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Abstract

The thymus supports the development of  T cells throughout life from hematopoietic 
progenitor cells migrating from the bone marrow. During the early years after birth thymic 
activity is highest, but progressively declines resulting in diminished naïve T cell output. 
Underlying causes of  thymic involution may be degeneration of  the stromal thymic network, 
providing survival and differentiation factors for developing T cells, or insufficiency of  the 
progenitor cells to home and/or develop in the aged thymus. In young people the reduced 
thymic output is insignificant, since the peripheral T cell compartment is under compensatory 
homeostatic control. However in more or less immunocompromised individuals, including 
aged people and patients depleted of  T cells due to conditioning regimens before bone 
marrow transplantation or HIV infection, the thymus is necessary to replenish the peripheral 
T cell compartment. This may require rejuvenation of  the thymus. Alternatively, approaches 
to generate mature T cells independent of  the thymus have gained considerable interest. 
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21. Human T cell development: in vivo and in vitro perspectives

1.1. T cell development in the human thymus
In the human thymus, CD34+CD1a- precursor cells enter at the cortico-medullary junction. 
From this area, T cell precursors migrate towards the cortical region where proliferation and 
differentiation are initiated by interactions with the thymic stroma. The distinct stages of  T 
cell development are defined by the sequential expression of  cell-surface antigens [1]. 
Expression of  CD1a marks commitment to the T cell lineage since at this developmental 
stage the cells start to rearrange their TCR genes. Next, CD4 is upregulated on CD4+ 
immature single positive (ISP) cells, that can still develop into TCRab or TCRgd T cells. 
CD4+ ISP cells which have succesfully rearranged a TCR-b gene are selected for further 
differentiation in a process referred to as b-selection. At this checkpoint the TCR-b 
chain dimerizes with a pre-TCR-a chain (pTa) and signaling via this complex results in 
proliferation and survival of  the cells [2]. Cells that have failed rearrangement at one locus 
will attempt to rearrange the b-gene at the other allele, but when still unsuccesfull these cells 
do not receive proliferative and survival signals and will eventually die. Notably, b-selection 
in human does not seem to be restricted to the CD4+ ISP stage, but likely continues in the 
transition from the CD4+ ISP to the CD4+CD8+ double positive (DP) stage [3, 4]. During 
the subsequent stages in T cell development, which are defined by the expression of  CD8a, 
referred to as early CD4+CD8a+ double-positive (EDP) cells, and CD8b (CD4+CD8a+b+ 
DP), TCR-a rearrangements are initiated. CD4+CD8+ DP cells which acquire a functional 
TCRab on their cell surface are subjected to positive selection involving interaction with 
MHC molecules that are expressed on the cortical epithelial cells [5]. Low affinity interactions 
of  the TCRs with self-peptide-MHC complexes results in positive selection of  the T cells, 
whereas T cells are negatively selected when high-affinity receptors for self-peptide-MHC 
complexes are expressed. Positively selected T cells further differentiate into either CD4+ 
or CD8+ single-positive (SP) T cells, before they leave the thymus to seed the periphery as 
naïve T cells. 

1.2. Human T cell development in vitro: FTOC and OP9 systems
Several culture systems have been developed to study T cell development in vitro. For many 
years the interaction with the 3-dimensional thymic microenvironment was considered to 
be indispensable for full T cell differentiation and shaping of  the T cell repertoire in the 
periphery [6, 7]. Fetal Thymic Organ Culture (FTOC) makes use of  this 3-dimensional 
thymic structure and has been widely used to study in vitro T cell differentiation. In this 
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approach, murine embryonic thymus lobes are isolated from time-pregnant mice at day 14 
of  gestation and treated with 2-deoxyguanosine to eliminate endogenous thymocytes. To 
study human T cell development a hybrid human-mouse FTOC is often used, in which 
the thymocyte-depleted mouse lobes are co-cultured with human hematopoietic progenitor 
cells, allowing migration of  progenitors into the lobes [8, 9]. Development of  T cells can be 
analyzed at several time points, and mature T cells can be observed starting from 3 weeks 
after incubation [9, 10]. 

