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 Hematopoietic precursor cells (HPCs) migrate from bone marrow (BM) to 

thymus where they differentiate into T cells. Successful large scale ex vivo production 

of mature T cells will be of great use for reconstitution or enhancement of the immune 

system in immune compromised patients. Recently, an in vitro T cell development 

culture system employing murine bone marrow stromal cells (OP9) engineered to 

express the Notch ligand Delta-like 1 (DL1), supplemented with IL-7 and Flt3L, has 

been described to support early T cell differentiation from HPCs.  

 HPCs with T cell differentiation potential are found in cord blood (CB), fetal 

liver (FL), fetal thymus (FT) and BM. Of these sources, BM HPCs are an ideal 

candidate for adoptive immunotherapy due to ease of obtaining autologous 

HLA-matched HPCs from patients' BM. However, adult BM T cell differentiation in the 

OP9 in vitro culture system is not well studied. Human T cell development stages in 

thymus are characterized in the following order: CD8-CD4- (DN), 

CD4+CD8-CD3- (ISP), CD4+CD8+ (DP) CD3lo, DP CD3hiTCR αβ+, CD4+CD3hiTCR αβ+ 

or CD8+CD3hiTCR αβ+. Here, we demonstrate that HPCs of CB, FL, FT, or adult BM 

origin differ in their T cell development potential in the OP9 in vitro culture system. 
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Adult BM HPCs yielded limited DP cells in the in vitro culture system. IL-7 was 

reported to inhibit DN to DP precursor T cell transition in mice, likely by inhibiting 

pre-TCR signaling. Consistent with previous findings we observed that IL-7 

withdrawal enhanced DN to DP differentiation. Surprisingly, we found that IL-7 had no 

inhibitory effect on pre-TCR signaling as measured by the formation of T cell receptor 

excision circles (TREC). To directly evaluate the role of IL-7 on pre-TCR signaling, 

we modified a T-ALL precursor T cell line Molt3. We report that IL-7 enhanced human 

pre-TCR signaling by activating Erk1/2 and Akt signaling pathways. Thus, we 

conclude that IL-7 inhibition of DN to DP transition is mediated by factors other than 

pre-TCR signaling. Our findings from this study help clarify the role of IL-7 and 

pre-TCR signaling, and advance the understanding of adult human T-cell 

development in vitro.  
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CHAPTER 1 
OVERVIEW 

Characterization of the T cell Development in Men and Mice 

T cells have an essential role in an adaptive immune system. Yet the necessary 

signals directing human hematopoietic precursor cells (HPCs) differentiation to 

mature T cells remains poorly understood. Further understanding of human T cell 

development can contribute greatly to establishing in vitro culture systems that induce 

donor matched HPCs to develop into mature T cells. Such in vitro derived T cells 

could be used for cancer immunotherapies, and enhancement or reconstitution of the 

immune system in HIV patients. Thus, successful development and large scale 

production of ex vivo antigen-specific T cells have gained tremendous interest due to 

its clinical potential. However, currently there is no established culture system that 

allows for large scale production of T cells in vitro. 

T cells can be first classified in to two broad categories based on the type of 

dimerized T cell receptor (TCR) subunits, expressed on the cell surface namely αβ T 

cells and γδ T cells expressing αβ and γδ TCR respectively . The majority of mature 

T cells in lymphoid organs are αβ T cells which are MHC-restricted, meaning that 

they only respond to peptides presented by specific MHC class I or class II 

molecules. On the other hand, γδ T cells are involved in the surveillance of microbial 

and non-microbial tissue stress without MHC-restrictions and only constitute about 

1-10% of the total mature T cells (1). Here we will focus on αβ T cell development 

from HPCs, as they are the dominant and most studied T cell category as well as 

play a major role in adaptive immune system. Expression of either CD8 or CD4 

co-receptor separates the mature αβ T cells into the conventionally accepted CD8+ 
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cytotoxic lymphocytes (CTL) and CD4+ helper T cells (Th) subsets. Both CD8 and 

CD4 T cells can differentiate into memory T cells, and provide long term immunity 

against a specific antigen. CD4+ helper T cells are divided into more specific 

functional subsets, namely Th1, Th2, T regulatory, and Th17 based on their effector 

cytokine response. Another minor subset of αβ T cells are the natural killer T (NKT) 

cells that express surface molecules attributed with natural killer (NK) and T cells but 

will not be discussed further. 

Due to advances in the developed assay systems such as fetal thymus organ 

cultures (FTOC), which allow monitoring of T cell differentiation from human 

precursors, our knowledge about human thymic T cell development has increased 

considerably. In mice and humans HPCs are derived from fetal liver in the pre-natal 

phase and from the bone marrow (BM) after birth. BM HPCs migrate to thymus, 

where they assemble αβ TCR and CD8 or CD4 co-receptor and develop into mature 

αβ T cells (2, 3). Successful T cell development requires interaction between the 

thymocytes and mixture of thymic stroma consisting of epithelial cells, macrophages, 

follicular dendritic cells and fibroblasts arrayed in a complex three dimensional 

architecture (4-6). As the thymocytes travel through the thymus during T cell 

development, these individual stromal components play specialized roles at the 

different stages of differentiation (7, 8). The thymus consists of distinctive cortical and 

medullary areas, which can be demarcated by the presence of particular stromal cell 

types and maturation stages of thymocyte precursors found in the region.  

T cell development can be characterized in four steps (4-6, 9). In the first step is 

hematopoietic stem cell giving rise to lymphoid precursor cells, a process that occurs 
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in bone marrow. The thymus consists of many lobules, each of which has an inner 

medullary region which is surrounded by an outer cortex. For the second step, 

lymphoid progenitors enter thymus at the junction between the medulla and cortex. At 

the cortico-medullary junction the progenitors interact with fibroblasts and epithelial 

cells and differentiate from CD8-CD4- double negative (DN) to CD8+CD4+ double 

positive (DP) cells. During the DN to DP transition the cells rearrange TCR β gene 

locus, express pre-TCR complex formed of TCR β chain, pre-Tα and CD3. Signaling 

via pre-TCR complex selects for the cells that have successfully rearranged β chain 

to progress to the next stage, and this process is termed β-selection. The cells that 

have undergone β-selection initiate rearrangement at the TCR α locus, while 

migrating from the medulla to outer cortex. In the third step, DP T cells expressing the 

αβ TCR complex undergo two more selection procedures called positive and 

negative selection, in which the immature/developing T cells expressing TCR 

complexes with weak affinity for self-antigens survive and high affinity autoreactive 

cells undergo cell death. DP cells migrate back to the cortex-medulla junction, where 

they interact with thymic epithelial cells and dendritic cells. Thymic epithelial cells play 

a major role in positive selection by providing low avidity TCR/MHC-peptide complex 

interactions. Follicular dendritic cells mediate negative selection; however they may 

not be solely responsible for this process. The fourth and final stage of T cell 

development is commitment to either CD4+ or CD8+ T cell lineage as the DP cells 

permanently down-regulates one of the two co-receptors. In the end, mature T cells 

migrate to medulla in the thymus, from where they enter the blood stream. This 

migration process, which facilitates T cell development is guided by chemokine 
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gradients secreted by the region-specific thymic stromal cells (10). Thus, the need for 

differentiating T cells to establish physical contact with an uncharacterized thymic 

stoma cell mix, along with the complexity of multiple thymic microenvironments 

makes it difficult to design and successfully establish an in vitro cell culture model to 

support HPC to T cell development.  

Our understanding of human T cell development is based on studies done using 

SCID mouse model (11-14), excised human thymic tissues (15-17), by reconstitution 

of human HPCs in murine FTOC (18-22), and short term in vitro suspension cultures 

(23, 24). Although mice and humans have similar T cell differentiation stages, critical 

differences exist such as, the difference in surface markers used to characterize 

these stages, timing of β-selection process and physical differences between the 

expression and function of key T cell development-related receptors such as pre-Tα 

and IL-7Rα. This chapter includes a paralleled overview of characterization of T cell 

development stages in mice and humans.  

Hematopoietic Progenitor Cells 

Initially it was unclear if hematopoietic precursors from bone marrow or resident 

intrathymic precursors were responsible for generating mature T cells and maintained 

thymopoiesis in post-natal life. A study done using a parabiotic mouse model 

confirmed that progenitors in the thymus lack self-renewing capabilities, and have to 

be constantly imported from bone marrow (25, 26). Hematopoietic progenitor cells 

were first defined in mice, as Lin-Thy-1lo, Lin negative refers to the cells negative for 

B220 (B-cell antigen), CD4, CD8 (TCR complex co-receptors), Gr-1 (granulocyte 

marker), Mac-1 (Myelomonocytic cell marker) and Thy-1lo refers to the cells 

expressing low levels of thymocyte antigen/CD90. The Lin-Thy-1lo cells were able to 
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reconstitute all blood cell types when transplanted into bone marrow of sub-lethally 

irradiated mice (27). However, Lin-Thy-1lo expression profile did not distinguish 

between the true hematopoietic stem cells and the committed progenitor cells. 

Weissman et al. further characterized these cells by utilizing expression of stem cell 

antigen 1(Sca1) and c-kit as additional differential markers. They further established 

that a small portion of cells are Lin-Thy-1lo Scalo c-kit+ , which represent true 

hematopoietic stem cells and the Lin-Thy-1lo Sca- c-kit- cells are committed 

progenitors (28, 29).  

In humans CD34+Lin- precursors are defined as early thymic progenitors. 

Further studies have fractionated the CD34+Lin- adult bone marrow cells based on 

the expression of CD45RA, Thy-1(CD90), CD38, and HLA-DR, and showed that the 

population of CD34+Lin-CD45RA+CD38+HLA-DR+Thy-1- cells is able to differentiate 

into granulocyte-macrophage progenitor cells and T cells but not erythroid cells (14). 

On the other hand CD34+Lin- CD45RA-Thy-1+ cells are shown to possess T, B, 

myeloid and erythroid lineage potential. 

Lymphoid Precursors 

It is clear that HSCs undergo some differentiation in bone marrow before 

entering the thymus. This is based on the evidence that the thymic progenitors are 

CD7+CD45RA+Thy-1- and HSCs are CD7lo/-CD45RA-Thy-1+ (11, 22, 30). This raises 

a question, whether the progenitor cells entering thymus are already committed to 

lymphoid lineage at the time of entrance in thymus. The first model of T cell lineage 

commitment proposes that the common lymphoid progenitors (CLP) give rise to T, B 

and NK cells and the common myeloid progenitor (CMP), give rise to myeloid cells 

(31). This was based on the studies done by Akashi and Weissman in 1997, they 
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demonstrated that Lin-IL-7R+Thy-1-Sca-1loc-kitlo population from adult mouse bone 

marrow differentiated into T, B and NK but not myeloid cells in either in vivo 

reconstitution assays or methylcellulose assays (31, 32). 

More recently a revised T cell lineage commitment model is proposed in which, 

the first lineage commitment step in hematopoiesis is the production of common 

myelolymphoid progenitors and common myeloerythroid progenitors from HSCs. This 

model suggests that lymphoid progenitors still retain myeloid potential but the 

erythroid potential is lost. This model is based on three studies. The first report 

showed a common lympho-myeloid progenitor in various populations of Lin-c-kit+ cells 

derived from fetal liver (33). The second study identified Lin- Sca-1loc-Kitlo Flt3+ 

lympho-myeloid stem cells lacking erythrocyte and megakaryocytic potential (34). 

The third study showed that committed T cell progenitors could be reprogrammed to 

become macrophages and dendritic cells by expressing CEBPα and PU.1 

transcription factors (35).  

The above revised murine model is also applicable to human T cell progenitors. 

In fetal life, progenitor cells that will seed the thymus are derived from the fetal liver 

and later in adult life are derived from bone marrow (36). It is now clear that the 

precursors that seed the human thymus are not exclusively T cell precursors, and 

can give rise to NK cells and DCs. Thus, common myelolymphoid progenitors give 

rise to T cells and myeloid cells in humans as well. The CD34 antigen is expressed 

on pluripotent stem cells, lineage-committed precursors but is lost upon differentiation 

(21, 37). Another study isolated CD4-CD8-CD3- thymocytes from postnatal human 

thymuses and determined their capacity to differentiate into lymphoid and 
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non-lymphoid lineages in vitro. This study showed that both CD34+ and 

CD34- populations were able to give rise to T cell and myeloid precursors as 

assessed by their ability to form clonal T-cell progenitor colonies or clonal 

non-lymphoid hematopoietic progenitor colonies (38). In summary HSCs give rise to 

lymphomyeloid precursors which then differentiate to lymphoid precursors and 

subsequently to T cell precursors. 

Early T cell Development Events 

Early events in T cell development include commitment of HPCs to lymphoid 

progenitors, to T lineage, followed by αβ versus γδ lineage diversification, and then 

β-selection in case of αβ T cells and are characterized as follows: 

Early stages of T cell development 

The earliest thymic progenitors are defined as double negative (DN) 

thymocytes, which do not express CD4 or CD8. In murine T cell development DN 

thymocytes are further separated into four sequential phenotypic stages (DN1 to 

DN4) on the basis of CD44 and CD25 expression CD44+CD25− (DN1), CD44+CD25+ 

(DN2), CD44−CD25+ (DN3) and CD44−CD25− (DN4) (39). 

 In humans early thymic progenitors are characterized by surface markers 

distinct from that of mouse and are described as follows: CD1-CD8-CD4-CD3-, 

CD1+CD8-CD4-CD3-, CD1+CD4+CD8- and, CD1+CD4+CD8+ (38). Further, analysis 

showed that these subpopulations expressed decreasing levels of CD34 suggesting 

that the cells are becoming more differentiated. The CD1-CD3- population expresses 

the highest levels of CD34 and the CD1+CD4+ CD8+ cells did not express CD34. It 

was concluded that CD34+ cells differentiated into CD3+ cells via CD1 and 
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CD4+CD8- intermediates, which presents a useful surface marker model for early 

stages of human intra-thymic development.  

T lineage commitment 

One early checkpoint is the induction of T cell commitment, it involves the loss 

of capacity to develop into NK cells and DC and the initiation of TCR gene 

rearrangements. In mice, T lineage commitment occurs at DN2 stage but in humans 

it happens at CD7+CD1a+DN stage (40).  

One of the key factors that drive T cell lineage commitment is Notch signaling. 

Radtke et al. first demonstrated that the loss of function in the Notch-1 gene resulted 

in a marked decrease in the size of the thymus that lacked T cells but had an excess 

of B cells (41). This was further supported by the fact that constitutive overexpression 

of Notch-1 in HSCs resulted in extrathymic T cell development and suppression of 

the B cell development (42). Notch-1 inactivation completely blocked T lineage 

development in vivo, and other Notch family members were unable to compensate for 

the loss (41). Notch signaling induces expression of genes such as pre-Tα, Hes-1 

and other genes critical for T cell development (43, 44). Although Notch singling is 

necessary for T cell lineage commitment, additional transcription factors such as 

Gata3, Runx1 and E-box proteins are required to work in synergy with Notch to drive 

T cell lineage and suppress alternative lineage fates (45). Additionally, in later stages 

of T cell development Notch signaling subsides and is no longer required to maintain 

T lineage integrity in mature T cells (46, 47). Another player in murine T lineage 

commitment is IL-7, as it was reported that the interplay between Notch and IL-7 

suppressed non-T cell fates (48).  
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αβ and γδ T cell lineage commitment 

How αβ and γδ lineage T cells are generated from common thymocyte 

progenitors is not yet fully understood. Initially two models were proposed, an 

instructive and a pre-commitment model (49). The instructive model proposed that 

pre-TCR and γδ-TCR mediated signaling directs αβ versus γδ lineage choice. On the 

other hand the pre-commitment model proposed that αβ versus γδ lineage was 

pre-determined. A variant of instructive model has recently been proposed in which 

TCR signal strength determines lineage fate (50). The molecular signaling factors 

that play a role in promoting αβ lineage commitment are Delta-Notch signaling, 

BC11b, E2A and HEB. The factors important for γδ lineage diversification are STAT5, 

IL-7R, IL-15R, IRF, E2A, Jagged2-Notch signaling, Id3 and Egr. However, the 

upstream regulators of αβ versus γδ lineage have not been identified. 

TCR β rearrangement and β-selection  

In mice T cell precursors rearrange the TCR subunit δ, γ, β and α chains in that 

listed order (51). A study done by Blom et al. analyzed the TCR gene loci 

rearrangements during early stages of T cell development (52). They utilized normal 

human thymocytes obtained from thymus fragments removed during cardiac surgery 

of pediatric patients. The precursor populations of the following phenotype were 

isolated; CD34+CD1a-, CD34+CD1a+, CD4 ISP, CD4+CD8α+β-. They reported that in 

the human thymus the TCR δ, γ, and β loci rearrange in a fixed succession; TCR δ 

locus rearranges first and then TCR γ and TCR β loci rearrange. The TCR δ 

rearrangement was detected in CD34+CD1a− cells, and TCR γ and TCR β loci 

rearrangement occurred in CD34+CD1a+ cells. 
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The cells that adopt αβ TCR lineage undergo β-selection checkpoint, a process 

that allows only the cells with a productive rearrangement of the TCR β locus to 

proceed to the next stage of development. In mice the crucial rearrangement of the 

variable gene segments of the TCR β locus occurs in T cell lineage committed DN3 

cells (53). This newly rearranged TCR β is expressed as a heterodimer with pre-Tα 

and assembles with CD3 chains, two CD3ε, one CD3δ, one CD3γ and two CD3δ to 

form a pre-TCR complex (54-57). The first study to evaluate TCR β chain 

rearrangement in human T cell development was done by Ramiro et al (58). To 

determine at which development stage TCR β-selection occurs in humans, 

cytoplasmic expression of TCR β and surface CD3 on thymocytes that lack a mature 

TCR αβ were analyzed. About 25% of the CD4+CD8+ cells expressed cytoplasmic 

TCR β and low level of CD3, whereas only 5% of the CD4+ ISP cells were stained 

positive with the anti-TCR β antibody. This study concluded that TCR β-selection in 

humans is initiated at the transition of the CD3−CD4+CD8− into the CD3+CD4+CD8+ 

stage (59). 

The exact mechanism of pre-TCR signaling is not well understood. It is 

proposed that pre-TCR cannot recognize a specific ligand, and transduces signal 

through oligomerization, using intracellular intermediates similar to those triggered by 

the TCR complex in mature T cells (60-65). The pathways activated by TCR signaling 

are Erk1/2, NFκB, calcineurin, and Akt in mice and will be discussed later in chapter 

4. Thymocytes that pass β-selection will proliferate and induce CD4 and CD8 

expression to become DP thymocytes, and initiate TCR α rearrangement leading to 
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expression of TCR αβ complexes. TCR α rearrangement results in formation of T cell 

receptor excision circles (TREC), and the process is described in the next section.  

TCR α rearrangement 

T cell receptor β and α chain are expressed after the respective rearrangement 

of loci of the individual gene segments variable, diversity and junction (V, D, and J) 

(66). TCR β undergoes V, D, J rearrangement and the TCR α locus undergoes V, J 

rearrangement. One V, J, or D gene segment is randomly selected, recombined 

together to become a single gene transcript by creating and then excising a loop of 

the intervening DNA. The excised loops persist inside cells as a circular 

extra-chromosomal DNA fragment that is neither transcribed nor replicated, called 

TREC. TREC can be used as a biomarker to assess the percentage of naïve αβ T 

cells that have recently exited the thymus and thus indicating thymic function (67). 

Measuring TREC+ naïve T cells can be used for clinically evaluating human thymic 

output (68). The formation of TREC is a complex process and occurs as follows: 

when the TCR α locus is rearranged, a crucial conserved segment for TCR δ locus is 

excised from the genome which prevents the γδ TCR gene from being transcribed. 

