ~1.5 fold, and comparative genetic 

analyses are used to link changes in gene expression with pathological traits.101,102 The discovery 

of the Down Syndrome Critical Region (DSCR), which correlates to many of the phenotypic 

features found in DS, supports this hypothesis.103,104  

The “amplified developmental instability” hypothesis states that non-specific changes in 

genomic regulation and expression occur due to the dosage imbalance caused by the triplication 

of the hundreds of genes on chromosome 21, resulting in the dysregulation of normal 

homeostatic development; and that it is these non-specific changes in genomic regulation and 
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expression that are responsible for the pathological traits observed in DS. 105,106 The variability in 

the phenotypes observed between individuals with DS supports this hypothesis. These two 

hypotheses are not mutually exclusive however: certain DS phenotypes may be due to the 

changes in expression of a single/specific group of genes, while others may be a result of a more 

general perturbation of gene regulation and expression caused by the large number of triplicated 

chromosomal material. Non-coding regions of the genome which participate in genetic and 

epigenetic regulation such as long non-coding RNAs (ncRNAs) microRNA (miRNAs), which 

are also triplicated in DS, surely also play an important role in determining DS phenotypes. 

 

IE1. Immune defects in Down Syndrome 

 
Since the 1970’s, the increased frequency of autoimmune disease, hematologic 

malignancies, and leukemia observed in DS individuals led to the hypothesis that the immune 

system is defective in DS. Significantly, these immune defects are major causes of morbidity and 

mortality.107  The incidence of autoimmune diseases such as acquired hypothyroidism, celiac 

disease and diabetes, and respiratory tract infections such as pneumonia is more common in DS 

patients, and children with DS have an approximately 50-fold increased risk of leukemia 

encompassing both lymphoid and myeloid types.108 Around 4-10% of infants born with DS 

exhibit a transient myeloproliferative disease (TMD) which usually spontaneously resolves 

during the first three months of life.  However, approximately 20% of children with TMD 

develop acute megakaryoblastic leukemia (AMKL), the incidence of which is increased 500-fold 

in DS. 109 The risk of acute lymphoblastic leukemia (ALL), the most common childhood 

leukemia is increased 20-fold in children with DS.110   
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These observed immune defects have fueled further investigation of the immune system 

in DS, and numerous changes have been observed in DS patients. Changes in T-lymphocyte 

composition in the periphery have been reported, with increases in the percentages of γδ+ T-cells 

and CD29+ memory cells, but a decreased proportion of CD4+CD45RA+ naive cells and 

TREC+ peripheral blood cells representing recent thymic immigrants.111-113  Studies in children 

have shown a decrease in total numbers of CD4+ and CD8+ T-cells, which is especially marked 

during the first few years of life, implying a lack of the lymphocyte expansion in response to 

antigenic stimulation normally observed during the first year of life.114 However, total CD3+, αβ 

T-cell numbers become comparable to the general population with increasing age, and 

normalizes at around 16 years of age. Although total T-cell numbers normalize, there is an 

increased percentage of CD8+ T-cells with a concurrent decrease in the percentage of CD4+ T-

cells, as well as a decrease in the percentage of naïve cells, and an increase in the effector and 

memory populations.115-117  

These defects in T-lymphocyte composition and function have been attributed to thymic 

defects.111,118-121 The thymus of DS patients has been found to be smaller, characterized by a loss 

of cortical thymocytes, fibrosis, and a decreased proliferative response, all characteristics similar 

to changes observed in thymic involution during aging. 116,119,121 A recent study using sjTREC 

analysis has proposed that thymic defects lead to a decrease in the percentage of naïve 

lymphocytes in the peripheral pool, but that there is a compensatory mechanism in the periphery 

which accounts for the normal numbers of T-lymphocytes observed, with a decrease in apoptotic 

cells and an increase in the percentage of proliferating, Ki-67+ T-cells in the periphery of DS 

children in comparison to the general population.122   
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 Defects in the B lymphocyte population have also been observed in DS. Fetuses, and 

children with DS exhibit B lymphocytopenia.114,123 Seemingly paradoxically, 

hypergammaglobulinemia is observed in children greater than 5 years of age, with elevated 

levels of IgG1, and IgG3 but declining levels of IgG2 and IgG4.124-126 Decreases in the antibody 

response to vaccine antigens, as well as E. coli antigens are observed.127,128 Also, increased titres 

of autoantibodies to thyroglobulin, gliadin and casein and beta-lactoglobulin are observed in DS 

children.   These defects are hypothesized to be due to defective T-helper function.107 

 

IE2. Oxidative Stress in Down Syndrome 

 
Oxidative stress has been linked to the pathology of DS. Indirect evidence of increased 

oxidative stress in DS includes the premature onset of degenerative diseases linked to reactive 

oxygen species (ROS) generation such as cataracts and autoimmune disease, and the 

development of Alzheimer-like symptoms in the brain.129 These observations have also led to the 

hypothesis that the pathology of DS is associated with premature aging. 130 Direct evidence of 

increased oxidative stress in DS patients are the presence of elevated levels of biomarkers of 

oxidative stress as well as oxidative stress response genes in both fetal and adult tissue, as well as 

the improvement of cell function upon antioxidant treatment.131 These biomarkers include 

elevated levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG), a marker of DNA damage in urine 

and leukocytes, and the increased ratio of oxidized glutathione to reduced glutathione 

(GSSG:GSH) in the blood of young patients.130 However, the role of oxidative stress in 

hematopoietic stem cell (HSC) and lymphoid progenitor homeostasis and function has not yet 

been studied extensively in DS. 
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In Down Syndrome, increased oxidative stress has been hypothesized to occur due to the 

triplication of SOD-1, and the resulting increase in the ratio of SOD-1 to catalase and glutathione 

peroxidase. The triplication of this antioxidant protein is paradoxically proposed to induce 

increased ROS due to the excessive generation of hydrogen peroxide (H202) that cannot be 

neutralized by catalase and glutathione peroxidase, and the subsequent conversion of H202 into 

the highly reactive hydroxyl radical (.OH).132,133 

 

IE3. Mouse Models of Down Syndrome 

 
Numerous mouse of models of DS have been generated, and have been instructive in 

correlating gene function to pathological features of disease. Human chromosome 21 contains 

greater than 364 genes, and the orthologues to the majority of these are found on mouse 

chromosome 16 (MMU16, ~26.5 Mb), with the rest found on MMU 17 (~1.1Mb) and MMU10 

(~2.3Mb). 134  

Although the ideal mouse model for DS containing a trisomy for all the genes on HSA21 

but no other additional genes has to date not been generated, the currently available mouse 

models (Figure I.7) have been useful in genetic analyses and elucidating the effect of the 

triplication of specific genes. 

Gene linkage studies showing that the superoxide dismutase (SOD) gene was located on 

MMU16 led to the use of mice trisomic for MMU16 as a model for DS. Unfortunately, the 

triplication of MMU16 triplication lead to mortality soon after birth, and therefore could not be 

used in analyses of postnatal development, growth, behavior, and aging.135 
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Figure I.7. Mouse models of Down Syndrome.* HSA is syntenic to regions found on MMU10, 

16, and 17. The Ts65Dn models is trisomic for approximately half of the genes on HSA21, and is 

the most widely used model. The Ts1Cje and Ts1Rhr models contain triplications of smaller 

regions and are useful for genetic analyses of specific DS phenotypes. Tc1 is a 

transchromosomic model containing ~ 90% of HSA21 as a freely segregating chromosome. 

*Adapted by permission of Oxford University Press from: [HUMAN MOLECULAR GENETICS] 2009 Apr 15 

copyright 2011 
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The Ts65Dn mouse model, the most commonly used mouse model of DS, was developed 

in the 1990’s by Davisson et al.135 The Ts65Dn mice contain a Robertsonian translocation of the 

distal arm of MMU16 on a small centromeric fragment (~5%) of MMU17. This trisomy 

encompasses the region between Mrp139 and Zfp295 and corresponds to 15.6 Mb and around 

104 genes, which represent 50-60% of known orthologues on MMU16.134,136  Triplicated genes 

which may be involved in immune function are listed in Table 1. 

 

 

Gene Description Comments Known Immune function Triplicated 
in Ts65Dn 
mouse 

BACH1 BTB and CNC 
homology 1 

Basic leucine zipper 
transcription factor 

Macrophage 
differentiation 137 

X 

EGR2 Early growth 
response gene 2 

Transcription factor T-cell development, 
Induction of IL-7Rα 
expression 138  

X 

ERG Ets related gene Transcription factor HSC specification, T-
lineage specification 
Megakaryopoiesis 91,139 

X 

ETS2 Avian 
Erythroblastosis 
Virus E26 
Oncogene 
Homolog 2 

Transcription factor Thymocyte survival, 
megakaryopoiesis 139,140 

X 

GABPA GA-binding 
binding protein 

Transcription factor Induction of IL-7Rα 
expression in B- and T-
cells 92,141 

X 

IFNAR1  interferon-α/β 
receptor 1 

interferon-α/β receptor interferon-α/β signaling X 

IFNAR2 interferon-α/β 
receptor 2 

interferon-α/β receptor interferon-α/β signaling X 

IFNGR1 interferon-γ 
receptor 1 

interferon-γ receptor  interferon-γ signaling  No, 
MMU10 

IFNGR2 interferon-γ 
receptor 2 

interferon-γ receptor interferon-γ signaling X 

IL10RB interleukin 10 
receptor, beta 

interleukin 10 receptor, interleukin 10 signaling X 
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ITGB2 Integrin beta-2 
(CD18) 

Component of: 

 LFA-1 ( w/ CD11a) 
Macrophage-1 antigen ( 
w/ CD11b)           
Integrin 
alphaXbeta2 (w/ CD11c) 
Integrin 
alphaDbeta2 (w/ CD11d) 

Cell-cell interaction, cell 
migration and homing 

No, 
MMU10 

miR-
125b2 

microRNA 
125b2 

 Promotes 
megakaryopoiesis, 
oncomiR implicated in 
AMKL 142 

X 

miR-155 microRNA 155  Myeloid differentiation, 
lymphocyte function 143 

X 

RCAN1 Regulator of 
calcineurin1 

Inhibits calcineurin-
NFAT signaling 

B- and T-cell 
immunosuppression144,145 

X 

RUNX1 Runt-related 
transcription 
factor 1 
 

Transcription factor HSC specification, T-cell 
development and 
homeostasis, induction 
of IL-7Rα expression in 
B- and T-cells 146,147 

X 

SOD1 Superoxide 
dismutase 1 

generation of hydrogen 
peroxide (H202) 

Thymocyte survival133 X 

 
Table I.1. Triplicated genes in Down Syndrome involved in immune function. Genes found 

on HSA 21 that are triplicated in DS. The majority of these genes are also triplicated in the 

Ts65Dn mouse. 

Several studies have examined various triplicated genes which may be responsible for 

leukemogenesis in DS.148,149 However, the cell physiological basis for the immune dysfunction in 

DS has not been explored. 

IF. Thesis Aims 

 
Down Syndrome (DS) is a genetic disease primarily caused by a triplication of 

chromosome 21. In addition to the well-characterized defects in cognitive ability, it is 

characterized by a variety of hematologic abnormalities including myeloproliferative disease, 
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premature thymic involution and changes in lymphocyte composition and function, and the 

increased susceptibility to autoimmune disease, infections and leukemia. These defects in 

immunity led to the hypothesis that the immune system is inherently dysfunctional in DS. 

However, the molecular mechanisms potentially underlying these defects have not been explored 

in detail.  

Previous studies have linked oxidative stress to the pathology of DS, due to the premature 

onset of degenerative diseases with a free radical component such as Alzheimer’s and dementia, 

the improvement of DS cell function when cultured in vitro with antioxidants, and the presence 

of biomarkers of oxidative stress that can be found systemically.130 Hematopoietic stem cells 

reside in a niche containing low levels of ROS, and cell-intrinsic properties such as low 

metabolic activity, quiescence, and high expression of ATP-dependent efflux receptors are 

hypothesized to maintain low levels of ROS. High levels of ROS, or oxidative stress, has been 

shown to be detrimental to HSC function: increased oxidative stress has been reported to induce 

a loss of quiescence resulting in senescence and lack of repopulating  activity.150,151 

Therefore, the goal of this dissertation research is to assess the function and composition 

of hematopoietic progenitor, lymphoid progenitor, and mature lymphocyte populations, and 

determine how oxidative stress could induce immune dysfunction in DS. We hypothesized that 

increased oxidative stress in hematopoietic stem and progenitor cells leads to changes in survival 

and function of both hematopoietic progenitor and mature immune cells, and that these changes 

contribute to the immune dysfunction in DS patients. The Ts65Dn mouse model of DS was used 

to study immune function. This is the most commonly used mouse model of DS and contains 

around 50-60% of the mouse gene orthologues of human chromosome 21. 
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In Chapter III, the composition and function of hematopoietic stem and progenitor cell 

populations in Ts65Dn mice was explored in the bone marrow, the organ where hematopoietic 

development occurs. A significant decrease in the hematopoietic stem cell (HSC) and common 

lymphoid progenitor (CLP) populations were observed, and similar to a previous report, an 

increase in the granulocyte-monocyte (GMP) population was observed. In a competitive 

reconstitution assay, the gold standard for hematopoietic stem cell function, Ts65Dn HSC 

exhibited an approximately three-fold decrease in repopulating activity in comparison to euploid 

controls, which correlated with the decrease observed by flow cytometry and indicated 

diminished stem cell function.  

To determine if there was increased oxidative stress in Ts65Dn mice, and specifically, in 

the hematopoietic progenitor populations, several measures of oxidative stress were undertaken. 

The increased ratio of oxidized glutathione (GSSG) to reduced glutathione (GSH) GSSG:GSH in 

the blood of Ts65Dn mice indicated a systemic increase in oxidative stress. Analysis of ROS 

levels using the oxidation-sensitive dye DCFDA revealed that the lineage-negative (Lin-) subset 

which contain hematopoietic progenitors, the LSK subset, and HSC (LSK, Flk2-) populations of 

Ts65Dn mice all exhibited elevated levels of ROS in comparison to euploid mice indicating the 

presence of oxidative stress in these populations.  To confirm the presence of oxidative stress, 

stable markers of ROS exposure were also measured in bone marrow populations.  The 

formation of nitrated proteins (nitrotyrosine – 3-NT) and protein carbonyls (PC) as stable 

markers of protein oxidation were also increased in both the LSK and HSC populations. These 

data suggested that there was increased oxidative stress systemically, as well as in the 

hematopoietic progenitor populations of Ts65Dn mice.  
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Oxidative stress has been linked to the loss of quiescence and function in HSC. In 

accordance with this, a loss of quiescence and increased apoptosis were measured in Ts65Dn 

HSC. This loss of quiescence and increased apoptosis could contribute to the loss of repopulating 

activity found in Ts65Dn BM. Therefore, increased oxidative stress in Ts65Dn HSC is 

associated with increased apoptosis and the loss of quiescence and stem cell function.  

A possible mechanism for the decrease in CLP is the IL-7/IL-7Rα receptor system, 

which plays an essential role in lymphoid development and homeostasis by promoting 

proliferation and inhibiting apoptosis 87,152. Flow cytometric analysis of Ts65Dn bone marrow 

(BM) showed that the percentage and absolute number of cells expressing the IL-7Rα chain was 

decreased. Diminished expression of the Flk2 cytokine receptor, which may promote IL-7Rα 

chain expression as well as lymphoid development, was also observed.  Intracellular staining for 

the IL-7 signaling target MCL-1 and colony forming assays which measured the response to IL-7 

were also diminished in Ts65Dn BM. Interestingly, increased STAT5 phosphorylation was 

observed in Ts65Dn BM. STAT5 phosphorylation can arise as a function of IL-7 signaling, or as 

a consequence of other cytokine signaling pathways, hence the increase in phosphorylation could 

be induced by IL-7-independent mechanisms. Therefore, Ts65Dn mice exhibit defects in 

hematopoietic progenitor cell composition and function in the bone marrow, and increased 

oxidative stress and decreased IL-7Rα expression are possible mechanisms for these defects. 

In Chapter IV, we wanted to determine how the changes in hematopoietic stem and 

progenitor cells in the BM affect lymphoid development and homeostasis. To do this, functional 

analysis of the thymus and spleen of Ts65Dn mice were performed by flow cytometric analysis, 

and by assays to determine proliferation, apoptosis, and oxidative stress.  
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To determine how the changes in the HSC and CLP populations in the BM may affect T-

cell development, the composition of the thymus was examined. T-cells develop in the thymus, 

and the initial thymus seeding cell has been proposed to be the CLP, although this is still 

controversial.37,153 Ts65Dn mice exhibited thymic involution, and a decrease in the percentage 

and absolute number of immature, double-negative (DN) thymocytes was observed, with 

significant changes in the DN1 (CD44+CD25-), DN2 (CD44+CD25+) and DN3 (CD44-CD25+) 

populations. No remarkable changes were observed in the more mature populations of the 

thymus, although a slight increase in the percentage of CD8 SP cells was observed. Therefore, 

early thymocyte development during T cell commitment is altered in Ts65Dn mice.  

 IL-7 signaling plays a non-redundant role in thymic development, promoting 

proliferation and survival of DN thymocytes.67,154  The percentage and absolute number of 

specific thymocyte subsets that are IL-7Rα+ were decreased in the DN2 and DN3 populations, 

the DN thymocyte populations that normally exhibit the greatest level of IL-7Rα expression. 

Analysis of mature DP and SP thymocytes revealed that neither the percentage nor absolute 

number of IL-7Rα+ cells was decreased. Correlating with the changes observed in IL-7Rα 

expression with cell function, significantly fewer proliferative cells were detected in the DN2, 

DN3, and DN4 populations of Ts65Dn mice in comparison to euploid mice, while no significant 

changes were observed in the more mature DP and SP thymocyte populations. Previous studies 

have shown that lack of IL-7 or IL-7Rα results in an overall decrease in thymic cellularity. 

67,155,156 Therefore, diminished decreased IL-7Rα expression and/or IL-7 signaling may be 

causing proliferative defects in the DN thymocyte populations and contributing to Ts65Dn 

thymic hypocellularity. 
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 Similar to the bone marrow endosteum, the interior of the thymus is a relatively hypoxic 

region.50,157 Previous studies have reported increased ROS generation and apoptosis in Ts65Dn 

thymocytes, suggesting the presence of oxidative stress in the Ts65Dn thymus.158. An 

approximately 50% decrease in the expression of the antioxidant NQO1 was observed in Ts65Dn 

thymi in comparison to euploid controls. Deficient NQO1 induction indicates a defective 

antioxidant response in Ts65Dn thymocytes which may cause altered redox balance, increased 

oxidative stress, and contribute to thymic dysfunction. 

 To determine how the changes in the hematopoietic stem and lymphoid progenitor cells 

in the BM and thymus may affect mature lymphocyte homeostasis and function, the composition 

of the spleen was examined. In contrast to the thymus, no significant differences in splenic size 

and cellularity were observed between euploid and Ts65Dn mice. Within the T-cell population, a 

significant increase in the percentage of CD4+ cells, and a significant decrease in the percentage 

of CD8+ cells in Ts65Dn mice were observed in comparison to euploid controls.   

Evaluation of the composition of the T-cell population in the spleen in more detail 

revealed an overall decrease in the percentage of naïve cells and an increase in the 

effector/memory populations. In addition to thymic involution and decreased thymic output, this 

increased proportion of memory cells is a hallmark of immunosenescence. Similar to developing 

T-cell progenitors in the thymus, IL-7 signaling also plays a non-redundant role in T-cell 

homeostasis in the periphery, promoting proliferation and survival.24,159-161 An overall decrease 

in IL-7Rα expression was also detected in the majority of the Ts65Dn splenic T-cell populations 

examined. 

Ts65Dn TCR+ T-cells exhibited decreased proliferation in response to polyclonal 

stimulation with α–CD3, in both whole splenocyte cultures, as well as in purified T-cell cultures. 
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This loss of function may be one of the causes of immune dysfunction in DS, as lymphocytes 

from individuals with DS have also been shown to exhibit a decreased proliferative response to 

polyclonal stimuli such as phytohemmaglutinin (PHA)124,162 Therefore deficiencies in both the 

IL-7 signaling pathway as a result of decreased IL-7Rα expression as well as the deficiency in 

TCR-induced proliferation in response to α-CD3 stimulation may contribute to the T-cell 

dysfunction observed in DS. 

 The composition and function of B-cell progenitors in the bone marrow, as well as 

mature B-lymphocytes in the spleen was also examined. A significant decrease in the proportion 

of primitive B-cell progenitors in the pre-pro, pro- and pre-B cell stages was observed in Ts65Dn 

BM, with a concurrent increase in the percentage of immature and mature B-cells. During mouse 

B-cell development, IL-7Rα expression is greatest during the pro- and pre-B-cell stages and is 

downregulated at the immature and mature B-cell stages. We observed a slight decrease in IL-

7Rα expression during the pro B-cell stage, which may contribute to the changes in B-cell 

composition in the BM. However, there are likely to be other mechanisms involved, as IL-7 

signaling does not play a significant role in immature and mature B-cell function. 163   

After developing in the bone marrow, B-cells can continue their maturation in the bone 

marrow, or migrate to the spleen.164 A significant increase in the percentage of marginal zone 

(MZ) B-cells, paralleled by a decrease in the percentage of follicular B-cells was observed in the 

spleen of Ts65Dn mice. Significantly, the spleen of aged C57BL/6 mice has been found to 

exhibit an increase in the percentage of MZ B-cells. There was also a significant increase in the 

percentage of B-cells expressing high levels of MHC II and CD80, which have been reported to 

be possible markers of B-cell memory.165 
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Similar to their T-cell counterparts, Ts65Dn CD19+ B-cells exhibited decreased 

proliferation in response to polyclonal stimulation with α–IgM in combination with IL-4, in both 

whole splenocyte cultures, as well as in purified B-cell cultures. However, the stimulation of 

CD19+ B-cells with LPS induced a similar level of proliferation in Ts65Dn and euploid mice.  

 Therefore the results demonstrate significant defects in the lymphoid progenitor and 

mature lymphocyte populations of Ts65Dn mice, with changes in both the composition and 

function of the cells of the bone marrow, thymus, and spleen. Taken together with the 

hematopoietic stem and progenitor defects observed in Chapter III, the data indicate an overall 

dysfunction of the adaptive immune system in Ts65Dn mice. The data also show that decreased 

IL-7Rα expression may underlie this dysfunction, causing decreased proliferation and increased 

apoptosis. A defective antioxidant response manifested by decreased NQO1 expression is a 

potential cause for a loss of redox balance, increased oxidative stress, and altered function in 

Ts65Dn lymphoid progenitor populations. 

In Chapter V, we wanted to determine the possible mechanisms by which oxidative stress 

may regulate IL-7Rα expression to induce changes in lymphoid progenitor and mature 

lymphocyte populations. To do this we first modulated redox balance by culturing wild-type 

C57BL/6 cells in the presence of pro- and anti-oxidants. In vitro culture of bone marrow 

progenitors under relatively “hyperoxic” conditions (atmospheric oxygen: 20.9% O2) served to 

diminish IL-7Rα expression; and further oxidative stress caused by exposure to buthionine 

sulfoximine (BSO) exacerbated this effect.  Importantly, treatment with the antioxidant N-

acetylcysteine (NAC) enhanced IL-7Rα levels and increased survival, proliferation and 

differentiation of IL-7Rα+ cells grown in IL-7-containing lymphoid-promoting conditions. 

Because the effects of NAC and BSO seemed to be selective for IL-7Rα-positive progenitor 
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cells as opposed to cells lacking the receptor, and because NAC and BSO both target the 

glutathione pathway; the data suggest that oxidative stress, and specifically, a decrease in 

reduced glutathione, can modulate hematopoietic development by inhibiting IL-7/IL-7Rα 

signaling. 

 The selective effect of NAC and BSO treatment on IL-7Rα+-progenitor cells also 

suggest that IL-7Rα+ lymphoid cells may be more sensitive to changes in redox balance in 

comparison to IL-7Rα- myeloid cells. This idea is supported by colony-forming assays 

performed at 3% and 20% O2: lymphoid pre-B cell colony formation was inhibited at 3% O2, 

while myeloid colony formation was unaffected. Reduced glutathione levels in Lin(-), IL-7Rα+ 

bone marrow cells were more than 3-fold lower than the Lin(-) IL-7Rα negative cells further 

supporting the idea that the Lin(-), IL-7Rα+ lymphoid progenitor population may be especially 

susceptible to oxidative stress and/or changes in redox balance.  

 Strikingly, the LSK and HSC populations exhibited an approximately 5-fold increase in 

reduced glutathione in comparison to Lin(-), IL-7Rα+ lymphoid progenitors and an 

approximately 2.5-fold increase in comparison to the CLP population. High levels of reduced 

glutathione may contribute to the maintenance of low ROS levels in HSC and primitive 

hematopoietic progenitor populations that is required for their function. Reduced glutathione 

levels were also significantly decreased in the immature, double negative (DN) thymocyte 

populations of Ts65Dn mice, potentially underlying the decreased IL-7Rα-expression in these 

sub-populations. Interestingly, in euploid mice, the levels of reduced glutathione were highest in 

the DN2 and DN3 sub-populations that exhibit the greatest level of IL-7Rα-expression. The 

expression of the cytokine receptors c-Kit (receptor for SCF) and Flk2/Flt3 (receptor for Flt3L) 



45 
 

 

were not downregulated by BSO treatment, suggesting that redox regulation of cytokine receptor 

expression may be specific to certain receptor types.  

 To specifically explore the potential relationship between oxidative stress and IL-7Rα 

expression in Ts65Dn hematopoietic progenitors, Lin(-) bone marrow cells from euploid and 

Ts65Dn mice were cultured under lymphoid promoting conditions in the presence of NAC, 3% 

O2, and 20.9 % O2. Strikingly, IL-7Rα-expression in Ts65Dn hematopoietic progenitors was 

enhanced in 3% O2, but not when cultured with NAC. Additionally, the percentage, but not the 

absolute number of Ts65Dn B220+ cells was increased in culture with 3% O2, and no significant 

changes in the percentage, and absolute number of B220+ cells was observed when cultured with 

NAC. Although both NAC treatment and culture in 3% O2 provide an environment of decreased 

oxidative stress, it is possible that the concentration, and/or duration of NAC treatment were 

insufficient to alleviate the oxidative stress in Ts65Dn hematopoietic progenitors, while culture 

in 3% O2 was sufficient to restore redox balance. Also, other antioxidant pathways may be 

deficient in Ts65Dn mice that cannot be compensated for by the provision of cysteine to the cell 

in the form of NAC, but a more global decrease in oxidative stress, as provided by the 3% O2 

environment may be required.   

Decreased expression of the Notch signaling target Hes-1 was observed in lineage-

negative hematopoietic progenitors and in whole thymocytes of Ts65Dn mice. Notch signaling 

has been shown to be required for IL-7Rα expression in developing T-cells, and a previous study 

in muscle cells and neural stem cells has reported that Notch signaling is enhanced by hypoxia 

through the interaction of HIF-1α and the active Notch1 intracellular domain (ICD).166,167 Since 

the data from Chapter III and Chapter IV show that there is increased oxidative stress in Ts65Dn 

BM and thymus, inhibition of the Notch signaling pathway due to increased ROS levels may 
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contribute to decreased IL-7Rα expression in these cells, since HIF1α will not be induced at 

levels of high ROS/oxygen. 