Understanding the signals that are provided by the 3-dimensional microenvironment of  
the thymus provides clues on how T cell commitment and differentiation are regulated. 
Schmitt and Zuniga-Pflucker showed for the first time that full T cell commitment and 
differentiation could be induced in the absence of  the 3-dimensional thymic structure by co-
culturing murine progenitor cells on the murine bone marrow stromal cell line OP9 modified 
to express the Notch ligand Delta-Like1 (OP9-DL1) [11, 12]. The bone marrow stromal 
cell line OP9 derived from the macrophage-colony stimulating factor (M-CSF) deficient 
osteopetrotic (op/op) mouse is efficient in supporting lymphoid development, but full T cell 
development is not achieved without Notch ligand ectopic expression [13]. Hematopoietic 
progenitor cells (HPC) that develop into T cells on OP9-DL1 cells follow a developmental 
program similar to T cell progenitors in the thymus. Both TCRab and TCRgd T cells are 
generated on OP9-DL1 cells, whereas the development of  other lineages, including B cells 
and plasmacytoid dendritic cells (pDC), is inhibited [11, 14]. The OP9-DL1 system has now 
been extensively employed to study T cell differentiation from a wide variety of  progenitor 
cells, including human CD34+ progenitors derived from postnatal thymus (PNT) [14], bone 
marrow (BM) [15], umbillical cord blood (UCB) [16, 17], as well as murine embryonic stem 
cells (ESC) [18, 19]. Although SP T cells, almost exclusively of  the CD8+ lineage, develop 
in the OP9-DL1 system, the competence of  positive selection by OP9 cells remains to be 
investigated. In addition, the system is not optimized for development of  mature CD4+ T 
cells, most likely due to the absence of  MHCII expression on the OP9 cells.

1.3. Human T cell development in vivo: humanized mouse models
Various strains of  immunodeficient mice, lacking functional populations of  cells from the 
adaptive and/or innate immune system, have been shown to be permissive to xenograft 
transplantation and have therefore been extensively used to study the development and 
function of  the human immune system [20, 21]. Such immunodeficient mice can indeed 
be repopulated with human CD34+ progenitor cells from various sources, including UCB, 
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2BM and fetal liver (FL), but the heterogeneity of  available genetic backgrounds results 
in heterogeneity of  human engraftment efficiency. We and others have reconstituted 
immunodeficient BALB/c Rag2-/-gc-/- newborn mice with human CD34+ progenitors cells 
isolated from FL or UCB [22, 23]. These mice, referred to as “human adaptative immune 
system Rag2-/-gc-/-” (huAIS-RG) or “human immune system” (HIS) (BALB-Rag/gc) mice, 
exhibit all major subsets of  human immune cells, including T cells. Human TCRab and 
TCRgd T cells develop in situ in the murine thymus and start repopulating the peripheral 
lymphoid organs around 6 weeks after xenograft transplantation. The murine thymus is 
therefore able to support differentiation and functional maturation of  human T cells, 
including FOXP3+ regulatory CD4+ T cells [22, 24]. 