There are two DNA excision circles produced when TCR α rearranges, called signal 

joint TREC and coding joint TREC. Signal joint TREC is produced by end-to-end 

ligation of the conserved recombination signal sequences flanking the δ-rec and the 

ψ-Jα locus, as the TCR δ locus is excised. Coding joint TREC is produced when TCR 

αV and TCR αJ recombines. Because the recombination signal sequences are 

conserved in these TRECs, it is possible to quantitate TREC using PCR.  
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Late T cell Development Events  

Late events of T cell development include positive and negative selection of 

CD3hiTCR αβ+ DP thymocytes, and CD4 versus CD8 lineage commitment, which are 

characterized as follows: 

T cell positive and negative selection 

The productive rearrangement of TCR α chain does not trigger the termination 

of recombination at α locus. The termination of α rearrangement is triggered by 

pairing of an TCR α with a β chain that forms a TCR complex and recognizes 

peptide-MHC (69, 70). This process is known as positive selection. DP thymocytes 

interact with peptide-MHC complexes expressed on thymic epithelial cells and DCs. 

This was first evident first by visualization of GFP expressing thymocytes in FTOC via 

two-photon laser fluorescence microscopy (71). This process selects for the T cells 

that are potentially reactive to foreign-antigens, but not to self-antigens when 

presented by self-MHC molecules. Most (95%) DP cells fail to productively interact 

with peptide-MHC, thus lack the necessary TCR signaling, and hence die by neglect 

within a few days. 

In mice, the cells that have undergone positive selection stage are 

characterized by down-regulation of CXCR4 (72) and simultaneous up-regulation of 

CCR7 and CCR4 (73, 74). Transient expression of CD69 on DP thymocytes is also 

observed immediately post positive selection (75-77). Studies done using FTOC 

showed that in humans, CD27-CD1+CD45RA- cells, first acquire CD69, then 

upregulate CD27, down-regulate CD1 and later gain CD45RA as they undergo 

positive selection and terminal differentiation (78, 79). 
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Next, the cells that react strongly to self-peptide-MHC complex are eliminated 

by a process called negative selection (80). Direct evidence for apoptosis induced by 

negative selection was demonstrated in transgenic mice (81). However, currently 

there are no markers associated with this process as the cells receiving negative 

selection signals undergo cell death. 

CD4 versus CD8 lineage commitment 

Further differentiation of DP T cells results in terminating one of the co-receptor 

expression and initiating of gene expression programs characteristic of helper (CD4+) 

or cytotoxic (CD8+) cells. In mice, the CD4 versus CD8 lineage commitment occurs 

after the DP stage when CD8 is down regulated in CD4+CD8lo cells (82). In humans 

lineage commitment step was characterized by evaluating CD4 and CD8 expression 

on CD69+ cells cultured in FTOCs. An early post-selection population 

CD69+CD27-CD4+SP gave rise to both CD4+ and CD8+ T cells. On the other hand 

CD69+CD27+ cells only gave rise to CD8 T cells (78).  

The exact mechanism regulating the precursor cells to commit to either CD4 or 

CD8 lineage has not been determined. However, considerable evidence now 

supports that the CD4 versus CD8 lineage choice is controlled by the relative 

strength or length of TCR signaling. Several transcription factors have also been 

identified to be important in this process such as Runx3, Gata3, and ThPOK (83-85).  

IL-7 and T cell Development 

All thymic cells including thymic epithelial cells, fibroblasts, DCs, and 

thymocytes, produce a variety of cytokines (86). The biological effect of such 

cytokines during T cell development is regulated by expression of the cytokine 

receptors on cell surface of the thymocytes. Cytokines secreted by thymic epithelial 
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cells work in a paracrine fashion and the ones secreted by thymocytes work in an 

autocrine fashion to regulate thymocyte survival, proliferation and differentiation.  

Stem cell factor (SCF or c-kit ligand) is one of the factors that promotes survival 

and growth of the earliest hematopoietic stem cells which express c-kit receptor on 

their surface. SCF operates synergistically with IL-7. Another cytokine reported to 

enhance early T cell proliferation in conjunction with IL-7 is Flt3 ligand (34). However, 

IL-7 is a cytokine, whose function cannot be replaced by other cytokines as it 

supports the survival and proliferation of DN T cells in both mice and humans (87). 

The mice deficient for IL-7-/- or IL-7Rα-/- show greatly reduced T and B cells numbers 

and absence of γδ T cells (88). Patients with mutation in IL-7Rα show a more severe 

SCID phenotype as these patients are deficient in both B and T cells (89).  

Significant advances have been made in understanding the biology of IL-7. IL-7 

signals via a heterodimer comprised of IL-7 receptor and the common cytokine 

receptor γ chain (γc) (90, 91). An alternative ligand that binds to IL-7Rα is thymic 

stromal lymphopoietin (TSLP), however, its deficiency has no effect on T cell 

development and hence will not be discussed further (92). IL-7Rα expression is 

negatively regulated by IL-7 stimulation and T cell activation (93).  

During T cell development IL-7 provides signals necessary for the survival and 

proliferation of DN thymocytes and is directly involved in γδ rearrangement (94, 95). 

IL-7 binding to its receptor activates PI3K, JAK-STAT pathway and down regulates 

cyclin-dependent kinase inhibitor p27, and modulates BCL-2 expression (96). During 

T cell development IL-7Rα expression is dynamically regulated in mice (97). It is 

present on DN and absent on DP thymocytes, and is re-expressed by SP 
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thymocytes. Recent evidence shows that IL-7Rα is expressed throughout T cell 

development in humans, but its binding partner γc is down regulated at DP stage 

rendering the DP thymocytes unresponsive to IL-7 as assessed by STAT5 

phosphorylation (98). The reason for such dynamic regulation of IL-7 signaling during 

T cell development is not well understood. Additionally inhibitory role of IL-7 during 

DN to DP transition has been described and will be discussed in detail in chapter 3.  

Models for Studying Human T cell Development 

Mouse Models  

SCID (severe combined immune deficient) mice were initially used to study 

human T cell development. However, this model was limited by low levels of 

engraftment and failure of the engrafted human bone marrow HSCs to differentiate 

into fully functional T cells (99). Human fetal thymus or fetal liver derived HPCs 

showed improved engraftment, over BM HPCs, but due to the ethical reasons, fetal 

sources of HPCs are not readily available (100, 101). To overcome the engraftment 

issues in the SCID model, non-obese diabetic (NOD)-SCID and later NOD-SCID 

β2m
null mice were used (102). However, these mice develop lymphomas and have a 

relatively shorter life span. Recently, a mouse model more suitable for human HPC 

engraftment has been developed. These mice lack a functional common IL-2 γ-chain 

(IL-2Rγnull) and are deficient in NK cells (103, 104). These mice were used to 

generate NOD-SCID IL-2Rγnull mice (105). NOD-SCID IL-2Rγnull mice are currently 

the best model to study T cell development because they lack mature lymphocytes, 

NK cells, do not develop lymphomas and are long-lived. These mice were shown to 

support development of human CD3+CD4+, CD3+CD8+ T cells, Ig+B cells, myeloid 
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cells, NK cells, and plasmacytoid DCs from HPC of cytokine mobilized peripheral 

blood origin. 

Even though murine models for the study of human T cell differentiation have 

significantly improved over the last two decades, there are limitations that still 

prevents them from serving as realistic models for human hematopoiesis (106). One 

of the major limitations is that mice express only murine MHC molecules and lack the 

expression of human MHC class I- namely human leukocyte antigen (HLA -A, B, C), 

and class II namely HLA-DR, DQ, DP. The size and the complexity of HLA gene 

rearrangement and expression make it impossible to introduce the entire human 

MHC loci into a single murine model. While single human HLA can be introduced to a 

murine model this approach will limit the diversity of the HLA alleles and reduces the 

murine models’ potential capacity for clinical translation research. Additionally, it will 

be difficult to perform large scale production of T cells in mice. However, these mice 

can be used to study human T cell development and for preclinical evaluation of 

novel vaccines and therapeutic agents.  

In vitro Models  

Fetal thymus organ culture  

Complete thymus was thought to be necessary for the generation of T cells from 

progenitor cells. FTOC was the first in vitro system that was established to study T 

cell development (107, 108). Briefly, generating one FTOC requires a total of 15-16 

thymic lobes from thoracic cavities of murine day 14 mouse embryos. The lobes are 

depleted of endogenous thymocytes by deoxyguanosine treatment. This allows for 

the reconstitution of these empty thymic lobes with the desired defined subsets of 

stem cells or progenitors (109). This system also allows for additional manipulation of 
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the differentiating T cells by introducing antibodies, cytokines, peptides, and retroviral 

vectors to the culture system (110, 111). However, the yields of total number of T 

cells or thymocytes are very low in FTOC system and cannot be scaled up for clinical 

operations.  

OP9 culture system 

Stromal cells in the BM support development of most hematopoietic lineages, 

including myeloid, erythrocyte, and B and NK cell lineages, but T cell development 

requires thymus. Recent advances have led to the establishment of mouse bone 

marrow stromal cell lines that can support robust hematopoietic differentiation, which 

include S17, MS-5, and OP9 cell lines (112-114). The OP9 was reported to be 

superior in supporting hematopoiesis of human embryonic stem cells when compared 

to MS-5 and S17 (115). The OP9 cell line is derived from a macrophage colony 

stimulating factor (M-CSF) deficient mouse. M-CSF plays an important role in 

promoting myeloid lineage differentiation, as the OP9 cell line lacks M-CSF, it cannot 

support myeloid differentiation (116). However, the OP9 cell line can be used for 

studying lymphoid development (117). Radtke et al. created Notch-1 knockout mice 

and demonstrated that B cell development was normal in these mice but T cell 

development was severely impaired. A subsequent report by Pear et al. showed 

reported that BM cells transduced with a constitutively active intracellular Notch when 

injected into mice failed to differentiate into B cells, but rather these cells gave rise to 

DP T cells in the BM of recipient mice (41, 42). Additionally, Notch receptor ligands 

were reported to be expressed at high levels by thymic stroma but only at low levels 

on OP9 cells (118). This report showed that OP9 transduced with Notch ligand Delta 

like-1 (OP9-DL1) supported early T cell development at the expense of B cell 
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development. Later reports demonstrated OP9-DL1 cell line was able to support early 

stages of human T cell development of BM and cord blood derived HPCs (115, 119, 

120). 
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CHAPTER 2  
ASSESSMENT OF T CELL DEVELOPMENT OF HUMAN FL, FT, CB AND BM IN 

VITRO USING LMDL1 CELL LINE 

Introduction 

HPCs from bone marrow (BM) migrate to the thymus, where they undergo a 

series of lineage commitment events and developmental checkpoints before adopting 

a T-cell fate. A common in vivo model to study human T-cell development is based 

on humanized SCID mice (121, 122). However, these mice are not a convenient tool 

for evaluating intrinsic molecular signaling pathways involved in T cell lineage 

commitment. An alternative in vitro system to study T-cell differentiation is based on 

FTOC (20, 21, 107, 123, 124). FTOC supports differentiation of HPCs to CD8+ and 

CD4+ T lymphocytes. However, FTOC faces numerous challenges including being 

cumbersome to set up and having a limited T cell yield. 

The strong evidence that Notch signaling promotes T cell development rather 

than B cells has led to the establishment of a mouse OP9 stromal cell line 

over-expressing the murine DL1 (OP9-DL1) to study T-cell development (42, 125-

127). The OP9 cell line is derived from bone marrow of a mouse deficient in M-CSF 

and thus does not support myeloid and erythroid cell development. OP9 was reported 

to support T cell differentiation from mouse HPCs and human cord blood (CB) and 

adolescent BM, although with limited T-cell maturation potential (119, 125, 128, 129). 

There have been reported differences in lymphopoiesis of murine fetal and adult 

origin, yet, comparable studies for human T-cell development are still lacking (130). 

Here we overexpressed mDL1 in the OP9 cell line using lentivirus (LmDL1) for 

the study of thymopoiesis of human fetal thymus (FT), fetal liver (FL), CB and adult 

BM. The HPCs first differentiate into CD8−CD4− DN T cells, and undergo TCR β gene 
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rearrangement, the β-selection checkpoint, then promotes transition to CD8+CD4+ DP 

stage, and finally they mature after positive and negative selections (131). In this 

chapter we report that HPCs derived from human FL, FT, CB and adult BM go 

through the established T-cell differentiation pathway under LmDL1 in vitro culture 

conditions. However, striking differences exist in timing and T-cell development for 

human HPCs of different origins. These include proliferation, survival and maturation 

kinetics such as the ability to reach the TCR αβ+CD3+CD8+CD4+ stage of T cells. 

Material and Methods 

Cells 

OP9 cells were purchased from American Type Culture Collection (Manassas, 

VA). To establish LmDL1 and L-GFP cell lines, OP9 cells were transduced with 

lentiviral vectors encoding mouse DL1 (LmDL1) and green fluorescent protein (GFP), 

respectively. OP9 and its derived cell lines were maintained in α-minimal essential 

medium (Gibco, Invitrogen) supplemented with 20% fetal bovine serum and 1% 

penicillin–streptomycin. The adult BM and CB CD34+ cells were purchased from 

AllCells, LLC, and Cambrex Corp. Aborted fetal liver and thymus tissues were 

purchased from Advanced Bioscience Resources Inc., and processed with a tissue 

grinder and pressed through cell dissociation mesh sieves (Sigma-Aldrich). Single 

cell suspensions were labeled with anti-CD34 micro beads and purified using 

magnetic antibody cell sorting columns. The purity was determined using 

phycoerythrin (PE) -conjugated anti-CD34 (Clone 8G12; BD Biosciences) and 

analyzed via flow cytometry. 
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In vitro T cell Development 

The purified CD34+ progenitors were seeded at 2×104 cells per well into 24-well 

plates containing a confluent monolayer of LmDL1 or L-GFP cells. The co-culture 

was maintained in α-minimal essential medium with 20% fetal bovine serum, 1% 

penicillin–streptomycin, 5 ng/mL interleukin-7 (PeproTech Inc.) and 5 ng/mL Flt3L 

(PeproTech Inc.) and were fed with complete medium every 2 to 3 days. The 

co-culture was transferred to a new well once the monolayer became over 

differentiated. Cells were harvested at the indicated time-points for analysis. 

Monoclonal Antibodies and Flow Cytometry  

Antibodies for CD4 (Clone RPA-T4, conjugated with PE and fluorescein 

isothiocyanate (FITC)), CD8 (Clone RPA-T8, PE), CD7 (Clone M-T701, FITC, PE), 

CD1a (Clone HI149, with allophycocyanin (APC)), CD3 (Clone SK7, PE-Cy7), TCR 

αβ (Clone T10B9.1A-31, FITC) and TCR γδ (Clone B1, FITC) were obtained from BD 

Biosciences. The antibody for CD28 (Clone CD28.2, APC) was from eBioscience. 

Cells were first washed with phosphate-buffered saline with 2% fetal bovine serum 

and blocked with mouse and human serum at 4oC for 30 minutes. For each antibody 

staining, cells were incubated with antibodies as described by the manufacturer’s 

instructions. Data were acquired using cell quest software by BD FACS calibur flow 

cytometer (Becton Dickinson Immuno cytometry Systems) and were analyzed by 

using Flowjo software (Tree Star Inc.). 

Results 

Expression of DL1 in LmDL1 Stromal Cells 

Murine OP9 cells transduced with an retroviral vector expressing DL1 have 

been shown to support T-cell development (125). Our lab has previously reported 
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that lentiviral vectors mediate high levels of transgene expression (132). LmDL1 cell 

line was previously generated by our lab and verified for DL1 expression (133).  

Proliferation of CD34+ HPCs of FT, FL, CB and Adult BM on LmDL1 

To see if LmDL1 could support T-cell development, CD34+ cells were purified 

from human FT, FL, CB and adult BM. The four sources of CD34+ HPCs showed a 

purity of >99%, as determined by post-sort flow cytometry analysis (Data not shown). 

Purified CD34+ cells were co-cultured with L-GFP or LmDL1 stromal cells in the 

presence of recombinant interleukin-7 and Flt3L. The HPCs co-cultured with L-GFP 

showed very limited proliferation and a short survival period (data not shown). In 

contrast, HPCs co-cultured with LmDL1 exhibited exponential proliferation and 

prolonged survival (Figure 2-1). This suggests that Notch signaling not only promotes 

T-lineage commitment, but also supports progenitor cell survival. CD34+ cells derived 

from FT and FL displayed similar proliferation and survival kinetics on LmDL1, with 

an approximately 1000-fold increase in cell number in two weeks, followed by a 

decrease in proliferation and cell death after three weeks. The CB-derived CD34+ 

cells expanded about 100000-fold and survived for about 90 days on LmDL1 (Figure 

2-1). The adult BM-derived HPCs showed <1000-fold increase in cell number, which 

was lower than FT-derived and FL-derived HPCs, and CB-derived HPCs. The 

BM-derived HPCs survived for longer than those from FT and FL and for a shorter 

time than those from CB on LmDL1. Therefore, The CB-derived HPCs had the most 

expansion and survival potential when compared with FT, FL and adult BM in LmDL1 

co-culture. Note that fold expansion varied with individual donors but the overall trend 

of CB showing the highest proliferation and BM showing the lowest proliferation was 

consistent. 
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FT-Derived and FL-Derived HPCs on LmDL1 

The FL is a primary site of hematopoietic development until birth (134). T-cell 

differentiation has been illustrated using HPCs isolated from mouse FL (125). 

However, the T-cell development potential of human FT or FL in a stromal cell-based 

culture system has not been demonstrated. Here we report for the first time that 

HPCs of human FT and FL could develop into T cells on LmDL1 in vitro (Figure 2-2). 

The FT-derived CD34+ cells were able to rapidly differentiate into CD8/CD4 DP cells 

after just one week of co-culture with LmDL1 (Figure 2-2A). The number of DP cells 

increased over time and peaked at three weeks. About 90% of the cells were 

arrested in the DP stage on day 21 and did not differentiate further. These DP cells 

did not survive beyond three weeks and the population collapsed after day 21 of the 

co-culture (Figure 2-1). Around 60% of the CD8+ cells expressed CD3; however, the 

expression of fully assembled TCR αβ heterodimers was only a marginal 6%. TCR γδ 

expression was slightly higher, about 17% (Figure 2-2A). As the TCR αβ antibody 

was specific for a monomorphic determinant of TCR αβ heterodimer, only the fully 

assembled TCR αβ surface molecules were detected. All of the cells expressed high 

levels of CD7, a receptor expressed in early T cells (data not shown). Our results 

indicate that the FT-derived CD34+ HPCs rapidly differentiated into and then arrested 

at DP stage when cultured on LmDL1. In addition, these cells could differentiate into 

both γδ and αβ T cells, with an inclination towards the γδ lineage. 

The differentiation kinetics of human FL HPCs on LmDL1 were similar to those 

of their murine counterpart on the stromal cell line OP9DL1 (125). However, the T-cell 

developmental kinetics of FL-derived HPCs differed from those of FT-derived HPCs. 

The FL HPCs developed to DP stage after 1 week but the majority of cells remained 
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in CD8+ immature single-positive stage (ISP), and only about 18% of the cells 

progressed to DP stage by day 14 (Figure 2-2B). The DP population vanished on day 

21 in the culture, leaving a population of cells arrested in the CD8+ ISP stage. All of 

the differentiating FL precursors were CD7+ on day 21 (not shown). A low percentage 

of CD8+ cells co-expressed CD3, and only 3% expressed TCR αβ, while 1% 

expressed TCR γδ (Figure 2-2B). Overall, FT and FL HPCs could rapidly differentiate 

to DP cells, with a very small percentage expressing TCR αβ. In addition, FT-derived 

and FL-derived HPCs differed in their potential to adopt TCR γδ lineage. 