 In addition to increased oxidative stress and/or decreased glutathione levels, another 

possible mechanism of decreased IL-7Rα-expression is the increased expression of microRNAs 

that can potentially inhibit IL-7Rα mRNA expression. MicroRNAs can induce gene silencing 

through mRNA destabilization, translational repression, or both.168,169 We found increased 

expression of miR-125b and miR-155 in the BM and thymus, and correlating with enhanced IL-

7Rα mRNA destabilization, we measured decreased IL-7Rα expression in these tissues. 

Therefore, these data demonstrate that IL-7Rα expression can be modulated by changes 

in redox balance and/or the availability of reduced glutathione. Specifically, the survival, 

proliferation and differentiation of IL-7Rα+ cells, as well as the expression of IL-7Rα on the 

surface of lymphoid progenitor cells is enhanced in the presence of decreased levels of ROS and 

elevated levels of reduced glutathione. Taken together with the data in Chapter III and Chapter 

IV, which indicate increased oxidative stress, decreased antioxidant induction, decreased IL-7Rα 

expression, and functional and survival defects in Ts65Dn lymphoid progenitor and mature 

lymphocyte populations in the bone marrow, thymus, and spleen; these data suggest that 

increased oxidative stress and microRNA expression in DS patients may be inducing a reduction 

in IL-7Rα expression, resulting in a decline in the function and survival of lymphoid cells as a 

consequence of dysregulated IL-7 signaling, and leading to eventual immune dysfunction. 

This study also shows that lymphoid progenitor cells are more finely tuned to detect and 

respond to changes in redox balance in comparison to myeloid lineage cells, and highlights the 

changes in IL-7Rα expression as a mechanism for this sensitivity. The observation that changes 

in the levels of reduced glutathione can modulate IL-7Rα expression and the survival and 
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proliferation of lymphoid progenitor cells begins to address the specific molecular mechanisms 

underlying this responsiveness. Therefore, the current study may support modulation of redox 

balance and IL-7 signaling as possible therapeutic targets to treat immune dysfunction in DS and 

may provide a starting point for the manipulation of redox balance to modulate the immune 

response. 
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Chapter II. Materials and Methods 
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IIA. Mice 

Female C57BL/6, male trisomic Ts65Dn mice (stock # 01924, Bar Harbor, ME) and 

euploid littermates 4-8 weeks old were purchased from the Jackson Laboratory. The Ts65Dn 

mouse strain was generated by cesium irradiation to generate a reciprocal translocation. The 

Ts65Dn stock is maintained by breeding Ts65Dn females to C57BL/6JEi x C3H/HeSnJ 

(B6EiC3Sn) F1 males, and offspring are genotyped by qPCR. Ts65Dn mice and euploid 

littermates were aged to 3-5 months, and pre-evaluated by indirect ophthalmoscopy. Since 

C3H/HeSnJ mice carry a recessive mutation that leads to retinal degeneration this insured that 

only mice without signs of retinal disease were used. Animal care was provided in accordance 

with Institutional Animal Care and Use Committee procedures approved at the University of 

Maryland, Baltimore or at The Jackson Laboratory. 

 

IIB. Antibodies 

Antibodies used in flow cytometry: antibodies purchased from BD Pharmingen: CD4 biotin 

(GK1.5), CD5 biotin (Ly-1), CD8α biotin (53-6.7) CD11b biotin (M1/70), TER-119 biotin, 

CD135 PE (A2F10.1). CD150 PE (TC15-12F12.2) was purchased from BioLegend, and all other 

antibodies were purchased from eBioscience: CD3ε biotin (145-2C11), CD8β biotin (H35-17.2), 

CD8α APC/APC-Cy7 (53-6.7), CD48 FITC (HM 48.1), c-kit/CD117 APC-Cy7 (2B8), CD11c 

biotin (N418), CD19 biotin/APC-Cy7 (1D3), B220 biotin (RA3-6B2), Gr-1 biotin (RB6-8C5), 

NK1.1 biotin (PK136), TCRγδ (UC7-13D5), TCRβ (H57-597), CD127 Alexa Fluor 647/PE 

(A7R34), CD25 FITC/APC (PC61.5), Streptavidin efluor 450, Sca-1 PE-Cy7/FITC (D7), 

CD16/32 PE-Cy7 (93), CD4 PE-Cy7 (GK1.5), CD44 PE-Cy7 (IM7), CD34 PE (RAM34). 
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IIC. Media 

Complete RPMI 

RPMI 1640 w/ HEPES and Glutamine (Gibco) 

5% Fetal Bovine Serum (Atlanta Biologicals) 

1 mM Sodium Pyruvate (BioWhittaker) 

1 mM L-Glutamine (BioWhittaker) 

1 mM Non-essential Amino Acids (BioWhittaker) 

1% Penicillin/ Streptomycin (BioWhittaker) 

5.5 mM β-mercaptoethanol 

 

 FACS Staining Buffer 

100 ml 10x Ca- Mg- free HBSS (Gibco) 

0.5% bovine serum albumin (Sigma) 

0.1% sodium azide (Sigma) 

 

Hematopoietic Progenitor Enrichment Media 

1x HBSS (Gibco) 

2% Rat Serum (StemCell Technologies) 

1 mM EDTA (Sigma) 
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IID. Flow cytometric analysis of hematopoietic progenitor and mature lymphocyte 

phenotype 

IID1. Hematopoietic progenitors and B-cells in the bone marrow 

Bone marrow cells, thymocytes, and splenocytes were isolated and immediately surface 

stained after ACK lysis of red blood cells.  Cells were gated based upon forward and side scatter 

profiles, live/dead discrimination with 7-Amino-Actinomycin D (7-AAD) and staining with a 

pool of antibodies recognizing lineage (Lin) markers.  Long-term reconstituting hematopoietic 

stem cells (LT-HSCs) were defined as Lineage (Lin)- Sca-1+, c-Kit+, CD48-, CD150+.7 

Multipotent progenitors were defined as Lin- Sca-1+, c-Kit+, CD48-, CD150-.7  Common 

Lymphoid Progenitors (CLPs) were defined as Lin- Sca-1lo, c-Kitlo, IL-7Rα
+, Flk-2/Flt-3+.9  

Common Myeloid Progenitors (CMP) were defined as Lin- Sca-1-, c-Kit+, IL-7ra-, FcγRlo, 

CD34+, Granulocyte/Monocyte Progenitors (GMP) were defined as Lin- Sca-1-, c-Kit+, IL-7Rα
-, 

FcγRhi, CD34+. Megakaryocyte/Erythroid Progenitors were defined as Lin- Sca-1-, c-Kit+, IL-7ra-

, FcγRlo, CD34-:10 The Lineage mix for LT-HSCs, CLPs, and CMPs contained antibodies to 

B220, CD3e, CD4, CD5, CD8, CD11b, CD19, Gr-1, NK1.1, and TER-119. MPPs are Mac-1(lo) 

and CD4 (lo) therefore these antibodies were excluded for MPP analysis.170 Pre-pro B-cells were 

defined as B220+ CD19- CD43+ IgM-, pro B-cells were defined as B220+ CD19+ CD43+ IgM-, 

pre B-cells were defined as B220+ CD19+ CD43- IgM-, immature B-cells were defined as 

B220+ CD19+ CD43- IgM+, and mature B-cells were defined as B220+ IgM+ IgD+.16,18 

Compensation settings and lineage gates were based upon single color controls. Analysis was 

performed with FlowJo (Tree Star, Inc.). 
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IID2. T-cell progenitors in the thymus 

Immature, double negative cells were stained with a pool of antibodies recognizing 

lineage (Lin) markers. The Lineage mix contained antibodies to B220, CD3ε, CD8β, CD8α, 

CD11b, Gr-1, CD11c, NK1.1, TCRβ, and TCRγ. Double negative thymocytes, after lineage 

gating, were further characterized into DN1 (CD44+, CD25-), DN2 (CD44+, CD25+). DN3 

(CD44-, CD25+), and DN4 (CD44-, CD25-) populations.171 Early T-lineage progenitors (ETPs) 

after lineage gating, were defined as CD44+, CD25-, c-Kithi, IL-7R-/lo.37    

 

IID3. Mature lymphocytes in the spleen  

Transitional B-cells (T) were defined as B220+ CD21-CD23-, marginal zone B-cells 

(MZ) were defined as B220+ CD21+CD23- and follicular B-cells (Fo) were defined as B220+ 

CD21int CD23+.164 Effector / effector memory T-cells were defined as CD44hi CD62Lhi, while 

central memory T-cells were defined as CD44hi CD62Llo.172 

 

IIE. Competitive Bone Marrow Reconstitution 

Competitive bone marrow reconstitution of lethally irradiated recipients was performed at 

The Jackson Laboratory essentially as described. 173,174 Ts65Dn and control donors were males 

(3-4 months of age) and only those that were H-2b/k were used as donors. Both recipients and 

competitors were B6C3F1 females, and 2.5 to 3 months old recipients were lethally irradiated 

(1100R 137Cs gamma irradiation) before marrow transplants.  For competitive repopulation, each 

recipient received one million donor and one million competitor marrow cells. Repopulating 

units of donor cells were calculated distinguishing donor cells using qPCR for the Y 
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chromosome DNA in total blood lymphocytes separated by density after 3 and 9 months. The 

data are expressed in repopulating units (RU) where each repopulating unit is the repopulating 

ability of 100,000 fresh competitor marrow cells.  For example, in recipients of one million 

donor and one million competitor marrow cells, the expected value is 10 for control donors. 

The proportion of male derived donor cells in the blood of recipient mice was determined 

by measuring the relative concentration of a gene, Sry, which is on chromosome Y.175 Apob 

gene, which is on chromosome 12, was used as the control. Briefly, DNA was extracted from 

nucleated cells after density gradient separation of whole blood. Real-time SYBR Green PCR 

analysis was performed and the average of three assays was used to calculate the relative 

concentration of Sry versus Apob, by the formula: 2Ct Apob-Ct Sry. Primer sequences for Sry, 

forward: 5′-AGCTGGGATGCAGGTGGAA-3′, reverse: 5′-TGAGGCAACTGCAGGCTGT-3′; 

for internal control, Apob, forward: 5′-AGAAGCTGGACATGTGGCATT-3′, reverse: 5′-

TGACCCGTAAGTGTTTGCCAT-3′. 0 For each analysis, male and female DNA samples were 

mixed proportionally to make a serial of mixtures that contained 0, 10, 20, 30, 40, 50, 60, 70, 80, 

90 and 100% male DNA. A standard curve was generated by the real time PCR assays for the 

serial mixtures and the proportion of male derived cells (donor) in female recipients was 

determined. 

 

IIF. Colony forming assays 

Bone marrow cells were isolated from Ts65Dn and euploid mice and prior to RBC lysis, 

were placed at a concentration of 2 x 105 cells/ml in Methocult MC3534 (StemCell 

Technologies) methylcellulose media containing SCF, IL-3, and IL-6 and colonies were 

enumerated after 12 days for myeloid colony-forming assays. For lymphoid colony-forming 
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assays, 10 x 106 cells/ml were incubated in Methocult MC3630 (StemCell Technologies) 

methylcellulose media containing IL-7 and colonies were enumerated after 7 days.  

 

IIG. In vitro culture of bone marrow progenitors 

Lineage-negative (Lin(-)) cells from mouse bone marrow were enriched by magnetic 

bead negative selection (EasySep Catalog # 19756; StemCell Technologies) and cultured under 

conditions that favor lymphoid cell development 176. Hematopoietic progenitors were placed in 

48-well round-bottom plates at a concentration of 1 x 106 cells/ml in X-VIVO15 media 

(BioWgittaker) containing 50 ng/mL SCF, 100 ng/mL Flt3-L, and 1 ng/mL IL-7. All cytokines 

were purchased from Peprotech. Cells were harvested on days 2 and 5 for FACS analyses. 

  In separate experiments, enriched lineage-negative bone marrow cells were FACS-

sorted to produce Lin(-), IL-7Rα positive and Lin(-) IL-7Rα negative populations prior to 

culture.  Pro- or anti-oxidant conditions were established by culturing cells in the presence of 0.1 

or 1 mM buthionine sulfoximine (BSO) or 0.1 or 1 mM N-acetylcysteine (NAC). Cells were 

cultured in lymphoid-promoting conditions as described above, harvested at different time points 

and survival/expansion of cell subpopulations and cytokine receptor expression were evaluated 

by flow cytometry as above. 

 

IIH. Assays to measure oxidative stress 

IIH1.Detection of ROS generation 

Intracellular ROS was analyzed by using the oxidation sensitive dye DCFDA. Bone 

marrow cells were incubated with 2 µM DCFDA at 37ºC for 15 minutes, washed, and surface 
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stained. As a loading control, parallel samples of bone marrow cells were incubated with the 

oxidized control dye FDA (0.01 µM) at 37ºC for 15 minutes, washed, and surface stained. FACS 

analysis was performed immediately. DCFDA mean channel fluorescence was normalized to 

FDA uptake, and the data are shown as the percent increase in DCFDA fluorescence in cells 

from Ts65Dn mice over euploid controls ± SEM. 

 

IIH2. 3-Nitrotyrosine Detection 

3-nitrotyrosine levels in progenitor subsets was determined through flow cytometry by 

intracellular staining using a monoclonal FITC anti-nitrotyrosine (Millipore: clone 1A6) 

antibody. Cells were fixed in 1 ml 4% paraformaldehyde (PFA) for 15 minutes at 4°C, cells were 

vortexed after addition of PFA. Permeabilization was performed with the Foxp3 Staining Buffer 

Set (Ebioscience), for 30 minutes at 4°C, cells were vortexed after addition of the buffer.  Cells 

were washed two times with PBS and incubated with 2.5 ug / 106 cells of antibody for 1 hour at 

room temperature. Cells were analyzed by flow cytometry. 

 

IIH3. Protein Carbonyl Detection 

Protein carbonyls in progenitor subsets were determined through flow cytometry by 

intracellular staining. Cells were fixed and permeabilized as for 3-nitrotyrosine staining. Protein 

carbonyl groups were then derivatized with 10 mM 2,4-dinitrophenylhydrazine (DNPH) in 2.5 M 

HCl for 45 minutes at room temperature. After 4 washes, cells were incubated with 5 ug / 106 

cells anti-DNP rabbit IgG (Invitrogen A6430) for 1 hour, washed with FACS buffer, then 

incubated with secondary 0.04 ug / 106 cells PE-Cy7 anti-rabbit IgG (Santa Cruz Biotechnology 
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sc-3845) antibody for 20 minutes. During incubation with the secondary antibody, CD135 PE 

was added to the cells, PE and PE-Cy7 staining is not compatible with DNPH treatment. Cells 

were analyzed by flow cytometry. 

 

IIH4. Measurement of glutathione 

Intracellular glutathione levels were measured in progenitor subsets by flow cytometry 

using monochlorobimane essentially as previously described 177.  Briefly, bone marrow cells 

were surface stained as described above and then incubated for 10 minutes at room temperature 

with 20 uM monochlorobimane.  Cells were washed and analyzed immediately by flow 

cytometry.  The ratio of oxidized and reduced glutathione in Ts65Dn mice was determined 

spectrophotometrically in whole blood using the Bioxytech kit (Oxis Research, 21040) as 

described by the manufacturer.   

 

III. BrdU cell proliferation analysis 

Mice were injected i.p. with 100mg/kg BrdU two times a day for 2 days.  BrdU 

incorporation was detected in defined subsets by intracellular staining using a FITC anti-BrdU 

antibody as suggested by the supplier (BD Biosciences). 136  The expression of Ki-67 and Bcl-2 

was detected in defined thymic and bone marrow subsets by intracellular staining, as indicated 

by the supplier, using FITC anti-Ki-67 and PE anti-Bcl-2 antibodies (BD Biosciences). Cells 

were analyzed by flow cytometry. 
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IIJ. CFSE cell proliferation analysis 

RBC-depleted splenocytes, or purified T-cells/B-cells were washed in PBS by 

centrifugation at 1000rpm for 7 minutes, then resuspended in PBS at a final concentration of 10 

x 106 cells per ml. Carboxy-fluorescein diacetate succinimidyl ester (CFDASE, Molecular 

Probes, Eugene OR) was added to the cell suspension at a final concentration of  0.25µM, and 

the cells were incubated at 37°C in a water bath for 15min. The CFDASE is taken up by the cell 

into the cytoplasm where it is deacetylated to carboxy-fluorescein succinimidyl ester (CFSE). 

The CFSE- labeled cells were then washed two times with complete media  to quench  residual 

CFDASE, resuspended at 2 × 106 cells/ml, and cultured on a six well plate (2 ml per well).  The 

equal division of CFSE into daughter cells allows the determination of the degree of proliferation 

as well the proliferative cycle each cell population is in.  Proliferation was assessed after 48 and 

72 hours. T-cells were stimulated with 0.5 ug/ml and 5 ug/ml α-CD3, while B-cells were 

stimulated with LPS and α-IgM + IL-4. 

 

IIK. T  and B-cell purification 

T-cells and B-cells isolated from spleen tissue were purified by negative selection using 

magnetic separation after RBC lysis.  For T-cell purification, antibodies specific for B cells (α-

IgM 11/41) and myeloid cells (α-CD11b M1/70) MHC class II (anti-I-A, I-E, 212.A1), were 

added to splenocytes suspended in complete Hank’s balanced salt solution (HBSS) supplemented 

with 5% fetal bovine serum (FBS). The antibodies were allowed to bind to the non-T/B cells for 

45 minutes and subsequently washed in HBSS. The splenocytes bound with the primary 

antibodies were then incubated with the proper secondary antibodies conjugated to magnetic 
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beads (Polysciences, Inc) in 5ml of complete HBSS per 108 splenocytes.  For every 108 

splenocytes counted, 1 ml of magnetic beads were washed 3 times in complete HBSS then added 

to the splenocyte suspension and incubated for 45 minutes.  The non-T/B cells were then 

removed using a magnet and the resulting unlabeled cells were counted and placed in culture in 

complete RPMI. For B-cell purification, B-cells from mouse spleen were enriched by magnetic 

bead negative selection (EasySep Catalog # 19754; StemCell Technologies).   

 

IIL. Annexin V staining 

Phosphatidylserine externalization was detected in defined subsets using FITC Annexin 

V (BD Biosciences). After surface staining, cells were washed in binding buffer (100 mM 

HEPES pH 7.4, 1.5 M NaCl, 50 mM KCl, 10 mM MgCl2, 18 mM CaCl2), and cells were 

incubated with Annexin V (1ul / 1x106 cells) for 15 minutes at room temperature. 7-AAD 

Viability Staining Solution (eBioscience) was added and cells were immediately analyzed by 

flow cytometry. 

 

IIM. qPCR 

mRNA 

Total RNA was isolated by the Nucleospin kit (Macherey Nagel) for IL-7Rα detection. miRNA 

expression was measured as indicated by the supplier using the following Taqman Gene 

Expression Assays (Applied Biosystems) for IL-7Rα  (Assay ID 00434295), IL-7 (Assay ID: 

01295803), NQO1 (Assay ID 00500821), Hes-1 (Assay ID: 01342805)  and HPRT (Assay ID 
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03024075) was used as a control. The relative mRNA expression levels were calculated based on 

the delta CT method. 178  

 
microRNA 

Total RNA was isolated by the miRNeasy kit (Qiagen) for miRNA detection. miRNA expression 

was measured as indicated by the supplier using the following Taqman microRNA assays 

(Applied Biosystems): miR-155 (Assay ID 002571), miR-125b (Assay ID 000449), and u6 

rRNA (Assay ID 001973) was used as a control. The relative miRNA expression levels were 

calculated based on the delta CT method. 178 

 

IIN. Statistical Analysis 

Statistical significance was analyzed using student’s T-test or Wilcoxon signed rank test.  

Conditions were deemed significantly different if p< 0.05. 
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Chapter III.  Hematopoietic stem and lymphoid progenitor defects in Ts65Dn 

mice: potential role of oxidative stress and IL-7Rαααα 
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IIIA.  Introduction 

 
Down Syndrome (DS) is a common genetic disease occurring at a frequency of ~1 in 750 

live births. It is caused by a trisomy of chromosome 21, with a triplication of the entire 

chromosome occurring in greater than 95% of DS patients. In addition to the recognized 

impairment of cognitive ability, DS is characterized by numerous hematologic deficiencies such 

as transient myeloproliferative disease, premature thymic involution, defects in mature 

lymphocyte composition and function, as well as increased susceptibility to autoimmune disease, 

infections and leukemia. Significantly, infections and leukemia are major causes of morbidity 

and mortality.107 These observations suggest the existence of intrinsic immune defects in DS. 

Several studies have examined various triplicated genes which may be responsible for 

leukemogenesis in DS.148,149 However, the cell physiological and molecular basis underlying the 

immune deficiency observed in DS has not been thoroughly explored. 

Oxidative stress has been linked to the pathology of DS. This is due to the presence of 

elevated levels of biomarkers of oxidative stress as well as oxidative stress response genes in 

both fetal and adult tissue.131 Furthermore, DS is associated with the premature onset of 

degenerative diseases linked to reactive oxygen species (ROS) generation such as cataracts and 

the development of Alzheimer-like symptoms in the brain. These observations have also led to 

the hypothesis that the pathology of DS is associated with premature aging. 130 Increased levels 

of oxidants have been shown to impair HSC function and have also been proposed to mediate 

age-related loss of stem cell function.150,151 However, the role of oxidative stress in 

hematopoietic stem cell (HSC) and lymphoid progenitor homeostasis and function has not yet 

been studied extensively in DS. 
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The Ts65Dn mouse is the most commonly used model of DS. It is trisomic for the distal 

end of mouse chromosome 16 which contains 104 genes conserved between mice and humans 

and is partially syntenic to human chromosome 21. Similar to the human disease, Ts65Dn mice 

exhibit craniofacial defects and learning and behavioral deficiencies.179,180 Ts65Dn mice also 

exhibit hematologic abnormalities such as a progressive myeloproliferative disease where bone 

marrow myeloid progenitor subsets are altered in comparison to euploid controls.136 

Furthermore, Ts65Dn mice exhibit premature thymic involution, and elevated levels of reactive 

oxygen species (ROS) have been found in the thymus in response to treatment with pro-apoptotic 

agents, indicating possible defects in immature T-cell populations.158 Thus, the goal of the 

current study was to further investigate hematopoietic progenitor dysfunction with a focus upon 

lymphoid development and the potential role of oxidative stress in Ts65Dn mice.   
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IIIB. Results 

IIIB1. Hematopoietic stem and progenitor populations are altered in Ts65Dn bone marrow  

Previous studies have shown that Ts65Dn mice develop a progressive myeloproliferative 

disease.136 To determine if hematologic abnormalities extend to the lymphoid progenitor and 

more immature hematopoietic stem cell (HSC) populations, analysis of hematopoietic progenitor 

phenotype in the bone marrow (BM) of Ts65Dn and euploid mice was performed by flow 

cytometry. No significant difference in total BM cellularity was found (Figure III.1 A). 

Consistent with a previous report136, there was an expansion of the lineage-negative, Sca-1+, c-

Kit+ (LSK), subset, which contains hematopoietic progenitors and all stem cell activity 8 (Figure 

III.1 B,C).  

In spite of the expanded LSK population, Ts65Dn mice have an approximately three-fold 

decrease in the frequency and number of long-term repopulating hematopoietic stem cells (LT-

HSCs) and common lymphoid progenitor cells (CLPs) in their BM in comparison to euploid 

controls (Figure III.2 A,B). Multipotent progenitor (MPP) populations were not significantly 

different. Ts65Dn mice also have an increased percentage and number of granulocyte-monocyte 

progenitors (GMPs) but a decreased percentage and number of MEPs, correlating with a 

previous report (Figure III.2 C, D).4 In vitro colony-forming assays were also performed to 

determine the number of functional hematopoietic progenitors in Ts65Dn bone marrow. Ts65Dn 

BMC were cultured in methylcellulose media containing myeloid-promoting (Methocult M3534: 

SCF, IL-3, IL-6) cytokines. Ts65Dn BMC formed more granulocyte (CFU-G), granulocyte-

monocyte (CFU-GM) and total myeloid colonies in comparison to euploid mice (Figure III.2 E). 

These results correlate with the increased number and frequency of GMPs as determined by flow 

cytometry.  
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Figure III.1. Altered bone marrow populations in Ts65Dn mice. (A) Bone marrow cellularity 

(total viable, nucleated cells) is similar in euploid (open bars) and Ts65Dn (closed bars) mice. (n 

= 6) (B) Expansion of the LSK population in the bone marrow of Ts65Dn mice. The plots below 

are representative examples of LSK populations in the Lin(-) gate. The graph shows the 

quantitation of the percentage of LSK cells in the Lin(-) population from Ts65Dn (closed bars) 

or euploid (open bars) bone marrow cells. (n=6, *p<0.05).  
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Figure III.2. Hematopoietic progenitor populations in the bone marrow of Ts65Dn and 

euploid mice. Hematopoeitic progenitor frequency in the bone marrow was assessed ex vivo by 

flow cytometry as defined and described in the Methods. Hematopoietic stem cell (HSC), 

multipotent progenitor (MPP), common lymphoid progenitor (CLP) populations as a percentage 

of nucleated bone marrow cells (A) and  absolute number in the bone marrow (B) (n=6,* p<0.05; 

** p<0.005). Common myeloid progenitor (CMP), granulocyte-monocyte progenitor (GMP), 

megakaryocyte-erythroid progenitor (MEP) as a percentage of nucleated bone marrow cells (C) 

and absolute number in the bone marrow (D). Myeloid colony forming assays were performed 

using total bone marrow cells cells from euploid (open bars) or Ts65Dn (closed bars) mice that 

were cultured in Methocult 3534 media (E). Colonies were enumerated after 12 days (n = 4 ,* 

p<0.05). CFU-G: granulocyte colony forming unit; CFU-M: monocyte colony forming unit; 

CFU-GM: granulocyte-monocyte colony forming unit.   
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To assess the long-term reconstituting capacity of Ts65Dn BM, a competitive 

reconstitution assay was performed with a 1:1 mixture of 1x106 BM cells (BMC) from male 

Ts65Dn mice or euploid littermates mixed with an equal number of wild type female BMC 

(Figure III.3 A, B). Donor contribution to hematopoietic cell generation was determined by 

measuring Y chromosome content of blood lymphocytes after three (Figure III.3 A) and nine 

(Figure III.3 B) months, and repopulating unit (RU) values were calculated for both the Ts65Dn 

and euploid mice 173.   