2. Thymic regeneration after hematopoietic progenitor inoculation

2.1 Complications after bone marrow transplantation
Patients that suffer from certain types of  cancer, including leukemia and lymphomas, receive 
high dose chemotherapy or total body irradiation before bone marrow transplantation 
(BMT). Also patients who are born with defective stem cells such as SCID patients are treated 
with BMT, but usually without or with a reduced conditioning regimen. While the survival 
chances of  young people that receive BMT are acceptable, morbidity and mortality among 
adults is high. During the first months post-transplantation these patients are at high risk 
due to the increased incidence of  opportunistic infections, such as Cytomegalovirus (CMV) 
[25] and Epstein Barr virus (EBV) [26], mainly because de novo thymopoiesis and T cell 
reconstitution requires 3-6 months after BMT. Another compounding problem is constituted 
by the occurrence of  Graft-versus-Host-Disease (GVHD), which is induced because in most 
cases HLA-haploidentical donors are not available, and hematopoietic stem cells (HSC) from 
HLA-matched donors are used [27]. These patients receive immunosuppressive drugs to 
prevent GVHD, which may further contribute to dampening of  induced anti-viral immune 
responses. Acute (a)GVHD typically occurs in the first 3 months after transplantation and 
may involve the skin, intestine, or the liver. In addition, it was recently shown in a aGVHD 
model that donor T cells home to the thymus where they are activated and induce cell death 
of  host thymic epithelial cells in an IFN-g dependent manner, thereby further exacerbating 
thymus-dependent T cell regeneration [28]. One way to ameliorate or prevent aGVHD is to 
deplete the donor T cells from the graft. Unfortunately, since donor T cells also play a key 
role in mediating graft-versus-tumor (GVT) effects, aggressive GVHD prevention strategies 
in patients with malignant disease may compromise beneficial anti-neoplastic GVT effects 



CHAPTER 2

38

[29]. More recently reduced intensity or non-myeloablative procedures have been developed 
which use lower doses of  chemotherapy and radiation, aimed to suppress the patient's 
immune system sufficiently to allow engraftment of  the donor cells [30,31]. This form of  
therapy, which relies mainly on the graft-versus-tumor effect, preserves thymic function in 
the early period after BMT and allows BMT to be conducted in older patients [32].

2.2 The nature of  the thymic immigrants
The exact nature of  the progenitor cells that home to the thymus to become T cells after 
BMT remains controversial. In the mouse, multipotent lineage- Sca-1+ c-kithigh (LSK) 
progenitor cells with T cell potential have been identified in the blood circulation [33, 34]. 
Phenotypically LSK cells resemble intrathymic early T cell progenitors (ETPs) [35,36]. At 
the single cell level it was shown that ETPs in the adult mouse thymus, like LSK cells, are 
uncommitted and specify to the T cell lineage only after their arrival in the thymus [37]. 
Initially it was hypothesized that (a subset of) LSK cells constitute the thymus seeding T 
cell precursor, although immigration of  these cells directly into the thymus has not been 
formally demonstrated. Notably in contrast to their phenotype, the functional potential and 
dependence on Notch signaling of  ETPs is different from LSK cells [38-40]. Therefore 
it was recently argued that the murine thymus may be seeded not only by LSK precursors 
but also by progressively committed common lymphoid progenitor (CLP) cells. CLP cells 
isolated from the bone marrow and cultured on Delta-like 1-expressing stromal cells quickly 
adopt the phenotype of  double negative (DN)2 thymocytes with little display of  the ETP 
phenotype [41]. This suggested that CLP cells may be responsible for reconstitution of  
thymus function after bone marrow transplantation. More recently, the same group identified 
prethymic circulating T cell precursors (CTP) in peripheral blood [42], which efficiently gave 
rise to T cells in vitro and in vivo and which were almost devoid of  B and NK cell potential, 
and therefore are clearly different from the CLP cells. It seems to be evident from all these 
studies that multiple cell types can home to the thymus, suggesting the existence of  multiple, 
parallel pathways for T cell development. 

In humans, the progenitor cells that seed the thymus are beginning to be elucidated. 
In UCB CD34+CD45RA+CD7+CD38low cells that retain T, B and NK and some GM 
precursor activities have been found [16,43]. These cells resemble early CD34+CD38low 
thymic precursors with T, DC and NK cell precursor activities [10]. Consistent with 
findings in the mouse, absence of  TCR rearrangements in early CD34+CD38low thymic 
cells confirms that these constitute the most immature population in the thymus [44] and 
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2it is tempting to speculate that CD34+CD38low thymocytes are the direct progeny of  the 
CD34+CD45RA+CD7+CD38low UCB cells [43]. Using an ex vivo xenogeneic thymus-
colonization assay, fetal BM derived CD34+CD45RA+CD7+ progenitors were shown to be 
selectively recruited into the thymus where they adopted a definitive T cell fate [45]. Use 
of  the current humanized mouse models, which support human T cell development in the 
mouse thymus, will be instrumental to prove thymus homing potential of  different human 
progenitor subsets in vivo. 