CB HPCs on LmDL1 

Human CB-derived HPCs can differentiate to TCR αβ bearing DP T cells on 

OP9DL1 stromal cells (129). On LmDL1, we found that CB HPCs rapidly 

differentiated to DP stage with a marked increase in cell number (Figure 2-1). CB 

CD34+ HPCs developed into DP stage in two weeks and remained in DP stage for 

approximately 70 days (Figure 2-2), whereas the CD8+ ISP population gradually 

declined. The CB resembled FT in its loss of the CD8+ ISP population and 

accumulation of DP stage over time. The percentage of CD4+ ISP cells showed a 

slight increase, from 15 to 25%. The expression of CD3 and TCR αβ peaked to 52% 

and 26%, respectively on day 56, suggesting a more mature phenotype (Figure 2-3, 

bottom panel). Additionally, expression of TCR γδ spiked to 17% on day 77, 

suggesting that CB progenitors can choose the αβ or γδ T-cell lineage pathway when 

cultured on LmDL1. In summary, cord blood CD34+ HPCs rapidly developed into DP 

stage and advanced further, as shown by the expression of CD3, TCR αβ, and TCR 

γδ. 
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Adult BM-Derived CD34 HPCs on LmDL1 

In adult life, BM serves as a primary site of hematopoiesis. In vitro development 

of T cells from adult BM-derived HPCs in the stromal culture system has not been 

reported. Here, we examined the T-cell differentiation potential of adult BM CD34+ 

HPCs on LmDL1. The BM HPC-derived T cells were able to survive for about 60 

days and showed a delayed differentiation to DP stage compared to HPCs derived 

from FT, FL and CB (Figure 2-4). However, the DP cells peaked around day 56 and 

were short-lived as they were undetected in just one week. The maximal expression 

of TCR αβ was about 4% around day 60, suggesting that the majority of cells were 

arrested in the CD8+ ISP stage (Figure 2-2, bottom panel). Similar to FL-derived 

HPCs, adult BM-derived HPCs did not differentiate toward the TCR γδ lineage. 

Hence, when cultured on LmDL1, adult BM-derived HPCs developed to the DP stage 

with very limited potential of entering TCR αβ and TCR γδ lineages. 

T cell Development Potential of Various HPCs  

We compared the T-cell development potential of four different sources of 

human CD34+ HPCs in the LmDL1 co-culture. Both FT and CB resembled each other 

compared with FL and adult BM. The HPCs derived from FT and CB differentiated to 

the DP T-cell stage quickly, and the majority of cells remained arrested at the DP 

stage (Figure 2-5). Moreover, both FT and CB progenitors had the ability to 

differentiate into TCR γδ T cells and expressed CD7 and CD1a at high levels. The 

CB-derived HPCs generated a significantly higher percentage of TCR αβ-bearing T 

cells than did FT-derived HPCs. Furthermore, FT-derived HPCs exhibited much 

shorter differentiation kinetics and survival term (about 21 days) in the LmDL1 

co-culture as opposed to CB cells that survived for about 70 days (Figure 2-1). 
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Adult BM-derived HPCs resembled FL-derived HPCs in their differentiation 

patterns; however, they differed in their survival ability in the LmDL1 co-culture 

(Figure 2-1 and 1-5). Both precursors differentiated to short-lived DP cells, of which 

only 5–6% matured to TCR αβ-bearing T cells. The transition to DP stage from adult 

BM-derived HPCs occurred at a much later time-point than from FL-derived HPCs. 

Both precursors showed a decrease in CD7+CD1a+ DP T cells before cell death, and 

both had an ending population of CD8+ ISP T cells, as opposed to FT-derived and 

CB-derived HPCs being arrested in the DP stage (Figure 2-5). These four sources of 

human hematopoietic progenitors differed in T-cell differentiation potential, with some 

similarities between CB and FT, and between FL and adult BM. 

Discussion 

In vitro culture is a great tool for the study of the cellular mechanisms that 

mediate T-lymphocyte development. Here we established a lentiviral-modified murine 

OP9 stromal cell culture system, LmDL1, to study T-cell development, similar to the 

retroviral OP9DL1 culture system (125). We found quantitative and qualitative 

differences in the T-cell development potential of four different sources of human 

CD34 HPCs on LmDL1 (Figure 2-5). Our finding is consistent with previous 

observations that the hematopoietic system has different developmental potentials in 

fetal and postnatal life (135, 136). 

There are some differences in lymphoid development kinetics among the FT-, 

FL-, CB- and adult BM-derived HPCs. A striking difference was noted in the 

proliferation of the various HPCs before they reached the CD8+CD4+ DP stage. The 

HPCs derived from CB expanded more than that derived from FT, FL and adult BM 

before reaching DP stage (Figure 2-1). Apparently, the intrinsic differences of these 
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different sources of CD34+ progenitors contribute to their different expansion and 

developmental potentials. The FT-derived HPCs differentiated to DP within the first 

week of the co-culture, followed by CB-derived and finally BM-derived HPCs. The 

robust expansion of CB HPCs is probably the result of the ability of such progenitors 

to generate large clones of progeny (137).  

There was a time difference in thymocyte development for FT, FL and CB 

compared with adult BM. The FT progenitors reached CD8+CD4+ DP stage in the first 

week of the LmDL1 co-culture. Both FL-derived and CB-derived HPCs took about two 

weeks to reach the DP stage. The adult BM-derived HPCs were able to reach the DP 

stage in about 6 weeks. This could be because adult BM-derived HPCs may undergo 

sequential proliferation and migration before they reach the thymus and differentiate 

into T cells. On the other hand, HPCs of embryonic origin can differentiate into T cells 

without self-renewal (138). Adult BM-derived HPCs take longer to reach the DP stage 

than embryonic and fetal HPCs. The delay in differentiation of adult BM-derived 

HPCs is longer than that observed in a previous report using pediatric BM-derived 

HPCs (129). This difference could be linked to the difference in the age of the donor, 

as Smedt et al. used BM from a 12- to 14-year-old donor, in our case the BM donors 

were over 20 years of age. It is evident that donor’s age contributes significantly to 

the kinetics of T-cell development (135, 139, 140). 

An additional difference is the percentage of cells that reach DP stage and their 

ability to proliferate and survive. The HPCs derived from CB and FT produced a 

higher percentage of DP cells, than those derived from FL and BM. As the DP 

lineage decision is closely linked to the strength and duration of cytokine, Notch and 
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TCR signaling, the expression levels of various regulatory factors in the different 

progenitors may contribute to their different kinetics of development. After reaching 

the DP stage, the proliferation rate of FT-, FL- and adult BM-derived T cells declined. 

The final difference was in the elevated potential of the CB HPCs to differentiate into 

both TCR αβ and TCR γδ cells. The role of Notch1 signaling and its influence on 

commitment to TCR αβ and TCR γδ cells have been controversial. Some have 

reported that sustained Notch1 signaling promotes αβ over γδ T cells (129, 141), 

while others found it favoring γδ over αβ T cells (142-144). Apparently, Notch1 

signaling supports the development of HPCs derived from murine FL and BM into 

both γδ and αβ T cells (125, 145). Again, it is conceivable that the various expression 

levels of Notch receptors and their ligands may influence the cell fate decisions (146, 

147).  

Our report provides a paralleled overview of early T-cell development from 

different sources of human HPCs. It is clear that the in vitro stromal cell culture 

system is still limited in supporting the progression of T cells from DN to DP stage 

and maturing into functional single-positive CD4 and CD8 T cells. The latter requires 

optimal negative and positive selections engaging TCR signaling and major 

histocompatibility complex interactions between the developing thymocytes, thymic 

epithelial cells and various antigen-presenting cells entering the thymus. Although the 

current in vitro model may not fully recapitulate the in vivo thymic niche, future 

modifications may bring us closer to a more efficient system for the understanding 

and exploitation of developing T cells. 
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Figure 2-1.  Proliferation and survival potential of fetal thymus, fetal liver, cord blood 

and adult bone marrow derived CD34+ HSC. The CD34+ HPCs from 4 
different sources were seeded onto LmDL1 cells in the presence of IL-7 
(5 ng/mL) and Flt3L ligand (5 ng/mL) and cell numbers were plotted 
against days in co-culture.  
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Figure 2-2.  T cell development kinetics of CD34+ HPCs derived from FT and FL in 

the LmDL1 co-culture. A) CD4 and CD8 expression on differentiating 
CD34+ HPCs from FT. B) CD34+ HPCs from FT. Highest expression of 
CD3, TCR αβ and TCR γδ was observed on day 21 in both cases as 
assessed by flow cytometric analysis. 
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Figure 2-3.  T cell development kinetics of CD34+ HPCs derived from CB. CD4 and 

CD8 expression on differentiating CD34+ HPCs from CB was monitored 
and the highest expression of CD3, TCR αβ and TCR γδ was observed 
on day 77 as assessed by flow cytometric analysis. 
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Figure 2-4.  T cell development kinetics of CD34+ HPCs derived from adult BM. CD4 

and CD8 expression on differentiating CD34+ HPCs from adult BM was 
monitored and the highest expression of CD3, TCR αβ and TCR γδ was 
observed on day 77 as assessed by flow cytometric analysis. 
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Figure 2-5.  Paralleled overview of T cell development kinetics of CD34+ HPCs 

derived from FT, FL, CB and adult BM. The expression of T cell 
development markers namely CD8, CD4, CD7, CD1a, CD3, TCR αβ by 
CD34+ HPCs of FT, FL, CB and adult BM origin upon co-culture with 
LmDL1 was assessed over time by flow cytometric analysis.  

  



 

48 

CHAPTER 3 
REGULATION OF IN VITRO ADULT HUMAN T CELL DEVELOPMENT THROUGH 

INTERLEUKIN-7 DEPRIVATION AND ANTI-CD3 STIMULATION 

Introduction 

CD34+ HPCs from BM migrate to the thymus where in response to factors present 

in the thymic environment they differentiate into T cell precursors and eventually into 

mature T cells (148, 149). The human T cell developmental stages are best 

characterized by expression of the co-receptor molecules CD8, CD4, CD7, and CD1a. 

CD34+ HPCs go through CD8-CD4- (DN) T cell precursor stage, express pre-Tα and 

rearrange TCR β chain. T cell precursors that have rearranged γ, δ, and β express 

CD1a along with CD7 (15, 150). Next, the DN cells adopt a CD4 ISP phenotype in 

human or a CD8 ISP in mouse. The CD4 or CD8 ISP stage is followed by CD8+CD4+ 

DP transition where the rearranged TCR α and TCR β heterodimer complex is 

expressed. DP cells expressing TCR αβ undergo negative and positive selection and 

differentiate to mature CD4+ or CD8+ T cells (80, 151, 152).  

Generation of mature T cells from adult human BM CD34+HPCs in vitro may 

overcome two major limitations in adoptive T cell therapy, namely HLA disparity and 

immune tolerance (153, 154). Currently the only in vitro culture system that can support 

functional T cell maturation from BM CD34+ HPCs is the fetal thymus organ culture 

(FTOC) (18, 111). A convenient in vitro T cell development culture system established 

by the Zuniga-Pflucker group can support early T cell differentiation but not terminal T 

cell maturation of human BM CD34+ HPCs (120, 155-157). In addition, we have 

demonstrated in vitro T cell development of fetal-, cord blood-, versus adult BM-derived 

CD34+HPCs reveals a deficiency of the adult HPCs, which yields a lower number of T 

cell precursors than CB (158). 
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T cell development from HPCs is controlled by various ligand and receptor 

interactions in the thymus and the detailed regulation of this lengthy process is still not 

well understood. There are two critical checkpoints during T cell differentiation and 

maturation: DN to DP transition and positive/negative selection. Our lab has previously 

demonstrated OP9 cell lines expressing various cytokines and growth factors support 

enhanced HPC and dendritic cell precursor expansion and differentiation (159). As adult 

human T cells yield limited number of T cell precursors, we modified a previously 

defined LmDL1 cell line (158), to express T cell developmental factors IL-7 and Flt3L, 

and established LmDL1-FL7 cell line.  

We found that the LmDL1-FL7 increased expansion of T cell precursors during 

CD7- to CD7+ transition compared with the LmDL1 cell line supplemented with soluble 

recombinant human (rh) IL-7 and rhFlt3L. The T cell developmental progression to CD4 

ISP and DP cells were comparable for both co-culture systems. However, differentiation 

to DP stage was inefficient and neither system supported terminal T cell differentiation. 

The key regulatory factors for DN to DP transition in human T cell development have 

not been characterized, but both IL-7 cytokine signaling and pre-TCR signaling appear 

to play an important role. IL-7 is an important survival factor during the early stage of T 

cell development (94), but inhibits DN to DP transition in mice (160-164). In addition, 

signaling via pre-TCR promotes DN to DP transition (54, 165). Here we report that IL-7 

withdrawal at DN and ISP stage increased CD4 surface expression but was uncoupled 

with CD3 and TCR αβ expression. Importantly, taking a combination approach of IL-7 

withdrawal and activating pre-TCR signaling using anti-CD3/CD28 antibodies, we 

demonstrate for the first time efficient functional maturation to TCR αβ+CD3hi DP and 
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subsequently to SP CD4 T cells from adult BM CD34+ HPCs in the in vitro culture 

system. 

Materials and Methods 

Human CD34+ HPCs and Cell Lines 

The adult BM CD34+ HPCs from normal donors were purchased from AllCells Inc. 

The mouse fetal stromal cells (OP9) were purchased from the American Type Culture 

Collection (ATCC, Manassas, VA) and was maintained as previously described (166). 

The engineered LmDL1 and LmDL1-FL7 cell lines were generated by transducing cells 

with lentivectors encoding DL1, Flt3L and IL-7, respectively. The stromal cells were 

maintained in α-MEM (Gibco BRL, Invitrogen) supplemented with 20% fetal bovine 

serum (Gibco BRL, Invitrogen) and 1% penicillin-streptomycin (Mediatech Inc.). IL-7 

cytokine secretion was measured by using human IL-7 ELISA kit (Ray Biotech, Inc.). 

Cell free supernatants were obtained from LmDL1 and LmDL1-FL7 cells cultured for 48 

hours (80-90% confluent) in a 12 well plate containing 1 mL of media. The samples 

were read on model 680 micro plate reader (Bio-Rad). The surface expression of 

mouse DL1 and Flt3L was analyzed by flow cytometry with Alexa Fluor 647-conjugated 

anti-DL1 Ab (Biolegend) and purified anti-Flt3L Ab (Abcam Inc.) conjugated with 

zenon-alexa 488 according to manufacturer’s instructions (Invitrogen). 

LmDL1 Stromal Cell - CD34+ HPC Co-culture 

The CD34+ HPCs were seeded into 24-well-plate at 1X105 cells per well 

containing a confluent monolayer of LmDL1 or LmDL1-FL7 cells. The co-cultures were 

maintained in complete medium from day 1, consisting of α-MEM with 20% FBS and 1% 

Penicillin-Streptomycin, supplemented with 5 ng/mL IL-7 (PeproTech, Inc.) and 5 ng/mL 

Flt3L (PeproTech, Inc.) as indicated. The co-cultures were replenished with new media 
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every 2-3 days. The cells in suspension were transferred to a new confluent stromal 

monolayer once the monolayer began to differentiate or when developing cells reach 

80-90% confluent. The cells were transferred by vigorous pipetting, followed by filtering 

through a 70 μm filter (BD Biosciences) and centrifugation at 250 RCF, at room 

temperature for 10 minutes. The cell pellet was transferred to a fresh confluent 

monolayer. The cells were harvested at the indicated time points during the T cell 

development for analysis. 

Monoclonal Antibodies and Flow Cytometry  

The surface expression of mouse DL1 and Flt3L were analyzed by flow cytometry 

with Alexa Fluor 647-conjugated anti-DL1 Ab (Biolegend) and purified anti-Flt3L Ab 

(Abcam Inc.) conjugated with zenon-alexa 488 according to manufacturer’s instructions 

(Invitrogen). The antibodies used for surface staining of T cell development included 

CD4 (clone RPA-T4 Pacific blue), CD8 (clone RPA-T8 PE), CD3 (clone UCHT1, Pacific 

Blue, clone SK7, PE-Cy7), TCR αβ (clone T10B9.1A-31, FITC), CD1a (clone HI149, 

APC), CD7 (clone M-T701, FITC, PE), and intracellular staining for Ki67 (clone B56, 

FITC), and isotype IgG1κ, which were from BD biosciences (San Jose, CA). Anti-CD127 

(clone 40131-FITC) was from R&D systems (Minneapolis, MN). Vβ repertoire analysis 

was performed using IOATest® beta mark TCR Vβ repertoire kit, according to the 

manufacturer’s instructions (Beckman Coulter). For flow cytometric staining, cells were 

first washed with PBS plus 2% FBS and blocked with mouse and human serum at 4°C 

for 30 minutes. Cells were incubated with antibodies per manufacturer’s instructions. 

For each fluorochrome-labeled Ab used, appropriate isotype control was included. After 

antibody staining, the cells were washed twice and fixed with 2% para-formaldehyde. 

Intracellular staining was performed using BD cytofix/cytoperm kit, according to the 
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manufacturer’s protocol. Data were acquired using BD FACS Diva software (version 

5.0.1) on a BD FACSAria or a BD LSR and were analyzed using the Flowjo software 

(Tree Star, Inc.). 

T cell Stimulation and Effector Function Analysis  

To stimulate naïve T cells, a protocol for long term stimulation was followed using 

anti-CD3/CD28 beads (Dynal, Invitrogen) per manufacturer’s instructions. The cells and 

the beads were mixed and plated into a 96 well plate at 37oC for 2 to 3 days in X-vivo 

20 media (Gibco). On day 3, 12.5U of IL-2, 5 ng/mL of IL-7 and 20 ng/mL of IL-15 were 

added and the cells were cultured for additional 11 to12 days. To determine intracellular 

cytokine production the in vitro expanded CD4 T cells were stimulated with PMA and 

Ionomycin (Sigma-Aldrich), and analyzed for the release of IFN-γ, IL-4 and IL-17. 

Briefly, the cells were incubated with 25 ng/mL PMA and 1 μg/mL ionomycin for one 

hour followed by the addition of 6 μg/mL monensin (Sigma-Aldrich) to inhibit 

golgi-mediated cytokine secretion. After 4 to 5 hours of incubation, the cells were 

harvested and surface stained for CD4 (clone RPA-T4, Pacific blue), CD8 (clone SK1, 

APC-Cy7), CD3 (clone SK7 PE-Cy7), CD25 (clone M-A251, PE) and intracellular 

stained for IFN-γ (clone 25723.11, FITC), IL-4 (clone MP425D2, APC), FOXP3 (clone 

PCH101, Alexa 647); the above antibodies were from BD Biosciences, and IL-17 (clone 

64CAP17, PE) antibody was from eBioscience. The data were collected by flow 

cytometry using BD FACSAria and analyzed using Flowjo.  

RT-PCR 

RNA was harvested from cells using TRI Reagent (Sigma-Aldrich). 1 μg RNA was 

reverse transcribed into cDNA by using Two-step AMV RT-PCR kit (Gene Choice). The 

following primers were used for the PCR reaction: m GAPDH, F(Forward) 
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5’-TCACCACCATGGAGAAGG C-3’ and R-(Reverse) 

5’-GCTAAGCAGTTGGTGGTGCA -3’; mDL1, F-5’-GCTCTTCCCCTTGTTCTAACG-3’ 

and R-5’- CACATT GTCCTCGCAGTACC-3’ ; Flt3L, F- 5’-AAGGATCCGCAGGAT 

GAGGCCTTG-3’ and R-5’-CGGCGACAGGAGGCATGAG-3’; IL-7, 

F-5’- TTCTCGAGTTATCAGTGTTCTTTAGTG-3’ and 

R-5’-AAGCGGCCGCCACCATGTTCCATGTTTC T-3’; h GAPDH, 

F- 5’CCGATGGCAAATTCGATGGC-3’ and R- 5’ GATGACCCTTTTGGCTCCCC-3’; 

hLEF-1, F- 5'-CGACGCCAAAGGAACACTGACATC-3' and 

R- 5'-GCACGCAGATATGGGGGGAGAAA-3'; hTCF-1, 

F-5'-CGGGACAGAGGACCATTACAACTAGATCAAGGAG-3', and 

R-5'-CCACCTGCCTCGGCCTGCCAAAGT-3'; Rag-1, 

F-5'-CAGCGTTTTGCTGAGCTCCT-3' and R-5'- GGCTTTCCAGAGAGTCCTC-3'; 

Rag-2 F-5'- GCAACATGGGAAATGGAACTG-3' and 

R-5'- GGTGTCAAATTCATCATCACCATC-3'. After 30 cycles of amplification (95°C for 

30 seconds, 55°C for 30 seconds, and 72°C for 60 seconds), PCR products were 

separated on a 2% agarose gel. 