Primary recipients’ bone marrow was then transplanted into new recipients in a serial 

competitive reconstitution assay (Figure III.3 C). After an additional six months these secondary  

recipients’ bone marrow was harvested and RUs were calculated for Ts65Dn and euploid 

littermates. Ts65Dn mice exhibited an approximately three-fold decrease in the number of RU’s 

in comparison to euploid mice in both the primary (Figure III.3 A,B), and secondary (Figure III.3 

C) reconstitution assays. This is consistent with the observed three-fold decrease in HSC number 

determined by flow cytometry.  
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Figure III.3.Ts65Dn BM has decreased hematopoietic stem cell function (A-B) Competitive 

repopulation assay was performed as described in the Methods with 1:1 mixture of bone marrow 

cells (BMC) from Ts65Dn mice (closed bars) or euploid littermates (open bars) mixed with an 

equal number of wild type BM.  Bone marrow cell repopulating ability was assessed at (A) 3 

months and (B) 9 months and is expressed as repopulating units (RU) per million BMC. By 

definition 105 competitor BMC produce 1 RU (n=4,* p<0.05). (C) BMC from recipient mice 

reconstituted as in (A) were isolated after 6 months and retransplanted in serial bone marrow 

reconstitution assay as described in the Methods. 
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IIIC. Hematopoietic stem and progenitor populations in Ts65Dn bone marrow exhibit 

increased oxidative stress and proliferative defects 

 
The decreases in hematopoietic stem and progenitor number and function suggested that 

there are defects in these populations in Ts65Dn mice. Increased reactive oxygen species (ROS) 

levels may contribute to these defects, since oxidative stress has been linked to the pathology of 

DS.130,131 Furthermore, increased ROS has been proposed to induce defects in HSC function.  

Consistent with increased oxidative stress in DS, we found a significantly decreased reduced 

glutathione (GSH) / oxidized glutathione (GSSG) ratio in the blood of Ts65Dn mice (Figure III.4 

A). To determine if this oxidative stress was also present in bone marrow progenitors, reactive 

oxygen species (ROS) levels were measured in Ts65Dn BMC using the oxidation sensitive dye 

2',7'-dichlorodihydrofluorescein diacetate (DCFDA). Intriguingly, the lineage-negative (Lin-) 

subset which contain hematopoietic progenitors, the LSK subset, and HSC (LSK, Flk2-) 

populations of Ts65Dn mice all had elevated levels of ROS in comparison to euploid mice, 

(Figure III.4 B) indicating the presence of oxidative stress in these populations.   

To confirm the presence of oxidative stress, stable markers of ROS exposure were also 

measured in bone marrow populations.  Formation of nitrated proteins (nitrotyrosine – 3-NT) and 

protein carbonyls (PC) as stable markers of protein oxidation were also increased in both the 

LSK and HSC populations (Figure III.4 C,D). 
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Figure III.4.Ts65Dn immature hematopoietic progenitors exhibit signs of oxidative stress 

(A) The ratio of reduced (GSH) and (GSSG) oxidized glutathione was determined in whole 

blood as described in the Methods (n=4,* p<0.05). (B) DCFDA oxidation was assessed in total 

bone marrow cells (live gate), lineage negative (Lin(-)), Lin(-), Sca-1+,c-Kit+ (LSK) population, 

and the Lin(-), LSK Flk2- (HSC) population by flow cytometry. These data are expressed as the 

percent increase in DCFDA fluorescence normalized to uptake of FDA (n=4,* p<0.05). (C) 

Intracellular glutathione levels were measured in the indicated hematopoietic progenitor subsets 

by flow cytometry using monochlorobimane as described in the Methods (n=4,* p<0.05). (D) 

Intracellular staining for 3-nitrotyrosine (3-NT) levels was analyzed by flow cytometry in the 

indicated hematopoietic progenitor populations as described in the Methods (n=5,* p<0.05). (E) 

Intracellular staining for protein carbonyl (PC) levels was analyzed by flow cytometry in the 

indicated hematopoietic progenitor populations as described in the Methods (n=5,* p<0.05).  
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Because increased oxidative stress has been linked to decreased stem cell quiescence 181, 

the cell cycle status of Ts65Dn BMC was examined by detecting the expression of Ki-67, a 

protein that is expressed when cells are actively cycling.182 Ts65Dn progenitor cells exhibited a 

trend toward increased cell cycling, with a lower percentage of quiescent cells lacking Ki-67 

expression (Figure III.5 A,B). Double staining with anti-Ki-67 and the DNA binding dye 7-AAD 

indicated that commensurate with the loss of G0, Ki-67-negative cells in Ts65Dn HSC, there was 

a concurrent increase in the percentage of cells in G1 and S-G2/M phases of the cell cycle 

(Figure III.5 C). The increased ROS and loss of quiescence is associated with increased 

apoptosis of Ts65Dn hematopoietic progenitor cells as evidenced by an increase in the 

percentage of AnnexinV-positive cells in the LSK and HSC populations (Figure III.5 D).  Thus, 

increased oxidative stress in Ts65Dn hematopoietic progenitors is associated with increased 

apoptosis and loss of quiescence and stem cell function.  
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Figure III.5. Ts65Dn immature hematopoietic progenitors exhibit a loss of quiescence. (A) 

Representative FACS plots of HSC cell cycle analysis in Euploid and Ts65Dn mice. (B) 

Intracellular staining for the Ki-67 antigen was analyzed by flow cytometry as described in the 

Methods. The percentage of cells that are Ki-67- were analzyed in total bone marrow cells (live 

gate), lineage negative (Lin(-)), Lin(-), Sca-1+,c-Kit+ (LSK) population, and the Lin(-), LSK 

Flk2- (HSC) population. (n=5 ,* p<0.05). (C) HSC cell cycle analysis by assessment of Ki-67 

expression and 7-AAD incorporation (n=4 ,* p<0.05). (D) Apoptotic cells were detected by 

Annexin V binding in selected bone marrow sub-populations from Ts65Dn mice (closed bars) or 

euploid littermates (open bars). These data are expressed as the percentage of cells in each 

population that are Annexin V+ (n=6, *p<0.05) 
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IIID. Expression of the IL-7Rαααα chain is decreased in Ts65Dn hematopoietic progenitors 

 
 A possible mechanism for changes in lymphoid progenitor function is the IL-7/IL-7Rα 

receptor system, which plays an essential role in lymphoid development and homeostasis by 

promoting proliferation and inhibiting apoptosis 87,152. Analysis of Ts65Dn bone marrow showed 

that the percentage and absolute number of cells expressing the IL-7Rα chain was decreased in 

total bone marrow, the Lin-, Sca-1/c-kitlo and the Lin-, Sca-1/c-kitlo, Flk2+ populations which 

encompass the CLP subset, defined as Lin-, Sca-1/c-kitlo, Flk2+ IL-7Rα
+ (Figure III.6 A,B). The 

CLP gives rise to all the cells of the lymphoid lineage and may also be able to seed the thymus.34 

Previous studies have suggested that a subset in the MPP population described as the lymphoid 

primed multipotent progenitor (LMPP) and defined as Lin-, Sca-1+, c-kit+, Flk2hi can also seed 

the thymus.20 Flk2 expression was found to be decreased in bone marrow cells from Ts65Dn 

mice and as a result, there was a significant decrease in the LMPP population (Figure III.6 C,D).  

 To determine the effects of IL-7Rα downregulation in the BM, IL-7Rα responsive cells 

in the BM were measured using a pre-B cell colony-forming assay. Ts65Dn and euploid BMC 

were cultured in methylcellulose media containing IL-7 (Methocult MC3630), and colonies were 

enumerated after 1 week. Interestingly, Ts65Dn BMC formed one-third fewer colonies in 

comparison to euploid BMC, indicating the presence of fewer IL-7 responsive hematopoietic 

progenitors or decreased responsiveness to IL-7 (Figure III.6 E). 

IL-7 signaling induces proliferative and pro-survival signals in cells,87 leading to the 

activation of the PI3K pathway, expression of anti-apoptotic Bcl-2 family members such as Mcl-

1, and activation of the JAK-STAT pathway, resulting in the phosphorylation and translocation 

of the transcription factor STAT5 to the nucleus.183  Cell cycle analysis of the Lin-, IL-7Rα+  
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Figure III.6. IL-7R α and Flk2 expression in the bone marrow of Ts65Dn and euploid mice. 

(A,B). IL-7Rα expression in selected bone marrow sub-populations was assessed by flow 

cytometry. (A) Representative FACS plots of IL-7Rα expression in LSK or the Lin(-), SKlo, 

Flk2+ populations from euploid (solid line) or Ts65Dn (dashed lines) mice. (B)  Analysis of the 

percent cells that are IL-7Rα + in total bone marrow cells (live gate), lineage negative (Lin(-)), 

Lin(-), Sca-1lo,c-Kitlo (SKlo) population, and the Lin(-), SKlo, Flk2+ (Flk2+) population. (n=6, 

*p<0.05, *** p<0.01). (C,D)  Flk2 expression in selected bone marrow sub-populations was 

assessed by flow cytometry. (C)  Representative FACS plots of Flk2 expression in LSK cells 

from euploid (solid line) or Ts65Dn (dashed lines) mice. (D)  Analysis of the percent cells that 

are Flk2 + in total bone marrow cells (live gate), lineage negative (Lin(-)), Lin(-), Sca-1lo,c-Kitlo 

(SKlo) population, and the LSK population. (n=6, *p<0.05, *** p<0.01). (E) Colony formation 

of Ts65Dn and euploid pre-B cells. Total bone marrow cells were cultured in methylcellulose 

media containing IL-7 and enumerated after 7 days. CFU pre-B: pre-B cell colony forming unit 

(n=4, *p<0.05). (F) Cell cycle analysis by Ki-67 expression and 7-AAD incorporation of lineage 

negative IL-7Rα+ (Lin- IL-7Rα+) lymphoid progenitor cells from Ts65Dn mice (closed bars) or 

euploid littermates (open bars) (n=4 ,* p<0.05). (G) Apoptotic cells were detected by Annexin V 

binding in selected bone marrow sub-populations from Ts65Dn mice (closed bars) or euploid 

littermates (open bars). These data are expressed as the percentage of cells in each population 

that are Annexin V+ (n=6, *p<0.05).  
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lymphoid progenitor population indicated that there was an increase in the percentage of non-

proliferating G0, Ki-67-negative cells, with a concurrent decrease in the percentage of 

proliferating cells in the G1 and S-G2/M phases of the cell cycle (Figure III.6 F), consistent with 

proliferative defects in this population. Concordant with a decrease of pro-survival signals, these 

same bone marrow subsets, as well as the CLP population display increased apoptosis, as 

measured by Annexin V staining (Figure III.6 G). 

To further assess IL-7 signaling, known targets of IL-7 signaling such as MCL-1 

induction and STAT5 phosphorylation were measured ex vivo by intracellular staining using 

flow cytometry. No significant differences in MCL-1 expression or STAT5 phosphorylation 

were observed when comparing the total, Lin(-), LSK, and HSC populations of Ts65Dn mice to 

euploid controls (Figure III.7 A,C). However, the Lin-, IL-7Rα+, and Lin-, IL-7Rα+ SKlo 

lymphoid progenitor populations in Ts65Dn mice exhibited decreased MCL-1 expression in 

comparison to euploid controls, suggesting decreased IL-7 signaling (Figure III.7 B).  In 

contrast, phosphorylated STAT5, was increased in the Lin-, IL-7Rα+, and Lin-, IL-7Rα+ SKlo 

lymphoid progenitor populations. 
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Figure III.7. Expression of IL-7 signaling targets. (A,B) Mcl-1 expression was detected in 

selected bone marrow sub-populations from Ts65Dn mice (closed bars) or euploid littermates 

(open bars). These data are expressed as the mean channel fluorescence (MCF) of Mcl-1 (n=5, 

*p<0.05). (C,D) Phosphorylated STAT5 (pSTAT5) was detected in selected bone marrow sub-

populations from Ts65Dn mice (closed bars) or euploid littermates (open bars). These data are 

expressed as the mean channel fluorescence (MCF) of pSTAT5 staining (n=5, *p<0.05).  
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IIIE.  Discussion 

 
 The increased risk of developing hematologic disorders such as infections and leukemia 

has been implicated as a significant cause of morbidity and mortality in Down Syndrome 

(DS).184,185 However, the potential mechanisms underlying the occurrence of these immune 

defects have not yet been examined in detail. A previous study has reported myelodysplasia and 

suggested potential HSC abnormalities in Ts65Dn mice.136 However, HSC frequency, HSC 

function, and possible defects in lymphoid development were not examined. Therefore in this 

study, the composition and function of hematopoietic stem and progenitor cells of the Ts65Dn 

mouse model of DS were explored, with a focus on cells of the lymphoid lineage.  

 Phenotypic analysis of HSC by flow cytometry using the well-characterized SLAM 

markers7,186 revealed an approximately three-fold decrease in the frequency and absolute number 

of HSC in Ts65Dn bone marrow (BM) in comparison to euploid BM.  Functional analysis of 

HSC by competitive reconstitution assays also showed a three-fold decrease in Ts65Dn HSC 

activity in the BM. Overall, these results demonstrate a decrease in the number of functional 

HSC in Ts65Dn BM. A previous study also suggested weaker long term repopulating ability in 

Ts65Dn bone marrow136, although the study transferred Ts65Dn bone marrow cells into 

C57BL/6 recipients, while the current study used B6C3F1 recipients to minimize immune 

rejection.  

 Potential mechanisms for the defects observed in HSC activity may be the elevated levels 

of reactive oxygen species (ROS), stable markers of oxidative stress, loss of quiescence, and 

increased apoptosis measured in these cells. HSCs are hypothesized to reside in a niche 

characterized by low levels of O2, and are therefore thought to be especially prone to damage by 

ROS.50  Previous reports have linked the loss of quiescence in HSC to elevated levels of ROS, 
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which were proposed to induce altered expression of cell cycle regulators such as p53, p16Ink4a 

and p19ARF, thus causing aberrant cell cycle progression. 29,187 HSC quiescence has been shown 

to be required for HSC function, therefore, the oxidative stress in the HSCs of Ts65Dn mice may 

be inducing a loss of quiescence, resulting in decreased function as measured by repopulating 

activity.150,151,188,189  Previous reports in Fancc-deficient mice also link oxidative stress with an 

expansion of the LSK population and loss of self-renewal capacity.190 Therefore, in both Ts65Dn 

and Fancc-deficient mice, expansion of the LSK population may be indicative of oxidative stress 

inducing HSC proliferation and differentiation, resulting in decreased self-renewal ability and 

exhaustion of the functional HSC population. 

 The three-fold decrease in both the frequency and number of common lymphoid 

progenitor (CLP) cells in the bone marrow of Ts65Dn mice in comparison to euploid mice may 

simply be a reflection of the decrease in total HSC number and activity. However, the direct 

precursor of the CLP, the multipotent progenitor (MPP) population is not significantly altered; 

therefore it is likely that additional factors or mechanisms may be involved.  Significantly, there 

was a general decrease in IL-7Rα expression in the bone marrow (BM) of Ts65Dn mice and this 

decrease in IL-7Rα expression may correlate with the observed decrease in CLP number and 

frequency.  The CLP has been hypothesized to be the initial bone marrow-derived thymus-

seeding cell, although this is not without controversy.37,153   

 The lymphoid-primed multipotent progenitor (LMPP) has also been proposed as a bone 

marrow-derived population that has the ability to seed the thymus.20  The data show that similar 

to the CLP population, the LMPP population was also markedly reduced in Ts65Dn mice, 

suggesting a general decrease in bone marrow-derived T-cell progenitors that have the capability 

to seed the thymus in Ts65Dn mice. This may contribute to the enhanced thymic involution 
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observed in Ts65Dn mice. Decreased Flk2 expression in this population may also lead to 

diminished IL-7Rα levels, since a recent report suggested that Flk2 signaling enhances IL-7Rα 

levels and its signaling capacity. 15  

 The decrease in pre B-cell colony formation of Ts65Dn BM in vitro is consistent with 

fewer IL-7 responsive cells or decreased responsiveness to IL-7.  Fewer IL-7Rα-expressing cells 

in the BM of Ts65Dn mice as well as decreased cell proliferation and increased apoptosis in 

bone marrow progenitors that express IL-7Rα suggest that IL-7 responsiveness is clearly 

diminished in Ts65Dn mice. 

 The decreased expression of the pro-survival BCL-2 family protein MCL-1 in lymphoid 

progenitor populations of Ts65Dn mice suggests defects in IL-7 signaling, and is consistent with 

increased apoptosis in these populations. However, the observation of increased phosphorylation 

of STAT5, another target of IL-7 signaling, appears inconsistent with these data. These results 

could be due to several possibilities. First, elevated STAT5 phosphorylation may be occurring as 

a consequence of the dysregulation of other signal transduction pathways due to the gene dosage 

imbalance caused by the triplicated genes, and not as a consequence of IL-7 signaling. Many 

cytokine signaling pathways have been reported to induce STAT5 phosphorylation191,192 such as  

IL-2 and IL-15. It is also possible that although STAT5 phosphorylation may be occurring as a 

result of IL-7 signaling, other signal transduction pathways may be inducing the inhibition of 

MCL-1 expression at the transcriptional or translational level. 

 Therefore, the observed reduction in the CLP population of Ts65Dn mice may be linked 

to the downregulation of IL-7Rα expression and decreased proliferative and pro-survival signals 

resulting from diminished IL-7 and Flk2 cytokine receptor signaling. 
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Chapter IV. Defects in lymphoid progenitor and mature lymphocyte populations in 

Ts65Dn mice 
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IVA. Introduction 

 
Numerous studies have indicated that the adaptive immune system is altered in 

individuals with DS, with defects ranging from the level of immature hematopoietic progenitor 

cells to mature lymphocytes in the periphery.107 Since the 1970s, it has been observed that 

individuals with DS seemed to exhibit diseases arising from defects in the immune system such 

as the increased frequency of respiratory infections, autoimmune diseases such as diabetes, and 

leukemias. This led to the hypothesis that the immune system is inherently defective in DS.  

Significantly, these diseases, although not as commonly associated with DS as the deficiencies in 

cognitive function, are major causes of morbidity and mortality.125,193,194 However, the 

underlying mechanisms for these global defects in adaptive immune function are unclear, and the 

molecular mechanisms inducing these changes have not been examined. Therefore, to further 

investigate immune dysfunction and the potential role of oxidative stress in the Ts65Dn mouse 

model of DS, lymphoid progenitors and mature lymphocyte phenotype and function were 

examined in the bone marrow (BM), thymus and spleen.  

  In accordance with previous reports, the Ts65Dn thymus was involuted, and T-cell 

progenitors in the thymus exhibited changes in composition and functional deficiency. Defects 

were especially pronounced in the immature, double negative (DN) thymocyte populations.  

Mature T-cells in the spleen also exhibited altered composition and function, with a decrease in 

the proportion of naïve cells and an increased proportion of memory cells that are reminiscent of 

the changes observed in aged individuals. There were also changes in B-cell progenitor and 

mature B-cell composition and function in the bone marrow and spleen. Interestingly, 

proliferative defects in Ts65Dn B-cells were dependent on the nature of the stimulus: the 
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proliferative response to BCR crosslinking was impaired, but proliferation in response to LPS 

was similar to euploid controls. 

These data indicate that there are global changes in the adaptive immune system of 

Ts65Dn mice that may mirror some of the immune defects observed in individuals with DS. A 

potential mechanism for these changes is the decrease in IL-7Rα chain expression and altered 

redox balance caused by decreased antioxidant expression.  It will be important to determine if 

restoring IL-7 signaling and redox balance will alleviate the immune dysfunction observed in 

DS. 
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IVB. Results 

IVB1. T-cell progenitor populations in the thymus are altered in Ts65Dn mice  

To determine how the changes in the HSC and CLP populations in the BM may affect T-

cell development, the composition of the thymus was examined. T-cells develop in the thymus, 

and the initial thymus seeding cell has been proposed to be the CLP, although this is still 

controversial.37,153 Ts65Dn mice had decreased thymic cellularity, (Figure IV.1 A) in comparison 

to euploid mice, consistent with previous reports.158 To determine if thymocyte populations are 

altered, flow cytometric analysis of thymocyte phenotype in Ts65Dn mice was performed. 

Following seeding by bone marrow progenitors, T cell commitment and development occurs in 

the double-negative (DN) thymocyte population. The DN population can be divided into subsets 

based on CD44 and CD25 expression, after excluding all lineage positive cells.37  In the DN 

thymocyte population, the early T-lineage progenitors (ETPs: Lin(-), CD44+, CD25-, c-Kithi, IL-

7Rα
-/lo)  have been suggested to be the precursor for all thymocytes with T-lineage potential.37  

There was no significant difference in the ETP populations of Ts65Dn and euploid mice as a 

percentage of total thymocyte number, indicating that there was no preferential loss of ETP in 

comparison to other thymocyte populations (Figure IV.1 B).  However, because of the thymic 

involution of the Ts65Dn mice, there were significantly fewer ETP in the thymus of Ts65Dn 

mice in comparison to euploid mice (Figure IV.1 C).  

Analysis of the composition of the DN subset, indicated that Ts65Dn mice had a lower 

percentage of DN1 (CD44+CD25-), DN2 (CD44+CD25+) and DN3 (CD44-CD25+) thymocytes in 

comparison to euploid mice. There was no significant difference in the percentage of DN4 

thymocytes (Figure IV.1 D).  As a result of decreased thymic cellularity, Ts65Dn mice had fewer 

total DN1, DN2, and DN3 thymocytes. There was an approximately three-fold decrease in cell  
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Figure IV.1. Thymocyte populations are altered in Ts65Dn mice. Thymocyte populations 

from Ts65Dn mice (closed bars) or euploid littermates (open bars) were assessed ex vivo by flow 

cytometry as defined in the Methods. (A) Thymic cellularity (total viable, nucleated cells) is 

reduced in Ts65Dn mice (closed bars) in comparison to euploid mice (open bars). (n = 9). (B,C) 

Early T-cell progenitor (ETP) population as (B) a percentage of the entire thymocyte population 

and (C) absolute numbers of ETPs in the thymus. (D,E) Double negative (DN) thymocytes, after 

lineage gating, were further characterized into DN1, DN2, DN3, and DN4 populations. (D) DN 

thymocyte populations as a percentage of the entire thymocyte population and (E) absolute 

numbers of DN thymocyte populations.  (F,G) Double negative (DN), double positive (DP), CD8 

single positive (CD8 SP), CD4 single positive (CD4 SP) populations as (F) a percentage of the 

entire thymocyte population and (G) absolute numbers of more mature thymocyte populations. 

(A-D n=5; C,D n=8 * p<0.05; ** p<0.01) 
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number in all the subsets and there was no preferential loss of a single subset.  There was no 

significant difference in the number of DN4 thymocytes (Figure IV.1 E).  

When the composition of more mature thymocytes was analyzed, the Ts65Dn thymus 

exhibited an increased percentage of CD8 single-positive (CD8 SP) thymocytes in comparison to 

euploid mice without significant differences in any of the other thymocyte populations (Figure 

IV.1 F). As a consequence of decreased thymic cellularity, there were significantly fewer cells in 

the double-negative (DN), double-positive (DP), and CD4 single-positive (CD4 SP) thymocyte 

subsets of Ts65Dn mice in comparison to euploid mice.  As a result of the increased percentage 

of CD8 SP thymocytes, the number of CD8 SP cells in Ts65Dn mice was not significantly 

decreased in comparison to euploid mice (Figure IV.1 G).  Thus, early thymocyte development 

during T cell commitment is altered in Ts65Dn mice but more mature thymocyte populations are 

relatively unaffected. 

 

IVC. Decreased expression of the IL-7Rαααα chain in the thymus 

 
 IL-7 plays a non-redundant role in thymic development, promoting proliferation and 

survival of immature, double negative thymocytes.67,154  The percentage of specific thymocyte 

subsets that are IL-7Rα+ were decreased in the lineage negative (total double negative 

thymocytes), DN2 and DN3 populations (Figure IV.2 A). The absolute number of cells 

expressing the IL-7Rα chain was significantly decreased in the Lin(-) and all the DN thymocyte 

populations (Figure IV.2 B).  IL-7Rα is downregulated in double positive thymocytes and re-

expressed in positively selected CD4 and CD8 single positive thymocytes.152 In contrast to the 

data in DN thymocytes, when mature DP and SP thymocytes were analyzed neither the  
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Figure IV.2. IL-7Rα expression in the thymus of Ts65Dn and euploid mice. IL-7Rα 

expression in double negative (A,B) or more mature (C,D) thymocyte sub-populations from 

Ts65Dn mice (closed bars) or euploid littermates (open bars) was assessed by flow cytometry as 

described in the Methods. (A,C)  The data are expressed as the percent IL-7Rα
+ cells in each 

sub-population.  (B,D)  The data are expressed as the number of IL-7Rα
+ cells per thymus 

(n=5,* p<0.05). 
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percentage IL-7Rα+ cells (Figure IV.2 C) nor the number of positive cells (Figure IV.2 D) was 

decreased.  

 To measure whether changes in IL-7Rα were associated with altered cell proliferation in 

the thymus, mice were injected with BrdU and BrdU incorporation was assessed ex vivo. 

Consistent with those populations having decreased IL-7Rα expression, lower percentages of 

BrdU+ cells were found in the DN2 and DN3 populations (Figure IV.3 A), and significantly 

fewer BrdU+ cells were detected in the DN2, DN3, and DN4 populations of Ts65Dn mice in 

comparison to euploid mice (Figure IV.3 B), indicating defects in thymocyte proliferation. No 

significant changes were observed in the more mature DP and SP thymocyte populations (Figure 

IV.3 C,D). One mechanism by which IL-7Rα regulates thymocyte survival, is through induction 

of the expression of the anti-apoptotic protein Bcl-2.  As a marker of survival, Bcl2 expression 

was also measured in all the thymocyte populations. No significant differences in Bcl2 

expression were detected (Figure IV.4 A,B). 
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Figure IV.3. Ts65Dn thymic cells exhibit defects in proliferation and antioxidant 

expression. BrdU incorporation (A-D) in double negative (A,B) or more mature (C,D) 

thymocyte sub-populations from Ts65Dn mice (closed bars) or euploid littermates (open bars) 

was assessed by flow cytometry as described in the Methods. (A,C)  The data are expressed as 

the percent BrdU+ cells in each sub-population.  (B,D)  The data are expressed as the number of 

BrdU+ cells per thymus (n=4, *p<0.05).  
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Figure IV.4. Bcl2 expression in Ts65Dn thymocytes. Bcl2 expression was assessed by flow 

cytometry in double negative (A) or more mature (B) thymocyte sub-populations from Ts65Dn 

mice (closed bars) or euploid littermates (open bars) as described in the Methods.  (n=4,* 

p<0.05).  
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IVD. Mature lymphocyte populations in the bone marrow and spleen are altered in 

Ts65Dn mice 

 
To determine how the changes in the hematopoietic stem and lymphoid progenitor cells 

in the BM and thymus may affect mature lymphocyte homeostasis and function, the composition 

of the spleen was examined. The spleen is a secondary lymphoid organ where B-cells and T-cells 

home to following maturation. In contrast to the thymus, we did not observe any significant 

differences in splenic size and cellularity between euploid and Ts65Dn mice (Figure IV.5 A). A 

previous study reported that although the Ts65Dn spleen is similar in size, extramedullary 

hematopoiesis was occurring, resulting in an increase in erythrocytes and CD41+ 

megakaryocytes. It was also found that the lymphocyte balance was disrupted, with an increased 

percentage of CD3+ T-cells, and a decrease in the percentage of CD19+ B-cells.136 We examined 

the composition of immune cells in the spleen, and did not observe any significant differences in 

the majority of the subsets (Figure IV.5 B).  Similar to a previous report, we found a slight 

increase in the percentage of TCR+ T-cells, and a slight decrease in the percentage of CD19+ 

cells, though these changes were not significant. However, within the TCR+ population we 

observed a significant increase in the percentage of the CD4+ cells, and a significant decrease in 

the percentage of CD8+ cells in Ts mice in comparison to euploid controls. 
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Figure IV.5. Splenocyte populations are altered in Ts65Dn mice. (A) Splenic cellularity (total 

viable, nucleated cells) is similar in Ts65Dn mice (closed bars) and euploid mice (open bars). (n 

= 10). (B) Splenocyte composition was assessed by flow cytometry using the indicated markers.  