3. Enhancing T cell production: The role of  stem cells

Several strategies have been developed for enhancing T cell reconstitution in patients 
after stem cell transplantation, although extensive examination of  the impact of  such 
treatments in a clinical setting still require attention. In brief, the current approaches can 
be categorized in two groups: ex vivo culture systems of  hematopoietic stem cells (HSC) 
before transplantation; and use of  factors to boost and/or sustain T cell potential in vivo 
(Figure 1). We will focus here on the use of  Notch ligands and interleukin-7, and alternative 
approaches are reviewed elsewhere [46-48].

3.1 Induction of  T cell development using Notch ligands
The effect of  HSC culture on OP9-DL1 cells prior to transplantation into mouse recipients 
has been investigated using mouse C57Bl/6 LSK (Lin-Sca-1+c-kithigh) HSC [49]. Cells expand 
in these cultures and mostly acquire the phenotype of  DN2 (CD44+CD25+) and DN3 (CD44-

CD25+) thymocytes after 3-4 weeks. Once injected into allogeneic HSC transplantation 
recipients, only cells with a DN2 phenotype were shown to efficiently repopulate the thymus 
2 weeks post-inoculation, giving rise to improved donor T cell chimerism [49]. Analyzing 
HIS (BALB-Rag2-/-gc-/-) mice 8 weeks after xenograft transplantation with human UCB 
CD34+ or FL CD34+CD38- cells [20], we could similarly observe a strong bias towards T 
cells when repopulating HSC were pre-cultured for 5-7 days on OP9-DL1 cells (A. van Lent 
& N. Legrand, unpublished results). Since culture systems using cell lines are labor intensive 
and therefore costly cell lines may not be appropriate for clinical applications, however 
soluble forms of  Notch ligands may represent a possible alternative. Bone marrow LSK 
HSC isolated from C57Bl/6 mice have shown accelerated syngeneic thymic engraftment 
after 4 weeks of  ex vivo culture using a fusion protein of  the Fc part of  human IgG1 and 
the extracellular domain of  DL1 [50]. Similarly, reconstitution of  NOD/SCID or NOD/
SCIDg2m-/- mice with human UCB CD34+CD38- cells pre-cultured for 2 to 4 weeks in 
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presence of  immobilized DL1 ex vivo demonstrated enhanced engraftment to bone 
marrow [51]. Enhanced engraftment into the thymus of  recipient mice was only shown 
for human progenitors when pre-cultured for 4 weeks. Of  interest, mice reconstituted 
with DL1-induced T cell progenitors (either expressed on OP9 cells or soluble) showed a 
normal polyclonal T cell repertoire [49, 50]. Further mouse experiments analysing Delta-
like-4 (DL4)-induced T cell commitment in Notch-1 and Notch-4 deficient BM progenitors 
suggest that the Notch ligand DL4 may be the physiological Notch-1 ligand in the thymus 
[52]. Consistent with this finding, exposure of  human UCB CD34+lin- progenitor cells to 
immobilized fusion protein consisting of  the Fc part of  human IgG1 and the extracellular 
domain of  DL4 also results in early T cell differentiation [53]. Overall, in vitro induction 

Figure 1. Interventions for human thymus regeneration and T cell reconstitution. T cell reconstitution 
in immunocompromised individuals can be achieved by several strategies acting on HSC, T cells or on TECs. 
Infusion of  pathogen-specific CTL or T cells that are modified to express specific TCRs restores specific immunity. 
Induction of  T cell development from different HSC by Notch signaling before infusion may lead to improved T 
cell reconstitution. Administration of  IL-7 may enhance both T cell development and survival. Engrafted thymic 
fragments or TEC progenitor aggregates could replace a dysfunctional thymus, whereas administration of  KGF 
may rejuvenate the thymus.
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2of  T cell progenitors through Notch receptor signaling may complement allogeneic HSC 
transplantation, in order to boost early T cell development in graft recipients. 