TREC Analysis  

Plasmid DNA containing cloned TREC and RAG2 was used as positive control. 

Cell lysates were prepared by proteinase K digestion (100 μg/mL) at 56oC for 1 hour, 

followed by heat inactivation at 95oC for 10 minutes. In brief, 1.5 μL of cell lysates 

equivalent to 100 ng DNA or 15,000 cells were used as template for PCR amplification. 

The following primers were used for the PCR reaction for TREC 

F- 5’-CAGAGGGGTGCCTCTGTCA-3’ and R-5’-CTGTGAAACACTCCCCAGC-3’, and 

RAG2 F-5’-TCTTGGCATACCAGGAGACA-3’ and 
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R- 5’-AGTGGAATCCCCTGGATCTT-3’. PCR conditions were 95°C for 10 minutes, 

followed by 35 cycles of 95°C for 30 seconds, 55°C (RAG2) 59°C (TREC) for 60 

seconds, 72°C for 60 seconds, with a final extension at 72°C for 10 minutes. PCR 

products were analyzed on 1% agarose gel. 

DC:T cell Co-Culture 

Mature DCs were prepared as described previously (159). Briefly BM CD34+ 

HPCs were co-cultured on OP9KFT63KF for 15 days, followed by co-culture on 

OP9GM15 for additional 5 to10 days. Maturation was induced by adding 5 ng/mL 

TNF-α, 10 ng/mL IL-6, 10 ng/mL IL-1β, 1 μM PGE-2, 50 ng/mL GMCSF and 100 ng/mL 

IL-15 to DC precursors in 24 well low attachment plates. The cells were incubated for 48 

hours at 37oC. DC:T cell co-cultures were set up in a 96 well U bottom plate at a ratio of 

1:10, DC: T cells for initial stimulation and 1:20, DC: T cells for re-stimulation. The cells 

were incubated with 25 ng/mL PMA and 1 μg/mL ionomycin for one hour followed by the 

addition of 5 μg/mL berfaldin A (Sigma-Aldrich) to inhibit golgi-mediated cytokine 

secretion. Intracellular cytokine staining was performed using BDcytofix/ctyoperm kit 

according to manufacturer’s instructions. 

Results 

T cell Precursor Expansion on LmDL1-FL7 Cell Line 

The previously established mouse OP9-DL1 cell line, LmDL1 (167), was infected 

with lentivectors expressing human Flt3L, or both Flt3L and IL-7, to generate LmDL1-FL 

and LmDL1-FL7 cell lines, respectively (Figure 3-1A). RNA was harvested from these 

cell lines and analyzed by semi-quantitative RT-PCR to confirm transgene expression 

(Figure 3-1B). We confirmed surface expression of DL1 on all three cell lines (LmDL1, 

LmDL1-FL and LmDL1-FL7; Figure 3-1C). Both LmDL1-FL and LmDL1-FL7 expressed 
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high levels of Flt3L on cell surface (Figure 3-1D). The secretion of IL-7 by LmDL1-FL7 

as measured by ELISA was in the range of 10 to 14 ng/mL after 48 hours of culture 

(Figure 3-1E).  

Next, we examined the differentiation and expansion potential of adult human BM 

CD34+ HPCs co-cultured with LmDL1 exogenously supplemented with recombinant 

Flt3L, IL-7, or co-cultured with LmDL1-FL7. We determined the proliferation rate of the 

incubated cells by counting the total number of suspension cells at a series of time 

points in three independent experiments. The results showed that CD34+ HPCs, when 

co-cultured with LmDL1-FL7 for 35 days, could expand up to 5 fold more than those 

co-cultured with LmDL1 supplemented with soluble Flt3L and IL-7 (LmDL1+Flt3L+IL-7) 

(Figure 3-1F). The exact fold of T cell precursor expansion varied among donors but in 

all cases, LmDL1-FL7 was superior to LmDL1 plus soluble IL-7 and Flt3L in supporting 

T cell precursor proliferation.  

Adult BM CD34+ HPCs T cell Differentiation on LmDL1-FL7  

Next, we compared the surface expression of CD8, CD4, CD7, CD1a, CD3, TCR 

αβ and TCR γδ on the differentiating cells in the two co-culture systems. Kinetics of 

CD8, CD4, CD7 and CD1a expression patterns were comparable between the two 

systems. We observed CD4 ISP population is detectable from day 5 (not shown) to day 

15, and then the percentage of CD4 ISP wanes as the CD8 ISP cells becomes the 

dominant population after day 20 (Figure 3-2). T cell lineage commitment from HPCs is 

defined by up regulation of CD7 expression, followed by induction of CD1a expression, 

and CD1a is decreased upon further maturation. A schematic illustration of the 

predicted key events and phenotypes of developing T cell precursors is shown (Figure 

3-2). CD7+CD1a- cells were initially detected on day 15. The highest percent of 
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CD7+CD1a+ cells were seen on day 42, which was followed by a gradual decrease of 

CD1a+. Due to the lower precursor cell number in the LmDL1+Flt3L+IL-7 co-culture, we 

had limited number of precursor cells available for analysis in the earlier time points. In 

both systems, DP cells were detected around day 35 and the cell population decreased 

by day 56. The exact day in culture that CD8 ISP and DP populations were detectable 

in both of the co-culture systems being compared varied among the donors.  

The rapid expansion of T cell precursors in the co-culture with LmDL1-FL7 was 

accompanied by a slower development of the DP cell population. Additionally, CD3 

surface expression was detected at lower levels in LmDL1-FL7 co-culture than in 

LmDL1+Flt3L+IL-7 co-culture (Figure 3-3). Nevertheless, neither system produced the 

desired CD3hiTCRhi CD4 or CD8 cell populations (Figure 3-2 and 2-3). The analysis of 

γδ T cell surface markers suggested that γδ lineage diversification did not occur in the 

precursor cells cultured on LmDL1-FL7 but some were identified in those from the 

LmDL1+Flt3L+IL-7 co-culture system (Figure 3-3). Thus, we conclude that no 

functionally mature T cells could be obtained from the adult BM-derived CD34+HPCs in 

the in vitro cultures. 

Effect of IL-7 Deprivation on DN to DP Transition 

In murine T cell development in vitro, IL-7 plays a negative role during transition of 

DN to DP T cells (160-164). Human thymocytes have been reported to lose IL-7 

dependency upon reaching CD7+CD1a+ stage in vitro (162). We found that day 21 cells 

were always expressed CD7 and lacked CD1a. Thus, we chose this time point for IL-7 

deprivation to ensure that the differentiating cells were in IL-7 dependent phase of 

development. To assess the effect of IL-7 deprivation on DN to DP transition, we 

cultured adult CD34+ BM HPCs on LmDL1-FL7 for 21 days, then the cells were 
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harvested, washed and then either continued to be co-cultured with LmDL1-FL7 (IL-7 

present) or with LmDL1-FL/LmDL1+Flt3L, without IL-7 (IL-7 deprived). The cells were 

cultured in IL-7 primed or IL-7 deprived condition for additional 10 to15 days and were 

analyzed for the expression of CD7, CD1a, CD4, CD8, CD3, TCR αβ and TCRγδ. We 

observed a decline in cell survival after IL-7 withdrawal indicating IL-7 dependence of 

the precursor cells (Figure 3-4A, open circles). In the IL-7 deprived co-culture system, 

we observed the expected increase in IL-7Rα expression that occurs following IL-7 

withdrawal (Figure 3-4B and 3-4C). Additionally, we observed an increased percentage 

of DP T cells. However, these cells lacked the CD3hiTCR αβhi phenotype, a precursor 

stage to mature αβ T cells (Figure 3-4B and 1-4C). Thus, IL-7 deprivation alone is not 

sufficient to induce transition to CD3hiTCR αβhi DP stage in stage of adult human T cell 

precursors on the OP9 culture system.  

Effect of IL-7 Withdraw on T Cell Receptor Excision Circle (TREC)  

During T cell development, DN T cell precursors rearrange their TCR β chain first, 

which is expressed with pre-TCR alpha to form a pre-TCR complex (56). Signaling via 

pre-TCR complex results in allelic exclusion at TCR β locus, but initiates rearrangement 

at the TCR α locus and promotes DP transition (168). Rearrangement at the TCR α 

locus can be evaluated by the presence of TREC, an episomal circular piece of DNA 

formed due to excision of TCR δ locus upon TCR α rearrangement (169). As IL-7 was 

reported to inhibit pre-TCR signaling, we analyzed TREC content in the developing T 

cell precursors cultured in presence or absence of IL-7. The results showed that cells 

from day 0 and day 25 were negative, but from day 30 were positive for TREC (Figure 

3-6A). We quantified TREC via quantitative PCR analysis using cloned TREC and 

RAG2 as standards (Figure 3-5) (170). Our results showed that < 1% cells were positive 
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for TREC on day 30, and IL-7 deprivation had no effect on TREC content (Figure 3-6B). 

RT-PCR analysis of RNAs showed that this was not due to the lack of RAG or TCF1, 

LEF gene expression (Figure 3-6C). This result shows that only a small percent of cells 

underwent rearrangement at TCR α locus in the in vitro system and that IL-7 did not 

have an inhibitory effect on TREC formation.  

Effect of Anti-CD3 Stimulation on IL-7 Primed and on IL-7 Deprived T cell 
Precursors 

Signaling via pre-TCR complex, composed of TCR β, pre-TCR α and CD3 is 

crucial for αβ T cell development (168, 171). Pre-TCR signals in a ligand independent 

manner, possibly through oligomerization (64, 172). Pre-TCR signaling can be 

mimicked by anti-CD3 antibody stimulation, as in vivo administration of anti-CD3 

antibody induces DN to DP transition in Rag2-/- pre-Tα-/- mice (173, 174). Also, 

treatment of FTOC from TCR β-/-, Rag2-/- or SCID mice with anti-CD3 antibody induces 

DN to DP transition (54, 173). Thus, we tested if anti-CD3 stimulation of T cell 

precursors obtained from LmDL1 co-cultures can induce differentiation to DP stage. In 

order to maximize cell-cell contact for efficient stimulation, we transferred cells of both 

IL-7 present and IL-7 deprived groups to U bottom 96 well plates, in a stromal cell free 

environment and supplemented with anti-CD3/CD28 antibody-conjugated beads. We 

found that IL-7 deprived precursors proliferated upon anti-CD3 engagement but IL-7 

present group did not, as demonstrated by the fold increase in cell number and 

intracellular Ki67 staining (Figure 3-7A and 3-7B). On the other hand, TCR activation of 

the IL-7 present group of cells induced growth arrest and subsequent cell death (not 

shown). Additionally, percentage of TREC positive cells increased to ~13% in the IL-7 
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deprived, anti-CD3 stimulated group of cells, indicating increased TCR α rearrangement 

(Figure 3-7C).  

We next examined T cell maturation markers 2 weeks post stimulation after 

deprivation of IL-7. We observed low CD3 expression and no TCR αβ expression in IL-7 

present and anti-CD3 stimulated group (Figure 3-8A and 3-8C). Interestingly, anti-CD3 

stimulated cells from the IL-7 deprived group displayed a robust transition from 

CD3loTCR αβlo DP to CD3+TCR αβ+DP and CD4+ SP T cells (Figure 3-8B and 3-8D). 

Additionally, we found that the cells were mostly negative for CD56 expression, a NK 

cell marker (Figure 3-9). The timing of IL-7 deprivation and anti-CD3 stimulation was 

critical, as IL-7 deprivation post day 35 and subsequent anti-CD3 simulation did not 

induce T cell differentiation and maturation (data not shown). Thus, we conclude that 

IL-7 deprivation is necessary but not sufficient to induce DP transition and subsequent 

anti-CD3 stimulation plays a critical role in T cell maturation. We further demonstrated 

that the in vitro derived CD4 T cells displayed effector T cell functions similar to that of 

peripheral blood CD4 T cells as assessed by IFN-γ, IL-17 and IL-4 secretion in 

response to PMA and ionomycin stimulation (Figure 3-10). 

Vβ Repertoire Analysis of the in vitro Generated CD4 T cells 

 To evaluate the TCR diversity of the in vitro-derived T lymphocytes, we 

performed vβ repertoire analysis for 23 vβ families of human TCR. The in vitro derived 

CD4+ SP T cells were stained with the IOTest® panel of antibodies. The majority of the 

in vitro differentiated T cells from adult BM HPCs (four of five donors) displayed a 

skewed vβ distribution pattern, e.g. increased populations of TCR vβ 13.2, 9, 20, 5.1, 

and 8, families, respectively, (Indicated families marked by * in donors 1 to 4 Figure 

3-11) as compared with the control PBMCs, which showed an evenly distributed pattern 
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(a representative donor PBMC, Figure 3-11). The quantitative analysis of multiple 

samples is summarized in Figure 3-11B. In all, we found that the vβ family repertoires of 

the in vitro-derived T lymphocytes, to be more restricted than those of normal adult CD4 

T cells.  

CD8 Lineage Commitment in vitro  

The upstream regulators that determine CD8 or CD4 lineage commitment are not 

yet identified (83, 131, 175, 176). However, it is clear that both TCR signal strength and 

duration of TCR signaling influence commitment to become CD4+ or CD8+ T cells. In our 

system, we always observed differentiating cell exhibit the CD8loCD4hi phenotype, 

which are precursors to CD4. On the other hand, CD8hiCD4lo DP cells are the 

precursors to CD8 T cells (177, 178). Another alternative was to induce CD8 gene 

transcription and thus CD8 expression by attempting to stimulate the CD8 gene 

enhancer activity. Since the CD8 gene enhancer is regulated by calcium flux we 

stimulated the calcium signaling in IL-7 deprived T cell precursors using ionomycin. IL-7 

has also been reported to influence CD8 lineage commitment. Precursors from day 27, 

day 33, and day 38 that contained a mixture of DN, CD8 ISP and CD8loCD4lo were 

cultured overnight with ionomycin both in presence or absence of IL-7 and then CD8 

expression was evaluated. A representative experiment from day 38 stimulated with 

ionomycin shows a marked increase in CD8 expression and occurrence of CD8hiCD4lo 

DP after overnight culture with ionomycin alone or ionomycin and IL-7 (Figure 3-12). 

However, these CD8 were negative for the expression of CD3 and TCR α. Additional 

experiments with changing the duration of anti-CD3CD28 stimulation did not cause the 
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differentiating cell to become committed to the CD8 lineage, and both long and short 

duration stimulation gave rise to only CD4 T cells (Figure 3-13). 

Antigen Specificity in vitro 

In order to evaluate whether antigen specific CD4 T cells can be derived in vitro, 

we attempted to provide HLA-peptide complex to the developing T cells utilizing a DC-T 

cell co-culture approach. To avoid HLA mismatch BM derived CD34+HPCs from the 

same donor were used to derive both DC precursors and T cells in vitro. Generation of 

DCs from CD34+HPCs has been described previously by our lab (159). DC precursors 

were generated by co-culturing BM CD34+HPCs with OP9KFT63KF stromal cells that 

constitutively express stem cell factor (SCF), Flt3L, Thrombopoietin (TPO), IL-6 and IL-3 

(Figure 3-14A). After expanding the developing myeloid cells on the OP9KFTT63KF cell 

line, they are further differentiated by co-culturing them on OP9GM15 stromal cells that 

constitutively express GMCSF and IL-15. DC precursors were matured and DC surface 

markers were evaluated (Figure 3-14B). DCs were matured using maturation cocktail as 

indicated in material method section of this chapter. Antigen uptake assay was 

performed using DQ-OVA-FITC kit according to manufacturer’s instructions (Figure 

3-14C). DCs were loaded with human cytomegalovirus (HCMV) peptide mix-pp65 then, 

co-cultured with in vitro derived CD4 T cells in 96 well U bottom plate for two weeks 

(Figure 3-15A). After two weeks of initial stimulation, the T cells were re-stimulated by 

culturing for two additional weeks to induce primary immune response of the newly 

generated CD4 T cells against PP65 novel antigen. At the end of the four weeks an 

antigen recall assay was performed. DCs loaded with F16 peptide mix (Peptide derived 

from a protein expressed by Aspargillus) was used as a negative non-specific antigen 

control for intracellular cytokine staining. PMA+ Ionomycin was used as a positive 
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control. A total of five groups were set up as indicated (Figure 3-15B). The cells in all 

five groups were cultured in presence of BFA to block golgi mediated secretion for 5-6 

hours. Surface staining for CD3, CD107a (a perforin degranulation marker), and 

intracellular staining for IFN-γ and TNF-α secretion was performed. The results did not 

show any increase in CD107a expression, IFN-γ and TNF-α secretion in pp65 

stimulated T cells. Thus, no antigen specific response was observed. 

Discussion 

In vitro adult human HPC-derived functional T cells have great potential for 

therapeutic applications, as this approach provides donor HLA-matched T cells that may 

be genetically engineered to fight infections, cancer or to treat immunodeficiencies. 

Additionally, a culture system that can support functional maturation of T cells will serve 

as a useful tool to study human T cell development. Although murine HPCs undergo full 

maturation in the OP9-DL1 culture system, this culture system does not support 

differentiation of adult human BM CD34+HPCs to mature T cells (120, 179). In this 

report, we demonstrated for the first time in vitro development of mature CD4 T cells 

from adult human BM CD34+HPCs. This was accomplished by concomitant control of 

IL-7/IL-7R and pre-TCR signaling.  

LmDL1-FL7 was superior in supporting T cell precursor proliferation when 

compared to LmDL1 supplemented with exogenous Flt3L and IL-7. The enhanced 

precursor proliferation on LmDL1-FL7 could be a consequence of higher concentration 

of cytokines in the LmDL1-FL7. However, the possibility of this effect being a 

consequence of cell-based modification of cytokines cannot be ruled out. Flt3L is 

expressed as a soluble as well as membrane bound form (180), and glycosylated form 

of IL-7 has also been reported (181). While the T cell development potential such as 
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occurrence of CD8 ISP and DP cells were comparable for both culture systems, some 

differences exist, such as CD3 expression and development of TCR γδ cells. Cell-free 

or cell-cell signaling of the cytokines may account for the differences in proliferation and 

differentiation of the two systems. Nevertheless, differentiation to DP stage was 

inefficient and neither system supported terminal T cell maturation. Under both culture 

conditions, precursor proliferation rate declined beyond 30 to 35 days suggesting a 

discontinued dependence for IL-7 and Notch signals, consistent with previous reports 

(48, 182). Thus, the OP9 culture system alone does not support continued 

differentiation of adult human T cell precursors to CD3 and TCR αβ-bearing DP cells. 

Signaling through IL-7/IL-7R supports survival and proliferation through DN3 stage 

in murine T cell development and the same is true for human T cell development (162, 

183). Lck is a protein tyrosine kinase expressed DN3 stage onwards during murine T 

cell development, is associated with CD4 and CD8 co-receptors and plays a major role 

in pre-TCR and TCR signaling. In transgenic mice, expression of IL-7 under the control 

of Lck promoter at low levels enhances proliferation of developing αβ T cells, but at high 

levels, it reduces proliferation and displays a marked block in DP transition (163). 

Recent studies further support that IL-7R signals impair differentiation of CD8 ISP to DP 

cells in ZAP70-/- and IL-7Rα transgenic mice (164). IL-7 inhibits the expression of high 

mobility group (HMG) domain transcription factors TCF-1, LEF-1 and ROR-γt, factors 

important for pre-T to DP transition in the ZAP70-/-,IL-7Rα transgenic mice (164). In 

addition, IL-7 suppresses anti-CD3 antibody induced differentiation to DP stage in 

FTOC of Rag1-/- mice (161). Thus, we hypothesized that IL-7 withdrawal prior to ISP 

might be necessary for efficient DP transition. While IL-7 has been reported to display 



 

64 

an inhibitory role in DP transition in murine T cell development, our results showed that 

the removal of IL-7 in the in vitro co-culture increased transition to DP T cells but did not 

promote further differentiation to CD3hiTCR αβ+ DP and SP T cells. The mechanism by 

which IL-7 inhibits T cell development is unclear. We observed abundant transcripts for 

TCF, LEF in T cell precursors at various time points (data no shown). Thus, it seems 

unlikely that IL-7 withdraw promotes T cell development by de-repressing transcription 

of the above factors. Our data suggest that IL-7 does not inhibit TREC formation. 