(n=4,* p<0.05).  
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IVE. T-cell populations are altered in Ts65Dn mice 

 
In studies of DS patients, several defects in peripheral T-cell populations have been 

observed, including an increased percentage of memory cells and a corresponding decrease in the 

percentage of naïve T-cells.116 To determine if Ts65Dn mice exhibit a similar defect, we 

evaluated the composition of the T-cell population in the spleen in more detail.   In the CD4 T-

cell population, we found a significant decrease in the percentage of CD44lo CD62Lhi naïve 

cells, with a concurrent increase in the CD44hi CD62Llo effector/effector memory population 

(Figure IV.6 A). In the CD8 T-cell population, we a found a significant increase in the CD44hi 

CD62Llo and CD44hi CD62Lhi effector/memory populations (Figure IV.6 B). 

 

IVF. Decreased expression of the IL-7Rαααα chain in splenic T-cells  

 
Similar to developing T-cell progenitors in the thymus, IL-7 signaling also plays a non-

redundant role in T-cell homeostasis in the periphery, promoting proliferation and survival.24,159-

161 When initially isolated, the majority of T-cells in the periphery express IL-7Rα. Culture in 

IL-7-free conditions results in increased IL-7Rα expression, which is dependent on transcription 

and translation. Interestingly, treatment with actinomycin D (ActD) and cycloheximide (CHX) 

resulted in decreased IL-7Rα expression in vitro, suggesting that maintenance of in vivo levels of 

IL-7Rα is dependent on continued transcription and translation.90 We found a general decrease 

in IL-7Rα expression in peripheral T-cells from Ts65Dn mice in comparison to euploid controls 

(Figure IV.6 C-F). Upon T-cell activation, IL-7Rα is downregulated on the majority of T-cell 

subsets. However, a subset of CD8 T-cells that are destined to become memory T-cells continue  
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Figure IV.6. Peripheral T-cell populations are altered in Ts65Dn mice. (A,B) Naïve, 

effector, and memory T-cell sub-populations in Ts65Dn mice (closed bars) and euploid mice 

(open bars) in the CD4+ (A) and CD8+ (B) populations (n = 7). (C-F) IL-7Rα expression was 

assessed by flow cytometry as described in the Methods and expressed as %-positive cells (C,D) 

and mean channel fluorescence (E,F)  (n=7,* p<0.05, ** p<0.01).  
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to express it, indicating that IL-7Rα is important in the generation of memory cells from effector 

cells.86 Therefore a decrease in IL-7Rα expression in the periphery may result in decreased T-

cell survival and proliferation, as well as defective memory T-cell generation. 

IVG. B-cell populations are altered in Ts65Dn mice 

 
 To determine if B-cell maturation and homeostasis was also altered in Ts65Dn mice, we 

evaluated the B-cell progenitor and mature B-cell populations in the bone marrow and the 

spleen. Unlike T-cell progenitors, which need to leave the bone marrow and home to the thymus 

to complete their development, B-cell progenitors continue to develop in the bone marrow, and 

can complete their maturation in the bone marrow, or in the spleen.24,195  The first progenitor 

destined to become a B-cell is the pre-pro B-cell, although a subset of CLP has also been shown 

to have B-cell potential.196 We defined B cell progenitors based upon a combination of markers 

used by the Kearney, Allman, and Pillai laboratories.164 We found a significant decrease in the 

B220+ CD19- CD43+ IgM- pre-pro, B220+ CD19+ CD43+ IgM-pro, and B220+ CD19+ CD43- 

IgM-pre- B-cell populations in Ts65Dn mice in comparison to euploid controls. In contrast, we 

found significant increases in the B220+ CD19+ CD43- IgM+ immature, and B220+ IgM+ IgD+ 

mature B-cell populations (Figure IV.7 A). 

IL-7 signaling is required for B-cell development in mice, but not in humans. 

Nevertheless, human B-cell progenitors have been shown to express IL-7Rα and proliferate in 

response to IL-7 in vitro; and B-cells in IL-7Rα  mutation–induced SCID have been shown to 

have functional defects, suggesting a physiologic role for IL-7 in human B-cell development. 

63,64  During mouse B-cell development, IL-7Rα is expressed from the pre pro-B cells (Fr A) 

stage to the early pre-B cell stage (Fr C) stage, but not in immature and mature B-cells. However,  
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Figure IV.7. BM B-cell populations are altered in Ts65Dn mice. (A) Pre-pro, pro, pre, 

mature,  and immature B-cell sub-populations in Ts65Dn mice (closed bars) and euploid mice 

(open bars) in the BM (n = 5). (B) IL-7Rα expression was assessed by flow cytometry as 

described in the Methods and expressed as mean channel fluorescence (MCF)  (n=5,* p<0.05).  
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mouse germinal center B-cells have been shown to re-express IL-7Rα and, in an IL-7-dependent 

manner, re-express RAG and undertake secondary V(D)J recombination.74  IL-7Rα expression 

was similar in the majority of the BM B-cell populations, although a decrease in the Ts65Dn pro 

B-cell subset was observed (Figure IV.7 B). 

During B-cell development, immature B-cells can home to the spleen to complete their 

maturation. In the spleen, B-cells can be categorized into transitional or immature, follicular, and 

marginal zone types based on their localization and function. We did not find any significant 

changes in the B220+ CD21-CD23- transitional (T) B-cell population in Ts65Dn mice in 

comparison to euploid controls. We did find a significant increase in the percentage of B220+ 

CD21+CD23- marginal zone (MZ) B-cells and a significant decrease in the percentage of B220+ 

CD21int CD23+ follicular (Fo) B-cells (Figure IV.8 A) We also found a significant increase in 

the percentage of B-cells expressing high levels of MHC II and CD80, which have been reported 

to be possible markers of B-cell memory (Figure IV.8 B).165 
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Figure IV.8. Splenic B-cell populations are altered in Ts65Dn mice. (A) Transitional (T), 

marginal zone (MZ), and follicular (Fo) B-cell sub-populations in Ts65Dn mice (closed bars) 

and euploid mice (open bars) in the BM (n=5,* p<0.05). (B) MHC II and CD80 expression were 

assessed by flow cytometry as described in the Methods and expressed as a percentage of CD19+ 

cells  (n=5,* p<0.05). 
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IVH. Lymphocyte function in the periphery is altered in Ts65Dn mice 

 To assess lymphocyte functional capacity in the spleen, whole splenocytes were 

stimulated with polyclonal activators in vitro. Proliferation was measured using CFSE after 48 

and 72 hours as described in the Methods.  To assess T-cell proliferation, splenocytes were 

stimulated with immobilized α-CD3. Proliferation was then assessed in TCR+ T-cells cells by 

flow cytometry. There was a significant decrease in the percentage of TCR+ cells that had 

undergone at least 1 division in Ts65Dn mice in comparison to euploid controls  after 48 (Figure 

IV.9 A) and 72 hours (Figure IV.9 B). There was also a significant decrease in the percentage of 

TCR+ cells that had undergone more than 3 divisions after 72 hours (Figure IV.9 C) in Ts65Dn 

mice.  

To assess B-cell proliferation, total splenocytes were stimulated with varying 

concentrations of α-IgM, α-IgM in combination with IL-4, and E. coli lipopolysaccharide  

(LPS), a known B-cell activator. Proliferation was then assessed in CD19+ B-cells by flow 

cytometry. There was a significant decrease in the percentage of CD19+ cells that had undergone 

at least 1 division in Ts65Dn mice in comparison to euploid controls  after 48 (Figure IV.10 A) 

and 72 hours (Figure IV.10 B) in response to stimulation by α-IgM, and α-IgM in combination 

with IL-4. In contrast, no significant difference was observed when cells were stimulated with 

various concentrations of LPS (Figure IV.10 C,D).  
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Figure IV.9. T-cell proliferation in response to polyclonal activation. (A-C) CFSE analysis of 

T-cell proliferation in response to α-CD3  after 48 (A) and 72 (B,C) hours in Ts65Dn mice 

(closed bars) and euploid mice (open bars) (n = 7, p<0.05) The percentage of TCR+ cells 

undergoing greater than 1 division (A,B) or greater than 3 divisions (C). (D) A representative 

example of T-cell proliferation in response to α-CD3 after 72 hours.  
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Figure IV.10. B-cell proliferation in response to polyclonal activation. (A-D) CFSE analysis 

of CD19+ B-cell proliferation in response to α-IgM and IL-4 (A,B) and LPS (C,D)  after 48 

(A,C) and 72 (B,D) hours in Ts65Dn mice (closed bars) and euploid mice (open bars). The data 

are expressed as the percentage of cells that divided at least once (n = 7, p<0.05).   
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 To separate the effects of B-cell and T-cell co-stimulation as well non-specific cytokine 

secretion by these cells as well as other cells in the spleen, B-cells and T-cells were isolated by 

negative selection as described in the Methods, and cultured separately during stimulation. 

Similar to the experiments with whole splenocytes, the purified T-cells were stimulated with α-

CD3, while the purified B-cells were stimulated with α-IgM, and α−IgM in combination with 

IL-4. Similar to the experiments with whole splenocytes, the purified Ts65Dn TCR+ T-cells 

exhibited decreased proliferation in comparison to euploid controls after 72 hours (Figure IV.11 

A). CD4+ and CD8+ T-cells exhibited similar proliferation profiles (Figure IV.11 B,C).  There 

was also a significant decrease in the percentage of purified CD19+ B-cells that had undergone 

at least 1 division in Ts65Dn mice in comparison to euploid controls after 72 hours (Figure IV.11 

D) in response to stimulation by α-IgM, and α−IgM in combination with IL-4. In contrast, a 

slight increase in proliferation was observed when Ts65Dn cells were stimulated with various 

concentrations of LPS, (Figure IV.11 E) although the biological relevance of this increase is 

unclear. These data demonstrate cell-intrinsic defects in the proliferative responses of Ts65Dn 

peripheral lymphocytes in response to polyclonal stimuli. 
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Figure IV.11. Purified T-cell and B-cell proliferation in response to polyclonal activation. 

(A-E) CFSE analysis of  TCR+ T-cell (A) CD4+ T-cell (B) CD8+ T-cell  (C) CD19+ B-cell 

(D,E) proliferation in response to α-CD3 (A-C) α-IgM and IL-4 (D) and LPS (E)  after 72 hours 

in Ts65Dn mice (closed bars) and euploid mice (open bars). The data are expressed as the 

percentage of cells that divided at least once (n = 3, p<0.05).   
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IVI. Discussion 

 Our data show that the defects in lymphoid progenitor number, IL-7Rα expression and 

IL-7Rα function in Ts65Dn mice are not restricted to the bone marrow.  The Ts65Dn thymus 

was significantly smaller and hypocellular, as previously described.158  This hypocellularity was 

accompanied by a decrease in the proportion, and absolute number of cells expressing IL-7Rα in 

the lineage negative and DN populations and decreased proliferation of the immature DN2, DN3, 

and DN4 populations. IL-7 signaling has been shown to be essential for DN thymocyte 

proliferation and survival 67 , and previous studies have shown that lack of IL-7 or IL-7Rα 

results in an overall decrease in thymic cellularity. 67,155,156 Therefore, diminished IL-7Rα 

expression and/or IL-7 signaling may be causing proliferative defects in the DN thymocyte 

populations and contributing to Ts65Dn thymic hypocellularity.  

 The upregulation of anti-apoptotic Bcl-2 family members by IL-7 signaling is essential 

for thymocyte development and survival.154 Bcl-2 expression was assessed in Ts65Dn thymic 

subpopulations, but no significant changes were found. This may be due to the fact that 

diminished IL-7 signaling in Ts65Dn thymocytes may be affecting the expression of other pro-

survival Bcl-2 family members such as Bcl-XL and Mcl-1, and not Bcl-2 itself. Unfortunately, 

due to the accelerated involution of the Ts65Dn thymus in comparison to euploid controls, we 

were unable to obtain a sufficient number of thymocytes to examine these other targets. In 

addition to the the upregulation of Bcl-2 family members, IL-7 signaling also inhibits the 

function of the pro-apoptotic proteins Bax and Bad by preventing their translocation to 

mitochondrion.197,198 Therefore, it is also possible that decreased IL-7 signaling may be 

specifically modulating Bad and Bax translocation without affecting Bcl-2 expression. 
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 The dysregulation of hematopoietic stem and lymphoid progenitor populations in Ts65Dn 

mice evoked the idea that there may be defects in lymphocyte composition, homeostasis, and 

function in the periphery. Therefore, we first examined the composition of the spleen to ascertain 

which subsets may be altered.  Similar to a previous report, we observed a slight increase in the 

percentage of CD19+ B-cells as well as a slight decrease in the percentage of TCR+ T-cells, 

although the changes we observed were not statistically significant.136 Closer inspection of the 

TCR+ T-cell population revealed an increase in the percentage of CD4+ cells with a concurrent 

decrease in the percentage of CD8+ cells.  

 Further analysis of the CD4+ and CD8+ T-cell populations revealed an overall decrease 

in the percentage of naïve cells and an increase in the effector/memory populations. In addition 

to thymic involution and decreased thymic output, this increased proportion of memory cells is a 

hallmark of the changes observed in an aged immune system, collectively known as 

immunosenescence. Furthermore, a decreased percentage of recent thymic emigrants (RTE) was 

observed in children with DS, and is postulated to contribute to the apparent immunosenscence 

of the T-lymphocyte population in the DS immune system.122 Unfortunately, due to the mixed 

background of the Ts65Dn mice (C57BL/6 and C3H) we are unable to perform the TCR excision 

circle (TREC) assay for RTE analysis.  

Similar to its role in the lymphoid progenitor and immature thymocyte populations, the 

IL-7 signaling pathway plays an essential role in peripheral T-cell homeostasis as well as the 

generation and maintenance of memory T-cells. Naïve T-cell survival is diminished when mice 

are injected with α-IL-7 blocking antibodies, and upon transfer into IL-7 deficient mice. 

Additionally, the number of peripheral T-cells increase in IL-7 overexpressing mice, suggesting 

that IL-7 availability limits the size of the peripheral T-cell pool.  
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Naïve T-cell persistence has been shown to be partially dependent on the induction of 

pro-survival Bcl2 family proteins, with both the JAK-STAT and PI3K pathways contributing to 

these survival signals.154,199,200 Additionally, IL-7 signaling also contributes to naïve T-cell 

survival by preventing atrophy, or the decline in cell size through the activation of the PI3K 

pathway partly by the induction of mTOR and the sustained expression of the glucose transporter 

GLUT1.161,201 Activation of the PI3K pathway results in the inhibition of FOXO1, possibly 

resulting in changes in homing due to the altered expression of CCR7 and KLF2, as well as cell 

cycle induction, since FOXO1 induces expression of the CDK inhibitor CDKN1B.202,203,86,204-206  

The majority of splenic T-cells expressed the IL-7Rα chain, in both the CD4 and CD8, as 

well as naïve and memory populations. Similar to the hematopoietic progenitor and immature 

thymocyte populations, an overall decrease in IL-7Rα expression was observed in the majority 

of the Ts65Dn splenic T-cell populations examined, although this decrease was not as marked. 

This may be due to the fact that a high level of IL-7 signaling may be required for survival in the 

periphery, therefore cells that have excessively low levels of IL-7Rα may have been unable to 

receive sufficient survival signals, undergone apoptosis and therefore not be detected in our 

assays. It is also possible that IL-7 signaling is not drastically altered in the peripheral T-cell 

population in DS. 

Possibly correlating with this decrease in IL-7Rα expression, Ts65Dn TCR+ T-cells 

exhibited decreased proliferation in response to polyclonal stimulation with α–CD3, in both 

whole splenocyte cultures, as well as in purified T-cell cultures. This loss of function may be one 

of the causes of immune dysfunction in DS, as lymphocytes from individuals with DS have also 

been shown to exhibit a decreased proliferative response to polyclonal stimuli such as 

phytohemmaglutinin (PHA)124,162 . It will be interesting to determine if stimulation with bacterial 
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or viral antigens will induce a similar effect. Vaccine studies have shown that IL-7 and TCR 

signaling can synergize to promote antigen-specific effector cell generation, especially when 

using subdominant antigens.207 Therefore deficiencies in both the IL-7 signaling pathway as a 

result of decreased IL-7Rα expression as well as the deficiency in TCR-induced proliferation in 

response to α-CD3 stimulation may contribute to the T-cell dysfunction observed in DS.  

It will also be illuminating to determine if the generation and maintainance of memory T-

cells is impaired as a consequence of the decrease in IL-7Rα expression, since memory T-cell 

generation and survival are reported to be dependent on IL-7Rα expression and IL-7 

signaling;86,204,206,207 as well as if there is impaired TCR diversity, and altered cytokine secretion 

in the periphery, which are signs of immunosenescence. Future directions include challenging 

Ts65Dn mice with virus/bacteria to determine how the T-cell response is altered in vivo. The 

generation of γδ T-cells is dependent on IL-7Rα expression, therefore it will also be interesting 

to determine if there are changes in γδ T-cell generation.208  A recent study has suggested that 

peripheral T-cells in DS patients undergo increased homeostatic proliferation in comparison to 

the general population. This is attributed to the decrease in RTEs, and the need to fill the 

peripheral T-cell niche.159 It is hypothesized that limiting levels of IL-7 are responsible for the 

maintenance of the peripheral T-cell pool, and that T-cells in the periphery will proliferate in 

response to excess, or unused IL-7. Another interesting possibility is that there may be elevated 

levels of IL-7 in the periphery of DS patients, and may therefore result in increased homeostatic 

proliferation, since exogenous administration of IL-7 in mice, as well as in nonhuman primates 

has been shown to induce naïve cell cycling;209 and downregulation of IL-7Rα expression, since 

IL-7 downregulates IL-7Rα expression.90 This will be an interesting topic for further study. It is 

tempting to speculate that the impaired proliferation in the immature thymocyte subsets as a 
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consequence of decreased IL-7Rα expression may be one of the causes of accelerated thymic 

involution as well as decreased thymic output in DS. In turn, the increased, possibly excessive, 

cycling of peripheral T-cells in DS patients may result in premature senescence and impaired 

function. 

The composition and function of B-cell progenitors in the bone marrow, as well as 

mature B-lymphocytes in the spleen were also examined. A significant decrease in the proportion 

of primitive B-cell progenitors in the pre-pro, pro- and pre-B cell stages was observed in Ts65Dn 

BM, with a concurrent increase in the percentage of immature and mature B-cells. During mouse 

B-cell development, IL-7Rα expression is greatest during the pro- and pre-B-cell stages and is 

downregulated at the immature and mature B-cell stages. We observed a slight decrease in IL-

7Rα expression during the pro B-cell stage, which may contribute to the changes in B-cell 

composition in the BM. However, there are likely to be other mechanisms involved, as IL-7 

signaling does not play a significant role in immature and mature B-cell function. 163  Mouse B-

cell development is absolutely dependent on IL-7 signaling, while human B-cell development is 

not, although IL-7 signaling is believed to be important in human B-cell homeostasis.63,64 

Therefore the translation of these results to human DS patients is unclear. 

After developing in the bone marrow, B-cells can continue their maturation in the bone 

marrow, or migrate to the spleen.164 In the spleen, B-cells can be classified based on their 

function and localization. Transitional (Tr) B-cells are still immature. Marginal zone (MZ) B-

cells, as their name implies are found in the marginal sinuses of the spleen, and are poised to 

quickly respond to pathogens in the bloodstream. They are considered to exhibit decreased BCR 

diversity, be more innate-like, and have a lower activation threshold and an increased tendency 

for plasma cell differentiation in comparison to follicular B-cells. Follicular (Fo) B-cells are 
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found in the B-cell follicles of the spleen, and function in promoting T-cell dependent immune 

responses to protein antigens. A significant increase in the percentage of MZ B-cells, paralleled 

by a decrease in the percentage of Fo B-cells was observed in the spleen of Ts65Dn mice. 

Significantly, the spleen of aged C57BL/6 mice have been found to exhibit an increase in the 

percentage of MZ B-cells. Therefore, this observation is consistent with the premature aging of 

the lymphocyte compartment in Ts65Dn mice. There was also a significant increase in the 

percentage of B-cells expressing high levels of MHC II and CD80, which have been reported to 

be possible markers of B-cell memory.165 

Similar to their T-cell counterparts, Ts65Dn CD19+ B-cells exhibited decreased 

proliferation in response to polyclonal stimulation with α–IgM in combination with IL-4, in both 

whole splenocyte cultures, as well as in purified B-cell cultures. However, the stimulation of 

CD19+ B-cells with LPS induced a similar level of proliferation in Ts65Dn and euploid mice. 

This may reflect a defect in protein kinase C (PKC) activation, a previous report has shown that 

PKC activation is required for BCR-mediated NF-κb activation in B-cells, but  LPS stimulation 

can induce the NF-κb pathway even when PKC activity is blocked.210  

 Therefore in conclusion, these data demonstrate significant defects in the lymphoid 

progenitor and mature lymphocyte populations of Ts65Dn mice, with changes in both the 

composition and function of the cells of the bone marrow, thymus, and spleen.  Taken together 

with the hematopoietic stem and progenitor defects observed in Chapter III, the data indicate an 

overall dysfunction of the adaptive immune system in Ts65Dn mice. The data also show that 

decreased IL-7Rα expression may underlie this dysfunction, causing decreased proliferation and 

increased apoptosis. The possible mechanisms by which oxidative stress may regulate IL-7Rα 
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expression to induce changes in lymphoid progenitor and mature lymphocyte populations will be 

discussed in the next chapter. 
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Chapter V. Redox regulation of IL-7Rαααα: a potential mechanism for immune dysfunction 
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VA. Introduction 

Although first recognized as mediators of cell cytotoxicity, reactive oxygen species 

(ROS) play an important role as specific biological signaling molecules.211 ROS have been found 

to mediate signal transduction pathways in almost all physiologic cell functions, in organisms 

ranging from bacteria to humans.212  In the immune system, ROS signals have been implicated in 

T-cell receptor and cytokine signaling, activation of the transcription factors AP-1 and NF-κb, 

and in the increased production of the T-cell mitogen interleukin-2.213-216 However, ROS levels 

in cells must be regulated, because excessive levels will result in damage to cellular components 

and cell death. Antioxidants prevent the accumulation of excessive levels of ROS in cells, and 

are defined as any substance that can prevent, delay, or remove oxidative damage to a target 

molecule.47 Therefore, optimal cell function depends on the maintenance of a state of redox 

balance with the correct, precise spatio-temporal generation of ROS, and ROS neutralization by 

antioxidants or antioxidant enzymes after signal transduction. One of the major antioxidant 

systems in metazoan cells is the glutathione system.52,217 Glutathione is a tripeptide composed of 

the amino acids glutamate, cysteine and glycine.218 Its cysteine component contains a thiol group 

(SH) that is converted into glutathione disulfide (GSSG) in the presence of ROS. This 

thiol/disulfide ratio is a major determinant of cellular redox status. Glutathione biosynthesis is 

largely dependent on the availability of its precursor amino acids, and in this manner competes 

with protein synthesis.219 

In Down Syndrome, increased oxidative stress has been hypothesized to occur due to the 

triplication of the superoxide dismutase-1 (SOD1) antioxidant protein which is found on human 

chromosome 21. The triplication of this antioxidant protein is paradoxically proposed to induce 

increased ROS due to the excessive generation of hydrogen peroxide (H202) that cannot be 
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neutralized by catalase and glutathione peroxidase, and the subsequent conversion of H202 into 

the highly reactive hydroxyl radical (.OH).132,133  

Transgenic mouse models overexpressing SOD1/CuZnSOD exhibit defects in thymic 

morphology and function which may correlate to the defects observed in DS patients, while BM 

progenitors exhibit decreased myeloid colony formation in vitro.133 In addition to SOD1, other 

HSA21 genes that may induce increased oxidative stress include BACH1, and APP. BACH1 is a 

transcription factor that has been reported to inhibit the induction of antioxidant enzymes by 

preventing NF-E2-related nuclear factor 2 (Nrf2) binding to antioxidant response elements 

(AREs) that control antioxidant gene expression.220  β-amyloid precursor protein (β-APP) is an 

integral membrane protein, and is the precursor of the beta amyloid (Aβ) peptide.  APP and Aβ 

are proposed to accumulate in mitochondrial membranes, resulting in defects in mitochondrial 

structure and function and increased ROS generation.221 SOD1, BACH1 and β-APP are 

triplicated in the Ts65Dn mouse. 

Our results in Chapter III and Chapter IV show that increased ROS levels, and stable 

markers of oxidative stress are found in the BM and thymus of Ts65Dn mice. Decreased levels 

of IL-7Rα were also found in the lymphoid progenitor populations residing in these organs. No 

previous studies exist correlating IL-7Rα expression and/or function with ROS generation and 

redox balance. Therefore in this chapter, the link between IL-7Rα expression/function and redox 

balance is examined.  

Additionally, other mechanisms potentially regulating IL-7Rα expression, such as Notch 

signaling and IL-7Rα-targeting microRNAs are explored. Notch signaling has been shown to be 

required for IL-7Rα expression in developing T-cells, and a previous study has reported that 

Notch signaling is enhanced by hypoxia. 166,167 Since the data from Chapter III and Chapter IV 
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show that there is increased oxidative stress in Ts65Dn BM and thymus, inhibition of the Notch 

signaling pathway due to increased ROS levels may contribute to decreased IL-7Rα expression 

in these cells.  

MicroRNAs can induce post-transcriptional gene silencing, and tissue samples from 

Down syndrome patients have increased expression of miRNAs encoded by the triplicated 

chromosome222 . Sequence analysis in the Ts65Dn mice indicated that the same miRNAs are also 

encoded by the triplicated portion of MMU-16.  Thus, increases in miRNA levels may also 

contribute to the decreased levels of IL-7Rα expression in hematopoietic progenitors in the bone 

marrow and thymus.  

 The modulation of redox status of wild-type C57BL/6 hematopoietic progenitors cultured 

in lymphoid promoting conditions resulted in changes in IL-7Rα expression. Treatment with the 

pro-oxidant buthionine sulfoximine (BSO) resulted in decreased IL-7Rα expression and survival 

of BM Lin(-),IL-7Rα+ lymphoid progenitors, while treatment with the antioxidant N-

acetylcysteine (NAC) resulted in enhanced IL-7Rα expression and lymphoid progenitor survival. 

Cells that did not express IL-7Rα were unaffected by these changes in redox balance, and the 

expression levels of the cytokine receptors c-Kit and Flk2 did not decrease in response to BSO 

treatment.  

