
Diverse T-cell differentiation potentials of human fetal thymus, fetal
liver, cord blood and adult bone marrow CD34 cells on lentiviral

Delta-like-1-modified mouse stromal cells

Introduction

Haematopoietic precursor cells from bone marrow

migrate to the thymus, where they undergo a series of

lineage commitment events and developmental check-

points before adopting a T-cell fate. A common in vivo

model for the study of human T-cell development is

based on humanized severe combined immunodeficiency

mice.1,2 However, these mice are not convenient for the

evaluation of molecular signalling pathways or of specific

cell lineages over time. An alternative in vitro system to

study T-cell differentiation is based on fetal thymus organ

culture.3–7 In this model, the thymic lobes are depleted of

endogenous thymocytes by deoxyguanosine treatment and

reconstituted with progenitor cells of interest to assess

thymocyte development. Fetal thymus organ culture can

support the differentiation of haematopoietic stem/pro-

genitor cells (HPCs) to CD8+ and CD4+ T lymphocytes.5

However, it faces numerous challenges including being

cumbersome to set up and having a limited cellular yield.

The strong evidence that Notch signalling directs the fate

of T cells rather than B cells has led to the establishment of

a mouse OP9 stromal cell line expressing the Notch ligand

Delta-like 1 (DL1) for the study of T-cell development.8–11

The OP9 cells lack macrophage colony-stimulating factor

and can support B-cell differentiation from bone marrow

(BM)-derived HPCs. The OP9 cells transduced with retro-

viral DL1 (OP9DL1) support T-cell differentiation from
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Summary

Human haematopoietic progenitor/stem cells (HPCs) differentiate into

functional T cells in the thymus through a series of checkpoints. A conve-

nient in vitro system will greatly facilitate the understanding of T-cell

development and future engineering of therapeutic T cells. In this report,

we established a lentiviral vector-engineered stromal cell line (LSC)

expressing the key lymphopoiesis regulator Notch ligand, Delta-like 1

(DL1), as feeder cells (LSC-mDL1) supplemented with Flt3 ligand (fms-

like tyrosine kinase 3, Flt3L or FL) and interleukin-7 for the development

of T cells from CD34+ HPCs. We demonstrated T-cell development from

human HPCs with various origins including fetal thymus (FT), fetal liver

(FL), cord blood (CB) and adult bone marrow (BM). The CD34+ HPCs

from FT, FL and adult BM expanded more than 100-fold before reaching

the b-selection and CD4/CD8 double-positive T-cell stage. The CB HPCs,

on the other hand, expanded more than 1000-fold before b-selection. Fur-

thermore, the time required to reach b-selection differed for the various

HPCs, 7 days for FT, 14 days for FL and CB, and 35 days for adult BM.

Nevertheless, all of the T cells developed in vitro were stalled at the dou-

ble-positive or immature single-positive stage with the exception that

some CB-derived T cells arrived at a positive selection stage. Conse-

quently, the LSC-mDL1 culture system illustrated diverse T-cell develop-

ment potentials of pre- and post-natal and adult human BM HPCs.

However, further modification of this in vitro T-cell development system

is necessary to attain fully functional T cells.
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HPCs of murine origin,9,11 and similar results have been

reported with human cord blood (CB) and adolescent BM,

although with limited T-cell maturation potential.9,12–14

There have been reported differences in lymphopoiesis of

murine fetal and adult origin,15 yet, comparable studies for

human T-cell development are still lacking.

Here we used a lentiviral DL1-modified OP9 cell line

(LSC-mDL1) for the study of thymopoiesis of human fetal

thymus (FT), fetal liver (FL), CB and adult BM. The HPCs

first differentiate into CD8) CD4) double-negative (DN) T

cells, and undergo T-cell receptor (TCR) b gene rearrange-

ment, the b-selection checkpoint, then transition to

CD8+ CD4+ double-positive (DP) stage, and finally they

mature after positive and negative selections (reviewed in

ref. 16). We report that HPCs derived from human FL, FT,

CB and adult BM go through the established T-cell differ-

entiation pathway under LSC-mDL1 in vitro culture condi-

tions. However, striking differences exist in timing and

lineage commitment potential of T-cell development for

human HPCs with different origins. These include prolifer-

ation, survival and maturation kinetics such as the ability

to reach the TCR ab+ CD3+ CD8+ CD4+ stage of T cells.

The in vitro system is useful to delineate the role of various

T-cell development regulators and is a convenient tool for

the engineering of therapeutic T cells.