3.2 Interleukins and T cell homeostasis
Despite discrepancies between mouse and human, interleukin-7 (IL-7) is known for its role 
in development and survival of  T cells [54, 55]. T cell lymphopenia results in increased 
IL-7 levels in the serum, as seen during HIV infection [56], and IL-7 transgenic animals 
contain at least 10-fold more peripheral T lymphocytes [57]. Overall, IL-7 acts as a growth 
and survival factor supporting T cell development as well as peripheral T cell maintenance. 
Still, mice injected with IL-7 or transgenic for IL-7 do not exhibit enhanced thymic 
lymphopoiesis [57, 58], and an effect of  IL-7 administration is only revealed in suboptimal 
situations, e.g. in irradiated animals after bone marrow transplantation [59-62]. We have 
also observed that human T cell repopulation in the thymus of  young (2-6 week old) HIS 
Rag2-/-gc-/- mice is improved, although transiently, under repeated inoculation of  huIL-7 (W. 
Dontje & N. Legrand, unpublished results). Inoculation of  IL-7 in humans has not been 
extensively tested yet, but one clinical report with 11 melanoma and 1 sarcoma metastatic 
cancer patients demonstrates potent effect on T cell expansion in vivo [63]. Therapeutic use 
of  IL-7 to improve thymic function and to promote homeostatic proliferation of  peripheral 
T cells is therefore attractive, especially after bone marrow transplantation. 

It should be kept in mind though that side effects may arise after IL-7 inoculation. It is 
now reported that sustained homeostatic proliferation during T cell lymphopenia may 
lead to autoimmune disorder [64]. In the case of  HIV-induced T cell lymphopenia, the 
use of  IL-7 is balanced between benefits of  increased T cell renewal and risks of  viral 
reactivation [48]. Of  note, it was suggested from monkey studies and thymic organ cultures 
that IL-7 may differentially affect the viral replication of  virus subfamilies, since the HIV-1 
clade C promoter contains IL-7 responsive elements [65]. Overall, although promising, the 
therapeutic safety of  IL-7 needs to be adequately evaluated and may differ depending on the 
clinical situation and/or aim. 

4. Enhancing T cell production: The role of  thymic epithelium 

4.1 Thymic tissue transplantation
A functional thymus is required for sustained T cell lymphopoiesis. Mice with defective 
thymic development, e.g. Foxn1-deficient nude (nu/nu) mice or homeobox A3 protein 
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(HOXA3)-deficient mice [66], as well as patients with complete DiGeorge syndromes [67, 
68], lack T cells due to thymus inability to support proper thymocyte development. Athymic 
nude mice engrafted with congeneic or allogeneic cultured thymic fragments show recovery 
in T cell seeding to peripheral lymphoid organs, antibody production and T cell function, 
including third-party allogenic skin graft rejection [69, 70]. T cell tolerance was also achieved 
in this model, since skin grafts syngenic to the thymic graft were accepted or only slowly 
rejected in these experiments. Similar results were obtained in miniature swine transplanted 
with allogeneic thymus and rendered tolerant to kidney from the same allogeneic origin 
[71]. 