 Changing redox balance in euploid and Ts65Dn hematopoietic progenitors also induced 

changes in IL-7Rα expression. Treatment with NAC resulted in enhanced IL-7Rα expression 

and/or lymphoid progenitor survival and proliferation in euploid, but not Ts65Dn hematopoietic 

progenitors. Culture at 3% O2 resulted in enhanced IL-7Rα expression and/or lymphoid 

progenitor survival and proliferation in Ts65Dn hematopoietic progenitors. While there was also 

enhanced survival of euploid IL-7Rα-expressing cells at 3% O2, no significant increase in 
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absolute number was observed. Other mechanisms that may modulate IL-7Rα expression in DS 

include the increased expression of the IL-7Rα-targeting microRNAs miR-125b and miR155, 

and decreased activation of the Notch pathway.  

These results suggest that IL-7Rα expression, and the survival and proliferation of 

 IL-7Rα-expressing lymphoid progenitor cells can be specifically inhibited by pro-oxidant 

changes in redox balance, and particularly, by changes in the thiol/disulfide ratio in cells as a 

function of the availability of reduced glutathione.  Furthermore, IL-7Rα expression may also be 

inhibited transcriptionally by decreased Notch signaling, as well as post-transcriptionally by 

increased IL-7Rα–targeting microRNA expression. Therefore, the results provide potential 

mechanisms for the defects in lymphoid development and function observed in DS, and illustrate 

how a deficiency in cytokine receptor expression induced by altered redox balance may underlie 

immune dysfunction. 
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VB. Results 

VB1. Effects of redox balance on IL-7Rαααα expression 

 
To explore the potential relationship between oxidative stress and IL-7Rα expression in 

hematopoietic progenitors, Lin(-) bone marrow cells from wild-type C57BL/6 mice were 

cultured under lymphoid promoting conditions176 in the presence of the antioxidant N-

acetylcysteine (NAC) or the pro-oxidant buthionine sulfoximine (BSO).  After 2 days in culture, 

there were significantly fewer IL-7Rα+ cells in BSO-treated cultures but significantly more IL-

7Rα+ cells in NAC-treated cultures in comparison to untreated cells (Figure V.1 A). A similar 

trend was observed after 5 and 9 days in culture (Figure V.1 B,C). The lymphoid promoting 

culture conditions lead to B cell development in vitro176, and on days 2, 5, and 9, there were 

significantly more B220+ cells in the NAC-treated cultures and significantly fewer B220+ cells 

in BSO-treated culture in comparison to untreated cells (Figure V.1 D-F).  Thus the data suggest 

that pro-oxidant conditions diminish IL-7Rα expression and/or function and inhibit lymphoid 

development in hematopoietic progenitor cells.   
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Figure V.1. Redox balance affects IL-7Rα expression and B-cell generation in vitro.  IL-7Rα 

(A-C)  and B220 (D-F) expression were assessed by flow cytometry in lymphoid progenitor 

cultures. Lineage-depleted hematopoietic progenitors were cultured in vitro in lymphoid-

promoting conditions as described in the Methods. The pro-oxidant buthionine sulfoximine 

(BSO, 1 mM) and antioxidant N-acetylcysteine (NAC, 1 mM) were added to selected cultures. 

IL-7Rα expression was assessed in lineage-negative cells [Lin(-) IL-7Rα+] on Day 2 (A), Day 5 

(B), and Day 9 (C). B220 expression was assessed on Day 2 (D), Day 5 (E), and Day 9 (F). The 

data are expressed as the number of cells in each sub-population. (n=3,* p<0.05).  
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 To definitively measure redox-dependent changes in IL-7Rα expression and function in 

hematopoietic progenitors, bone marrow cells were sorted into Lin(-), IL-7Rα+ and Lin(-), IL-

7Rα- populations prior to initiation of culture under lymphoid promoting conditions.  In the 

absence of any treatment, in vitro culture induced a slight expansion of the Lin(-), IL-7Rα+ cells 

after 5 days. This expansion was markedly enhanced in the presence of NAC, while the total 

number of cells was decreased in the presence of BSO (Figure V.2 A).  This effect was selective 

for the IL-7Rα+ cells, however, as there was no effect of NAC or BSO on the number of the 

Lin(-),IL-7Rα- sorted cells during culture (Figure V.2 B).  Furthermore, the in vitro culture 

conditions led to a rapid loss of IL-7Rα expression in the sorted cells as measured by the 

percentage of IL-7Rα+ cells after 2 days in culture. This was accentuated by exposure to BSO 

while cells treated with NAC retained IL-7Rα expression (Figure V.2 C).  This effect was 

especially marked in the Sca-1/c-kitlo, Flk2+ cells, representing the pool of cells defining the 

CLP population which are dependent upon the pro-survival effects of IL-7Rα signaling (Figure 

V.2 D).  

 NAC and BSO both function in modulating the glutathione pathway. BSO functions as a 

pro-oxidant by inhibiting the γ-glutamylcysteine synthase enzyme, which catalyzes the rate 

limiting step in glutathione synthesis.223 NAC is an acetylated form of cysteine, which is a 

substrate for glutathione synthesis.224 We therefore directly assessed the modulation of the 

glutathione pathway in these cultures by measuring reduced glutathione using the 

monochlorobimane assay.225 The selective effect of BSO treatment on the viability of IL-7Rα+ 

cells suggested an enhanced sensitivity to the drug.  As expected, intracellular GSH levels were 

depleted in all cells treated with BSO (Figure V.2 E), while NAC treatment increased 

intracellular GSH levels significantly only in Lin(-) IL-7Rα+ cells, and not Lin(-) IL-7Rα-)  



123 
 

 

Figure V.2. Pro/anti-oxidant treatment specifically affects the viability of IL-7R α-

expressing cells. FACS-sorted Lin(-), IL-7Rα+ (A) and Lin(-), IL-7Rα (-) (B) hematopoietic 

progenitors were cultured in vitro in lymphoid-promoting media. The pro-oxidant BSO and 

antioxidant NAC were added to selected cultures and the number of viable cells in each culture 

condition was assessed using 7-AAD exclusion by flow cytometry on Day 2 and Day 5. (n=3,* 

p<0.05). (C-D) The percentage of IL-7Rα+ cells was assessed in FACS-sorted Lin(-), IL-7Rα+ 

hematopoietic progenitors in the total viable (C) and Sca-1lo c-Kitlo Flk2+ (D) sub-populations 

by flow cytometry. (n=3,* p<0.05). (E) Intracellular glutathione levels were measured in the 

lineage negative, IL-7Rα-negative ((Lin(-), IL-7R-) lineage negative, IL-7Rα-positive ((Lin(-), 

IL-7R+) populations from lineage negative cells cultured in lymphoid promoting conditions 

treated with pro/anti-oxidants. (F) Intracellular staining for protein carbonyl (PC) levels was 

analyzed by flow cytometry in the indicated hematopoietic progenitor populations as described 

in the Methods from lineage negative cells cultured in lymphoid promoting conditions treated 

with pro/anti-oxidants.  (n=5,* p<0.05). 
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cells.  Remarkably, BSO treatment induced increased protein carbonyl formation in the Lin- IL-

7Rα+, Sca-1/c-kitlo, Lin-, and CLP, but not the Lin(-) IL-7Rα- cells (Figure V.2 F). Similarly, 

NAC treatment diminished protein carbonyl formation in the Lin- IL-7Rα+, Sca-1/c-kitlo, Lin-, 

and CLP, but not the Lin- IL-7Rα- cells (Figure V.2 F).  Thus manipulation of glutathione/redox 

balance seemed to have functional consequences selectively in the IL-7Rα+ populations.    

 BSO treatment did not downregulate cell surface expression of all cytokine receptors, as 

the percentage of cells expressing c-kit (receptor for Stem Cell Factor (SCF)) (Figure V.3 A) or 

Flk2 (receptor for Flt3-ligand) (Figure V.3 B,C) were not diminished and were even slightly 

upregulated. Therefore, the data suggest that increased oxidative stress promotes a loss of IL-

7Rα expression and selectively inhibits the survival of IL-7Rα-expressing hematopoietic 

progenitor and lymphoid cells, but not of IL-7Rα-negative cells.   

 To determine if glutathione levels were also decreased in Ts65Dn mice, ex vivo 

intracellular glutathione levels were measured in hematopoietic progenitor populations in the 

bone marrow, and immature, double negative (DN) cells in the thymus.  Consistent with the 

results from the lymphoid promoting cultures in vitro, reduced glutathione, measured with 

monochlorobimane (MCB), was significantly decreased in the Lin-, IL-7Rα+ and Lin-, IL-7Rα+ 

SKlo lymphoid progenitor populations, but not in the Lin-, IL-7Rα- populations (Figure V.4 A), 

suggesting increased oxidative stress in lymphoid progenitor populations that express IL-7Rα+, 

but not in the non-lymphoid Lin-, IL-7Rα- populations. There was also no significant difference 

observed in reduced glutathione levels in the CLP population.  This may reflect the induced 

apoptosis of cells that do not express sufficient levels of glutathione therefore excluding the  
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Figure V.3. Cytokine receptor expression. Lineage negative cells cultured in lymphoid 

promoting conditions were treated with the pro-oxidant buthionine sulfoximine (BSO, 1 mM) or 

the antioxidant N-acetylcysteine (NAC, 1 mM). The frequency of cells expressing the cytokine 

receptors (A) c-Kit and (B,C) Flk2/Flt3 was assessed by flow cytometry in the Lin(-) or LSK 

hematopoietic progenitor populations.  
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Figure V.4. Oxidative stress in IL-7Rα-expressing cells. (A,B,E) Intracellular glutathione 

levels were measured in the indicated bone marrow (A,B) and thymocyte (E) sub-populations by 

flow cytometry using monochlorobimane as described in the Methods in euploid (open bars) or 

Ts65Dn (closed bars) mice (n=5,* p<0.05). (C) Intracellular staining for protein carbonyl (PC) 

levels was analyzed by flow cytometry in the indicated hematopoietic progenitor populations as 

described in the Methods from (B) euploid (open bars) or Ts65Dn (closed bars) mice (n=5,* 

p<0.05). (C,F) NQO1 expression was assessed in Lin(-) BM (C) and whole thymus (F) by qPCR. 

These data are expressed as the expression of the indicated mRNA relative to control HPRT 

mRNA.  (n=6, ** p<0.01). 
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measurement of cells at the CLP stage with potentially low levels of glutathione. Strikingly, 

reduced glutathione levels were also decreased in the LSK and HSC population in Ts65Dn BM, 

providing further evidence of increased oxidative stress in these populations (Figure V.4 B). 

  Similar to the elevated level of oxidative stress markers found in more immature HSC 

and LSK populations in Chapter III, the IL-7Rα+ cells in the bone marrow of Ts65Dn mice also 

displayed increased protein carbonyl formation ex vivo (Figure V.4 D). Paralleling the data from 

the lymphoid-promoting conditions in vitro, increased protein carbonyl formation was observed 

in the Lin- IL-7Rα+, Sca-1/c-kitlo, and CLP populations in comparison to the Lin- IL-7Rα- 

populations. Furthermore, immature, double negative (DN) Ts65Dn thymocytes exhibited 

decreased reduced glutathione levels in comparison to euploid controls (Figure V.4 E). 

   The coordinated induction of antioxidant enzymes through antioxidant response 

elements (AREs) is a vital part of the cellular response to oxidative stress. Nrf2 binds to AREs 

and induces ARE-dependent gene expression. NAD(P)H:quinone oxidoreductase1 (NQO1) is an 

antioxidant flavoprotein that catalyzes quinine detoxification. NQO1 expression is induced 

during conditions of oxidative stress, and the gene encoding NQO1 contains an ARE, and is a 

known target of Nrf-2. 226 To assess the induction of the antioxidant response in the Ts65Dn 

thymus, the expression of NQO1 in Lin(-) BM (Figure V.4 C) and whole thymi (Figure V.4 F) 

was measured using qPCR. An approximately 50% decrease in NQO1 expression was observed 

in Ts65Dn mice in both Lin(-) BM and thymi in comparison to euploid controls.  Deficient 

NQO1 induction suggests defective antioxidant response induction in Ts65Dn hematopoietic 

progenitors and thymocytes which may cause altered redox balance, increased oxidative stress, 

and contribute to hematopoietic progenitor and thymic dysfunction. Therefore, similar to the 

results in vitro, the data suggest that increased oxidative stress may promote a loss of IL-7Rα 
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expression and decreased survival of IL-7Rα-expressing hematopoietic progenitor and lymphoid 

cells in Ts65Dn mice.   

 To explore the potential relationship between oxidative stress and IL-7Rα expression in 

Ts65Dn hematopoietic progenitors, Lin(-) bone marrow cells from euploid and Ts65Dn mice 

were cultured under lymphoid promoting conditions176 in the presence of the antioxidant N-

acetylcysteine (NAC), 3% O2, and 20.9 % O2, the oxygen concentration in a standard cell culture 

incubator. After 2 days in culture, there was a significant increase in the percentage (Figure V.5 

A) of IL-7Rα+ cells in euploid cultures treated with NAC or cultured at 3% O2 in comparison to 

cells cultured at 20.9 % O2. Similar to NAC-treated wild-type C57BL/6 cells, there was a 

significant increase in the absolute number of euploid NAC-treated IL-7Rα+ cells in euploid 

cultures (Figure V.5 B). However, when cultured in 3% O2 there was no significant increase in 

the absolute number of euploid IL-7Rα+ cells in comparison to the cells cultured at 20.9 % O2. 

In contrast to euploid hematopoietic progenitors, the percentage and absolute number of Ts65Dn 

IL-7Rα+ cells did not increase upon treatment with NAC, but increased when cultured in 3% O2 

(Figure V.5 A,B). Interestingly, Ts65Dn hematopoietic progenitors exhibited similar percentages 

and absolute numbers of IL-7Rα+ cells in comparison to euploid hematopoietic progenitors 

when cells were cultured at 20.9 % O2.  

 Correlating with the changes in IL-7Rα+ expression in euploid cultures, there was a 

significant increase in the percentage and absolute number of B220+ cells in the NAC-treated 

cultures (Figure V.5 C,D), and a significant increase in the percentage, but not the absolute 

number of B220+ cells in 3% O2 cultures. There was also a significant increase in the percentage 

of B220+ cells in Ts65Dn hematopoietic progenitors cultured at 3% O2 in comparison to cells 

cultured at 20.9 % O2 (Figure V.5 C) but in contrast to the pattern of IL-7Rα+ expression, there  
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Figure V.5. Redox balance affects IL-7Rα expression and B-cell generation in Ts65Dn 

hematopoietic progenitors.  IL-7Rα (A,B)  and B220 (C,D) expression were assessed by flow 

cytometry in lymphoid progenitor cultures. Lineage-depleted hematopoietic progenitors from 

euploid and Ts65Dn mice were cultured ex vivo in lymphoid-promoting conditions as described 

in the Methods. The antioxidant N-acetylcysteine (NAC, 1 mM) was added to selected cultures 

and cultures were performed at 20.9% or 3% O2. IL-7Rα expression was assessed in lineage-

negative cells [Lin(-) IL-7Rα+], and B220 expression was assessed in the nucleated cell 

population on Day 2. The data are expressed as the percentage of lineage-negative cells (A,C) or 

as absolute cell number (B,D). (n=4,* p<0.05).  
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was no significant difference in the absolute cell number. (Figure V.5 D). Therefore, the data 

suggest that NAC treatment induces a similar increase in IL-7Rα-+ lymphoid progenitor 

proliferation and/or survival, and B-cell differentiation in wild-type C57BL/6 and euploid, but 

not Ts65Dn hematopoietic progenitors. In contrast, culture in 3%O2 does not simulate this effect 

in euploid hematopoietic progenitors, but promotes an increase in IL-7Rα-+ lymphoid progenitor 

proliferation and/or survival in Ts65Dn hematopoietic progenitors, although the effects are not as 

robust as the changes observed when wild-type or euploid cells are treated with NAC. 

Furthermore, in contrast to NAC treatment, culture in 3%O2 does not promote B-cell 

differentiation and/or proliferation in Ts65Dn, or euploid hematopoietic progenitors. 

 To determine if IL-7Rα expression was being regulated transcriptionally or post-

transcriptionally, IL-7Rα mRNA expression was assessed by qPCR in lineage negative 

hematopoietic progenitor populations in the BM, and in whole thymus. A significant decrease in 

IL-7Rα expression was observed in both the BM (Figure V.6 A) and the thymus (Figure V.6 B).  

Notch signaling is known to be required for T-lineage commitment and specification, and has 

been implicated in the regulation of IL-7Rα expression in the thymus.166,227,228 One of the 

downstream targets of Notch signaling is Hes-1.229 Therefore Hes-1 levels were measured in BM 

and whole thymus to determine if there were any changes in the Notch signaling pathway. A 

significant decrease in Hes-1 expression was observed in both the BM (Figure V.6 C) and the 

thymus (Figure V.6 D).  IL-7 is produced in the thymus by a subset of thymic epithelial cells 

(TECs) which are not yet well characterized.230 We did not observe any significant differences in 

IL-7 expression in the thymus of Ts65Dn mice in comparison to euploid controls (Figure V.6 E) 
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Figure V.6. Gene expression in Ts65Dn BM and thymi. IL-7Rα (A,B), Hes-1 (C,D) and IL-7 

(E) expression were assessed in Lin- BM (A,C) and whole thymus (B,D,E) by qPCR in Ts65Dn 

(closed bar) and euploid controls (open bar). These data are expressed as the expression of the 

indicated mRNA relative to control HPRT mRNA. (n=5, *p<0.05) 
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 As an additional potential mechanism to downregulate IL-7Rα levels, changes in 

microRNA (miRNA) expression levels were measured in Ts65Dn mice.  Tissue samples from 

Down syndrome patients have increased expression of miRNAs encoded by the triplicated 

chromosome222 and sequence analysis in the Ts65Dn mice indicated that the same miRNAs 

(miR-155, miR-125b, let-7c, miR-802 and miR-99a) are also encoded by the triplicated portion 

of MMU-16.  miR-155 and miR-125b are known to be expressed in hematopoietic cells,231,232 

therefore the expression of these miRNAs were measured in the bone marrow and thymus. miR-

155 expression was increased in both lineage-negative and total bone marrow samples in 

Ts65Dn mice in comparison to euploid mice, while miR-125b expression was increased only in 

lineage-negative cells and not total bone marrow  (Figure V.7 A). miR-125b and miR-155 

expression were also analyzed in Ts65Dn thymus, and a significant increase in both microRNAs 

were observed in total thymocytes, as well as immature, double negative (DN) thymocytes 

(Figure V.7 B). Analysis of the 3’-UTR of the IL-7Rα gene using TargetScan233, indicated that it 

contains consensus recognition sites for both miR-155 and miR-125b.  Thus, increases in 

miRNA may also contribute to the decreased levels of IL-7Rα expression in hematopoietic 

progenitors in the bone marrow and thymus. 
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Figure V.7. Increased miRNA expression may induce IL-7Rαααα downregulation. miR125 and 

miR155 expression were assessed in total and Lin(-) BM (A) and total and double-negative 

(DN) thymocytes (B) by qPCR. These data are presented as the expression of the indicated 

niRNA relative to control u6 rRNA (n=5,* p<0.05).  
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The data from Chapter III and Chapter IV suggested that lower ROS levels promoted IL-

7Rα expression. To determine if lymphoid progenitor cells would grow and proliferate more 

efficiently in conditions of low ROS, we performed colony-forming assays at 3% O2 and 20.9 % 

O2, the oxygen concentration in a standard cell culture incubator (Figure V.8). Surprisingly, we 

found that fewer pre-B cell colonies formed in cultures placed at 3% O2 comparison to 20% O2 

(Figure V.8 A). We also assessed myeloid colony formation in the same conditions (Figure V.8 

B-E) and found that culture at 3% O2 did not significantly affect myeloid colony formation. 

Therefore the data suggest that lymphoid cells, specifically, B-cell progenitors, are more 

sensitive to changes in redox balance in comparison to myeloid progenitors.  
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Figure V.8. Selective effect of 3% O2 on lymphoid progenitor cells. Pre-B cell (A) and 

myeloid (B-E) colony forming assays were performed using total bone marrow cells cells from 

euploid (open bars) or Ts65Dn (closed bars) as described in the Methods (n = 5,* p<0.05). CFU 

pre-B: pre-B cell colony forming unit CFU-G: granulocyte colony forming unit; CFU-M: 

monocyte colony forming unit; CFU-GM: granulocyte-monocyte colony forming unit.   
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VC. Discussion 

 
 ROS have been reported to function in cytokine signaling by the inhibition of protein 

tyrosine phosphatases (PTP) to promote signal transduction. An example of this is in IL-4 

signaling, where ROS oxidatively inactivate PTP1B and therefore activate the IL-4 receptor.216 

However, oxidative stress has also been shown to inhibit cytokine signaling. In cardiomyocytes, 

IL-6 signaling is diminished by oxidative stress through the inhibition of JAK1 activation.234 

This inhibition can be rescued by treatment with the antioxidant NAC. The current results 

suggest that increased oxidative stress may be a potential mechanism that downregulates IL-7Rα 

expression and function in hematopoietic progenitors from Ts65Dn mice.  In vitro culture of 

bone marrow progenitors under relatively “hyperoxic” conditions (atmospheric oxygen: 20.9% 

O2) served to diminish IL-7Rα expression; and further oxidative stress caused by exposure to 

buthionine sulfoximine (BSO) exacerbated this effect.  Importantly, treatment with the 

antioxidant N-acetylcysteine (NAC) enhanced IL-7Rα levels and increased survival, 

proliferation and differentiation of normal C57BL/6 wild-type and euploid IL-7Rα+ cells grown 

in IL-7-containing lymphoid-promoting conditions.  Additionally, NAC treatment decreased 

protein carbonyl formation in IL-7Rα+, and not IL-7Rα- progenitor cells.  Because the effects of 

NAC and BSO seemed to be selective for IL-7Rα+-progenitor cells as opposed to cells lacking 

the receptor, the data suggest that oxidative stress can modulate hematopoietic development by 

inhibiting IL-7/IL-7Rα signaling.  NAC and BSO both function in specifically modulating the 

glutathione pathway, therefore it will be interesting to determine whether altering other redox 

pathways such as NADPH oxidase (NOX) activation will have a similar effect, or if the total 
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redox balance of a cell is the main determining factor in regulating IL-7Rα-expression and 

lymphoid progenitor function.  

 Strikingly, IL-7Rα expression in Ts65Dn hematopoietic progenitors was enhanced in 3% 

O2, but not when cultured with NAC. Additionally, the percentage, but not the absolute number 

of Ts65Dn B220+ cells was increased in culture with 3% O2, and no significant change in the 

percentage, or absolute number of B220+ cells was observed when cultured with NAC. Although 

both NAC treatment and culture in 3% O2 provide an environment of decreased oxidative stress, 

there are several possibilities to explain the apparent discrepancy between their effects on wild-

type C57BL/6 and euploid hematopoietic progenitors in contrast to Ts65Dn hematopoietic 

progenitors. It is possible that the concentration, and/or duration of NAC treatment were 

insufficient to alleviate the oxidative stress in Ts65Dn hematopoietic progenitors, while culture 

in 3% O2 was sufficient to restore redox balance. Another possibility is that other antioxidant 

pathways are deficient in Ts65Dn mice that cannot be compensated for by the provision of 

cysteine to the cell in the form of NAC, but that a more global decrease in oxidative stress, as 

provided by the 3% O2 environment, is required to promote lymphoid cell proliferation. 

Additionally, the increase in the absolute number of B220+ cells in NAC-treated, but not 3% O2–

cultured euploid hematopoietic progenitors suggest that although there may be preferential 

survival of B220+ cells at 3% O2 in comparison to other cell types as indicated by the increased 

percentage of B220+ cells; cell differentiation and/or the proliferation of differentiated cells may 

be limited in excessive hypoxia. It is tempting to speculate that lymphoid progenitor 

differentiation, but not proliferation may be inhibited at hypoxia, as the absolute number of 

euploid IL-7Rα+-progenitor cells were increased at 3% O2 although the number of B220+ cells 

were not. It is also possible that hypoxia selectively inhibits the proliferation of more mature 
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B220+ cells, but not of immature IL-7Rα+-progenitor cells. The idea that lymphoid progenitor 

differentiation, and/or the proliferation of more mature B220+ cells is inhibited in excessive 

hypoxia is supported by colony-forming assays performed at 3% and 20% O2 where lymphoid 

pre-B cell colony formation was inhibited at 3% O2 in comparison to 20% O2. In addition to IL-7 

signaling, colony formation in this assay is dependent upon the differentiation of pro B-cells into 

pre-B cells, and/or the proliferation of pre-B cells themselves. Therefore decreased colony 

formation at 3% O2 could be an indication of decreased lymphoid progenitor differentiation, 

and/or more mature lymphoid cell proliferation in addition to decreased responsiveness to IL-7. 

More definitive studies similar to the aforementioned experiments using sorted Lin(-) IL-7Rα+ 

and Lin(-) IL-7Rα(-) C57BL/6 bone marrow cells need to be undertaken to separate the effects 

of proliferation and differentiation in euploid and Ts65Dn hematopoietic progenitors.    

 Another interesting observation is that the percentages and absolute numbers of IL-

7Rα+-cells and B220+ cells are similar in euploid and Ts65Dn hematopoietic progenitors 

cultured at 20 % O2 after 2 days in culture. This is unexpected, because there should be fewer 

lymphoid progenitor/lymphoid-primed cells in lineage depleted hematopoietic progenitor 

samples from Ts65Dn mice in comparison to euploid controls, as fewer CLPs and LMPPs were 

measured ex vivo, as shown in Chapter III. Therefore, the Ts65Dn cells placed in culture at day 0 

should contain fewer cells able to survive, and/or proliferate in lymphoid-promoting conditions. 

Also, if the rates of survival and/proliferation are similar between euploid & Ts65Dn cells, there 

should be a decrease in the percentage and absolute number of IL-7Rα+-cells and B220+ cells 

after 2 days in culture. A possible explanation for this result is that there may be limiting 

amounts of IL-7, Flt3L, or SCF in vivo in the Ts65Dn BM niche, resulting in the inhibition of 

lymphoid progenitor development and differentiation. During culture in lymphoid-promoting 
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conditions, IL-7, Flt3L, and SCF were supplied in equal amounts to euploid and Ts65Dn cells, 

therefore possibly inducing lymphoid progenitor development and differentiation in Ts65Dn 

hematopoietic progenitors which may have had the potential for lymphoid development in vivo, 

but were unable to differentiate, and or proliferate due to the lack of these factors. It will be 

interesting to measure the level of these cytokines in the Ts65Dn mouse, both systemically, and 

in the organs that support hematopoiesis. 