Materials and methods

Cells

OP9 cells were purchased from American Type Culture

Collection (Manassas, VA). To establish LSC-mDL1 and

LSC-GFP cell lines, OP9 cells were transduced with lenti-

viral vectors encoding mouse DL1 (mDL1) and green

fluorescent protein (GFP), respectively. OP9 cells and its

derived cell lines were maintained in a-minimal essential

medium (Gibco, Invitrogen, Carlsbad, CA) supplemented

with 20% fetal bovine serum and 1% penicillin–strepto-

mycin. The adult BM and CB CD34+ cells were purchased

from AllCells, LLC (Emeryville, CA), and Cambrex Corp.

(Baltimore, MD) Aborted fetal liver and thymus tissues

were purchased from Advanced Bioscience Resources Inc.,

(Alameda, CA) and processed with a tissue grinder and

pressed through cell dissociation mesh sieves (Sigma,

St Louis, MO). Single cell suspensions were labelled with

anti-CD34 microbeads and purified using magnetic anti-

body cell sorting columns (Miltenyi Biotech Inc., Auburn,

CA). The purity was determined using phycoerythrin-

conjugated anti-CD34 (Clone 8G12; BD Biosciences, San

Diego, CA) and analysed with FACSARIA.

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 LSC-mDL1 or LSC-GFP cells. The cocul-

tures were maintained in a-minimal essential medium

with 20% fetal bovine serum, 1% penicillin–streptomycin,

5 ng/ml interleukin-7 (PeproTech Inc., Rocky Hill, NJ)

and 5 ng/ml Flt3L (PeproTech, Inc.) and were fed with

complete medium every 2–3 days. The coculture was

transferred to a new well once the monolayer became

overdifferentiated. Cells were harvested at the indicated

time-points for analysis.

Lentiviral vector construction and transduction

Lentiviral vectors were generated with the NHP/TYF

lentiviral vector system as previously described.17,18

Mouse DL1 complementary DNA (cDNA) was cloned

into pTYF transducing vector behind a strong human

EF1a promoter. Mouse DL1 cDNA was amplified using

primers flanking the DL1 open reading frame containing

an optimized initiation codon sequence (-CCACCAUG-),

with the forward primer sequence AAG GAT CCA CCA

TGG GCC GTC GGA GCG CGC and the reverse primer

sequence AAA CTA GTT ACA CCT CAG TCG CTA

TAA CAC ACT. OP9 cells were plated into 24-well

dishes and transduced with pTYF-mDL1 or pTYF-GFP

lentivirus at a multiplicity of infection of 10–100. The

transduced cells were continuously propagated and

confirmed for transgene expression. The expression of

lentiviral transgene in OP9 cells is stable for more than

50 passages.

RNA extraction and quantitative reverse transcription–
polymerase chain reaction

RNA was extracted with the Tri-reagent (MRC Inc.,

Cincinnati, OH) and oligo-dT (15-mer)-primed cDNA

was made with Moloney murine leukaemia virus reverse

transcriptase (Promega Corp., Madison, WI). Expression

of mDL1 was determined by both semi-quantitative

and real-time polymerase chain reaction (PCR). For the

semi-quantitative PCR, all PCR amplifications used the

same serially diluted cDNA normalized to mouse gly-

ceraldehyde 3-phosphate dehydrogenase (mGAPDH).

The PCR amplification conditions were as follows:

denaturing temperature, 95�; annealing temperature,

55�; extension temperature, 72�; the amplification cycles

were 25 cycles for mGAPDH, and 35 cycles for mDL1.

Products were resolved by agarose gel electrophoresis

and visualized by ethidium bromide staining. For the

real-time PCR, the reactions were performed using the

QuantiTech SYBR green PCR kit (Qiagen Inc., Valencia,

CA) and analysed with the Mx3000P QPCR system

(Stratagene, San Diego, CA). For data analysis, standard

curves were plotted for both mGAPDH and mDL1 pri-

mer sets with a 10-fold serial dilution of a positive

sample. The Ct values were then converted to the
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relative cDNA amount based on the standard curve. To

correct for the different inputs among samples, results

were then normalized to equivalent levels of mGAPDH.

Primer sequences were as follows (50–30): mGAPDH

forward primer, TCA CCA CCA TGG AGA AGG C,

and reverse primer, GCT AAG CAG TTG GTG GTG

CA; mDL1 forward primer, GCT CTT CCC CTT GTT

CTA ACG, and reverse primer, CAC ATT GTC CTC

GCA GTACC.

Flow cytometry

Antibodies for CD4 [clone RPA-T4, conjugated with phyco-

erythrin (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-ab (clone T10B9.1A-31,

FITC) and TCR-cd (clone B1, FITC) were obtained

from BD Biosciences. The antibody for CD28 (clone

CD28.2, APC) was from eBioscience (San Diego, CA).