Human T cell lymphopoiesis in vivo has been studied in several xenogeneic models, 
especially by making use of  human thymic tissue transplantation from both fetal and post-
natal origin. The seminal work of  McCune and colleagues using immunodeficient C.B-17.
SCID mice transplanted under the kidney capsule with a mixture of  fetal thymic and liver 
tissues demonstrated that human T cells can arise and accumulate in such huSCID-Thy/
Liv mice, although in limited fashion [72]. More recently, several groups have made use of  
NOD/SCID mice, which are defective for both lymphocyte development and macrophage, 
NK cell and complement function. Such recipients were sequentially transplanted with fetal 
thymic and liver tissues under the kidney capsule, and CD34+ hematopoietic progenitor cells 
suspension intra-venous [73, 74]. The resulting animals exhibit long-term and multi-lineage 
human hematopoiesis, and are able to mediate allogeneic skin graft rejection, adaptive 
immunity to EBV and immune response against the TSST-1 superantigen. 

Since availability of  fetal thymus is limited, attempts have been made to use post-natal 
thymus (PNT), usually obtained as discarded tissue from infants undergoing cardiac surgery. 
Such a procedure reached a high success rate when deeply immunodeficient recipients were 
used, such as sub-lethally irradiated SCID mice (>80%) and anti-asialo GM-1 NK cell 
depleted SCID mice (>70%) [75]. In comparison, only one third of  unmanipulated SCID 
mice were successfully engrafted with PNT tissue. Since patients with complete DiGeorge 
syndrome do not recover spontaneously, a new thymus was provided by transplanting 
PNT tissue into quadriceps muscles [76], after two-week culture on gelfoam sponges in the 
presence of  T-cell depleting 2-deoxyguanosine [77]. The thymic progenitors of  complete 
DiGeorge syndrome are normal, and they could therefore colonize the thymic allograft and 
give rise to a large repertoire of  mature T cells exerting antigen-specific responses [76, 78]. 
These studies demonstrate the efficacy of  allogeneic thymic graft to recover from full organ 
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2deficiency, although access to PNT tissue is limited and adverse post-transplantation events 
(potentially due to other DiGeorge syndrome deficiencies) are also observed [78]. 

4.2 Cytokines and thymic epithelial cells
It is common practice to use PNT tissue isolated from infants, which is still the site of  
sustained thymopoiesis in contrast to thymus of  adults, which is undergoing involution. 
Of  interest, there are now reports suggesting that aged thymus can be rejuvenated in 
young recipients under the influence of  host factors [79]. For example, inoculation of  the 
keratinocyte growth factor (KGF) can be applied to stimulate the thymic epithelium (Figure 
1). KGF is known to mediate thymic epithelial cell (TEC) proliferation and differentiation, 
and a series of  articles recently demonstrated that KGF is required to prevent thymic aging 
[80-82]. Although mice deficient for the expression of  KGF show intact thymic cellularity 
and T cell development, they exhibit defective recovery after conditioning regimen, e.g. 
sublethal irradiation, dexamethasone and cyclophosphamide [80]. In an allogeneic HSC 
transplantation setting, using either T-cell depleted BM [80] or OP9-DL1 co-cultured BM 
progenitors [49], KGF inoculation was shown to improve thymopoiesis from both donor 
and host progenitor cells. Treatment of  aged mice (15 months of  age) for only 3 days with 
KGF resulted in increased thymopoiesis for at least two months, accumulation of  peripheral 
mature T cells and improved T-cell dependent IgG1 production [81]. Of  interest, this study 
also provided evidence that KGF treatment in old mice enhanced the production of  IL-7 
by TEC in the thymus [81], potentially in combination with increased TEC numbers [82]. 
The impact of  KGF in a humanized setting, i.e. using mice transplanted with human HSC 
and/or human PNT tissue, still needs to be evaluated, and may provide useful information 
for clinical applications. 

Lastly, progenitors of  TEC may represent an alternative to PNT transplantation (Figure 1). 
Several groups focusing on the nature of  TEC progenitors have been able to isolate such cells 
[83, 84]. Following isolation with the MTS24 antibody, mouse TEC progenitors have been 
reaggregated in vitro and subsequently transplanted under the kidney capsule of  congenic 
C57Bl/6 CD45.1 recipient mice, giving rise to a functional thymus containing normally 
developing thymocytes. T cells produced by such a transplant could seed to the peripheral 
lymphoid organs when engrafted to T cell deficient nude mice, demonstrating efficient 
export from the thymic organoid [84]. The identification of  human TEC progenitors is 
required to move forward to effective transplantation into patients, although alternatives 
may be also useful, e.g. using 3-dimensional carbon-based artificial matrix or skin-derived 
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cell lines supporting T cell development [85, 86]. 