 The selective effect of NAC and BSO treatment on IL-7Rα+-progenitor cells also 

suggest that IL-7Rα+ lymphoid cells may be more sensitive to changes in redox balance in 

comparison to IL-7Rα- myeloid cells. This idea is supported by the colony-forming assays 

performed at 3% and 20% O2: lymphoid pre-B cell colony formation was inhibited at 3% O2, 

while myeloid colony formation was unaffected. Because lineage-negative IL-7Rα+ lymphoid 

cells exhibited increased proliferation and survival when treated with the antioxidant NAC, it 

seems that the optimal range for lymphoid cell proliferation and survival in vitro lies in between 

3% and 20% O2. Studies in hematopoietic stem cells (HSC), embryonic stem cells (ESC), and 

induced pluripotent stem cells (iPSC), show that the survival, stemness and derivation of these 

stem cell populations is optimal at relative “hypoxia” of oxygen levels lower than 20%.235,236 

Interestingly, these stem cell populations also require a certain level of ROS to survive, for 

example, although iPS induction was optimal at 5%, survival was inhibited at 1% O2.
56   

Therefore, redox balance, or ROS levels are likely to play an important role in the function and 

survival of specific cell populations, with some cell types seemingly more sensitive to changes in 

redox balance as opposed to others. This may reflect the characteristics of the niches these cells 

occupy in vivo.  
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 It will be interesting to determine the molecular mechanism underlying the apparent 

redox sensitivity of lymphoid IL-7Rα+-progenitor cells in comparison to myeloid-lineage cells. 

Reduced glutathione levels in Lin(-), IL-7Rα+ bone marrow cells were more than 3-fold lower 

than the Lin(-) IL-7Rα negative cells further supporting the idea that the Lin(-), IL-7Rα+ 

lymphoid progenitor population may be especially susceptible to oxidative stress and/or changes 

in redox balance.  Thus, mechanisms that control glutathione synthesis in lymphoid progenitor 

cells may be subject to control by IL-7Rα signaling.  

 Strikingly, the LSK and HSC populations exhibited an approximately 5-fold increase in 

reduced glutathione in comparison to Lin(-), IL-7Rα+ lymphoid progenitors and an 

approximately 2.5-fold increase in comparison to the CLP population. It is likely that high levels 

of reduced glutathione contribute to the maintenance of the low ROS levels in HSC and 

primitive hematopoietic progenitor populations that is required for their function. It will be 

interesting to determine how specifically modulating glutathione levels will affect HSC 

homeostasis and function. Reduced glutathione levels were also significantly decreased in the 

immature, double negative (DN) thymocyte populations of Ts65Dn mice, potentially underlying 

the decreased IL-7Rα-expression in these sub-populations. Interestingly, in euploid mice, the 

levels of reduced glutathione were greatest in the DN2 and DN3 sub-populations that exhibit the 

highest level of IL-7Rα-expression. In the future, it will be interesting to determine whether high 

levels of reduced glutathione induce IL-7Rα-expression, if IL-7 signaling induces glutathione 

synthesis, or if both mechanisms occur in a positive feedback loop. 

 The inefficient induction of antioxidants may contribute to increased oxidative stress. The 

expression of the antioxidant NQO1 is an indication of the coordinated induction of antioxidant 

enzymes through antioxidant response elements (AREs), which is a vital part of the cellular 
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response to oxidative stress. This response is coordinated by the binding of the transcription 

factor Nrf2 to AREs resulting in ARE-dependent gene expression. The gene encoding NQO1 

contains an ARE, and is a known target of Nrf-2. 226 We measured a decrease in the expression 

of NQO1 in lineage-negative hematopoietic progenitors in the BM and in whole thymus. A 

possible mechanism for decreased NQO1 expression is the triplication of BACH1 on mouse 

chromosome 16 in the Ts65Dn mouse. Overexpression of BACH1 has been shown to inhibit the 

Nrf-2 mediated induction of NQO1 expression.220  

 Similar to the hematopoietic stem cell niche in the bone marrow endosteum, the thymus 

is relatively hypoxic in comparison to other peripheral tissues such as the spleen. 50,157 Previous 

studies have reported increased ROS generation and apoptosis in Ts65Dn thymocytes in 

response to glucocorticoid agonist and LPS treatment, suggesting the presence of oxidative stress 

in the Ts65Dn thymus.158 Therefore, in addition to HSC and lymphoid progenitors in the BM, 

thymocytes may also be especially susceptible to increased oxidative stress.   This suggests that 

insufficient antioxidant production in the Ts65Dn hematopoietic and lymphoid progenitor 

populations in the BM and thymus may be inducing a state of redox imbalance and causing 

oxidative stress.  

The data suggest that redox regulation of cytokine receptor expression varies, since the 

expression of the cytokine receptors c-Kit (receptor for SCF) and Flk2/Flt3 (receptor for Flt3L) 

were not downregulated by BSO treatment. It will be interesting to determine if the expression of 

receptors for other γc cytokines such as IL-2Rα, and the common gamma chain (γc) itself can be 

specifically modulated by changes in glutathione levels and/or changing redox balance. IL-7Rα 

expression is regulated differently than other γc cytokines, instead of its expression being 

induced upon ligand binding such as IL-2Rα, its expression is inhibited.90 Therefore it is 
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tempting to speculate that redox regulation may be a unique feature of IL-7Rα expression, 

although other γc cytokine receptors must first be evaluated.  

 Decreased expression of the Notch signaling target Hes-1 was observed in lineage-

negative hematopoietic progenitors and in whole thymi of Ts65Dn mice. Notch signaling has 

been shown to be required for IL-7Rα expression in developing T-cells, and a previous study in 

muscle cells and neural stem cells has reported that Notch signaling is enhanced by hypoxia 

through the interaction of HIF-1α and the active Notch1 intracellular domain (ICD).166,167 Since 

the data from Chapter III and Chapter IV show that there is increased oxidative stress in Ts65Dn 

BM and thymus, inhibition of the Notch signaling pathway due to increased ROS levels may 

contribute to decreased IL-7Rα expression in these cells, since HIF1α will not be induced at 

levels of high ROS/oxygen. In the future, it will be interesting to determine if HIF1α is indeed 

stabilized, and if there is increased HIF1α target gene expression in euploid BM and thymus in 

comparison to Ts65Dn cells.  

 In addition to increased oxidative stress and/or decreased glutathione levels, and 

diminished Notch signaling, another possible mechanism of decreased IL-7Rα-expression is the 

increased expression of microRNAs that can potentially inhibit IL-7Rα mRNA expression. 

MicroRNAs can induce gene silencing through mRNA destabilization, translational repression, 

or both.168,169 We found increased expression of miR-125b and miR-155 in the BM and thymus, 

and correlating with enhanced IL-7Rα mRNA destabilization, we measured decreased IL-7Rα 

expression in these tissues. 

   No significant differences in IL-7 expression were observed in the thymus of Ts65Dn 

mice. This may be due to the fact that IL-7 production in the thymus may be constant and 

unaffected by external stimuli, as hypothesized in a previous report87 or that the heterogeneous 
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cell population that was used in the qPCR assay masked any differences. Further studies using 

sorted thymic epithelial cells (TECs) that are specifically known to generate IL-7 need to be 

conducted to clarify this issue. 

In conclusion, these data demonstrate that IL-7Rα expression can be modulated by 

changes in redox balance and/or the availability of reduced glutathione. Specifically, the 

survival, proliferation and differentiation of IL-7Rα+ cells, as well as the expression of IL-7Rα 

on the surface of lymphoid progenitor cells is enhanced in the presence of decreased levels of 

ROS and elevated levels of reduced glutathione. Taken together with the data in Chapter III and 

Chapter IV, which indicate increased oxidative stress, decreased antioxidant induction, decreased 

IL-7Rα expression, and  functional and survival defects in Ts65Dn lymphoid progenitor and 

mature lymphocyte populations in the bone marrow, thymus, and spleen; these data suggest that 

the increased oxidative stress in DS patients may be inducing a reduction in IL-7Rα expression, 

resulting in a decline in the function and survival of lymphoid cells as a consequence of 

dysregulated IL-7 signaling, and leading to eventual immune dysfunction.  
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Although Down syndrome (DS) is well-recognized as a disease of impaired cognitive 

ability, immune deficiencies are a significant contributor to morbidity and mortality in this  

disease.184,194,237 Since the 1970’s, the observation that the occurrence of DS seemed to 

correlate with the increased incidence of infections, leukemia, and autoimmune disease led to the 

hypothesis that the DS immune system is inherently defective.115,238 However, possibly due to 

the complex multi-genic etiology of DS, the precise molecular mechanisms underlying the 

immune defects in DS have not been elucidated, and the majority of studies addressing immune 

dysfunction in DS have been purely descriptive. Immune dysfunction in DS has been observed in 

almost all the components of the immune system, with defects observed in the erythroid lineage, 

innate myeloid cells, as well as the T- and B-lymphocytes of the adaptive immune system.107 

Defects have also been observed in the niches where these cells reside; in the bone marrow, 

where all the cells of the immune system with the exception of T-cells develop, 

megakaryocytosis and a myeloproliferative disorder has been detected; while the thymus, the site 

of T-cell development, has been shown to be involuted and exhibit changes in composition and 

function.121,193,239 

Oxidative stress has been related to DS pathology in multiple cell and organ systems, by 

the measurement of various markers of oxidative stress, as well as the improvement in cell 

function upon antioxidant treatment.239 Therefore, using the Ts65Dn mouse model of DS, this 

study attempts to establish a link between oxidative stress and immune dysfunction observed in 

DS, and provide a possible mechanism underlying immune dysfunction. 

 Hematopoietic stem cells (HSC), the fundamental building blocks of the immune system, 

as well as many other adult stem cell populations are believed to reside in niches that contain low 

levels of ROS. This is proposed to protect these stem cells from the deleterious effects of ROS 
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toxicity.240 However, the precise role of ROS in the maintenance and function of more mature 

progenitors and terminally differentiated cell populations is just beginning to be explored.  

 In this study, it was shown that defects in the Ts65Dn immune system extend from 

terminally differentiated lymphocytes in the periphery to the most immature progenitor cell, the 

HSC, with increased oxidative stress and a decline in function observed in the different 

populations that were assessed. Notably, some of these defects parallel those observed during 

aging, where pathology has been linked to increased oxidative stress. A potential mechanism for 

these defects is the decline in IL-7Rα expression, induced by increased oxidative stress and/or 

decreased glutathione levels, consequently resulting in the deterioration of the pro-survival, 

proliferative, lymphoid-promoting IL-7 signaling pathway, and in a decline in the function and 

survival of lymphoid cells, leading to eventual immune dysfunction. 

Another hint at a potential mechanism for oxidative stress-mediated IL-7Rα 

downregulation is decreased expression of the Notch signaling target Hes-1. Notch signaling has 

been shown to be required for IL-7Rα expression in developing T-cells, and previous studies in 

different stem cell types have reported that Notch signaling is enhanced by hypoxia through the 

interaction of HIF-1α and the active Notch1 intracellular domain (ICD).166,167 In the presence of 

increased oxidative stress, inhibition of the Notch signaling pathway may contribute to decreased 

IL-7Rα expression, since HIF1α will not be induced at levels of high ROS/oxygen. Future 

directions include the assessment of HIF1α stability in Ts65Dn BM cells or differentiated iPS 

cells from Ts65Dn patients, as well as the expression of HIF1α target genes.  

 In addition to increased oxidative stress and/or decreased glutathione levels, and 

decreased Notch signaling, another possible mechanism that can contribute to decreased IL-7Rα-

expression in DS is the increased expression of the microRNAs miR-125b and miR-155 that can 
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potentially inhibit IL-7Rα mRNA expression. Decreased IL-7Rα mRNA expression in the BM 

and thymus of the Ts65Dn mouse supports this mechanism. Other microRNAs that can 

potentially inhibit IL-7Rα mRNA expression, but were not assessed in this dissertation are let-7c 

which is predicted to bind to the IL-7Rα mRNA promoter, miR-802 and miR-99a, which are 

also encoded by the triplicated portion of MMU-16. Decreased IL-7Rα expression may also be 

directly caused by triplicated genes in HSA-21 such as Regulator of calcineurin1 (RCAN1). 

Inhibition of calcineurin by RCAN1 has been reported to downregulate the transcription factor 

egr-2 which promotes IL-7Rα expression 241.   

However, it is also possible that the changes in the immune system of individuals with 

DS may be caused by other mechanisms in addition to, or aside from, increased oxidative stress 

and decreased IL-7Rα expression. The triplication of an entire chromosome containing over 300 

genes makes it highly probable that there are multiple mechanisms involved in immune 

dysfunction in DS.  

 The gene encoding lymphocyte function-associated antigen 1 (LFA-1/CD18/αLβ2 

integrin) is located on chromosome 21. LFA-1 is expressed on developing thymocytes and 

lymphocytes, and it plays an important role in thymic selection, leukocyte extravasation and the 

formation of the immunological synapse between T-cells and antigen presenting cells 

(APCs).242,243 In the thymus, developing thymocytes expressing LFA-1 bind to the thymic 

stromal cells expressing intercellular adhesion molecule 1 (ICAM-1). LFA-1 expression was 

assessed in thymuses from DS patients, and was found to be increased.244 Interestingly, increased 

ICAM-1 expression was also observed in DS thymus sections in both the cortical and medullary 

regions, although the gene encoding ICAM-1 is not found on chromosome 21.  Previous studies 

had reported that overexpression of IFNγ and TNF are observed in DS thymuses, and these 



150 
 

 

cytokines have been shown to induce ICAM-1 expression on cultured human thymic epithelial 

cells112. The genes encoding IFNγ and TNF are also not found on chromosome 21, and the 

mechanisms of their upregulation are unknown. Therefore, in the thymus, the increased 

expression of LFA-1 and ICAM-1 can result in abnormal interactions between developing 

thymocytes and the thymic stroma, resulting in aberrant thymocyte selection and maturation.   

On mature T-cells, LFA-1 plays an important role in T-cell extravasation to lymph nodes 

or sites of injury, and during immunological synapse formation, when T-cells interact with 

ICAM1-expressing APCs. LFA-1 forms a peripheral supramolecular activation cluster (pSMAC) 

around the TCR cluster, and the increased strength of this complex results in a decrease in the 

amount of antigen required for T-cell activation.245 Because TCR signaling induces IL-7Rα 

downregulation, it is possible that LFA-1 overexpression could also function as a potential 

mechanism for decreased IL-7Rα expression. Thus, overexpression of LFA-1 could result in 

dysregulation of mature T-cell function as well as TCR signaling, and changes in LFA-1 

expression may explain some of the thymocyte and T-cell related immune defects observed in 

DS. 

The IFNAR gene encoding IFN-α and β receptors is also located on chromosome 21, and 

correspondingly, it has been reported that DS PBMCs exhibit increased sensitivity to IFN-α and 

β.
246,247

  Interestingly, the basal sensitivity to IFN-α and β is enhanced greater than 50% in DS 

PBMC, indicating a complex, multi-genic interaction in the Type-1 interferon response. There 

are several consequences to this increased basal sensitivity. The increased basal level of 2’5 AS 

polymers induced by IFN-α/β signaling which activate RNAse F and induce mRNA degradation 

can have unwanted effects on cellular homeostatic gene expression due to excess mRNA 

degradation. Additionally, reduced reactivity to IFN-α stimulation (fold-increase over basal 
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levels) is observed in trisomy 21 cells in comparison to euploid cells, which is hypothesized to 

make cells especially susceptible to other immunological insults during cancer or viral 

infection.248 

The gene encoding the transcription factor Avian Erythroblastosis Virus E26 Oncogene 

Homolog 2 (ETS2) is another triplicated gene on chromosome 21 that has been reported to play 

an important role in the immune system. Similar to Ts65Dn mice, transgenic mice where ETS2 

is overexpressed exhibit thymic hypocellularity and increased thymocyte apoptosis, implicating a 

role for ETS2 overexpression in the thymic abnormalities observed in DS.140 The overexpression 

of ETS2 in myeloid progenitor cells has also been reported to promote macrophage 

differentiation, and therefore may contribute to the myeloproliferative disease in DS.249  

Furthermore, mutations in the transcription factor GATA1, in combination with trisomy 21 and a 

still undefined genetic alteration can be found in children with DS who develop 

myeloproliferative disease and acute megakaryoblastic leukemia (AMKL).136 Taken together, the 

overexpression of LFA-1, IFNAR, and ETS2, as well as their interactions with the trisomic gene 

products overexpressed in DS, or other euploid genes and/or proteins expressed in a cell, can 

contribute to the immune dysfunction observed in DS in addition to, or independently from, 

oxidative stress. Finally a report showing global changes in methylation from peripheral blood 

leukocytes (PBL) and T-cells from adults with DS underscores the fact that altered methylation 

of genes involved in immune function (by an undetermined mechanism) may also contribute to 

the immune defects observed in DS.250   

 Changes in IL-7Rα expression may also be a function of different circulating levels of 

IL-7, and other γc cytokines, since these cytokines have been reported to induce IL-7Rα 

downregulation. Increased expression of IFNγ and TNF are observed in DS thymuses even 
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though they are not encoded on chromosome 21, therefore it is possible that the multi-genic 

etiology of DS could be inducing the overexpression of cytokines that can potentially induce IL-

7Rα downregulation.112 Future directions include analysis of the expression of these cytokines in 

lymphoid progenitor cells and mature lymphocytes, as well as the determination of IL-7 and γc 

cytokine levels in lymphoid tissue and in the circulation. 

It is tempting to speculate that the inherent decrease in IL-7Rα expression in BM 

hematopoietic progenitors is caused by epigenetic mechanisms originating in the HSC that are 

stably inherited by successive lymphoid progenitor and mature lymphocyte populations, 

resulting in a global deficiency in IL-7Rα expression in all lymphoid populations. This 

hypothesis is supported by studies showing that HSC may have a lymphoid or myeloid bias. 

Myeloid-biased (My-bi) HSC have been shown to generate fewer IL-7Rα expressing cells, 

leading to the hypothesis that the locus for the lymphoid-specific receptor chain IL-7Rα may 

already be epigenetically “primed” in HSC, even though HSC do not express IL-7Rα.251  

Therefore increased oxidative stress may be causing inefficient priming of the IL-7Rα locus in 

Ts65Dn HSCs, resulting in the generation of myeloid-biased HSC, and the eventual dysfunction 

of the lymphoid-based adaptive immune system. 

 Further support for the idea that oxidative stress may be inducing changes in HSC 

function, and consequently, effecting changes in the immune system as a whole, comes from 

studies of aging: in descriptive studies in humans, as well as in experimental animal models. 

Aging is another “syndrome” that has been associated with increased oxidative stress.252 A 

decline of the adaptive immune system is one of the hallmarks of aging, with a decrease in 

lymphoid cell production and changes in lymphocyte composition, function, and diversity, 

resulting in the diminished response to vaccination, and the onset of diseases associated with 
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immune dysfunction such as the increased incidence of infections, autoimmunity and myeloid 

leukemia in the elderly.253,254  These changes parallel some of the defects observed in DS, 

leading to the theory that DS is a disease characterized by premature aging. However, because 

some of the immune defects in DS are observed in newborns and seem to resolve with age, it is 

still unclear whether the immune dysfunction in DS is an intrinsic genetic defect, a function of 

premature aging due to increased oxidative stress, or a combination of both. 

HSC from aged mice have been shown to have increased DNA damage, resulting in 

decreased reconstitution ability. Furthermore, another study in aged mice has reported the clonal 

expansion of intrinsically myeloid-biased HSC during aging, and proposes that this expansion is 

at the core of the immune defects observed during aging.255 Fewer CLP are found in aged mice, 

and there is an increased proportion of memory T-cells in comparison to naïve T-cells.256 These 

defects parallel those found in this study, as well as a previous report that Ts65Dn mice exhibit a 

progressive myeloproliferative disease.136 This suggests a global defect in the immune system in 

the Ts65Dn mouse which may parallel some of the defects observed in individuals with DS, as 

well as the elderly.136  Modulation of IL-7Rα expression has also been observed during aging 

and disease. Older individuals were found to have decreased IL-7Rα expression in the 

EMCD45RA+ CD8+ T-cell population in comparison to younger individuals leading to defects in 

survival and signaling in response to IL-7.257 Additionally, a decline in IL-7Rα expression has 

been observed in lymphocytes in HIV patients and patients with breast cancer, and is correlated 

with a decline in lymphocyte function. 258,259 Furthermore, mutations in the gene encoding IL-

7Rα has even been correlated with increased susceptibility to multiple sclerosis. These reports 

suggest changes in IL-7Rα can significantly affect immune function and are associated with 

disease pathology.260 
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This study also suggests that lymphoid progenitor cells are more finely tuned to detect 

and respond to changes in redox balance in comparison to myeloid lineage cells, and highlights 

the changes in IL-7Rα expression as a potential mechanism for this sensitivity. The observation 

that changes in the levels of reduced glutathione can modulate IL-7Rα expression and the 

survival and proliferation of lymphoid progenitor cells begins to address specific molecular 

mechanisms underlying this responsiveness. Whether changes in IL-7Rα expression are a cause 

or effect of changes in redox balance remains to be determined. 

Therefore, the current study may support modulation of redox balance and IL-7 signaling 

as possible therapeutic targets to treat immune dysfunction in DS, as well as other diseases where 

oxidative stress has been implicated in immunologic deficiencies.  

Numerous clinical trials have assessed the administration of antioxidants to DS patients 

in both adults and children. Although definitive conclusions were difficult to reach due to the 

heterogeneity, and low number of participants, the results from several clinical trials indicated 

that antioxidant treatment did not improve cognition.261 In an attempt at earlier intervention, a 

trial was conducted where over a hundred infants were given a combination of selenium, zinc, 

vitamin A, vitamin E, and vitamin C. The results from this trial led to the conclusion that 

antioxidant treatment did not improve cognition and did not decrease oxidative stress; both 

systemically as urinary isoprostane levels did not change, or in red blood cells as superoxide 

dismutase and glutathione peroxidase activity in these cells did not change. 262,263 Unfortunately, 

lymphocyte function and T-cell development were not assessed. 

Importantly, the investigators who conducted this trial also caution that antioxidants such 

as Vitamin C, when given in excess, can begin to act as pro-oxidants, and that antioxidant 

supplementation can be a cause of increased mortality.264 Therefore this may suggest that a more 
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targeted approach to modulate specific redox-sensitive signaling pathways, or specific cell types 

may have to be undertaken, instead of the global administration of antioxidants. It is also 

possible that the concentrations, combinations, or doses of antioxidants given in the trials were 

insufficient to induce a significant effect although all of the antioxidants were administered at a 

minimum of 100% of the recommended daily allowance (RDA). 

In humans, the occurrence of lymphopenia such as that observed after chemotherapy, 

stem cell transplantation, and infections such as HIV generally results in an extended T-cell 

deficiency that can last from months to years, due to deficient thymic function as well as defects 

in homeostatic proliferation (HPE) of peripheral T-cells.265,266  In animal studies, treatment with 

exogenous IL-7 has been shown to improve T-cell reconstitution, and currently, clinical trials of 

IL-7 administration to boost the immune system for the treatment of HIV and cancer, and for use 

as a vaccine adjuvant are ongoing.267 It will be interesting to determine if exogenous IL-7 

administration may also be able to boost the immune system of individuals with DS. It may also 

be possible to administer IL-7 and/or antioxidants to the mother of a child with DS while the 

diseased fetus is in utero, to possibly augment some of the defects that can already be observed at 

birth.  

Interestingly, DS patients display premature onset of neurodegenerative diseases such as 

dementia associated with the formation of Alzheimer’s Disease (AD)-like Aβ plaques.268 This is 

thought to occur partially because of the triplication of the APP gene, which is the precursor of 

the Aβ protein which is proposed to be the main causative agent of neurodegeneration in AD.269 

Conversely, AD patients also exhibit immune dysfunction and increased oxidative stress is 

observed in AD lymphocytes.270 It has even been proposed that immune dysfunction may be a 

potential cause of neurodegeneration in AD, and that functioning lymphocytes may be help in 
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the elimination of the amyloid beta plaques that cause neurodegeneration in AD. To support this, 

vaccination with Aβ protein in mice has been reported to help in the clearance of Aβ in the brain, 

as well as alleviate cognitive impairment.271,272 Unfortunately, these results did not translate to 

human clinical trials, although Aβ plaque clearance was observed, this did not correlate with 

improvements in the onset of dementia, or patient survival; and meningoencephalitis developd in 

some of those that were given the vaccine.273 However, this study may still be considered to be 

an interesting proof of concept as to how the immune system may be harnessed to treat 

neurodegenerative disease.  Therefore, alleviating immune dysfunction in DS may even help in 

the treatment of the neurodegenerative aspect of the disease.  

Therefore, in conclusion, this study provides a potential mechanism of how redox balance 

may affect immune function, and may provide a starting point for the manipulation of redox 

balance to modulate the immune response in DS, and possibly other degenerative diseases that 

are associated with increased oxidative stress and immune dysfunction.  

  



157 
 

 

 
 
 

 

Reference: 
 

1. Becker, A.J., Mc, C.E. & Till, J.E. Cytological demonstration of the clonal nature of 
spleen colonies derived from transplanted mouse marrow cells. Nature 197, 452-454 
(1963). 

2. Osawa, M., Hanada, K., Hamada, H. & Nakauchi, H. Long-term lymphohematopoietic 
reconstitution by a single CD34-low/negative hematopoietic stem cell. Science (New 
York, N.Y 273, 242-245 (1996). 

3. Kinder, S.J., et al. The orderly allocation of mesodermal cells to the extraembryonic 
structures and the anteroposterior axis during gastrulation of the mouse embryo. 
Development (Cambridge, England) 126, 4691-4701 (1999). 

4. Muller, A.M., Medvinsky, A., Strouboulis, J., Grosveld, F. & Dzierzak, E. Development 
of hematopoietic stem cell activity in the mouse embryo. Immunity 1, 291-301 (1994). 

5. Huber, T.L., Kouskoff, V., Fehling, H.J., Palis, J. & Keller, G. Haemangioblast 
commitment is initiated in the primitive streak of the mouse embryo. Nature 432, 625-
630 (2004). 

6. Adolfsson, J., et al. Upregulation of Flt3 expression within the bone marrow Lin(-
)Sca1(+)c-kit(+) stem cell compartment is accompanied by loss of self-renewal capacity. 
Immunity 15, 659-669 (2001). 

7. Kiel, M.J., et al. SLAM family receptors distinguish hematopoietic stem and progenitor 
cells and reveal endothelial niches for stem cells. Cell 121, 1109-1121 (2005). 

8. Spangrude, G.J., Heimfeld, S. & Weissman, I.L. Purification and characterization of 
mouse hematopoietic stem cells. Science (New York, N.Y 241, 58-62 (1988). 

9. Kondo, M., Weissman, I.L. & Akashi, K. Identification of clonogenic common lymphoid 
progenitors in mouse bone marrow. Cell 91, 661-672 (1997). 

10. Akashi, K., Traver, D., Miyamoto, T. & Weissman, I.L. A clonogenic common myeloid 
progenitor that gives rise to all myeloid lineages. Nature 404, 193-197 (2000). 

11. Katsura, Y. Redefinition of lymphoid progenitors. Nature reviews 2, 127-132 (2002). 
12. Adolfsson, J., et al. Identification of Flt3+ lympho-myeloid stem cells lacking erythro-

megakaryocytic potential a revised road map for adult blood lineage commitment. Cell 
121, 295-306 (2005). 

13. Lu, M., Kawamoto, H., Katsube, Y., Ikawa, T. & Katsura, Y. The common 
myelolymphoid progenitor: a key intermediate stage in hemopoiesis generating T and B 
cells. J Immunol 169, 3519-3525 (2002). 