Cells were first washed with phosphate-buffered saline

with 2% fetal bovine serum and blocked with mouse

and human serum at 4� for 30 min. For each antibody

staining, cells were incubated with antibodies as described

by the manufacturer’s instructions. Data were acquired

using FACSCalibur and CELLQUEST software (Becton Dick-

inson Immunocytometry Systems, San Diego, CA) and

FLOWJO software (Tree Star Inc., Ashland, OR).

Results

Supraphysiological expression of DL1 in lentiviral
vector-modified stromal cells (LSC-mDL1)

Murine OP9 cells transduced with an oncoretroviral vec-

tor expressing DL1 have been shown to support T-cell

development.9 We have previously reported that lentiviral

vectors mediate high levels of transgene expression.19 To

generate cell lines expressing high levels of DL1, we trans-

duced OP9 with a control GFP gene (LSC-GFP) or the

mouse DL1 gene (LSC-mDL1). The OP9 cells expressed

high levels of GFP after lentiviral transduction (Fig. 1a).

The expression of mDL1 in LSC-mDL1 was compared to

the native mDL1 expression in different mouse lymphoid

organs by reverse transcription PCR (Fig. 1b). The results

showed that LSC-mDL1 expressed markedly increased

levels of mDL1 compared with mouse BM, spleen and

thymus. The expression of mDL1 was approximately

10 000-fold higher in LSC-mDL1 than in control OP9

cells (Fig. 1b).
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Figure 1. Stromal cells transduced with lentiviral vectors expressing green fluorescent protein (GFP) and mouse Delta-like 1 (mDL1). (a) Lenti-

viral vector construct expressing recombinant humanized GFP reporter gene (rhGFP) and transduced OP9 stromal cells. The diagram illustrates a

self-inactivating bicistronic lentiviral vector TYF-EF-rhGFP-Pac expressing GFP and a puromycin-resistant gene under the human EF1a promoter

control. LSC-GFP cell line expressed GFP at near 100% efficiency. (b) Quantitative analysis of mDL1 expression in LSC-mDL1. The lentiviral vec-

tor construct expressing mDL1 is illustrated. The expression of mDL1 in LSC-mDL1 cells was compared with control LSC cells (LSC-GFP),

mouse bone marrow, spleen and thymus. Semi-quantitative reverse transcription–polymerase chain reaction (RT-PCR) gel analysis is shown to

the left and real-time RT-PCR to the right with control lentiviral vector-engineered stromal cell line (LSC) set as 1.
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Differential proliferation and survival potentials of
CD34+ HPCs of FT, FL, CB and adult BM on LSC-
mDL1

To see if LSC-mDL1 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 cyto-

metry analysis (Fig. 2a). Purified CD34+ cells were cocul-

tured with LSC-GFP or LSC-mDL1 stromal cells in the

presence of recombinant interleukin-7 and Flt3L. The

HPCs cocultured with LSC-GFP showed very limited pro-

liferation and a short survival period (data not shown).

In contrast, HPCs cocultured with LSC-mDL1 exhibited

exponential proliferation and prolonged survival (Fig. 2b).

This suggests that Notch signalling 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 LSC-mDL1,

with an approximately 1000-fold increase in cell number

in 2 weeks, followed by a decrease in proliferation and

cell death after 3 weeks. The CB-derived CD34+ cells

expanded about 100 000-fold and survived for about

90 days on LSC-mDL1 (Fig. 2b), 100 times more than

that reported on the oncoretroviral vector-transduced

OP9mDL1.14 The adult BM-derived HPCs showed

< 1000-fold increase in cell number, which was slightly

lower than FT-derived and FL-derived HPCs, and signifi-

cantly lower than 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 LSC-mDL1.

Therefore, the CB-derived HPCs had the most expansion

and survival potential when compared with FT, FL and

adult BM in LSC-mDL1 coculture.

Rapid differentiation of FT-derived and FL-derived
HPCs to CD8/CD4 DP cells on LSC-mDL1

The FL is a primary site of haematopoietic development

until birth.20 T-cell differentiation has been illustrated

using HPCs isolated from mouse FL.9 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 LSC-mDL1 in vitro

(Fig. 3). The FT-derived CD34+ cells were able to rapidly

differentiate into CD8/CD4 DP cells after just 1 week of

coculture with LSC-mDL1 (Fig. 3a). The number of DP

cells increased over time and peaked at 3 weeks. About

90% of the cells were arrested in the DP stage on day 21

and did not differentiate further (Fig. 3a). These DP cells

did not survive beyond 3 weeks and the population col-

lapsed after day 21 of the coculture (Fig. 2b). Around

60% of the CD8+ cells expressed CD3; however, the

expression of fully assembled TCR-ab heterodimers was

only a marginal 6%. TCR-cd expression was slightly

higher, about 17% (Fig. 3, right panel). As the TCR-ab
antibody was specific for a monomorphic determinant of

TCR-ab heterodimer, only the fully assembled TCR-ab
surface molecules were detected (see Fig. 7 illustration).