5. Adoptive immunotherapy of  antigen specific T cells

5.1 Mature T cells: Ex vivo isolation versus TCR gene transfer
One alternative strategy to restore the pathogen-specific immunity after conditioning-
regimen induced depletion is by enhancing the T cell compartment via adoptive T cell 
therapy. Originally, in patients that received T-cell-depleted allogeneic BMT, infusion of  
mononuclear cells from EBV-seropositive marrow donors was successfully employed to 
treat EBV-related lymphomas. However, the transfer of  these unfractionated leukocytes 
also caused GVHD [87]. Efforts subsequently focused on isolation and expansion of  
pathogen-specific T cells to restore specific immunity, with low to no risk of  GVHD. The 
transfer of  viral-specific CD8+ T cell clones for CMV and EBV was found to be safe 
and effective as prophylactic therapy and treatment for CMV [88, 89] and EBV [90, 91] 
infections. Nevertheless, rapid clearance of  infused allogeneic CTLs from the peripheral 
blood [92, 93] may advocate use of  autologous CTLs, as described for recipients of  solid 
organ transplantation [94]. The question remains whether effective clones can similarly be 
isolated and generated for other viruses, with a large range of  viral serotypes or for which 
the natural T cell response is weaker and has not been well characterized yet. 

The success of  adoptive immunotherapy for the prevention and treatment of  virus-associated 
diseases in immunocompromised patients inspired several groups to extend this method for 
the treatment of  tumors in immunocompetent individuals. However, initial clinical studies 
demonstrated insufficient effect of  ex vivo activated and expanded human autologous 
tumor infiltrating lymphocytes (TILs) that were transferred back to the patient [95]. The 
cause for this lack of  survival, proliferation and function in the tumor microenvironment 
appeared to be the numerous mechanisms of  tumors to evade both innate and adaptive 
autologous immunity. Various strategies have since been employed to overcome both the 
local tumor tolerizing factors and to increase the efficacy of  T cell therapy. Substantial 
progress was made by systemic, lymphodepleting chemotherapy prior to T cell transfer [96, 
97], probably due to the elimination of  regulatory elements and increased access to activating 
cytokines (reviewed in [98]). Alternatively, to circumvent the generally low and insufficient 
affinity of  autologous T cells to tumor-associated antigens, T cell specificity was modified 
by retroviral transduction of  genes encoding TCRs derived from high-affinity T cell clones. 
This promising technique permits the instantaneous generation of  therapeutic quantities 
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2of  antigen specific autologous or donor-derived T cells, as the retroviral TCR transfer is 
performed in short term ex vivo cultures, with subsequent re-infusion of  the manipulated 
cells. The redirected cells produced IFN-g in response to antigen stimulation and lysed 
tumor cells in co-culture assays, and have been proven effective in both mouse models 
and human patients [99-102]. Unfortunately, there are a few unwanted effects undermining 
application of  the strategy. The risk of  autoimmunity is challenged, at least theoretically, 
as TCRs of  unknown – and potentially autoreactive – specificity may be expressed due 
to pairing of  endogenous with introduced TCR chains [103]. The transfer of  abTCR 
encoding genes into gd T cells circumvents this hazard, yet these cells exerted only potent 
reactivity against the biologically relevant endogenously processed antigen when CD8 was 
co-expressed [104]. A drawback relevant for TCR transfer into primary T lymphocytes of  
both ab and gd lineage is that the introduced and endogenous TCR chains all compete for 
cell-surface expression [105]. This means that the presence of  endogenous TCR chains can 
lead to variable levels of  TCR expression, correlating with variable lytic activity. In addition, 
integration of  retrovirally delivered sequences requires active division of  target cells. This 
process promotes T-cell differentiation, which has been shown to negatively correlate to 
anti-tumor activity [106]. 