14. Wada, H., et al. Adult T-cell progenitors retain myeloid potential. Nature 452, 768-772 
(2008). 

15. Schlenner, S.M., et al. Fate mapping reveals separate origins of T cells and myeloid 
lineages in the thymus. Immunity 32, 426-436. 

16. Li, Y.S., Wasserman, R., Hayakawa, K. & Hardy, R.R. Identification of the earliest B 
lineage stage in mouse bone marrow. Immunity 5, 527-535 (1996). 



158 
 

 

17. Allman, D., Li, J. & Hardy, R.R. Commitment to the B lymphoid lineage occurs before 
DH-JH recombination. The Journal of experimental medicine 189, 735-740 (1999). 

18. Melchers, F., et al. Roles of IgH and L chains and of surrogate H and L chains in the 
development of cells of the B lymphocyte lineage. Annual review of immunology 12, 
209-225 (1994). 

19. Egawa, T., et al. The earliest stages of B cell development require a chemokine stromal 
cell-derived factor/pre-B cell growth-stimulating factor. Immunity 15, 323-334 (2001). 

20. Sitnicka, E., et al. Critical role of FLT3 ligand in IL-7 receptor independent T 
lymphopoiesis and regulation of lymphoid-primed multipotent progenitors. Blood 110, 
2955-2964 (2007). 

21. Namen, A.E., et al. Stimulation of B-cell progenitors by cloned murine interleukin-7. 
Nature 333, 571-573 (1988). 

22. Kong, Y.Y., et al. OPGL is a key regulator of osteoclastogenesis, lymphocyte 
development and lymph-node organogenesis. Nature 397, 315-323 (1999). 

23. Hao, Z. & Rajewsky, K. Homeostasis of peripheral B cells in the absence of B cell influx 
from the bone marrow. The Journal of experimental medicine 194, 1151-1164 (2001). 

24. Cariappa, A., et al. Perisinusoidal B cells in the bone marrow participate in T-
independent responses to blood-borne microbes. Immunity 23, 397-407 (2005). 

25. Cariappa, A., et al. The recirculating B cell pool contains two functionally distinct, long-
lived, posttransitional, follicular B cell populations. J Immunol 179, 2270-2281 (2007). 

26. Allman, D., et al. Resolution of three nonproliferative immature splenic B cell subsets 
reveals multiple selection points during peripheral B cell maturation. J Immunol 167, 
6834-6840 (2001). 

27. Martin, F. & Kearney, J.F. Positive selection from newly formed to marginal zone B cells 
depends on the rate of clonal production, CD19, and btk. Immunity 12, 39-49 (2000). 

28. Spangrude, G.J. & Scollay, R. Differentiation of hematopoietic stem cells in irradiated 
mouse thymic lobes. Kinetics and phenotype of progeny. J Immunol 145, 3661-3668 
(1990). 

29. Donskoy, E., Foss, D. & Goldschneider, I. Gated importation of prothymocytes by adult 
mouse thymus is coordinated with their periodic mobilization from bone marrow. J 
Immunol 171, 3568-3575 (2003). 

30. Krueger, A., Garbe, A.I. & von Boehmer, H. Phenotypic plasticity of T cell progenitors 
upon exposure to Notch ligands. The Journal of experimental medicine 203, 1977-1984 
(2006). 

31. Karsunky, H., Inlay, M.A., Serwold, T., Bhattacharya, D. & Weissman, I.L. Flk2+ 
common lymphoid progenitors possess equivalent differentiation potential for the B and 
T lineages. Blood 111, 5562-5570 (2008). 

32. Martin, C.H., et al. Efficient thymic immigration of B220+ lymphoid-restricted bone 
marrow cells with T precursor potential. Nature immunology 4, 866-873 (2003). 

33. Schwarz, B.A. & Bhandoola, A. Circulating hematopoietic progenitors with T lineage 
potential. Nature immunology 5, 953-960 (2004). 

34. Serwold, T., Ehrlich, L.I. & Weissman, I.L. Reductive isolation from bone marrow and 
blood implicates common lymphoid progenitors as the major source of thymopoiesis. 
Blood 113, 807-815 (2009). 

35. Scimone, M.L., Aifantis, I., Apostolou, I., von Boehmer, H. & von Andrian, U.H. A 
multistep adhesion cascade for lymphoid progenitor cell homing to the thymus. 



159 
 

 

Proceedings of the National Academy of Sciences of the United States of America 103, 
7006-7011 (2006). 

36. Zlotoff, D.A., et al. CCR7 and CCR9 together recruit hematopoietic progenitors to the 
adult thymus. Blood 115, 1897-1905. 

37. Allman, D., et al. Thymopoiesis independent of common lymphoid progenitors. Nat 
Immunol 4, 168-174 (2003). 

38. Rothenberg, E.V., Moore, J.E. & Yui, M.A. Launching the T-cell-lineage developmental 
programme. Nature reviews 8, 9-21 (2008). 

39. Passoni, L., et al. Intrathymic delta selection events in gammadelta cell development. 
Immunity 7, 83-95 (1997). 

40. Xiong, N., Kang, C. & Raulet, D.H. Positive selection of dendritic epidermal gammadelta 
T cell precursors in the fetal thymus determines expression of skin-homing receptors. 
Immunity 21, 121-131 (2004). 

41. Petrie, H.T. & Zuniga-Pflucker, J.C. Zoned out: functional mapping of stromal signaling 
microenvironments in the thymus. Annual review of immunology 25, 649-679 (2007). 

42. White, A.A., Crawford, K.M., Patt, C.S. & Lad, P.J. Activation of soluble guanylate 
cyclase from rat lung by incubation or by hydrogen peroxide. The Journal of biological 
chemistry 251, 7304-7312 (1976). 

43. Wang, G.L., Jiang, B.H., Rue, E.A. & Semenza, G.L. Hypoxia-inducible factor 1 is a 
basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proceedings of 
the National Academy of Sciences of the United States of America 92, 5510-5514 (1995). 

44. Sellak, H., Franzini, E., Hakim, J. & Pasquier, C. Reactive oxygen species rapidly 
increase endothelial ICAM-1 ability to bind neutrophils without detectable upregulation. 
Blood 83, 2669-2677 (1994). 

45. Palmer, R.M., Rees, D.D., Ashton, D.S. & Moncada, S. L-arginine is the physiological 
precursor for the formation of nitric oxide in endothelium-dependent relaxation. 
Biochemical and biophysical research communications 153, 1251-1256 (1988). 

46. Picot, D., Loll, P.J. & Garavito, R.M. The X-ray crystal structure of the membrane 
protein prostaglandin H2 synthase-1. Nature 367, 243-249 (1994). 

47. Gutteridge, B.H.a.J. Free Radicals in Biology and Medicine 2nd edition, (Oxford 
University Press, Oxford, UK, 1989). 

48. Oh, I.H. & Kwon, K.R. Concise review: multiple niches for hematopoietic stem cell 
regulations. Stem cells (Dayton, Ohio) 28, 1243-1249. 

49. Jang, Y.Y. & Sharkis, S.J. A low level of reactive oxygen species selects for primitive 
hematopoietic stem cells that may reside in the low-oxygenic niche. Blood 110, 3056-
3063 (2007). 

50. Parmar, K., Mauch, P., Vergilio, J.A., Sackstein, R. & Down, J.D. Distribution of 
hematopoietic stem cells in the bone marrow according to regional hypoxia. Proceedings 
of the National Academy of Sciences of the United States of America 104, 5431-5436 
(2007). 

51. Takubo, K., et al. Regulation of the HIF-1alpha level is essential for hematopoietic stem 
cells. Cell stem cell 7, 391-402. 

52. Simsek, T., et al. The distinct metabolic profile of hematopoietic stem cells reflects their 
location in a hypoxic niche. Cell stem cell 7, 380-390. 

53. Miyamoto, K., et al. Foxo3a is essential for maintenance of the hematopoietic stem cell 
pool. Cell stem cell 1, 101-112 (2007). 



160 
 

 

54. Brunet, A., et al. Akt promotes cell survival by phosphorylating and inhibiting a 
Forkhead transcription factor. Cell 96, 857-868 (1999). 

55. Gan, B., et al. Lkb1 regulates quiescence and metabolic homeostasis of haematopoietic 
stem cells. Nature 468, 701-704. 

56. Yoshida, Y., Takahashi, K., Okita, K., Ichisaka, T. & Yamanaka, S. Hypoxia enhances 
the generation of induced pluripotent stem cells. Cell stem cell 5, 237-241 (2009). 

57. Piccoli, C., et al. Bone-marrow derived hematopoietic stem/progenitor cells express 
multiple isoforms of NADPH oxidase and produce constitutively reactive oxygen 
species. Biochemical and biophysical research communications 353, 965-972 (2007). 

58. Sutherland, G.R., et al. The gene for human interleukin 7 (IL7) is at 8q12-13. Human 
genetics 82, 371-372 (1989). 

59. Fry, T.J. & Mackall, C.L. Interleukin-7: from bench to clinic. Blood 99, 3892-3904 
(2002). 

60. Ariel, A., et al. Induction of T cell adhesion to extracellular matrix or endothelial cell 
ligands by soluble or matrix-bound interleukin-7. European journal of immunology 27, 
2562-2570 (1997). 

61. Buckley, R.H. Molecular defects in human severe combined immunodeficiency and 
approaches to immune reconstitution. Annual review of immunology 22, 625-655 (2004). 

62. Puel, A., Ziegler, S.F., Buckley, R.H. & Leonard, W.J. Defective IL7R expression in T(-
)B(+)NK(+) severe combined immunodeficiency. Nature genetics 20, 394-397 (1998). 

63. Saeland, S., et al. Interleukin-7 induces the proliferation of normal human B-cell 
precursors. Blood 78, 2229-2238 (1991). 

64. Dittel, B.N. & LeBien, T.W. The growth response to IL-7 during normal human B cell 
ontogeny is restricted to B-lineage cells expressing CD34. J Immunol 154, 58-67 (1995). 

65. Lundmark, F., et al. Variation in interleukin 7 receptor alpha chain (IL7R) influences risk 
of multiple sclerosis. Nature genetics 39, 1108-1113 (2007). 

66. von Freeden-Jeffry, U., et al. Lymphopenia in interleukin (IL)-7 gene-deleted mice 
identifies IL-7 as a nonredundant cytokine. The Journal of experimental medicine 181, 
1519-1526 (1995). 

67. Peschon, J.J., et al. Early lymphocyte expansion is severely impaired in interleukin 7 
receptor-deficient mice. J Exp Med 180, 1955-1960 (1994). 

68. Morrissey, P.J., et al. Administration of IL-7 to mice with cyclophosphamide-induced 
lymphopenia accelerates lymphocyte repopulation. J Immunol 146, 1547-1552 (1991). 

69. Damia, G., Komschlies, K.L., Faltynek, C.R., Ruscetti, F.W. & Wiltrout, R.H. 
Administration of recombinant human interleukin-7 alters the frequency and number of 
myeloid progenitor cells in the bone marrow and spleen of mice. Blood 79, 1121-1129 
(1992). 

70. Storek, J., et al. Interleukin-7 improves CD4 T-cell reconstitution after autologous CD34 
cell transplantation in monkeys. Blood 101, 4209-4218 (2003). 

71. Fry, T.J., Christensen, B.L., Komschlies, K.L., Gress, R.E. & Mackall, C.L. Interleukin-7 
restores immunity in athymic T-cell-depleted hosts. Blood 97, 1525-1533 (2001). 

72. Hofmeister, R., et al. Interleukin-7: physiological roles and mechanisms of action. 
Cytokine & growth factor reviews 10, 41-60 (1999). 

73. Venkitaraman, A.R. & Cowling, R.J. Interleukin-7 induces the association of 
phosphatidylinositol 3-kinase with the alpha chain of the interleukin-7 receptor. 
European journal of immunology 24, 2168-2174 (1994). 



161 
 

 

74. Hikida, M., et al. Expression of recombination activating genes in germinal center B 
cells: involvement of interleukin 7 (IL-7) and the IL-7 receptor. The Journal of 
experimental medicine 188, 365-372 (1998). 

75. Nagasawa, T., Kikutani, H. & Kishimoto, T. Molecular cloning and structure of a pre-B-
cell growth-stimulating factor. Proceedings of the National Academy of Sciences of the 
United States of America 91, 2305-2309 (1994). 

76. McNiece, I.K. & Zsebo, K.M. The role of stem cell factor in the hematopoietic system. 
Cancer investigation 11, 724-729 (1993). 

77. Namikawa, R., Muench, M.O., de Vries, J.E. & Roncarolo, M.G. The FLK2/FLT3 ligand 
synergizes with interleukin-7 in promoting stromal-cell-independent expansion and 
differentiation of human fetal pro-B cells in vitro. Blood 87, 1881-1890 (1996). 

78. Corcoran, A.E., et al. The interleukin-7 receptor alpha chain transmits distinct signals for 
proliferation and differentiation during B lymphopoiesis. The EMBO journal 15, 1924-
1932 (1996). 

79. Wiles, M.V., Ruiz, P. & Imhof, B.A. Interleukin-7 expression during mouse thymus 
development. European journal of immunology 22, 1037-1042 (1992). 

80. Van De Wiele, C.J., et al. Thymocytes between the beta-selection and positive selection 
checkpoints are nonresponsive to IL-7 as assessed by STAT-5 phosphorylation. J 
Immunol 172, 4235-4244 (2004). 

81. Munitic, I., et al. Dynamic regulation of IL-7 receptor expression is required for normal 
thymopoiesis. Blood 104, 4165-4172 (2004). 

82. Yu, Q., Erman, B., Park, J.H., Feigenbaum, L. & Singer, A. IL-7 receptor signals inhibit 
expression of transcription factors TCF-1, LEF-1, and RORgammat: impact on 
thymocyte development. The Journal of experimental medicine 200, 797-803 (2004). 

83. Jiang, Q., et al. Retroviral transduction of IL-7Ralpha into IL-7Ralpha-/- bone marrow 
progenitors: correction of lymphoid deficiency and induction of neutrophilia. Gene 
therapy 12, 1761-1768 (2005). 

84. Ouyang, W., Beckett, O., Flavell, R.A. & Li, M.O. An essential role of the Forkhead-box 
transcription factor Foxo1 in control of T cell homeostasis and tolerance. Immunity 30, 
358-371 (2009). 

85. Grenningloh, R., et al. Ets-1 maintains IL-7 receptor expression in peripheral T cells. J 
Immunol 186, 969-976. 

86. Kaech, S.M., et al. Selective expression of the interleukin 7 receptor identifies effector 
CD8 T cells that give rise to long-lived memory cells. Nature immunology 4, 1191-1198 
(2003). 

87. Mazzucchelli, R. & Durum, S.K. Interleukin-7 receptor expression: intelligent design. 
Nat Rev Immunol 7, 144-154 (2007). 

88. Tang, J., et al. TGF-beta down-regulates stromal IL-7 secretion and inhibits proliferation 
of human B cell precursors. J Immunol 159, 117-125 (1997). 

89. Miller, A.R., et al. Transduction of human melanoma cell lines with the human 
interleukin-7 gene using retroviral-mediated gene transfer: comparison of immunologic 
properties with interleukin-2. Blood 82, 3686-3694 (1993). 

90. Park, J.H., et al. Suppression of IL7Ralpha transcription by IL-7 and other prosurvival 
cytokines: a novel mechanism for maximizing IL-7-dependent T cell survival. Immunity 
21, 289-302 (2004). 



162 
 

 

91. Anderson, M.K., Hernandez-Hoyos, G., Diamond, R.A. & Rothenberg, E.V. Precise 
developmental regulation of Ets family transcription factors during specification and 
commitment to the T cell lineage. Development (Cambridge, England) 126, 3131-3148 
(1999). 

92. Xue, H.H., et al. GA binding protein regulates interleukin 7 receptor alpha-chain gene 
expression in T cells. Nature immunology 5, 1036-1044 (2004). 

93. Kerdiles, Y.M., et al. Foxo1 links homing and survival of naive T cells by regulating L-
selectin, CCR7 and interleukin 7 receptor. Nature immunology 10, 176-184 (2009). 

94. Lee, H.C., Shibata, H., Ogawa, S., Maki, K. & Ikuta, K. Transcriptional regulation of the 
mouse IL-7 receptor alpha promoter by glucocorticoid receptor. J Immunol 174, 7800-
7806 (2005). 

95. Pleiman, C.M., et al. Organization of the murine and human interleukin-7 receptor genes: 
two mRNAs generated by differential splicing and presence of a type I-interferon-
inducible promoter. Molecular and cellular biology 11, 3052-3059 (1991). 

96. Down, J.L. Observations on an ethnic classification of idiots. 1866. Mental retardation 
33, 54-56 (1995). 

97. Oliver, T.R., et al. New insights into human nondisjunction of chromosome 21 in 
oocytes. PLoS genetics 4, e1000033 (2008). 

98. Sherman, S. Correction of the evaluation of recombination in meiosis I and II 
nondisjunction in trisomy 21. American journal of human genetics 50, 1137-1138 (1992). 

99. Antonarakis, S.E., Avramopoulos, D., Blouin, J.L., Talbot, C.C., Jr. & Schinzel, A.A. 
Mitotic errors in somatic cells cause trisomy 21 in about 4.5% of cases and are not 
associated with advanced maternal age. Nature genetics 3, 146-150 (1993). 

100. Patterson, D. & Costa, A.C. Down syndrome and genetics - a case of linked histories. Nat 
Rev Genet 6, 137-147 (2005). 

101. Debrot, S. & Epstein, C.J. Tetrasomy 16 in the mouse: a more severe condition than the 
corresponding trisomy. Journal of embryology and experimental morphology 91, 169-
180 (1986). 

102. Korenberg, J.R., et al. Molecular definition of a region of chromosome 21 that causes 
features of the Down syndrome phenotype. American journal of human genetics 47, 236-
246 (1990). 

103. Korenberg, J.R., et al. Down syndrome phenotypes: the consequences of chromosomal 
imbalance. Proceedings of the National Academy of Sciences of the United States of 
America 91, 4997-5001 (1994). 

104. Delabar, J.M., et al. Molecular mapping of twenty-four features of Down syndrome on 
chromosome 21. Eur J Hum Genet 1, 114-124 (1993). 

105. Shapiro, B.L. Down syndrome--a disruption of homeostasis. American journal of medical 
genetics 14, 241-269 (1983). 

106. Pritchard, M.A. & Kola, I. The "gene dosage effect" hypothesis versus the "amplified 
developmental instability" hypothesis in Down syndrome. Journal of neural transmission 
57, 293-303 (1999). 

107. Kusters, M.A., Verstegen, R.H., Gemen, E.F. & de Vries, E. Intrinsic defect of the 
immune system in children with Down syndrome: a review. Clinical and experimental 
immunology 156, 189-193 (2009). 

108. Hasle, H., Clemmensen, I.H. & Mikkelsen, M. Risks of leukaemia and solid tumours in 
individuals with Down's syndrome. Lancet 355, 165-169 (2000). 



163 
 

 

109. Zipursky, A., Thorner, P., De Harven, E., Christensen, H. & Doyle, J. Myelodysplasia 
and acute megakaryoblastic leukemia in Down's syndrome. Leukemia research 18, 163-
171 (1994). 

110. Malinge, S., Izraeli, S. & Crispino, J.D. Insights into the manifestations, outcomes, and 
mechanisms of leukemogenesis in Down syndrome. Blood 113, 2619-2628 (2009). 

111. Murphy, M. & Epstein, L.B. Down syndrome (trisomy 21) thymuses have a decreased 
proportion of cells expressing high levels of TCR alpha, beta and CD3. A possible 
mechanism for diminished T cell function in Down syndrome. Clinical immunology and 
immunopathology 55, 453-467 (1990). 

112. Murphy, M., Friend, D.S., Pike-Nobile, L. & Epstein, L.B. Tumor necrosis factor-alpha 
and IFN-gamma expression in human thymus. Localization and overexpression in Down 
syndrome (trisomy 21). J Immunol 149, 2506-2512 (1992). 

113. Musiani, P., et al. Intrathymic deficient expansion of T cell precursors in Down 
syndrome. Am J Med Genet Suppl 7, 219-224 (1990). 

114. de Hingh, Y.C., et al. Intrinsic abnormalities of lymphocyte counts in children with down 
syndrome. The Journal of pediatrics 147, 744-747 (2005). 

115. Cossarizza, A., et al. Precocious aging of the immune system in Down syndrome: 
alteration of B lymphocytes, T-lymphocyte subsets, and cells with natural killer markers. 
Am J Med Genet Suppl 7, 213-218 (1990). 

116. Barrena, M.J., Echaniz, P., Garcia-Serrano, C. & Cuadrado, E. Imbalance of the CD4+ 
subpopulations expressing CD45RA and CD29 antigens in the peripheral blood of adults 
and children with Down syndrome. Scandinavian journal of immunology 38, 323-326 
(1993). 

117. Roat, E., et al. Homeostatic cytokines and expansion of regulatory T cells accompany 
thymic impairment in children with Down syndrome. Rejuvenation research 11, 573-583 
(2008). 

118. Murphy, M. & Epstein, L.B. Down syndrome (DS) peripheral blood contains 
phenotypically mature CD3+TCR alpha, beta+ cells but abnormal proportions of TCR 
alpha, beta+, TCR gamma, delta+, and CD4+ CD45RA+ cells: evidence for an inefficient 
release of mature T cells by the DS thymus. Clinical immunology and immunopathology 
62, 245-251 (1992). 

119. Larocca, L.M., et al. Alterations in thymocyte subpopulations in Down's syndrome 
(trisomy 21). Clinical immunology and immunopathology 49, 175-186 (1988). 

120. Larocca, L.M., et al. Morphological and immunohistochemical study of Down syndrome 
thymus. Am J Med Genet Suppl 7, 225-230 (1990). 

121. Levin, S., et al. Thymic deficiency in Down's syndrome. Pediatrics 63, 80-87 (1979). 
122. Bloemers, B.L., et al. Decreased thymic output accounts for decreased naive T cell 

numbers in children with Down syndrome. J Immunol 186, 4500-4507. 
123. Zizka, Z., et al. Prenatally diagnosable differences in the cellular immunity of fetuses 

with Down's and Edwards' syndrome. Fetal diagnosis and therapy 21, 510-514 (2006). 
124. Burgio, G.R., et al. Derangements of immunoglobulin levels, phytohemagglutinin 

responsiveness and T and B cell markers in Down's syndrome at different ages. European 
journal of immunology 5, 600-603 (1975). 

125. Nespoli, L., Burgio, G.R., Ugazio, A.G. & Maccario, R. Immunological features of 
Down's syndrome: a review. J Intellect Disabil Res 37 ( Pt 6), 543-551 (1993). 



164 
 

 

126. Avanzini, M.A., et al. Humoral immunodeficiencies in Down syndrome: serum IgG 
subclass and antibody response to hepatitis B vaccine. American journal of medical 
genetics 7, 231-233 (1990). 

127. Costa-Carvalho, B.T., et al. Antibody response to pneumococcal capsular polysaccharide 
vaccine in Down syndrome patients. Brazilian journal of medical and biological research 
= Revista brasileira de pesquisas medicas e biologicas / Sociedade Brasileira de 
Biofisica ... [et al 39, 1587-1592 (2006). 

128. Ugazio, A.G., Maccario, R., Notarangelo, L.D. & Burgio, G.R. Immunology of Down 
syndrome: a review. Am J Med Genet Suppl 7, 204-212 (1990). 

129. de Haan, J.B., et al. Reactive oxygen species and their contribution to pathology in Down 
syndrome. Advances in pharmacology (San Diego, Calif 38, 379-402 (1997). 

130. Jovanovic, S.V., Clements, D. & MacLeod, K. Biomarkers of oxidative stress are 
significantly elevated in Down syndrome. Free radical biology & medicine 25, 1044-
1048 (1998). 

131. Slonim, D.K., et al. Functional genomic analysis of amniotic fluid cell-free mRNA 
suggests that oxidative stress is significant in Down syndrome fetuses. Proc Natl Acad 
Sci U S A 106, 9425-9429 (2009). 

132. de Haan, J.B., Cristiano, F., Iannello, R.C. & Kola, I. Cu/Zn-superoxide dismutase and 
glutathione peroxidase during aging. Biochemistry and molecular biology international 
35, 1281-1297 (1995). 

133. Peled-Kamar, M., Lotem, J., Okon, E., Sachs, L. & Groner, Y. Thymic abnormalities and 
enhanced apoptosis of thymocytes and bone marrow cells in transgenic mice 
overexpressing Cu/Zn-superoxide dismutase: implications for Down syndrome. The 
EMBO journal 14, 4985-4993 (1995). 

134. Gardiner, K., Fortna, A., Bechtel, L. & Davisson, M.T. Mouse models of Down 
syndrome: how useful can they be? Comparison of the gene content of human 
chromosome 21 with orthologous mouse genomic regions. Gene 318, 137-147 (2003). 

135. Miyabara, S., Gropp, A. & Winking, H. Trisomy 16 in the mouse fetus associated with 
generalized edema and cardiovascular and urinary tract anomalies. Teratology 25, 369-
380 (1982). 

136. Kirsammer, G., et al. Highly penetrant myeloproliferative disease in the Ts65Dn mouse 
model of Down syndrome. Blood 111, 767-775 (2008). 

137. Bourdonnay, E., Morzadec, C., Fardel, O. & Vernhet, L. Redox-sensitive regulation of 
gene expression in human primary macrophages exposed to inorganic arsenic. Journal of 
cellular biochemistry 107, 537-547 (2009). 

138. Lawson, V.J., Weston, K. & Maurice, D. Early growth response 2 regulates the survival 
of thymocytes during positive selection. European journal of immunology 40, 232-241. 

139. Stankiewicz, M.J. & Crispino, J.D. ETS2 and ERG promote megakaryopoiesis and 
synergize with alterations in GATA-1 to immortalize hematopoietic progenitor cells. 
Blood 113, 3337-3347 (2009). 

140. Wolvetang, E.J., et al. ETS2 overexpression in transgenic models and in Down syndrome 
predisposes to apoptosis via the p53 pathway. Human molecular genetics 12, 247-255 
(2003). 

141. DeKoter, R.P., et al. Regulation of the interleukin-7 receptor alpha promoter by the Ets 
transcription factors PU.1 and GA-binding protein in developing B cells. The Journal of 
biological chemistry 282, 14194-14204 (2007). 



165 
 

 

142. Klusmann, J.H., et al. miR-125b-2 is a potential oncomiR on human chromosome 21 in 
megakaryoblastic leukemia. Genes & development 24, 478-490. 

143. O'Connell, R.M., et al. Sustained expression of microRNA-155 in hematopoietic stem 
cells causes a myeloproliferative disorder. The Journal of experimental medicine 205, 
585-594 (2008). 

144. Mulero, M.C., et al. Inhibiting the calcineurin-NFAT (nuclear factor of activated T cells) 
signaling pathway with a regulator of calcineurin-derived peptide without affecting 
general calcineurin phosphatase activity. The Journal of biological chemistry 284, 9394-
9401 (2009). 