Hence, IL-7 does not directly inhibit pre-TCR signaling.  

It is possible that an increase in CD4 surface expression post IL-7 withdraw may 

play a role in how these cells respond to anti-CD3 stimulation. In human T cell 

development, CD4 ISP stage precedes the DP developmental stage. It is possible that 

increased CD4 surface expression may account of increased responsiveness to 

anti-CD3 stimulation due to the increased number of Lck kinases that become available 

to phosphorylate down-stream TCR signaling proteins. Alternative possibility is that IL-7 

mediates its effect through STAT5 activation, which suppresses transcription of genes 

necessary for pre-TCR expression and function (184). IL-7 has also been reported to 

negatively regulate TGF β signaling pathway which may play a role in T cell 

development (185). Detailed evaluation of the effect of IL-7 on pre-TCR signaling is 

described in chapter 4. 

During T cell development, the appearance of ISP T cell population is dominated 

by the CD4 ISP cells in human and CD8 ISP cells in mice. Pre-TCR signals drive 

proliferation, TCR α rearrangement, and the appearance of CD8 ISP in mouse and CD4 

ISP in humans. Interestingly, we observed CD8 ISP derived from human CD34+HPCs in 
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vitro; we found a lack of proliferative burst and minimal rearrangement on the TCR α 

locus. Thus, the CD8 ISP may not be true ISP generated by pre-TCR signals, rather 

they may be a result of cytokine-mediated CD8 expression (186).  

T cell development is a complex process that involves multiple checkpoints and 

three-dimensional architecture composed of multiple cell types and compartments (6, 

86, 149, 151). Our results showed that signaling via CD3 and cell-cell contact was 

sufficient to drive differentiation to DP and subsequent CD4 lineage commitment in the 

absence of thymic environment. As OP9 cells do not express MHC class II but the 

developing human thymocytes do express HLA class II (data not shown), the resulting 

CD4 cells are most likely selected by self MHC of the developing thymocytes. This 

alternative pathway of CD4 T cell development has been reported previously, especially 

in human T cell development (187, 188). Our study is in agreement with recent reports 

demonstrating that human HPCs transplanted in immune compromised mice can 

develop into CD4 T cells (103, 189-191). Such T cell development can occur via 

thymocyte-mediated selection, and does not require the presence of professional 

antigen presenting cells or epithelial cells expressing MHC class II. Additionally the CD4 

lineage commitment differences have been observed between fetal and adult DN cells, 

fetal DN cells produced 1:1 ratio, and adult DN cells produced 3:1 ratio of CD4 to CD8 

cells (192). 

The human CD4 T cells derived from NOD/SCID/γc-/- mice receiving transplanted 

human HPCs display diverse TCR vβ family repertoire (190, 191). However, we found 

reduced TCR diversity in our in vitro system illustrated by skewed vβ repertoire. The 

three-dimensional environment in vivo and the HLA expression on thymocytes may 
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account for such differences. Thus, even though lineage commitment to CD4 lineage 

can be achieved independent of thymic microenvironment, the latter could play a central 

role in establishing a balanced TCR repertoire diversity, inducing negative selection, as 

well as promoting CD8 lineage commitment. Another possibility is that TCR β 

rearrangement and β selection events are inefficient in this system and the small 

population of cells with properly expressed TCR complexes get selected upon anti-CD3 

stimulation (54, 165, 193). Finally, our attempt to induce antigen specificity by priming in 

vitro derived CD4 T cells with HLA matched in vitro derived DCs was unsuccessful. 

Most likely this was due to the narrow range of TCR vβ expressed by the in vitro derived 

T cells which may not express the necessary TCR that can properly recognize the 

presented peptide. 

In conclusion IL-7 withdraw is necessary but not sufficient for further differentiation 

of the developing human T cells from the DN to DP stage, and anti-CD3 stimulation 

plays a key role in inducing DP as well as subsequent maturation to CD4 T cells (Figure 

3-16). Our findings simplify the experimental approaches required for in vitro modeling 

of adult human T cell differentiation, and will help develop novel approaches for T cell 

immunotherapy employing adult BM HPCs. 
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Figure 3-1.  Establishment of LmDL1-FL7 cell line and evaluation of growth of 

CD34+HPC of adult BM origin. A) Schematic of lentivector constructs 
expressing mDL1, huIL-7 and huFlt3L. B) PCR analysis for mDL-1, huFlt3L, 
and huIL-7 mRNA expression. C) Surface expression of mDL-1. D) Surface 
expression of huFlt3L. D) Surface expression in various OP9 cell lines. E) 
ELISA for IL-7 production. F) Growth kinetics of CD34+HPC of adult BM 
origin during co-culture on LmDL1+IL-7+Flt3L and on LmDL1-FL7. 
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Figure 3-2.  T cell development kinetics of adult BM CD34+ HPC on LmDL1+IL-7+Flt3L 

or LmDL1-FL7 co-culture condition. Expression of CD8, CD4, CD7, and 
CD1a on precursors under LmDL1+IL-7+Flt3L or LmDL1-FL7 co-culture 
over time was assessed by flow cytometric analysis. ND is not determined, 
due to insufficient cell number at indicated time point. Data represents three 
independent experiments. 
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Figure 3-3.  T cell development kinetics of adult BM CD34+ HPC on LmDL1+IL-7+Flt3L 

or LmDL1-FL7 co-culture condition. Expression kinetics of CD3, TCR αβ 
and TCR γδ of developing T cells under LmDL1+IL-7+Flt3L or LmDL1-FL7 
co-culture condition was assessed by flow cytometric analysis. ND is not 
determined, due to insufficient cell number at indicated time point. Data 
represents three independent experiments. 
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Figure 3-4.  The effect of IL-7 withdrawal on T cell differentiation. A) Adult BM CD34+ 

HPCs were co-cultured on LmDL1-FL7 for 21 days and continued on 
LmDL1-FL7 (IL-7 present) or transferred to LmDL1+Flt3L (IL-7 deprived) for 
an additional 9 days. Growth curves for the developing T cells in the 
presence or absence of IL-7 after day 21. B) Analysis of T cell markers in T 
cell development cultures with or without IL-7 withdrawal after day 21. C) 
Summary for percentage of the DP, CD4 and IL-7Rα positive cells, n=5. 
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Figure 3-5.  Titration curves of cloned Rag2 and TREC templates of known 

concentrations. A) The cloned plasmid for Rag2 and TREC were used to 
generate standard curves by performing a log dilution series. B) The Ct 
value was plotted against the plasmid copy number calculated from plasmid 
weight, to determine slope.  
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Figure 3-6.  The effect of IL-7 on TCR α gene rearrangement in adult BM CD34+ HPC in 

the LmDL1 co-cultures. A) PCR analysis for TREC and Rag2 was 
performed using genomic DNA harvested T cell precursors that were first 
cultured on LmDL1-FL7 for 25 days and then transferred to LmDL1-FL or 
LmDL1-FL7 condition for additional five days (day 30). B) SYBR quantitative 
PCR analysis of the samples shown in A, n=3. C) RNA was harvested from 
T cell precursors that were first cultured on LmDL1-FL7 for 25 days and 
then transferred to LmDL1-FL or LmDL1-FL7 condition for additional five 
days (day 30). 1 μg mRNA was reverse transcribed to cDNA and subjected 
to PCR using primers specific for Rag1, Rag2, TCF1 and LEF.  
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Figure 3-7.  Effect of anti-CD3/CD28 co-stimulation on IL-7 primed and IL-7 deprived 

precursors. A) Adult human HPCs were co-cultured on LmDL1-FL7 for 21 
days and continued on LmDL1-FL7 (IL-7 present) or transferred to 
LmDL1-FL (IL-7 deprived) for an additional 9 days and stimulated using 
anti-CD3/CD28 beads. The fold increases in cell number were determined 
by cell enumeration and analyzed by non-parametric students T test (n =5, 
P = 0.006). B) Increase in cell proliferation was confirmed by intracellular 
staining for proliferation marker Ki67 as assessed by flow cytometric 
analysis compared to the isotype control (grey line). C) SYBR green 
quantitative PCR analysis for TREC was performed on genomic DNA 
isolated from proliferating cells in antiCD3/CD28 stimulated IL-7 deprived 
group and PBMC was used as control.  
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Figure 3-8.  Effect of IL-7 deprivation and anti-CD3/CD28 co-stimulation on T cell 

maturation. Adult HPCs were co-cultured with stromal cells for 21 days and 
continued on with IL-7 (IL-7 present) or transferred to culture without IL-7 
(IL-7 deprived) for an additional 17 days. The cells were then transferred to 
96 well U bottom plates and stimulated with anti-CD3/CD28 beads for an 
additional 14 days. Flow cytometric analysis of indicated T cell surface 
markers was performed, n=4.  
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Figure 3-9.  Evaluation of NK cell markers on in vitro differentiated CD4 T cells. Flow 

cytometry analysis of additional surface markers for the in vitro differentiated 
T cells, n=2.  
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Figure 3-10.  Analysis of effector functions of the in vitro-derived CD4 T cells. Healthy 

donors’ PBMCs and the in vitro-derived CD4 T cells were stimulated using 
anti-CD3/CD28 beads in the presence of IL-2, IL-7 and IL-15 for two 
weeks. Intracellular effector cytokine and surface marker expression of 
monensin treated, non-stimulated or PMA and ionomycin stimulated cells 
was analyzed by antibody staining and flow cytometry, n=2.  
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Figure 3-11.  TCR vβ repertoire analysis of the in vitro-derived CD4 T cells. A) After 

anti-CD3/28 stimulation, the in vitro-derived CD4 T cells were surface 
stained for 24 Vβ families using the IOTest® Beta Mark TCR Vβ Repertoire 
Kit. CD3-gated populations were evaluated for the expression of the 
various vβ families. Flow cytometry graphs of Vβ analysis from the in vitro 
differentiated CD4 T cells from the 5 donors and a representative normal 
PBMC donor. B) Summary percentage analysis of Vβ distribution of 
healthy donor PBMCs (n=4) versus in vitro derived CD4 T cells (n=7). 
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Figure 3-12.  Effect of ionomycin and IL-7 on CD8 versus CD4 lineage commitment. BM 
HPCs were culture on LmDL1-FL7 for 33 days and deprived of IL-7 for 5 
days. These cells were stimulated as indicated, for 24 hours and surface 
phenotype was evaluated. T cell surface markers were re-evaluated after 
additional 2 weeks of stimulation by flow cytometry. Data represents two 
independent experiments. 
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Figure 3-13.  Effect of duration of TCR stimulation on CD8 or CD4 lineage commitment. 

IL-7 deprived cells on day 30 were further stimulated with anti-CD3 beads 
for <10 hour or for >10 hour and T cell surface markers were analyzed 
after 1 week of culture.  
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Figure 3-14.  Dendritic cell precursor development for BM HPCs. A) BM-derived 

CD34+HPCs were co-cultured on OP9KFT63KF cell line for 15 days and 
the indicated surface markers were analyzed using flow cytometry. B) 
Dendritic cell markers were analyzed by flow cytometry, post co-culture on 
OP9GM15 cell line at indicated time points. C) DC precursors were 
matured using maturation cocktail and analyzed for antigen uptake by 
using DQ OVA antigen uptake assay, grey histograms are isotype 
controls. 
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Figure 3-15.  Antigen recall assay for in vitro derived T cells. A) Schematic of the in vitro 

co-cultures for DC and T cell generation and antigen recall assay set up. 
B) T cells stimulated for a total of four weeks were re-stimulated, Berfaldin 
A treated, permeabilized and the intracellular cytokine was assessed by 
flow cytometry.  
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Figure 3-16.  Summary of human T cell development in vitro 
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CHAPTER 4 
IL-7 ENHANCES PRE-TCR SIGNALING BY ACTIVATING ERK1/2 AND AKT 

PATHWAYS IN HUMAN THYMOCYTE CELL LINE 

Introduction 

Maturation to αβ or γδ T cells from HPCs is a progressive and multistep process. T 

cell development can be characterized by the expression of CD4 and CD8 co-receptors. 

The CD8-CD4- double negative (DN) thymocytes differentiate through CD8 immature 

single positive (ISP) in mice and CD4 ISP in humans, followed by CD8+CD4+ double 

positive (DP), and then CD4+ and CD8+ single positive (6, 45, 149, 152). The earliest 

DN stages in mice are characterized by the expression of CD25 and CD44 and are 

subdivided into CD44+CD25− DN1, CD44+CD25+ DN2, CD44−CD25+ DN3 and 

CD44−CD25− DN4 (194).  

The first step in αβ T cell development is the assembly of pre-TCR complex. The 

pre-TCR complex is made up of the newly rearranged TCR β, pre-Tα and low levels of 

CD3. Pre-TCR complex is highly expressed during DN3 stage in mice and during DP 

CD3lo stage in humans (52, 195). Signaling via pre-TCR initiates rearrangement at the 

TCR α locus, and induces allelic exclusion at the TCR β locus (196, 197). 

IL-7 signaling promotes DN cell survival, proliferation and rearrangement at TCR 

γδ and TCR β locus (94, 198, 199). However, during the later stage where the pre-TCR 

mediated signaling drives DN to DP transition, IL-7 was reported to be an inhibitory 

factor as it suppressed DN to DP transition in a dose dependent manner (200). Detailed 

analysis showed that IL-7 arrested the precursors in DN3 stage and thus prevented 

further differentiation to DP stage in fetal thymus organ culture (FTOC) (160). IL-7 also 

suppressed anti-CD3 mediated DN to DP stage transition of recombination-activating 

gene-1 (RAG-1) deficient pre-T cells in FTOC (201). Inhibitory effect of IL-7 was 
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reported to be mediated by IL-7s ability to reduce transcription of TCF, LEF and ROR-γt 

proteins that play a major role in TCR gene rearrangement (202). However, the 

possibility that IL-7 exerts its effect by inhibiting pre-TCR signaling has not been ruled 

out.  

IL-7Rα-/- mice display γδ T cell deficiency and a reduced amount of αβ T cells (95, 

203). In humans, mutation in IL-7Rα causes severe combined immunodeficiency (89). 

Anti-IL-7Rα antibody inhibits DP transition and TCR αβ expression in human CD34 cells 

in FTOC (96, 204). Thus, according to these studies IL-7 signaling plays a supportive 

role in DN to DP transition, which contradicts the mouse studies. Moreover, in chapter 3 

we observed that IL-7 inhibited transition to DP stage but did not inhibit TREC 

formation, an indicator of pre-TCR signaling.  

Insights into the direct interaction of IL-7 and pre-TCR signaling pathways could 

help clarify the role of IL-7 with respect to pre-TCR signaling. IL-7 binds to the IL-7Rα 

and γc heterodimer leading to Jak3, Jak1 activation (205). In humans IL-7 activates 

STAT5 signaling pathway in DN, CD4 ISP and in mature T cells, but not in DP CD3lo or 

DP CD3hi thymocyte subsets (98). IL-7 was reported to activate the Pi3K/Akt pathway in 

CD3+ human thymocytes and in B-cell precursor cell line but not in mature T cells (206). 

Another report showed that IL-7 activates STAT5, Erk1/2 and Akt in CD34+ human 

thymocyte but only STAT5 in the CD34- fraction which included CD4SP, CD8SP, and 

DP population (207).  

Pre-TCR signals in an autonomous fashion independent of extracellular ligands 

and is thought to activate pathways similar to that of TCR signaling pathways (61, 64, 

196). Anti-CD3 antibody stimulation has been used to mimic pre-TCR signaling (54, 
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165). TCR αβ deficient Jurkat cell line has been used to study pre-TCR signaling (65, 

208, 209). However, Jurkat cells are considered mature T cells, and do not recapitulate 

T cell precursor stage of development. Here, we evaluated different T-ALL cell lines and 

used Molt3 as a model pre-T cell system. Molt3 is a CD4+CD8+CD3loIL-7Rα- cell line, 

hence responds to anti-CD3 stimulation but not IL-7 stimulation. Next we over 

expressed IL-7Rα in Molt3 and demonstrated IL-7 responsiveness in the Molt3 cell line. 

Finally we evaluated the effect of IL-7 on pre-TCR signaling and identified that IL-7 

enhances pre-TCR signaling through Erk1/2 and Akt pathways. 

Materials and Methods 

Flow Cytometry and Antibodies 

The antibodies used for surface and intracellular staining are as follows : 

CD3PE-cy7 clone SK7, CD4-Pacific blue, clone RPA-T4, CD8- APC-Cy7 clone SK1 

(BD biosciences), CD127 clone 40131 (R&D systems, Minneapolis, MN), pre-Tα, G-14 

(Santa Cruz biotechnology, Inc. Santa Cruz, CA) Anti-STAT5 (pY694)- FITC, clone 47, 

anti-Akt (pS473)-PE, clone M89-61, anti-Erk1/2(pT202/pY204)-Alexa 647, clone 20A 

(BD biosciences, San Jose, CA). For flow cytometric staining, cells were first washed 

with PBS plus 2% FBS and blocked with mouse and human serum at 4°C for 30 

minutes. Cells were incubated with antibodies per manufacturer’s instructions. For each 

fluorochrome-labeled antibody used, appropriate isotype control was included. After 

antibody staining, the cells were washed twice in FACS buffer and fixed with 2% 

para-formaldehyde. Intracellular staining was performed using BD cytofix/cytoperm kit, 

according to the manufacturer’s protocol (BD biosciences). For detection of 

phosphorylated proteins cells were stimulated using indicated stimulus for 15 minutes. 

The cells were then fixed by adding equal amount of pre-warmed 2% 
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para-formaldehyde, and permeabilized with 90% methanol 30 minutes on ice or -20oC 

overnight. Next, the cells were washed and incubated with indicated antibodies for 1hr 

at room temperature, followed by two washes in FACS buffer. Data was acquired using 

BD FACS Diva software (version 5.0.1), on a BD LSR and analyzed using the Flowjo 

software (version 7.1.3.0, Tree Star, Inc. Pasadena, TX). 

Lentiviral Vector Construction and Transduction 

The IL-7Rα complementary DNA (cDNA) was cloned into pTYF transducing vector 

behind a strong human EF1α promoter (210). The RNA was isolated from SupT1 cell 

line and reverse transcribed into cDNA using reverse transcriptase (Promega) and oligo 

dT primers (Promega). The cDNA was amplified by PCR using the following primers 

5' - AAAGATCTCCACCATGACAATTCTAGGTACAAC-3' and 

5'- AAACTAGTTCACTGGTTTTGGTAGAAGCTG-3'. The PCR product was subjected 

to agarose gel electrophoresis, and the band corresponding to the desired PCR product 

size was purified using QIAquick Gel Extraction Kit (Qiagen). The purified product was 

ligated into pST-Blue-1 Acceptor vector (Novagen) and transformed into NEB 5-alpha 

competent E. coli (New England Bio Lab). The IL-7Rα was cloned into the self-

inactivating pTYF lentiviral vector behind human EF1α promoter by using NheI and KpnI 

restriction sites. 