5.2 TCR transfer in T cell progenitors
The pursuit in optimalizing T cell immunotherapy is to generate a large number of  early 
effector T cells, which express only a single TCR with high affinity for a defined tumor 
or virus-antigen, and that can be maintained in vivo over a prolonged time frame. The 
ideal method to deliver the desired anti-tumor or anti-viral specificities to the human T cell 
repertoire may be by retroviral transduction of  TCR genes into autologous HSCs, followed 
by adoptive transfer, to generate a continuous flow of  anti-tumor or -virus specific T cells in 
the host. This was shown to be successful in mice by delivering tumor-specific TCR genes 
into bone marrow derived HSCs, followed by infusion into the animals. These HSC were 
able to develop in vivo into functional CD8+ and CD4+ T cells of  the defined specificity, 
and had tumor controlling capacities [97]. We have developed such an approach in humans, 
using a combination of  TCR gene transfer by retroviral transduction on the one hand, and 
OP9-DL1 monolayer cell culture system on the other hand (A.U. van Lent & N. Legrand, 
submitted). Using human CD34+CD1a- hematopoietic progenitors isolated from post-natal 
thymus, we observed that this approach enables in vitro production of  large numbers of  
T cells with defined antigenic specificity and rare expression of  endogenous TCRb chains. 
The antigen-specific human T cells produced on OP9-DL1 cells could be subsequently 
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expanded in vitro and showed cytolytic activity against cognate peptide loaded target cell 
lines. We also observed that CD34+CD38- UCB progenitor cells are similarly suitable for 
in vitro production of  antigen-specific T cells. TCR gene transfer into autologous HSC 
combined with T cell development supporting culture conditions, before re-infusion into 
patients, may therefore represent an attractive clinical procedure (Figure 1). Nevertheless, 
although cloned TCRs can be of  the required high affinity, the specific recognition of  only 
a single, HLA-restricted epitope limits patient qualification based on HLA haplotype and 
introduces a risk of  tumor and pathogen escape by mutation or down regulation. In this 
light the generation of  a range of  high affinity TCRs for known and novel epitopes is 
warranted.

6. Concluding remarks

Fast recovery of  the T cell compartment after immunocompromising conditioning regimens 
such as chemotherapy or irradiation is important to fight invading pathogens and eliminate 
them from the body. Several of  the strategies reviewed here, including the interventions 
on the progenitor cells or thymic epithelium compartment either in vivo or in vitro, are 
aimed at improving the regeneration of  T cells particularly in adult patients and may in the 
future be beneficial in a clinical setting. In addition, adoptive transfer of  antigen-specific T 
lymphocytes is a powerful tool in the treatment of  opportunistic disease and cancer. The TCR 
gene-therapy approach circumvents the limitations of  the endogenous T-cell repertoire. The 
next generation of  adoptive T cell therapies may rely on the use of  human hematopoietic 
progenitors for TCR retroviral transfer. Current T cell development technologies allow 
development and expansion of  functional highly reactive antigen-specific T cells in vitro, 
which is of  interest in clinical situations requiring large numbers of  autologous antigen-
specific T cells. Furthermore, it is conceivable that combinatorial trials will be designed. 
One combination which may have clinical potential includes infusion of  progenitor cells, 
which have been transferred with an antigen-specific TCR, along with administration of  
cytokines such as IL-7 and/or KGF. In this way the progenitor cells will develop into 
antigen-specific T cells in a rejuvenated thymus environment in vivo. This approach can also 
be envisioned concurrently with TEC or thymic tissue transplantation. Pre-clinical studies 
to confirm effectiveness and safety of  such interventions are demanded. The improved 
humanized mouse models that have been generated recently can be manipulated to answer 
these questions linked to therapeutic treatment purposes. 
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