145. Bhattacharyya, S., et al. NFATc1 affects mouse splenic B cell function by controlling the 
calcineurin--NFAT signaling network. The Journal of experimental medicine 208, 823-
839. 

146. Nottingham, W.T., et al. Runx1-mediated hematopoietic stem-cell emergence is 
controlled by a Gata/Ets/SCL-regulated enhancer. Blood 110, 4188-4197 (2007). 

147. Egawa, T., Tillman, R.E., Naoe, Y., Taniuchi, I. & Littman, D.R. The role of the Runx 
transcription factors in thymocyte differentiation and in homeostasis of naive T cells. The 
Journal of experimental medicine 204, 1945-1957 (2007). 

148. Russell, L.J., et al. Deregulated expression of cytokine receptor gene, CRLF2, is involved 
in lymphoid transformation in B-cell precursor acute lymphoblastic leukemia. Blood 114, 
2688-2698 (2009). 

149. Mundschau, G., et al. Mutagenesis of GATA1 is an initiating event in Down syndrome 
leukemogenesis. Blood 101, 4298-4300 (2003). 

150. Tothova, Z., et al. FoxOs are critical mediators of hematopoietic stem cell resistance to 
physiologic oxidative stress. Cell 128, 325-339 (2007). 

151. Ito, K., et al. Reactive oxygen species act through p38 MAPK to limit the lifespan of 
hematopoietic stem cells. Nat Med 12, 446-451 (2006). 

152. Fry, T.J. & Mackall, C.L. The many faces of IL-7: from lymphopoiesis to peripheral T 
cell maintenance. J Immunol 174, 6571-6576 (2005). 

153. Serwold, T., Ehrlich, L.I.R. & Weissman, I.L. Reductive isolation from bone marrow and 
blood implicates common lymphoid progenitors as the major source of thymopoiesis. 
Blood 113, 807-815 (2009). 

154. Akashi, K., Kondo, M., von Freeden-Jeffry, U., Murray, R. & Weissman, I.L. Bcl-2 
rescues T lymphopoiesis in interleukin-7 receptor-deficient mice. Cell 89, 1033-1041 
(1997). 

155. von Freeden-Jeffry, U., Solvason, N., Howard, M. & Murray, R. The earliest T lineage-
committed cells depend on IL-7 for Bcl-2 expression and normal cell cycle progression. 
Immunity 7, 147-154 (1997). 

156. Grabstein, K.H., et al. Inhibition of murine B and T lymphopoiesis in vivo by an anti-
interleukin 7 monoclonal antibody. J Exp Med 178, 257-264 (1993). 

157. Hale, L.P., Braun, R.D., Gwinn, W.M., Greer, P.K. & Dewhirst, M.W. Hypoxia in the 
thymus: role of oxygen tension in thymocyte survival. American journal of physiology 
282, H1467-1477 (2002). 

158. Paz-Miguel, J.E., et al. Reactive oxygen intermediates during programmed cell death 
induced in the thymus of the Ts(1716)65Dn mouse, a murine model for human Down's 
syndrome. J Immunol 163, 5399-5410 (1999). 



166 
 

 

159. Boise, L.H., Minn, A.J., June, C.H., Lindsten, T. & Thompson, C.B. Growth factors can 
enhance lymphocyte survival without committing the cell to undergo cell division. 
Proceedings of the National Academy of Sciences of the United States of America 92, 
5491-5495 (1995). 

160. Vella, A., Teague, T.K., Ihle, J., Kappler, J. & Marrack, P. Interleukin 4 (IL-4) or IL-7 
prevents the death of resting T cells: stat6 is probably not required for the effect of IL-4. 
The Journal of experimental medicine 186, 325-330 (1997). 

161. Rathmell, J.C., Farkash, E.A., Gao, W. & Thompson, C.B. IL-7 enhances the survival 
and maintains the size of naive T cells. J Immunol 167, 6869-6876 (2001). 

162. Rigas, D.A., Elsasser, P. & Hecht, F. Impaired in vitro response of circulating 
lymphocytes to phytohemagglutinin in Down's syndrome: dose- and time-response 
curves and relation to cellular immunity. International archives of allergy and applied 
immunology 39, 587-608 (1970). 

163. Johnson, S.A., Rozzo, S.J. & Cambier, J.C. Aging-dependent exclusion of antigen-
inexperienced cells from the peripheral B cell repertoire. J Immunol 168, 5014-5023 
(2002). 

164. Allman, D. & Pillai, S. Peripheral B cell subsets. Current opinion in immunology 20, 
149-157 (2008). 

165. Anderson, S.M., Tomayko, M.M., Ahuja, A., Haberman, A.M. & Shlomchik, M.J. New 
markers for murine memory B cells that define mutated and unmutated subsets. The 
Journal of experimental medicine 204, 2103-2114 (2007). 

166. Gonzalez-Garcia, S., et al. CSL-MAML-dependent Notch1 signaling controls T lineage-
specific IL-7R{alpha} gene expression in early human thymopoiesis and leukemia. The 
Journal of experimental medicine 206, 779-791 (2009). 

167. Gustafsson, M.V., et al. Hypoxia requires notch signaling to maintain the undifferentiated 
cell state. Developmental cell 9, 617-628 (2005). 

168. Lee, R.C., Feinbaum, R.L. & Ambros, V. The C. elegans heterochronic gene lin-4 
encodes small RNAs with antisense complementarity to lin-14. Cell 75, 843-854 (1993). 

169. Wightman, B., Ha, I. & Ruvkun, G. Posttranscriptional regulation of the heterochronic 
gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 75, 855-862 
(1993). 

170. Morrison, S.J., Wandycz, A.M., Hemmati, H.D., Wright, D.E. & Weissman, I.L. 
Identification of a lineage of multipotent hematopoietic progenitors. Development 
(Cambridge, England) 124, 1929-1939 (1997). 

171. Godfrey, D.I., Kennedy, J., Suda, T. & Zlotnik, A. A developmental pathway involving 
four phenotypically and functionally distinct subsets of CD3-CD4-CD8- triple-negative 
adult mouse thymocytes defined by CD44 and CD25 expression. J Immunol 150, 4244-
4252 (1993). 

172. Sallusto, F., Geginat, J. & Lanzavecchia, A. Central memory and effector memory T cell 
subsets: function, generation, and maintenance. Annual review of immunology 22, 745-
763 (2004). 

173. Harrison, D.E., Jordan, C.T., Zhong, R.K. & Astle, C.M. Primitive hemopoietic stem 
cells: direct assay of most productive populations by competitive repopulation with 
simple binomial, correlation and covariance calculations. Experimental hematology 21, 
206-219 (1993). 



167 
 

 

174. Ertl, R.P., Chen, J., Astle, C.M., Duffy, T.M. & Harrison, D.E. Effects of dietary 
restriction on hematopoietic stem-cell aging are genetically regulated. Blood 111, 1709-
1716 (2008). 

175. Pujal, J.M. & Gallardo, D. PCR-based methodology for molecular microchimerism 
detection and quantification. Experimental biology and medicine (Maywood, N.J 233, 
1161-1170 (2008). 

176. Cochrane, S.W., Zhao, Y., Welner, R.S. & Sun, X.H. Balance between Id and E proteins 
regulates myeloid-versus-lymphoid lineage decisions. Blood 113, 1016-1026 (2009). 

177. Rice, G.C., Bump, E.A., Shrieve, D.C., Lee, W. & Kovacs, M. Quantitative analysis of 
cellular glutathione by flow cytometry utilizing monochlorobimane: some applications to 
radiation and drug resistance in vitro and in vivo. Cancer research 46, 6105-6110 (1986). 

178. Livak, K.J., Little, W.A., Stack, S.L. & Patterson, T.A. Polymorphisms in the human 
DNA ligase I gene (LIG1) including a complex GT repeat. Mutation research 406, 1-8 
(1998). 

179. Richtsmeier, J.T., Baxter, L.L. & Reeves, R.H. Parallels of craniofacial maldevelopment 
in Down syndrome and Ts65Dn mice. Dev Dyn 217, 137-145 (2000). 

180. Reeves, R.H., et al. A mouse model for Down syndrome exhibits learning and behaviour 
deficits. Nature genetics 11, 177-184 (1995). 

181. Cheng, T., et al. Hematopoietic stem cell quiescence maintained by p21cip1/waf1. 
Science (New York, N.Y 287, 1804-1808 (2000). 

182. Scholzen, T. & Gerdes, J. The Ki-67 protein: from the known and the unknown. Journal 
of cellular physiology 182, 311-322 (2000). 

183. Malin, S., et al. Role of STAT5 in controlling cell survival and immunoglobulin gene 
recombination during pro-B cell development. Nature immunology 11, 171-179. 

184. Goldacre, M.J., Wotton, C.J., Seagroatt, V. & Yeates, D. Cancers and immune related 
diseases associated with Down's syndrome: a record linkage study. Arch Dis Child 89, 
1014-1017 (2004). 

185. Day, S.M., Strauss, D.J., Shavelle, R.M. & Reynolds, R.J. Mortality and causes of death 
in persons with Down syndrome in California. Dev Med Child Neurol 47, 171-176 
(2005). 

186. Yilmaz, O.H., Kiel, M.J. & Morrison, S.J. SLAM family markers are conserved among 
hematopoietic stem cells from old and reconstituted mice and markedly increase their 
purity. Blood 107, 924-930 (2006). 

187. Bensaad, K. & Vousden, K.H. Savior and slayer: the two faces of p53. Nat Med 11, 
1278-1279 (2005). 

188. Ito, K., et al. Regulation of oxidative stress by ATM is required for self-renewal of 
haematopoietic stem cells. Nature 431, 997-1002 (2004). 

189. Cheshier, S.H., Morrison, S.J., Liao, X. & Weissman, I.L. In vivo proliferation and cell 
cycle kinetics of long-term self-renewing hematopoietic stem cells. Proceedings of the 
National Academy of Sciences of the United States of America 96, 3120-3125 (1999). 

190. Sejas, D.P., et al. Inflammatory reactive oxygen species-mediated hemopoietic 
suppression in Fancc-deficient mice. J Immunol 178, 5277-5287 (2007). 

191. Burchill, M.A., Yang, J., Vogtenhuber, C., Blazar, B.R. & Farrar, M.A. IL-2 receptor 
beta-dependent STAT5 activation is required for the development of Foxp3+ regulatory 
T cells. J Immunol 178, 280-290 (2007). 



168 
 

 

192. Zhu, J., Cote-Sierra, J., Guo, L. & Paul, W.E. Stat5 activation plays a critical role in Th2 
differentiation. Immunity 19, 739-748 (2003). 

193. Roizen, N.J. & Amarose, A.P. Hematologic abnormalities in children with Down 
syndrome. American journal of medical genetics 46, 510-512 (1993). 

194. Yang, Q., Rasmussen, S.A. & Friedman, J.M. Mortality associated with Down's 
syndrome in the USA from 1983 to 1997: a population-based study. Lancet 359, 1019-
1025 (2002). 

195. Cariappa, A., Chase, C., Liu, H., Russell, P. & Pillai, S. Naive recirculating B cells 
mature simultaneously in the spleen and bone marrow. Blood 109, 2339-2345 (2007). 

196. Fuxa, M. & Busslinger, M. Reporter gene insertions reveal a strictly B lymphoid-specific 
expression pattern of Pax5 in support of its B cell identity function. J Immunol 178, 
8222-8228 (2007). 

197. Khaled, A.R., Kim, K., Hofmeister, R., Muegge, K. & Durum, S.K. Withdrawal of IL-7 
induces Bax translocation from cytosol to mitochondria through a rise in intracellular pH. 
Proceedings of the National Academy of Sciences of the United States of America 96, 
14476-14481 (1999). 

198. Khaled, A.R., et al. Bax deficiency partially corrects interleukin-7 receptor alpha 
deficiency. Immunity 17, 561-573 (2002). 

199. Maraskovsky, E., et al. Bcl-2 can rescue T lymphocyte development in interleukin-7 
receptor-deficient mice but not in mutant rag-1-/- mice. Cell 89, 1011-1019 (1997). 

200. Pellegrini, M., et al. Loss of Bim increases T cell production and function in interleukin 7 
receptor-deficient mice. The Journal of experimental medicine 200, 1189-1195 (2004). 

201. Wofford, J.A., Wieman, H.L., Jacobs, S.R., Zhao, Y. & Rathmell, J.C. IL-7 promotes 
Glut1 trafficking and glucose uptake via STAT5-mediated activation of Akt to support T-
cell survival. Blood 111, 2101-2111 (2008). 

202. Carlson, C.M., et al. Kruppel-like factor 2 regulates thymocyte and T-cell migration. 
Nature 442, 299-302 (2006). 

203. Sinclair, L.V., et al. Phosphatidylinositol-3-OH kinase and nutrient-sensing mTOR 
pathways control T lymphocyte trafficking. Nature immunology 9, 513-521 (2008). 

204. Kondrack, R.M., et al. Interleukin 7 regulates the survival and generation of memory 
CD4 cells. The Journal of experimental medicine 198, 1797-1806 (2003). 

205. Lenz, D.C., et al. IL-7 regulates basal homeostatic proliferation of antiviral CD4+T cell 
memory. Proceedings of the National Academy of Sciences of the United States of 
America 101, 9357-9362 (2004). 

206. Li, J., Huston, G. & Swain, S.L. IL-7 promotes the transition of CD4 effectors to 
persistent memory cells. The Journal of experimental medicine 198, 1807-1815 (2003). 

207. Melchionda, F., et al. Adjuvant IL-7 or IL-15 overcomes immunodominance and 
improves survival of the CD8+ memory cell pool. The Journal of clinical investigation 
115, 1177-1187 (2005). 

208. Al-Shami, A., Spolski, R., Kelly, J., Keane-Myers, A. & Leonard, W.J. A role for TSLP 
in the development of inflammation in an asthma model. The Journal of experimental 
medicine 202, 829-839 (2005). 

209. Moniuszko, M., et al. Recombinant interleukin-7 induces proliferation of naive macaque 
CD4+ and CD8+ T cells in vivo. Journal of virology 78, 9740-9749 (2004). 



169 
 

 

210. Bone, H. & Williams, N.A. Antigen-receptor cross-linking and lipopolysaccharide trigger 
distinct phosphoinositide 3-kinase-dependent pathways to NF-kappa B activation in 
primary B cells. International immunology 13, 807-816 (2001). 

211. Nathan, C. Specificity of a third kind: reactive oxygen and nitrogen intermediates in cell 
signaling. The Journal of clinical investigation 111, 769-778 (2003). 

212. Droge, W. Free radicals in the physiological control of cell function. Physiological 
reviews 82, 47-95 (2002). 

213. Jackson, S.H., Devadas, S., Kwon, J., Pinto, L.A. & Williams, M.S. T cells express a 
phagocyte-type NADPH oxidase that is activated after T cell receptor stimulation. Nature 
immunology 5, 818-827 (2004). 

214. Su, B., et al. JNK is involved in signal integration during costimulation of T 
lymphocytes. Cell 77, 727-736 (1994). 

215. Galter, D., Mihm, S. & Droge, W. Distinct effects of glutathione disulphide on the 
nuclear transcription factor kappa B and the activator protein-1. European journal of 
biochemistry / FEBS 221, 639-648 (1994). 

216. Sharma, P., et al. Redox regulation of interleukin-4 signaling. Immunity 29, 551-564 
(2008). 

217. Meister, A. & Anderson, M.E. Glutathione. Annual review of biochemistry 52, 711-760 
(1983). 

218. Hopkins, F.G. On an Autoxidisable Constituent of the Cell. The Biochemical journal 15, 
286-305 (1921). 

219. Richman, P.G. & Meister, A. Regulation of gamma-glutamyl-cysteine synthetase by 
nonallosteric feedback inhibition by glutathione. The Journal of biological chemistry 250, 
1422-1426 (1975). 

220. Dhakshinamoorthy, S., Jain, A.K., Bloom, D.A. & Jaiswal, A.K. Bach1 competes with 
Nrf2 leading to negative regulation of the antioxidant response element (ARE)-mediated 
NAD(P)H:quinone oxidoreductase 1 gene expression and induction in response to 
antioxidants. The Journal of biological chemistry 280, 16891-16900 (2005). 

221. Hansson Petersen, C.A., et al. The amyloid beta-peptide is imported into mitochondria 
via the TOM import machinery and localized to mitochondrial cristae. Proceedings of the 
National Academy of Sciences of the United States of America 105, 13145-13150 (2008). 

222. Kuhn, D.E., et al. Chromosome 21-derived microRNAs provide an etiological basis for 
aberrant protein expression in human Down syndrome brains. The Journal of biological 
chemistry 285, 1529-1543. 

223. Griffith, O.W. & Meister, A. Potent and specific inhibition of glutathione synthesis by 
buthionine sulfoximine (S-n-butyl homocysteine sulfoximine). The Journal of biological 
chemistry 254, 7558-7560 (1979). 

224. Snoke, J.E. & Bloch, K. Formation and utilization of gamma-glutamylcysteine in 
glutathione synthesis. The Journal of biological chemistry 199, 407-414 (1952). 

225. Chow, S. & Hedley, D. Flow cytometric determination of glutathione in clinical samples. 
Cytometry 21, 68-71 (1995). 

226. Venugopal, R. & Jaiswal, A.K. Nrf1 and Nrf2 positively and c-Fos and Fra1 negatively 
regulate the human antioxidant response element-mediated expression of 
NAD(P)H:quinone oxidoreductase1 gene. Proceedings of the National Academy of 
Sciences of the United States of America 93, 14960-14965 (1996). 



170 
 

 

227. Ciofani, M., et al. Obligatory role for cooperative signaling by pre-TCR and Notch 
during thymocyte differentiation. J Immunol 172, 5230-5239 (2004). 

228. Sambandam, A., et al. Notch signaling controls the generation and differentiation of early 
T lineage progenitors. Nature immunology 6, 663-670 (2005). 

229. Kageyama, R., Ohtsuka, T. & Tomita, K. The bHLH gene Hes1 regulates differentiation 
of multiple cell types. Molecules and cells 10, 1-7 (2000). 

230. Alves, N.L., et al. Characterization of the thymic IL-7 niche in vivo. Proceedings of the 
National Academy of Sciences of the United States of America 106, 1512-1517 (2009). 

231. O'Connell, R.M., Taganov, K.D., Boldin, M.P., Cheng, G. & Baltimore, D. MicroRNA-
155 is induced during the macrophage inflammatory response. Proceedings of the 
National Academy of Sciences of the United States of America 104, 1604-1609 (2007). 

232. Malumbres, R., et al. Differentiation stage-specific expression of microRNAs in B 
lymphocytes and diffuse large B-cell lymphomas. Blood 113, 3754-3764 (2009). 

233. Lewis, B.P., Burge, C.B. & Bartel, D.P. Conserved seed pairing, often flanked by 
adenosines, indicates that thousands of human genes are microRNA targets. Cell 120, 15-
20 (2005). 

234. Kurdi, M. & Booz, G.W. Evidence that IL-6-type cytokine signaling in cardiomyocytes is 
inhibited by oxidative stress: parthenolide targets JAK1 activation by generating ROS. 
Journal of cellular physiology 212, 424-431 (2007). 

235. Danet, G.H., Pan, Y., Luongo, J.L., Bonnet, D.A. & Simon, M.C. Expansion of human 
SCID-repopulating cells under hypoxic conditions. The Journal of clinical investigation 
112, 126-135 (2003). 

236. Ezashi, T., Das, P. & Roberts, R.M. Low O2 tensions and the prevention of 
differentiation of hES cells. Proceedings of the National Academy of Sciences of the 
United States of America 102, 4783-4788 (2005). 

237. Garrison, M.M., Jeffries, H. & Christakis, D.A. Risk of death for children with down 
syndrome and sepsis. The Journal of pediatrics 147, 748-752 (2005). 

238. Cuadrado, E. & Barrena, M.J. Immune dysfunction in Down's syndrome: primary 
immune deficiency or early senescence of the immune system? Clinical immunology and 
immunopathology 78, 209-214 (1996). 

239. Lloret, A., et al. Different patterns of in vivo pro-oxidant states in a set of cancer- or 
aging-related genetic diseases. Free radical biology & medicine 44, 495-503 (2008). 

240. Mohyeldin, A., Garzon-Muvdi, T. & Quinones-Hinojosa, A. Oxygen in stem cell 
biology: a critical component of the stem cell niche. Cell stem cell 7, 150-161. 

241. Lawson, V.J., Weston, K. & Maurice, D. Egr2 regulates the survival of thymocytes 
during positive selection. Eur J Immunol (2009). 

242. Fine, J.S. & Kruisbeek, A.M. The role of LFA-1/ICAM-1 interactions during murine T 
lymphocyte development. J Immunol 147, 2852-2859 (1991). 

243. Lammermann, T., et al. Rapid leukocyte migration by integrin-independent flowing and 
squeezing. Nature 453, 51-55 (2008). 

244. Murphy, M., Insoft, R.M., Pike-Nobile, L., Derbin, K.S. & Epstein, L.B. Overexpression 
of LFA-1 and ICAM-1 in Down syndrome thymus. Implications for abnormal thymocyte 
maturation. J Immunol 150, 5696-5703 (1993). 

245. Dustin, M.L. The cellular context of T cell signaling. Immunity 30, 482-492 (2009). 



171 
 

 

246. Langer, J.A., Rashidbaigi, A., Lai, L.W., Patterson, D. & Jones, C. Sublocalization on 
chromosome 21 of human interferon-alpha receptor gene and the gene for an interferon-
gamma response protein. Somatic cell and molecular genetics 16, 231-240 (1990). 

247. Tan, Y.H., Schneider, E.L., Tischfield, J., Epstein, C.J. & Ruddle, F.H. Human 
chromosome 21 dosage: effect on the expression of the interferon induced antiviral state. 
Science (New York, N.Y 186, 61-63 (1974). 

248. Gerdes, A.M., Horder, M. & Bonnevie-Nielsen, V. Increased IFN-alpha-induced 
sensitivity but reduced reactivity of 2',5'-oligoadenylate synthetase (2,5AS) in trisomy 21 
blood lymphocytes. Clinical and experimental immunology 93, 93-96 (1993). 

249. Aperlo, C., Pognonec, P., Stanley, E.R. & Boulukos, K.E. Constitutive c-ets2 expression 
in M1D+ myeloblast leukemic cells induces their differentiation to macrophages. 
Molecular and cellular biology 16, 6851-6858 (1996). 

250. Kerkel, K., et al. Altered DNA methylation in leukocytes with trisomy 21. PLoS genetics 
6, e1001212. 

251. Muller-Sieburg, C.E., Cho, R.H., Karlsson, L., Huang, J.F. & Sieburg, H.B. Myeloid-
biased hematopoietic stem cells have extensive self-renewal capacity but generate 
diminished lymphoid progeny with impaired IL-7 responsiveness. Blood 103, 4111-4118 
(2004). 

252. Harman, D. Aging: a theory based on free radical and radiation chemistry. Journal of 
gerontology 11, 298-300 (1956). 

253. Pawelec, G. Immunosenescence: impact in the young as well as the old? Mechanisms of 
ageing and development 108, 1-7 (1999). 

254. Targonski, P.V., Jacobson, R.M. & Poland, G.A. Immunosenescence: role and 
measurement in influenza vaccine response among the elderly. Vaccine 25, 3066-3069 
(2007). 

255. Beerman, I., et al. Functionally distinct hematopoietic stem cells modulate hematopoietic 
lineage potential during aging by a mechanism of clonal expansion. Proceedings of the 
National Academy of Sciences of the United States of America 107, 5465-5470. 

256. Lerner, A., Yamada, T. & Miller, R.A. Pgp-1hi T lymphocytes accumulate with age in 
mice and respond poorly to concanavalin A. European journal of immunology 19, 977-
982 (1989). 

257. Kim, H.R., Hong, M.S., Dan, J.M. & Kang, I. Altered IL-7Ralpha expression with aging 
and the potential implications of IL-7 therapy on CD8+ T-cell immune responses. Blood 
107, 2855-2862 (2006). 

258. Vudattu, N.K., Magalhaes, I., Schmidt, M., Seyfert-Margolis, V. & Maeurer, M.J. 
Reduced numbers of IL-7 receptor (CD127) expressing immune cells and IL-7-signaling 
defects in peripheral blood from patients with breast cancer. International journal of 
cancer 121, 1512-1519 (2007). 

259. Rethi, B., et al. Loss of IL-7Ralpha is associated with CD4 T-cell depletion, high 
interleukin-7 levels and CD28 down-regulation in HIV infected patients. AIDS (London, 
England) 19, 2077-2086 (2005). 

260. Gregory, S.G., et al. Interleukin 7 receptor alpha chain (IL7R) shows allelic and 
functional association with multiple sclerosis. Nature genetics 39, 1083-1091 (2007). 

261. Salman, M. Systematic review of the effect of therapeutic dietary supplements and drugs 
on cognitive function in subjects with Down syndrome. Eur J Paediatr Neurol 6, 213-
219 (2002). 



172 
 

 

262. Ellis, J.M., et al. Supplementation with antioxidants and folinic acid for children with 
Down's syndrome: randomised controlled trial. BMJ (Clinical research ed 336, 594-597 
(2008). 

263. Bjelakovic, G., Nikolova, D., Gluud, L.L., Simonetti, R.G. & Gluud, C. Mortality in 
randomized trials of antioxidant supplements for primary and secondary prevention: 
systematic review and meta-analysis. Jama 297, 842-857 (2007). 

264. Podmore, I.D., et al. Vitamin C exhibits pro-oxidant properties. Nature 392, 559 (1998). 
265. Guimond, M., et al. Interleukin 7 signaling in dendritic cells regulates the homeostatic 

proliferation and niche size of CD4+ T cells. Nature immunology 10, 149-157 (2009). 
266. Hakim, F.T., et al. Age-dependent incidence, time course, and consequences of thymic 

renewal in adults. The Journal of clinical investigation 115, 930-939 (2005). 
267. Mackall, C.L., Fry, T.J. & Gress, R.E. Harnessing the biology of IL-7 for therapeutic 

application. Nature reviews 11, 330-342. 
268. Mann, D.M., Royston, M.C. & Ravindra, C.R. Some morphometric observations on the 

brains of patients with Down's syndrome: their relationship to age and dementia. Journal 
of the neurological sciences 99, 153-164 (1990). 

269. Zana, M., et al. Age-dependent oxidative stress-induced DNA damage in Down's 
lymphocytes. Biochemical and biophysical research communications 345, 726-733 
(2006). 

270. Kadioglu, E., Sardas, S., Aslan, S., Isik, E. & Esat Karakaya, A. Detection of oxidative 
DNA damage in lymphocytes of patients with Alzheimer's disease. Biomarkers 9, 203-
209 (2004). 

271. Janus, C., et al. A beta peptide immunization reduces behavioural impairment and 
plaques in a model of Alzheimer's disease. Nature 408, 979-982 (2000). 

272. Morgan, D., et al. A beta peptide vaccination prevents memory loss in an animal model 
of Alzheimer's disease. Nature 408, 982-985 (2000). 

273. Holmes, C., et al. Long-term effects of Abeta42 immunisation in Alzheimer's disease: 
follow-up of a randomised, placebo-controlled phase I trial. Lancet 372, 216-223 (2008). 

 
 