For creating IL-7Rα-monomer Apple (mApple) fusion protein, a total of three 

fragments spanning the IL-7Rα were isolated from pTYF-EF1α-CD127 vector using NsiI 

to SalI, SalI to HindIII, and HindIII to NheI restriction sites. An adapter fragment 5’-

CTAGTACTAGTGCGC-3’ with flanking NheI and AscI restriction sites (Integrated DNA 

Technologies) along with the above mentioned three fragments were ligated into a 

pTYF-EF1α-mWasabi vector. The resulting vector, pTYF-IL7Rα-mWasabi contained 
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human EF1α driven human IL-7Rα fused with monomer Wasabi. The monomer Wasabi 

fragment was replaced by mApple using BamHI and SpeI restriction sites. This created 

a pTYF-EF1α-IL-7Rα-mApple construct, which contained EF1α driven human IL-7Rα 

fused with monomer Wasabi. To generate a fusion protein with a hinge motif between 

IL-7Rα and the reporter, a 20 μL reaction mixture was prepared using 200 μM of each 

oligo nucleotides 5’-

-CTAGTGGCGGCGGCGGCAGCGGCGGCGGCGGCAGCGGCGGCGGCGGCAGCG-

3’ and 5’-

GATCCGCTGCCGCCGCCGCCGCTGCCGCCGCCGCCGCTGCCGCCGCCGCCA -3’ 

(Integrated DNA Technologies) with flanking SpeI and BamHI sites, 1 μL of T4 

polynucleotide kinase (New England Biolabs Inc.), and 2 μL of the 10X T4 kinase buffer. 

The above reaction was incubated for 30 minutes at 37oC and for additional 20 minutes 

at 65oC for annealing the complementary oligonucleotides. The above annealed helix-

turn-helix spacer (hinge) was inserted between the IL-7Rα and monomer Apple using 

SpeI and BamHI sites to create a pTYF-EF1α-IL-7Rα-hinge-mApple fusion protein 

expression vector.  

The IL-7Rα siRNA construct was prepared by using complementary pairs of six 

synthetic oligonucleotides as following: 1-5’-GATCCCGCTGACACTC-3’, 

2- 5’-CTGCAGAGAAATTCAAGAGATT-3’, 

3-5’-TCTCTGCAGGAGTGTCAGCTTTTTTGGAAA-3', 

4-5’-CTAGTTTCCAAAAAAGCTGACAC-3’, 5-5’-TCCTGCAGAGAAATCTCTTGAA-3’, 

6-5’-TTTCTCTGCAGGAGTGTCAGCGG-3’. We first treated these oligonucleotides 

using T4 polynucleotide kinase; two 10 μL reaction mixtures were prepared by adding 5 
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μM of the 1-3 oligonucleotides and 4-6 oligonucleotides. 1 μL of the 10X T4 DNA ligase 

buffer (Promega), and 0.5 μL of T4 polynucleotide kinase (New England Biolabs Inc.) 

was added to each tube. The above reaction mixtures were incubated at 37oC for one 

hour and 30 minutes, followed by 20 minute incubation at 65oC. The 10 μL of mixture 

containing kinase treated oligonucleotides 1-3 was mixed with the complementary 

oligonucleotides 4-6. This mixture was heated to 70-75oC for 2 minutes and was 

allowed to cool to room temperature in order to anneal the complementary 

oligonucleotides. The annealed siRNA fragment was cloned into NEP-U6rPuro vector 

using BamHI and SpeI cloning sites. The resulting vector, PGK-Puro-U6-IL-7Rα siRNA 

contained U6 promoter driving the expression of siRNA against IL-7Rα and PGK 

promoter driving the expression of puromycin resistance gene.  

Inhibitors 

Jak3 inhibitor V was purchased from Calbiochem, MEK1/2 inhibitor U0126 and PI3 

Kinase Inhibitor -LY294002 were purchased from Cell Signaling Technology Inc.  

RT-PCR and Real Time PCR 

RNA was harvested from cells using TRI-Reagent (Sigma-Aldrich). 1μg RNA was 

reverse transcribed into cDNA by using Two-step AMV RT-PCR kit (Gene Choice, MD). 

The following primers were used for the PCR reactions: GAPDH- F 

(Forward) - 5’-CCGATGGCAAATTCGATGGC-3’ and R 

(Reverse) - 5’-GATGACCCTTTTGGCTCCCC-3’, pre-Tα, 

F-5’AGTACACAGCCCATGCATCTGTCA-3’ and (Reverse) 

R-5’- AATGCTCCAAGACTGGAGGAAGGA-3’, CD3 epsilon, 

F- 5’-TGAAGCATCATCAGTAGTCACAC -3’ and 

R-5’-GGCCTCTGTCAACATTTACC-3’- IL-7Rα-5’-TCGCAGCACTCACTGACC-3' and R 
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5’-GTCATTGGCTCCTTCCCG-3’. After 30 cycles of amplification (95°C for 30 seconds, 

55°C for 30 seconds, and 72°C for 60 seconds), PCR products were separated on a 2% 

agarose gel.  

For Real Time PCR analysis of IL-7Rα, the following primer pairs were used: 18S r 

RNA F- 5'-GGACAACAAGCTCCGTGAAGA-3' and18S r RNA 

R-5'-CAGAAGTGACGCAGCCCTCTA-3' and IL-7Rα-5’-TCGCAGCACTCACTGACC-3' 

and R 5’-GTCATTGGCTCCTTCCCG-3’. PCR was performed using SYBR green PCR 

master mix (Invitrogen). The primer amplification efficiency was established by 7 log 

serial dilution of cDNA for both 18SrRNA and IL-7Rα. Q-PCR reaction was performed 

using 95°C for 10 minutes, followed by 40 cycles of amplification (95°C for 30 seconds, 

55°C for 30 seconds, and 72°C for 60 seconds).  

Intracellular Ca2+ Measurements 

Molt3 and Jurkat cells were resuspended at a density of 2X106 cells per mL in PBS 

containing 1 mM calcium, 1mM magnesium, and 0.5% BSA. The cells were then loaded 

with 4 μM of the Ca2+ indicator dye Indo-1-AM (Molecular Probes) by incubating for 30 

minutes at 37oC. The cells were washed twice with PBS containing 1mM calcium, 1mM 

magnesium, and 0.5% BSA. The tube containing the cell suspension was warmed to 

37oC and was placed onto LSR II flow cytometer (Becton Dickinson). Baseline 

measurements were collected for 1 minute. After 1 minute the tube was removed from 

the flow cytometer and anti-CD3 clone Hit3a (5 μg/mL), anti-mouse IgG (0.15 mg/mL) 

antibodies were added and measurement was continued for another 5 minutes. After 5 

minutes the tube was again removed from the flow cytometer and ionomycin (1 μg/mL) 

was added to induce the release of maximum intracellular calcium and serve as a 

positive control. The maximum intracellular calcium levels were measured for the final 



 

90 

1-2 minutes. Stimulus-induced changes in the intracellular Ca2+ concentration were 

determined over time by monitoring the fluorescence emission ratio of the Ca2+ bound 

versus free form of indo-1-AM at 405 and 495 nm, respectively; data were analyzed and 

plots were generated using kinetics tool in the Flowjo software program (Tree Star 

System Inc.). 

Western Blot 

For Western blot analysis, cells were collected at specific time points 

post-treatment and washed in cold PBS buffer before being lysed in Blue Loading buffer 

with dTT (Cell Signaling Technology Inc.) and supplemented with protease inhibitor 

mixture (Roche Diagnostics, Mannheim, Germany). Protein was separated on 10% SDS 

page gel, and then transferred to PVDF membranes (Millipore). The membrane was 

blocked and probed with antibodies against phosphorylated Erk1/Erk2 (Thr202/Tyr204) 

(clone, D13.14.4E) and Erk1/Erk2 (clone, 137F5) (Cell Signaling Technology Inc.). Next, 

the membrane was incubated with horse radish peroxidase-conjugated secondary 

antibody (Cell Signaling Technology Inc.). Bound proteins were visualized by Super 

Signal* West Pico Chemiluminescent Substrate (Thermo Scientific).  

Statistical Analysis 

Statistical analysis was performed by applying Wilcoxon matched-pairs signed 

rank test using Graph Pad Prism 5 software. 

Immunofluorescence 

Cells were fixed with 4% paraformaldehyde and the nuclei were stained using 

DAPI and imaged using Olympus IX81-DSU Confocal Microscope equipped with 63X 

water immersion lens for Molt3. HeLa cells were imaged by using a Leica fluorescent 

microscope at 40X using a spot camera (Diagnostic Inc.). For live cell imaging, 
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CD3δ-eGFP and IL-7Rα-hinge-mApple transduced cells were suspended in RPMI 

containing 10% FBS and 25 mM HEPES. The cells were allowed to settle just before 

imaging in chambered cover glass slides coated with poly-D-Lysine solution. Cells were 

imaged by using an Olympus IX81-DSU Spin Disk Confocal Microscope equipped with 

a 60X water immersion lens. For time lapse, images were taken at the mid plane of the 

cell for every 30 seconds for 20 minutes. Representative images for every 1 minute are 

shown. Images were acquired with the attached CCD camera. 

Results 

Characterization of T-ALL Cell Lines 

 Human T cell development is characterized by DN, DP CD3lo, DP CD3hi TCR 

αβ+, CD8 SP or CD4 SP stages as illustrated at the top of Figure 4-1. Full length 

transcripts of TCR β and pre-Tα are detected in DP CD3lo stage, and pre-TCR signaling 

drives progression to DP CD3hi and induces allelic exclusion at TCR β locus, followed 

by TCR α locus rearrangement (58). To study the effect of IL-7 on pre-TCR signaling, 

we examined several profiles of several candidate precursor T cell ALL cell lines (211). 

Out of the T-ALL cell lines that are found to be arrested in stages of T cell development 

that are depicted by cortical thymocytes, Molt3 and SupT1 resembled cells that are 

have initiated pre-TCR signaling but have do not express mature TCR αβ. Molt3 has a 

rearranged TCR β chain and is positive for intracellular TCR β expression (211, 212), 

we evaluated Molt3 for the expression of CD3, Pre-Tα, and IL-7Rα. RT-PCR analysis of 

Molt3 RNA showed comparable levels of CD3 and pre-Tα but reduced IL-7Rα 

transcripts when compared to SupT1 and Jurkat (Figure 4-1A). Surface marker analysis 

by flow cytometry showed that Molt3 is CD4loCD8lo DP with low CD3 surface expression 

(Figure 4-1B), but intracellular staining revealed that cytoplasmic CD3 expression in 
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Molt3 was similar to SupT1 and Jurkat (Fig. 1B). In addition, we detected higher levels 

of cytoplasmic pre-Tα and IL-7Rα expression in Molt3 than in SupT1 and Jurkat (Figure 

4-1B). Furthermore, Molt3 showed CD7+CD1alow expression (not shown). These results 

suggest that Molt3 is arrested in the DP CD3lo preT development stage during which the 

pre-TCR signaling occurs (213). However, it lacks surface IL-7Rα expression, a critical 

requirement for IL-7 signaling (90, 91, 214).  

Response to IL-7 and Anti-CD3 Stimulation in Molt3 Cell Line Overexpressing 
IL-7Rα 

  To study IL-7 signaling in Molt3, we constructed a lentivector encoding IL-7Rα 

and established an IL-7Rαhi Molt3 cell line. IL-7 RT-PCR and flow cytometry analyses 

confirmed IL-7Rα RNA and surface expression in the IL-7Rαhi Molt3 cell line. We 

evaluated IL-7 responsiveness by assessing phosphorylation of STAT5; the result 

illustrated that IL-7 induced STAT5 activation in IL-7Rαhi Molt3 but not the unmodified 

Molt3 cell line (Figure. 3-2A). Next, we evaluated the response to anti-CD3 stimulation 

by analyzing the T cell activation markers CD25 and CD69 (215). Molt3 up regulated 

CD25 and CD69 in response to anti-CD3 stimulation (Fig. 3-2B). Induction of calcium 

flux was evaluated using Indo-1-AM dye, and the results showed a low level of 

response to anti-CD3 stimulation of both unmodified Molt3 and IL-7Rαhi Molt3 when 

compared to ionomycin induced calcium flux or anti-CD3 stimulated Jurkat. Note that, 

despite of high CD3 expression and IL-7Rα in SupT1, the cell line failed to respond to 

both IL-7 and anti-CD3 stimulation (Fig. 3-3). The above results demonstrate that 

IL-7Rαhi Molt3 and not SupT1 cell line was responsive to both IL-7 and anti-CD3 

mediated pre-TCR signaling. Thus, IL-7Rαhi Molt3 can be used to evaluate the role of 

IL-7 on pre-TCR signaling 
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Effect of IL-7 on Pre-TCR Signal  

 To assess the effect of IL-7 on anti-CD3 mediated activation, we tested four 

conditions: no treatment, anti-CD3 Ab, anti-CD3 Ab plus IL-7 and IL-7, using IL-7Rαhi 

Molt3 cells (Figure 4-4A). Our results showed a consistent increase (n=10, p=0.002) in 

the expression of CD25 in the anti-CD3 Ab plus IL-7 group. Interestingly, IL-7 alone also 

induced a slight increase of CD25 (p=0.002, Figure 4-4A and 3-4B). Induction of 

calcium flux was evaluated using Indo 1 AM dye. Intensity of TCR stimulation directly 

corresponds to calcium flux, as measured by Indo-1-AM violet/blue ratio, and duration of 

TCR simulation can be visualized over time. Evaluation of the effect of IL-7 on anti-CD3 

induced calcium flux showed no change both in the intensity and the duration of calcium 

flux (Figure 4-4C and 3-4D).  

Identification of Pre-TCR Signaling Pathway in Molt3 

 Pre-TCR signaling drives DN to DP transition, but the signaling partners of the 

cytoplasmic tail of the human pre-TCR complex have not yet been identified (197). 

Additionally, critical differences exist between mouse and human cytoplasmic domain of 

Pre-Tα chain (55, 62, 196, 216). There are three candidate pathways for human 

pre-TCR signaling: Erk1/2, PI3K, and γc-mediated signaling. Pre-TCR signaling is 

thought to occur through pathways that are similar to those of TCR signaling pathways, 

based on the knock out and transgenic mice studies (61, 197, 217-221). Alternatively, 

possibility is pre-TCR utilizes the common γc chain of IL-2 receptor complex, as 

pre-Tα-/- γc-/- double knockout mice display a profound defect in early T cell development 

(60). To identify the mechanism by which IL-7 enhances pre-TCR signaling, we first 

examined the candidate pathways involved in pre-TCR signaling in IL-7Rαhi Molt3. For 

the PI3K pathway, we tested the PI3K inhibitor Ly294002. For the Erk1/2 signaling 
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pathway, we utilized the U0126 inhibitor (222). To evaluate the importance of γc, we 

utilized Jak3 inhibitor V, as the γc chain signal transduction begins with binding of Jak3 

(223-225). 

 Molt3 was pretreated with the indicated inhibitors for two hours, followed by 

anti-CD3 stimulation and overnight incubation. Analysis of CD25 and CD69 shows that 

Erk1/2 and PI3K-Akt pathways were required for pre-TCR signaling, and γc signaling 

pathway was dispensable (Figure 4-5A and 3-5B).  

Effect of IL-7 on Pre-TCR Mediated Erk1/2 and Akt Activation 

 As Erk1/2 and PI3K-Akt pathways were identified to play a central role in 

pre-TCR signaling, we evaluated the effect of IL-7 on these two pathways using IL-7Rαhi 

Molt3. Activation of STAT5 served as a control for IL-7 signaling. We used 

phosphorylation-specific antibodies and flow cytometry analysis for quantitative 

assessment of STAT5, Akt and Erk1/2 activations. Preliminary flow cytometry analyses 

of these target proteins at 5, 15, 30 and 60 minutes post stimulation established that all 

three proteins were optimally phosphorylated at 15 minutes, and thus we used this time 

point for the following experiment (Figure 4-6). The results showed no STAT5 activation 

in response to anti-CD3 stimulation, and almost the entire population was positive for 

tyrosine phosphorylated p-STAT5 in response to IL-7 stimulation (Figure 4-7A). Molt3 is 

a gamma-secretase inhibitor (GSI) resistant cell line and has PTEN deficiency, and 

therefore, has constitutively active Akt (226). Pre-TCR signaling enhanced Akt 

activation in some cases, however statistical analysis did not show significance. IL-7 

alone significantly increased Mean Fluorescence Intensity (MFI) for activated Akt 

(Figure 4-7B). Anti-CD3 stimulation activated Erk1/2 in a small percent of cells (from 0.8 

to 9.8%, Fig. 4-7C); interestingly, IL-7 alone was able to activate Erk1/2 (8%) and had a 
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significant additive effect on anti-CD3 mediated Erk1/2 activation (28%, n=10, Figure 

4-7C), which was further confirmed by Western blot (Figure 4-7D).  

Dynamics of IL-7Rα and CD3δ 

As IL-7 increased pre-TCR signaling we wanted to evaluate the dynamics of 

IL-7Rα with respect to CD3δ, a central component of the pre-TCR signaling complex. 

We engineered an IL-7Rα-mApple (Monomeric apple- red fluorescent protein) fusion 

protein construct to evaluate the dynamics of IL-7Rα in live cells. However, Molt3 or 

Jurkat cells infected with this construct were unable to activate STAT5 in response to 

IL-7 (Data not shown). Hence, we redesigned the construct and included a 

helix-turn-helix spacer between IL-7Rα and mApple (Figure3-8A). HeLa cells or Molt3 

cells infected with the IL-7Rα-hinge-mApple construct showed localization of the protein 

mainly in perinuclear compartments, with very little protein on the membrane (Figure 

4-8B). Next, we assessed IL-7 responsiveness in the Molt3 infected with 

IL-7Rα-hinge-mApple by evaluating STAT5 activation. Our data showed that 

IL-7Rα-hinge-mApple can function normally, as the cells were able to phosphorylate 

STAT5 in response to IL-7 (Figure 4-8C). Next, we evaluated the dynamics of IL-7Rα 

with respect to the CD3δ by live cell imaging using a spin disk confocal microscope 

(Figure 4-9A). CD3δ-eGFP construct has been described previously by Krummel et.al 

(227). We found that IL-7Rα dynamically moved in micro clusters inside the cells and 

often surfaced. Interestingly IL-7Rα often was found to be moving in close proximity with 

CD3δ as seen in time lapse images (Figure 4-9B). However this effect was less 

apparent in Jurkat cells (not shown). 
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Role of IL-7Rα in pre-TCR signaling 

To assess if IL-7Rα is required for pre-TCR signaling, we infected Molt3 with 

lentivirus expressing IL-7Rα siRNA driven by the U6 promoter and selected for 

transduced cells using puromycin. SupT1 naturally express IL-7Rα and was used as 

control (Figure 4-10A). IL-7Rα down regulation at mRNA level was assessed by SYBR 

Green Real Time quantitative PCR (Figure 4-10B). IL-7Rα down regulation at the 

protein level was confirmed at intracellular and surface levels by flow cytometry (Figure 

4-10C). Non-treated and IL-7Rα siRNA-treated Molt3 cells were stimulated overnight 

using anti-CD3/CD28 beads. Surface expression of CD25 was assessed (Figure 4-10D 

and 3-10E). Our data show that intracellular IL-7Rα is not required for pre-TCR 

signaling and surprisingly, siRNA-treated Molt3 showed higher activation as assessed 

by CD25.  

Discussion 

IL-7 inhibits pre-TCR signaling, both in vitro and in transgenic mice (160, 200-202). 

On the other hand studies done using human HPCs or patients with mutation in IL-7Rα 

show the importance of IL-7 signaling in early T cell development (89, 96). In this study 

we evaluate the role of IL-7 during pre-TCR signaling pathway activation, to understand 

how these two pathways interact in humans. For this purpose we over expressed 

IL-7Rα in Molt3 cell line and demonstrated both, anti-CD3 and IL-7 responsiveness. We 

report that in addition to STAT5 and Akt, IL-7 can also activate Erk1/2 pathway in 

IL-7RαhiMolt3. Thus, the previous observation reporting IL-7 inhibition on the generation 

of DP population could have been a result of IL-7’s effect on transcriptional regulation of 

CD4 gene rather than a direct consequence of pre-TCR signaling. Additionally IL-7 is 
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known to enhance the expression and activity of CD4 silencer binding factors, namely 

c-myb (228). 

We detected mRNA for CD3, pre-Tα, and IL-7Rα in the Molt3 cell line. Molt3 

expressed CD3 at levels comparable to SupT1 and Jurkat, however intracellular and 

surface protein expression were dramatically different, suggesting post transcriptional 

and post translational regulation of these proteins. Molt3 was previously characterized 

as a CD3 negative cell line, however this may be a result of the anti-CD3 antibody clone 

used (229). Our data show abundant mRNA expression for pre-Tα and intracellular 

protein expression in Molt3 cell line. However the surface pre-Tα was barely detected in 

the Molt3 cell line. The lack of surface expression of pre-Tα could be due to the fact that 

unlike murine pre-Tα, human pre-Tα has endoplasmic reticulum (ER) retention signals 

in the cytoplasmic domain and hence is retained in the cytoplasm (55, 62). Interestingly, 

IL-7Rα transcripts were present at extremely low levels in Molt3 when compared to 

SupT1 and Jurkat cell lines, however intracellular protein expression was comparable. 

Again, surface protein expression was dramatically different. Our data suggest that at 

low levels of mRNA transcription, IL-7Rα protein accumulates in the cytoplasm and 

higher levels of mRNA are required for subsequent surface expression.  

 Next, we showed that IL-7 significantly activates Akt and STAT5 and low level of 

Erk1/2. IL-7 can activate the Erk1/2 pathway in pre-B cells, but not in mature T cells 

(205, 230). Our data are in line with the reported ability of the IL-7 to activate Erk1/2 in 

the IL-7 dependent immature T cell line TAIL-7 (231, 232). Interestingly, IL-7 activated 

Erk1/2 only in a small percentage of cells, unlike STAT5 and Akt activation. This 

correlates with the amount of increase in CD25 expression in response to IL-7. How 
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IL-7 activates Erk1/2 is not understood. Our data raise a possibility that IL-7 activates 

Erk1/2 in a pathway distinct from the canonical γc dependent Jak-STAT activation. The 

IL-7Rα cytoplasmic tail is associated with Lck and Fyn, kinases normally associated 

with T cell co-receptor CD4 and CD8 (233, 234).  

IL-7Rα expression is developmentally regulated in mice, it is expressed in DN 

stage shuts down in DP stage, and it is re-expressed in mature T cells (87, 97). In 

contrast to regulation in mouse thymocytes, IL-7Rα is expressed in all stages of human 

T cell development, but its binding partner, γc, is down regulated during DPCD3lo and 

DPCD3hi stages resulting in a loss of STAT5 activation (98). However, activation of the 

PI3K and Erk1/2 pathway in response to IL-7 was not evaluated (207). Nevertheless, 

the stringent requirement for shutdown of IL-7 signaling during pre-TCR signaling is still 

puzzling. Here we found that IL-7 delivers signals similar to the pre-TCR signal. This 

may allow the precursors to bypass TCR beta selection and allow progression to next 

stage with improperly rearranged TCR β chain. Thus, this may explain the stringent 

requirement of IL-7 signal shutdown during pre-TCR stage.  

Finally, we assessed whether IL-7Rα was required for pre-TCR signaling. Our data 

showed that IL-7Rα was dispensable for pre-TCR signaling. Surprisingly, the IL-7Rα 

siRNA treated group showed higher activation compared to the non-infected control. 

This is important as targeting T cells with high IL-7Rα has been proposed as a therapy 

for human inflammatory bowel disease (235). Our results raise a possibility that down 

regulation of IL-7Rα may have an adverse effect on T cell activation. 
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Figure 4-1.  Pre-TCR and IL-7 Receptor expression in T-ALL cell lines. A) schematic of 

human T cell development. cDNA was synthesized from RNA and subjected 
to PCR analysis for CD3 epsilon, Pre-Tα and IL-7Rα using GAPDH as 
control. B) Flow cytometric analysis of surface expression of CD8, CD4, 
CD3, Pre-Tα, IL-7Rα and intracellular expression of CD3, pre-Tα, IL-7Rα in 
Molt3, SupT1 and Jurkat cell lines. 
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Figure 4-2.  Response to IL-7 and anti-CD3 stimulation in lentivirus modified T-ALL cell 

lines. A)  Flow cytometric analysis of IL-7Rα on Molt3 non-infected or 
infected with lentivirus consisting of IL-7Rα (IL-7RαhiMolt3). B) STAT5 
activation in response to IL-7 in Molt3 and IL-7RαhiMolt3. C) CD25 and 
CD69 in Molt3, IL-7RαhiMolt3 and Jurkat after overnight incubation with 
anti-CD3/CD28 beads. D) Intracellular free calcium measurement in 
indo1AM loaded Molt3, IL-7RαhiMolt3 and Jurkat in response to anti-CD3 
(clone Hit3a) and ionomycin. 
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Figure 4-3.  SupT1 does not respond to anti-CD3 or IL-7 stimulation. A) Flow cytometric 

analysis of STAT5 activation in response to IL-7 in SupT1 and 
IL-7RαhiMolt3. B) CD25 and CD69 in SupT1 and IL-7RαhiMolt3 after 
overnight incubation with anti-CD3/CD28 beads. C) Intracellular free 
calcium measurement in indo1AM loaded SupT1 and IL-7RαhiMolt3 in 
response to anti-CD3 (clone Hit3a) and ionomycin. 
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Figure 4-4.  IL-7 enhances anti-CD3 induced pre-TCR signaling as assessed by CD25 

expression. A) Flow cytometric analysis of CD25 and CD69 in IL-7RαhiMolt3 
after overnight incubation in the indicated conditions. B) Statistical analysis 
using Wilcoxon matched-pairs signed rank test, n=10. C) Intracellular free 
calcium measurement in Indo1AM loaded IL-7RαhiMolt3 in response to 
anti-CD3 (clone Hit3a) and or IL-7, using ionomycin as control. D) Area 
under curve was quantified by using Flowjo software and data were 
analyzed using Graph Pad Prism 5, n=6. 
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Figure 4-5.  Pre-TCR signals via ERK1/2 and AKT pathway. A) Flow cytometric analysis 

of CD25 and CD69 in IL-7RαhiMolt3 after overnight incubation in the 
indicated conditions. (B) % CD25 in non-treated and inhibitor 
treated- anti-CD3 stimulated minus non-stimulated control, data represents 
at least three independent experiments. 
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Figure 4-6.  Kinetics of STAT5, AKT and Erk1/2 activation in IL-7Rαhi Molt3. IL-7Rαhi 

Molt3 were stimulated using 100 ng/mL IL-7 or anti-CD3/CD28 beads where 
indicated for 5, 15, 30 and 60 minutes. Cells were fixed, permeabilized, 
stained with antibodies against activated STAT5, Akt, and Erk1/2 and 
subjected to flow cytometric analysis. Non-stimulated stained cells were 
used as control. 
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Figure 4-7.  IL-7 activates STAT5, Akt and Erk1/2. A) IL-7Rαhi Molt3 were left 

unstimuated or stimulated using 100 ng/mL IL-7 and/or anti-CD3/CD28 
beads for 15 minutes and analyzed for STAT5 activation. B) Akt activation. 
C) Erk1/2 activation. Mean fluorescence intensity for STAT5 and Akt and 
percentage for Erk1/2 from 10 experiments are reported. Data was analyzed 
using Wilcoxon matched-pairs signed rank test, n=10. D) Erk1/2 activation 
in response to indicated treatments was verified using western blot. 
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Figure 4-8.  IL-7Rα-hinge-mApple fusion protein. A) Schematic of the IL-7Rα-mApple 

fusion protein with a helix-turn-helix hinge to allow for receptor function. B) 
Immunofluorescence image of HeLa cells and Molt3 cells expressing 
IL-7Rα-hinge-mApple (red) fusion construct, stained with DAPI (blue). C) 
STAT5 activation in response to IL-7 in Molt3 infected with lentivirus 
containing IL-7Rα-hinge-mApple.  
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Figure 4-9.  Dynamics of IL-7Rα interaction with CD3δ. A) Confocal images of Molt3 and 

Jurkat infected with lentivirus containing IL-7Rα-hinge-mApple and 
CD3δ-eGFP. B) Time lapse images of Molt3 cells expressing 
IL-7Rα-hinge-mApple and CD3δ-eGFP fusion proteins. 
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Figure 4-10.  IL-7Rα is dispensable for pre-TCR signaling. A) SupT1 and Molt3 were 

infected with lentivirus containing IL-7Rα siRNA and puromycin resistance 
gene. The cells were subjected to puromycin selection for three days and 
evaluated by PI staining. B) cDNA was prepared from 1 μg RNA harvested 
from indicated cells and subjected to SYBR Green Real Time PCR. C) 
Surface and intracellular IL-7Rα protein was evaluated by flow cytometric. 
D) Non-infected and siRNA treated cells were simulated overnight using 
anti-CD3/CD28 beads, and surface staining for CD25 and CD69 was 
performed. E) CD25 mean fluorescence intensity after overnight 
stimulation by anti-CD3/CD28 beads, n=6. 
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CHAPTER 5 
CONCLUSIONS 

Findings and Future Directions 

The importance of the thymus in immune function was discovered 50 years ago by 

J Miller (2, 236). Following the discovery of the thymus, intensive investigations have 

been made to decipher its complexities and thymocyte development. HPCs that seed 

the thymus were defined by the presence of a surface marker CD34. It is now known 

that CD34+HPCs can be found in fetal liver, fetal thymus, bone marrow, and cord blood. 

However, it was not known if these HPCs would have similar T cell development 

potential. There have been reported differences in lymphopoiesis of murine fetus versus 

adult (130), yet comparable studies for human T-cell development were lacking.  

Unlike FTOC, the OP9 in vitro culture system has great potential for 

immunotherapeutic applications and use in clinical settings; hence we compared T cell 

development of each CD34+HPC source using the OP9 culture system. We concluded 

that out of the four CD34+HPCs, CB HPCs showed the highest proliferation, followed by 

comparable proliferation of BM, FT, and FL during the DN to DP transition phase. The 

FT HPCs required approximately one week, BM HPCs took approximately 4-6 weeks, 

and both FL and CB HPCs took approximately 2-3 weeks to reach the DP stage. 

Nevertheless, all of the T cells developed in vitro were stalled at the double-positive or 

immature single-positive stage with the exception for CB HPCs from which some 

CD3+TCR αβ+ T cells were generated. Thus, we have presented for the first time a 

paralleled overview of T cell development of four different sources of HPCs in OP9 in 

vitro culture system and demonstrated diverse T-cell development potentials of pre- and 

post-natal and adult human BM HPCs (Chapter 2).  
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From adoptive immunotherapy standpoint, FT and FL are not ideal sources of 

HPCs due to ethical issues. On the other hand, CB is easily available and has shown 

superior proliferation and T cell development potential, but still, will face the problem of 

immune rejection caused by allograft transplant and HLA disparity (237). An ideal 

candidate for adoptive immunotherapy will be T cells derived from patient’s own BM that 

are HLA-matched and available for autologous transplant. However, our data and 

others showed that the current in vitro T cell development was hampered by low 

proliferation, delayed kinetics to reach DP stage, and low percentage of DP cells.  

In our quest to better understand T cell development of BM HPCs as it occurs in 

vitro, we first wanted to overcome the limited proliferation potential of BM HPCs. In this 

study, we report that a modified OP9-DL1 cell line (LmDL1-FL7) ectopically expressing 

IL-7 and Fms-like tyrosine kinase 3 ligand (Flt3L) supported an enhanced early adult 

human BM HPC-derived T cell precursor expansion. Continued co-culture of BM HPCs 

on LmDL1-FL7 did not result in efficient DN to DP transition. Hence, we further 

investigated the role of IL-7 and pre-TCR signaling during T cell development in vitro, as 

IL-7 inhibits and pre-TCR signaling promotes DN to DP transition (56, 160, 161, 164). 

We first evaluated the effect of depriving T cell precursors of IL-7 at various time points 

during the development of T cells. IL-7 removal promoted a slight increase of DP 

population with no increased expression of TCR αβ. As pre-TCR signaling rescues DN 

cells from programmed cell death, induces allelic exclusion at β locus, and initiates TCR 

α rearrangement, we mimicked pre-TCR signaling by anti-CD3 stimulation (56). 

Interestingly, IL-7 deprived T cell precursors differentiated into CD3+TCR αβ+DP cells 

upon anti-CD3 stimulation and further matured into functional CD4 T cells, albeit they 
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displayed a skewed TCR Vβ repertoire. Thus, we conclude that concomitant deprivation 

of IL-7 and increased pre-TCR signaling is required for in vitro differentiation and 

maturation of adult human T cells from BM HPCs (Chapter 3). 

Pre-TCR signaling precedes TCR αβ expression, and IL-7 has been reported to 

inhibit pre-TCR signaling (56, 160, 161, 164). If this was true, we should have observed 

an increase in TCR αβ upon IL-7 withdrawal, but our data showed enhanced expression 

of CD4 co-receptor but not TCR αβ. Additionally, our results demonstrated that the 

presence of IL-7 did not inhibit TREC formation, a direct measure of pre-TCR signaling. 

Thus, our data pointed to the need for a re-evaluation of the previous theory of IL-7 

inhibiting pre-TCR signaling. This theory was based on the observation that DP T cells 

were reduced in the presence of IL-7. Thus, direct evaluation of the effect of IL-7 on 

human pre-TCR signaling will help clarify the role of IL-7 in pre-TCR signaling. Hence, 

we evaluated the T-ALL cell line Molt3 as a model system to study pre-TCR signaling. 

As the native Molt3 cells lack IL-7Rα, we overexpressed IL-7Rα in Molt3 and the 

evaluated the effect of IL-7 on pre-TCR signaling. IL-7 enhanced pre-TCR activation as 

shown by the expression of CD25 activation marker in response to anti-CD3 stimulation. 

Furthermore, we demonstrated that the anti-CD3 mediated activation of Molt3 was 

dependent on Akt and Erk1/2 pathways, and IL-7 enhanced the activation of both of 

these pathways. In conclusion, our study demonstrates a cooperative role of IL-7 in 

pre-TCR signaling during T cell development (Chapter 4).  

Future direction includes understanding the dynamics of IL-7Rα with respect to 

pre-TCR complex on developing T cells. To this end, we constructed a chimeric gene 

encoding IL-7Rα and monomer apple fluorescent fusion protein and further 
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demonstrated its IL-7 signaling functions. The IL-7Rα-mApple fusion protein would 

serve as a great tool for future monitoring of IL-7Rα dynamics and understanding the 

basic biology of the IL-7 receptor. It is also necessary to evaluate the effect of IL-7 on T 

cell development related gene expression using commercially available PCR arrays. 

Additionally, we plan to optimize protocol of HPC gene transfer using both oncoretro- 

and lenti-viral vectors, for knock-in or knock-down genes of interest. 

Highlights in T cell Development - How Far We Have Come? 

Significant advances have been made in the past decade in understanding of 

thymic T cell development, which are summarized as follows: 

Lymphoid Precursors 

HPCs that give rise to lymphoid precursors were defined by the expression of 

CD34. Earlier studies have shown that human CD34+CD38+ cells have T-lineage 

capacity in vitro as assessed by BM engraftment and proliferation kinetics into sub 

lethally irradiated NOD/SCID mice (238). However, the latest study defines T- cell 

lineage precursors as CD34+CD38-/loCD10+CD1a-CD7- as assessed by T cell potential 

using the OP9 in vitro culture system (239). The differences in the model system used 

and their read out to assess T cell potential may account for the discrepancies in the 

use of CD38 as a marker for T lineage potential. The difference in the source of CD34 

used also could make a difference in T lineage potential. Consistent with our finding in 

chapter 2, a recent study by Jean Plum et al. demonstrated that CB was superior to BM 

in T-lymphoid differentiation in the OP9 in vitro culture system (240). In conclusion, the 

conventional use of CD34 as a marker for HPCs does not take into account of the 

intrinsic differences that exist among CB, FT, FL and BM HPCs. Thus, further 
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consideration and identification of additional markers that could account for such 

differences is required. 

Early Events: β-selection and DN to DP Transition 

TCR β-selection is defined by pairing of pre-Tα chain with TCR β chain, initiation 

of pre-TCR signaling, induction of allelic exclusion at TCR β locus and initiation of 

rearrangement at TCR α locus. In mice, β-selection occurs in absence of co-receptors 

during the DN3 (CD44-CD25+) stage to the DN4 (CD44-CD25-) transition (51). However, 

the point of β-selection is still controversial in humans, due to contradictory reports of 

β-selection related events in the CD34+CD1a+ stage and in the CD4 ISP stage (52, 

241). Perhaps the simultaneous evaluation of pre-TCR complex proteins, activation of 

pre-TCR signaling pathways, and TCR rearrangement status will help pinpoint the 

β-selection stage in human T cell development. 

The pre-TCR is thought to have different capabilities compared to the αβ-TCR and 

the γδ-TCR, due to its unique structure (197). However, pre-Tα-/- mice do not lack DP 

cells and only show a reduction in DP cells (174). Interestingly pre-Tα-/- and common 

cytokine receptor γc-/- double knockout mice show a profound block in DP transition (56, 

60). The pre-TCR is thought to utilize downstream mediators of αβ-TCR and initiate 

signal transduction as both pre-TCR and αβ-TCR complex is associated with the same 

CD3δ chains. Mouse pre-TCR signaling has recently been studied, however studies on 

human pre-TCR signaling are still lacking. It is important to identify the key differences 

in human and mouse pre-TCR complexes (55, 62, 242). The first difference is in the 

cytoplasmic domain; the human cytoplasmic domain is much longer than that of mice 

and possesses intracellular retention signals (55, 63). Thus mouse pre-TCR complex is 

readily expressed on the surface, and yet human pre-TCR complex is barely detectable. 
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An additional difference exists in the ability of pairing of pre-Tα chain with CD3δ. In mice 

pre-Tα is weakly associated and in humans it is strongly associated with CD3δ, as a 

result, differential activation of the downstream pathways in mice versus humans may 

be observed. (209).  

The pre-Tα-/- mice showed only a partial block in DN to DP transition, however, 

both CD3ε-/- and CD3δ-/- knockout mice showed a complete block in DN to DP transition 

(243). Additionally, signaling via pre-TCR is thought to be a requirement for initiation of 

TCR α rearrangement, however TCR αβ positive cells are present in pre-Tα deficient 

mice (244). Together, the above observations demand a careful reevaluation of the 

unique function of pre-Tα in T cell development.  

Positive and Negative selection 

Thymocytes with rearranged TCR αβ are rescued from cell death by a low-affinity 

interaction of the TCR αβ heterodimer with self-peptide MHC complexes that are 

expressed on thymic epithelial cells (positive selection) (6). Thymocytes with 

high-affinity receptors for self-peptide-MHC expressed on thymic DCs undergo cell 

death (negative selection) (81). After going through positive and negative selection the 

CD3+/- CD4+CD8+ DP cells differentiate to CD8 SP or CD4 SP. The positive selection 

stage has been defined by up regulation of CD69, CD27, and down regulation of CD1a 

and Rag1 (79, 245, 246). Positive selection is affected in MHC class I or class II 

knockout mice, resulting in a markedly decreased number of mature CD8 and CD4 cells 

respectively. In patients with MHC class II deficiency, the development of CD4 T cells is 

affected, but to a lesser extent than in mice, and the TCR Vα and Vβ usage is diverse 

(247). Thus, the development of CD4 T cells in humans might be less stringently 

dependent on positive selection than in mice.  
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Ligation of the αβTCR complex to the peptide-MHC complex results in recruitment 

and activation of the immediate downstream kinase ZAP70, which binds to the 

phosphorylated ITAMS on CD3δ and initiates the TCR signaling cascade (57, 80). 

Interestingly, ZAP70-/- deficient mice lack both CD4 and CD8 T cells, whereas ZAP70 

deficient patients lack CD8 T cells only (248). It is possible that ZAP70 deficiency is 

compensated by high expression of Syk in humans which is only expressed at low 

levels in mice (248, 249). Thus, additional studies need to be done to clarify the role of 

ZAP70 in positive selection in human T cell development.  

CD4 versus CD8 Lineage Commitment 

During αβ T cell development, cells diverge into CD4+ and CD8+ T cell lineage. 

Establishing the underlying mechanism for commitment to CD4 versus CD8 lineage has 

remained a focus of intense study. Initially two models have been proposed: instructive 

and stochastic (250). In 1991 Robey et al. proposed the instructive model, in which 

qualitatively distinct signals are initiated upon TCR engagement by MHC class I or class 

II ligations, and their qualitative differences in signaling drive CD4 or CD8 lineage 

commitment (251). Two years later the stochastic model was proposed, which highlights 

that the synthesis of the inappropriate co-receptor CD4 or CD8 was randomly 

terminated (250). The stochastic model was based on CD4 transgenic mouse studies, 

as the transgene was expressed throughout the development, the data was not 

compelling and the model fell out of favor. The instructive model proposed that the CD4 

and CD8 co-receptors are essential for lineage commitment. This was supported by the 

study showing forced expression of CD4 on DN thymocytes can mediate development 

to the DP stage in RAG-deficient mice (252). However, later studies using CD4 deficient 

mice showed that the co-receptor was not essential for lineage commitment (253, 254). 
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Thus, the instructive model also fell apart as the co-receptor requirement was a central 

premise of this model. However, the above data tend to support that lineage 

commitment might be determined by relative TCR signal strength. Signal strength 

model proposed stronger or weaker TCR signals would lead to the CD4 or CD8 lineage 

commitment, respectively (255). This model is supported by the fact that Lck, a kinase 

required for T cell activation, has higher affinity for CD4 than CD8 (233, 256). 

Consistent with the above model, a study has shown that when the cytoplasmic domain 

of the CD8 co-receptor was replaced by the cytoplasmic domain of CD4, resulted into 

CD4 lineage T cells (257). Further studies have illustrated that reducing Lck activity by 

using an inducible system leads to CD8 commitment, and increasing Lck activity led to 

CD4 lineage commitment (175). However, how these quantitative differences are 

translated downstream of Lck and ZAP70 remains undefined. Ablation of SOCS1, a 

negative regulator of cytokine signaling, favors commitment to CD8 lineage, suggesting 

a regulatory role of cytokine signaling in CD8 commitment (258, 259). 

Another model of lineage commitment is kinetic signaling model. This model came 

forward as a result of a surprising discovery of the CD4+CD8lo subset that was followed 

by CD4+CD8+ DP and was a precursor to CD8 or CD4 T cells (260). This model 

proposes that selective down modulation of CD8 at the CD4+CD8lo stage specifically 

impairs TCR signaling in class I– but not in class II–restricted cells and that interruption 

or persistence of TCR signaling promotes CD8 and CD4 commitment, respectively. 

Thus, this model introduced duration as a factor determining lineage commitment. It is 

difficult to reconcile that instructive or kinetic signaling models act in a mutually 
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exclusive fashion to instruct lineage choice. Hence, the current theory favors that the 

two models can complement each other in directing CD4 versus CD8 lineage choice.  

Recently, advances have been made in identifying downstream transcription 

factors that play a key role in lineage commitment, namely ThPOK, Runx, Gata3 and 

Tox (261). However, the upstream pathway that controls the expression of these factors 

remains to be identified. Thus our current understanding of CD4 or CD8 lineage 

commitment is still incomplete. 

Advances in T cell Development Culture System 

More recently the use of three dimensional matrices to mimic the thymic 

microenvironment for T cell development has been demonstrated. Generation of mature 

T cells from human BM HPCs using a tantalum-coated carbon based cell foam matrix 

has been reported (262). Another study demonstrates T cell development in a cell foam 

matrix coated by human skin cells, mainly keratinocytes and fibroblasts (263). However, 

contaminating T cells from the skin used for coating the cell foam matrix poses an issue. 

As HLA required for positive selection is mainly expressed by thymic epithelial 

cells, recently a human thymic epithelial cell line was evaluated for its ability to support 

DP to SP maturation of T cell in vitro (264). CB CD34+CD38-CD45RA+ HPCs were 

co-cultured in presence of Flt3L and IL-7 with immortalized human thymic epithelial cells 

expressing mouse Delta-like 1. T cell differentiation to CD3loDP stage but not to TCR 

αβ+ CD4 or CD8 SP was observed. The above study suggests that HLA expression by 

thymic epithelial cells is not sufficient to support late T cell development events and 

functional T cell maturation. However, functional maturation to CD4 and CD8 αβ T cells 

from human CD34+HPCs of post natal thymic origin was recently reported in the 

OP9-DL1 cell line expressing HLA-A1, HLA-A2 and β2-microglobulin (265). This could 
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be a result of the source of CD34+HPCs used in the study. This study utilized 

CD34+HPCs from post natal thymus, as it is known that CD34 is also expressed on T 

lineage committed progenitors in the thymus, this could facilitate the T cell development 

in the OP9 co-culture. Additionally, CD4ISP has been reported to have rearranged TCR 

α, this may contribute to attaining functional maturation of these cells in the OP9 culture 

system, as the early T cell development events could have already taken place. 

IL-7/IL-7R in T cell Development 

IL-7 is an important survival and proliferation factor during early stages of T cell 

development (90, 91, 162, 266). IL-7Rα expression is developmentally regulated in mice 

during the stages where β-selection takes place, it is expressed up to the DN3 stage, is 

shut down DN3 onwards, and is re-expressed after positive selection (87, 97). On the 

other hand, in humans IL-7Rα is expressed in all stages of human T cell development, 

but its binding partner γc is down regulated during DPCD3low and DPCD3hi stages and 

this results in loss of STAT5 activation (98). Why such dynamic regulation of IL-7 

signaling is required during T cell development is puzzling. 

A negative roles of IL-7 has been reported, as the expression of IL-7 under the 

control of a Lck promoter at low levels enhances but at high levels blocked DN to DP 

transition (163). Additionally, IL-7R signals impair differentiation of CD8 ISP to DP cells 

in ZAP70-/- and IL-7Rα transgenic mice (164), and IL-7R signals inhibit the expression 

of HMG domain transcription factors TCF-1, LEF-1 and ROR-γt, factors important for 

DN to DP transition (164). In addition, IL-7 suppresses anti-CD3 antibody induced 

differentiation to DP stage in FTOC of Rag1-deficient mice (161). These studies led to 

the conclusion that IL-7 inhibits pre-TCR signaling and/or the factors required for DN to 

DP transition, thus signals must be down regulated at DN3 stage. The results presented 
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in chapter 4 rule out the possibility of IL-7 being inhibitory in pre-TCR signaling, at least 

in human system. Even though evaluation of the direct role of IL-7 in mouse pre-TCR 

signaling remains to be done, similar results can be expected.  

Interestingly, the phenotype of the IL-7-/- and γc-/- mouse is different from 

IL-7Rα-/- mouse (203). In IL-7-/- mice the cell number of thymocytes is reduced, however 

the ratio of DN to DP to SP remains the same. In γc-/-, γδ T cells are absent and αβ T 

cells are reduced, the most severe phenotype is displayed by IL-7Rα-/- mice as they 

completely lack T and B cells. The patients with mutation in IL-7Rα kinase binding 

domain, show complete absence of T cells but have B cells. Taken together, it appears 

that IL-7Rα has an additional role in T cell development, one distinct from canonical γc 

mediated Jak-STAT signaling pathway activation.  

Lck is a kinase normally associated with CD4 and CD8 T cell co-receptors, and is 

also found to be bound to IL-7Rα and is constitutively activated (90). It would be 

interesting to see the effect of mutation in Lck binding domain of IL-7Rα on T cell 

development.  

Knockout/Transgenic Mice Compared to Patients with Mutations 

Although the mouse models have provided useful insights in T cell development, 

key differences from humans. Additionally, phenotypes from gene deletions and 

mutations in T cell and IL-7 cytokine signaling components differ between mice and 

humans and are discussed as follows:  

IL-7 

IL-7 knockout mice show a 20-fold reduction in thymic cellularity, with normal 

percentage of DP T cells and normal ratio of CD4 to CD8 percentage (183). Analysis of 

B cells, NK cells, and γδ T cells revealed normal NK cells and lack of B cells and γδ T 
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cells in these mice (88). The patients with a null mutation in IL-7 show a block T and NK 

cell development but B cell numbers are normal (267). The γc knockout mice shows 

severe reduction in the thymus size due to reduced survival, however the T cell 

development is not affected in these mice (268). Interestingly the NK cells and the γδ 

cells are absent in these mice. In patients with mutations in γc, mature T cells and NK 

cells are absent (269).  

IL-7Rα knockout mice show normal T cell development and normal ratio of CD4 to 

CD8 T cells. The overall T cell and B cell numbers are reduced, NK cells are not 

affected, and γδ cells are absent (95). Interestingly, in contrast to the phenotype found 

in mice, a mutation in the IL-7Rα (P132S) in severe combined immuno deficiency 

patients reveal normal mRNA and protein expression but a compromised affinity to IL-7 

(199). These patients showed marked reduction in T and B cells, and NK cells were not 

affected. Thus patients with deficiency in IL-7Rα show a more severe phenotype than 

the one observed in IL-7Rα-/- mice. 

ZAP70  

ZAP70 is a kinase that binds to the phosphorylated CD3δ of TCR and initiates 

downstream signal cascade. A missense mutation that affects the catalytic domain, and 

hence impairs function of ZAP70, results in a distinct phenotype in mice and humans 

(270). Mice with a mutation in the catalytic domain of ZAP70 lack both CD8 and CD4 T 

cells. In contrast, patients with similar mutations show abundant nonfunctional CD4+ T 

cells but lack CD8+ T cells. 

MHC 

In MHC class I or class II knockout mice, the number of mature CD8 and CD4 is 

markedly reduced. In patients with MHC class II deficiency, the development of CD4 T 
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cells is affected, but to a lesser extent than in mice, and the TCR Vα and Vβ usage is 

diverse (247). Thus, the development of CD4 T cells in humans might be less 

stringently dependent on positive selection than in mice.  

Clinical Implications  

In vitro T cell Development 

Thymic output is highest during fetal and prenatal development but then declines 

with age (68). In mice, an aged thymus shows a collapsed thymic epithelium and loss of 

distinct cortico-medullary junction. Only about 5% of the original thymus size is 

observed in adult mice. However the ratio of total epithelial cells to thymocytes is not 

affected, suggesting that both components are equally affected (271). Similar to mice, 

thymic involution is also observed in humans as assessed by TREC analysis (68). 

Decrease in TREC levels has been associated with increase in age. The abnormalities 

in thymic microenvironment can disrupt T cell selection events, permitting autoreactive 

thymocytes to escape. For example, NOD mice develop spontaneous diabetes; in these 

mice the development of severe abnormalities in thymic architecture precedes 

spontaneous autoimmunity. On the other hand, chronic thymic involution does not 

normally cause disease in adult humans. However, in cases of chemotherapy or 

radiotherapy, adults have limited capacity for restoring immune competence (272). 

Hence, therapies that can rejuvenate thymic function would allow increased dosage 

levels and wider patient selection for treatments. 

A few strategies have demonstrated significant promise for reconstitution or 

enhancement of the T cell compartment and are discussed as follows. In a mouse 

model of allogeneic HSC transplant, adoptive transfer of both HSCs and T cell 

precursors generated from OP9-DL1 co-culture was able to speed up and enhance T 
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cell recovery (273). Another application of progenitor T cell therapy is for treatment of 

HIV. T cell precursors can be genetically modified such that CD4+ T cells derived from 

these cells become resistant to HIV infection. Genetic modification of T cell precursors 

by using RNAi, ribozyme and TAR decoys, if successful, can significantly advance HIV 

therapy (274). An alternative approach that utilized retroviral transduction of CD8 T cells 

with TCR αβ genes in specific to HIV-1 pol protein also showed promising results (275). 

The latter demonstrated that retroviral engineered CD8 T cells were able to maintain 

cytotoxic activity against HIV infected cells in the absence of CD4 T cells, thus this 

study represents another potential precursor T cell therapeutic modality.  

For application in cancer immunotherapy, one can envision the generation of 

tumor reactive T cells in vitro that can be adoptively transferred back into a patient. 

Recently, Zhao et al. demonstrated that tumor-specific T cells derived from CB HSCs 

when transduced with a p53 (tumor antigen) specific TCR were able to kill tumor 

antigen peptide pulsed APCs in vitro (276). However, validation of this study in vivo has 

not been performed. Even though the above approach seems promising, caution must 

be taken as most tumor antigens are non-mutated self-antigens.  

Interleukin-7  

IL-7 has been demonstrated to increase T cell numbers, enhance proliferation and 

to maintain homeostasis of mature T cells (277). We have demonstrated that IL-7 

activates pathways such as Erk1/2, AKT, and JAK-STAT (Chapter 4) that promote 

proliferation and survival of T-ALL (278). Thus, IL-7 could potentially mediate 

therapeutic benefits in clinical settings. Indeed, IL-7 has been utilized in recent clinical 

trials to improve outcomes in patients receiving chemotherapy, HIV patients and bone 

marrow transplant patients (185, 277).   
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APPENDIX A 
ANALYSIS OF T CELL DEVELOPMENT OF HPC EXPANDED BY CULTURING ON 

OP9KFT63KF 

Our lab previously established the OP9KFT63KF cell line for HPC expansion 

(159). CD34+HPCs can be expanded on this cell line for 10 days, followed by co-culture 

on OP9GM15 cell line to generate dendritic cells. We further asked if BM CD34+HPCs 

after expansion on OP9KFT63KF can differentiate to T cell precursors upon subsequent 

co-culture on LmDL1-FL7 cell line as described in Chapter 3 (previous condition is 

illustrated in Figure A-1A). As such, we cultured BMCD34+HPCs on OP9KFT63KF for 

10 days and transferred the expanded cells to LmDL1-FL7 (Figure A-1, B). As Delta-like 

1 and IL-7 play a major role in T cell lineage commitment, we included a third condition 

in which OP9KFT63KF and LmDL1-FL7 were mixed at a 1:1 ratio and plated for co-

culture (Figure A-1C). The results showed that both conditions greatly enhanced 

precursor expansion but the cells mainly remained CD8-CD4- DN. Further analysis 

revealed that these cells were highly diverted to NK cell lineage as majority of the cells 

expressed NK cell marker CD56 (Figure A-1B & 1C). Thus, we conclude that BM 

CD34+HPCs when exposed to OP9KFT63KF lost their T lineage potential, expanded 

rapidly and differentiated toward NK cell lineage. A cell line expressing Kit ligand in 

conjunction with IL-7 and Flt3L may be used in future, as Kit ligand was recently 

demonstrated to increase HPC expansion. 
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Figure A-1.  Evaluation of T cell development of BM CD34+HPCs expanded on 
OP9KFT63KF (A, B, C) by flow cytometric analysis for the indicated 
surface markers (D) Growth curve for the three culture conditions. 
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APPENDIX B 
GENERATION OF DC PRECURSOR/LMDL1-FL7 FUSION CELL LINE 

Additional attempt to induce CD8 lineage included introduction to the coculture 

system HLA class I and HLA class II present on DCs. Our lab previously established 

OP9KFT63KF cell line and OP9GM15 for HPC expansion and DC precursor generation 

(159). Here we attempted to fuse adherent LmDL1-FL7 stromal cell line and suspension 

primary DC precursor (DCp) cells to generate a fusion cell line, which would display 

both human MHC class I and II molecules. We first labeled LmDLFL7 cell line with a 

green dye (PKH67, Sigma), and in vitro derived DCp with a red dye (PKH26GL) and 

performed cell-cell fusion using PEG 8000. Initially we found about 25% cells were 

double positive for both green and red dye indicative of fused cells (Figure B-1A). 

However, after one round of passage, the fluorescence was lost (Figure B-1B). Hence 

we analyzed the expression of DCp markers on the attached stromal cells to see if any 

of the cells were successfully fused. We did not detect any DCp markers on the 

adherent cells (Figure B-1C). Thus, we conclude that PEG fusion was not an effective 

method to generate stable fusion cell line and that alternative approaches will be 

needed in the future to create hybrid cells. 
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Figure B-1.  Generation of in vitro derived DC precursor and LmDL1-FL7 fusion cell line. 
(A) Flow cytometric analysis for membrane labeled LmDL1-FL7 and DCp, 
before and after fusion. (B) Fluorescence microscopic image of the fused 
cells before passage (left panel) and after passage (right panel) in both 
green and red channels. (C) Flow cytometric analysis of DCp markers on 
fusion cells after passage. 
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APPENDIX C 
LENTIVIRAL INFECTION OF DIFFERENTIATING T CELL PRECURSORS 

We infected differentiating T cells with lentivirus containing fluorescent protein, to 

establish a protocol for future marking of the T cells or to over express or knock down 

specific target proteins. As indicated in Table C-1 we used various amounts of 

concentrated virus and performed infections at various time points during T cell 

development. The infection condition included, culturing cells in a 96 well flat bottom 

plate in presence of condition media and 5 μg/mL polybrene, the 96 well plates was 

spinoculated at 1000RCF for 90 minutes at room temperature. In conclusion only high 

concentration of virus resulted into infection; however the infection efficiency was very 

poor. In future, other retro viruses may be used to evaluate infection potential. 

Table C-1.  Lentivector infection of differentiating T cell precursors 
 

Time point of 
infection 

Cell number Infection condition (>10
8
 

infectious units/mL)  
Lentivector 
reporter 

Result: as 
assessed by 
flow cytometry 

Day 2 on 
LmDL1-FL7 

5X10
4

 Exp Volume (μL) 
#1 1.6 1.6 
#2 1.6  

TYF-eGFP No green cells 

Day 3 on 
LmDL1-FL7 

5X10
4

 Exp Volume (μL) 
#1 12 12 
#2 12  

TYF-Wlox-DS 
red express 2 

No red cells 

Day 6 on 
LmDL1-FL7 

5X10
4

 Exp Volume (μL) 
#1 15 15  15   
#2 10 20            
#3 30 

TYF-Rh GFP Few faint green 
after one week 
followed by cell 
death 

Day 20 on 
LmDL1-FL7 

5X10
4

 Exp Volume (μL)                 
#1 50 

TYF-e GFP 1.5% Green 
cells 

Day 20 on 
LmDL1-FL7 

5X10
4

 Exp Volume (μL)                 
#1 25 25 

TYF-mApple 3.3% Red cells 
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APPENDIX D 
INTRINSIC DIFFERENCES IN CD34+ HPCS FROM DIFFERENT DONORS 

We have noticed that HPCs of certain donors did not differentiate to CD7+CD1a+ T 

precursor cells and further maturation to CD4 single positive T cells was not observed. 

This is more likely due to intrinsic differences in the CD34HPCs rather than variations in 

culture condition or experimental handling. We initiated T cell development cultures as 

described in chapter 3, using CD34+HPCs obtained from two commercial sources, 

AllCells and ReachBio. Surface marker analysis assessed by flow cytometry showed 

similar expression profile of the two sources of HPCs (Figure D-1). However, the cells 

from AllCells but not from ReachBio were able to differentiate to CD7+CD1a+ (Figure D-

2A & 2B). T cell precursors from day 28 from IL-7 deprived condition, upon anti-

CD3/CD28 stimulation differentiated to CD3+CD4+TCR αβ+. However, a small 

percentage of CD3+CD4+TCR αβ+ cells were observed in IL-7 present condition. 

Notably, the cells from ReachBio did not appear healthy post stimulation and underwent 

cell death. Thus, we conclude that CD34+HPCs may vary from donor to donor, or from 

vendor to vendor, and caution must be taken while interpreting the results. 
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Figure D-1.  CD34+HPCs obtained from AllCells and ReachBio 
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Figure D-2.  T cell development of CD34+HPCs obtained from AllCells and ReachBio. 
CD34+HPCs from (A)AllCells (B) ReachBio, were cultured on LmDL1-FL7 
up to day 21 and then on day 28 either left on LmDL1-FL7 or transferred to 
LmDL1+Flt3L. (C) Day 28 cells from AllCells were stimulated using 
anti-CD3/CD28 beads for two weeks and surface markers were analyzed 
by flow cytometry. 
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