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 differ-

entiated into and then arrested at DP stage when cultured

on LSC-mDL1. In addition, these cells could differentiate

into both cd and ab T cells, with an inclination towards

the cd lineage.
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Figure 2. Proliferation and survival potential of developing T cells

from human fetal thymus (FT), fetal liver (FL), cord blood (CB) and

adult bone marrow (BM) CD34+ haematopoietic progenitor/stem

cells (HPCs) on LSC-mDL1. (a) Analysis of CD34 expression. The

starting HPCs were purified with anti-CD34 antibody magnetic

affinity columns and confirmed by flow cytometry to contain � 99%

CD34+ cells. (b) Growth kinetics of developing T cells on LSC-

mDL1. The CD34+ HPCs derived from FT, FL, CB and BM were

cultured on LSC-mDL1 supplemented with interleukin-7 and Flt3L

and representative growth kinetics of three independent experiments

are shown.
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The differentiation kinetics of human FL HPCs on LSC-

mDL1 was similar to that of their murine counterpart on

the stromal cell line OP9DL1.9 However, the T-cell devel-

opmental 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 in CD8+

immature single-positive stage (ISP), and only about 18%

of the cells progressed to DP stage by day 14 (Fig. 3b). The

DP population vanished on day 21 in the culture, leaving a

population of cells arrested in the CD8+ ISP stage

(Fig. 3b). All of the differentiating FL precursors were

CD7+ on day 21 (not shown). A low percentage of CD8+

cells coexpressed CD3, and only 3% expressed TCR-ab,

while 1% expressed TCR-cd (Fig. 3b, right panel). Overall,

FT and FL HPCs could rapidly differentiate to DP cells,

with a very small percentage expressing TCR-ab. In addi-

tion, FT-derived and FL-derived HPCs differed in their

potential to adopt TCR-cd lineage.

Robust proliferation, prolonged survival and rapid
maturation of CB HPCs to DP T cells on LSC-mDL1

Human CB-derived HPCs can differentiate to TCR-ab-

bearing DP T cells on OP9DL1 stromal cells.13 On LSC-

mDL1, we found that CB HPCs rapidly differentiated to

DP stage with a marked increase in cell number (Figs 2b

and 4). Cord blood CD34+ HPCs developed into DP

stage in 2 weeks and remained in DP stage for approxi-

mately 70 days (Fig. 4), 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 (Figs 3a and 4). The percentage of CD4+ ISP cells

showed a slight increase, from 15 to 25%. The expression

of CD3 and TCR-ab peaked to 52% and 26%, respec-

tively on day 56, suggesting a more mature phenotype

(Fig. 4, bottom panel). Additionally, expression of

TCR-cd spiked to 17% on day 77, suggesting that CB

progenitors can choose the ab or cd T-cell lineage path-

way when cultured on LSC-mDL1. In summary, cord

blood CD34+ HPCs rapidly developed into DP stage and

advanced further, as shown by the expression of CD3,

TCR-ab, and TCR-cd.

Prolonged survival but limited maturation potential
of adult BM-derived CD34 HPCs on LSC-mDL1

In adult life, BM serves as a primary site of haemato-

poiesis. 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 LSC-mDL1. 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 (Fig. 5).

However, the DP cells peaked around day 56 and were

short-lived because they disappeared in just 1 week

(Fig. 5a). The maximal expression of TCR-ab was about

4% around day 60, suggesting that the majority of cells

were arrested in the CD8+ ISP stage (Fig. 5, bottom

panel). Similar to FL-derived HPCs, adult BM-derived
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Figure 3. Kinetic and phenotype analyses of

differentiating T cells of human fetal thyroid

thymus (FT) and fetal liver (FL) haematopoietic

progenitor/stem cells (HPCs) on LSC-mDL1.

The HPCs were cultured on LSC-mDL1 and

control LSC-GFP cells under the same condi-

tions. (a) T-cell surface marker analysis of

human FT-derived HPCs on LSC-mDL1.

(b) T-cell surface marker analysis of human

FL-derived HPCs on LSC-mDL1.
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HPCs did not differentiate toward the TCR-cd lineage

(Fig. 3, right panel). Hence, when cultured on LSC-

mDL1, adult BM-derived HPCs developed to the DP

stage with very limited potential of entering TCR-ab and

TCR-cd lineages.

Diverse in vitro T-cell development potentials of
HPCs derived from human FT, FL, CB and adult BM

We compared the T-cell development potential of four

different sources of human CD34+ HPCs in the LSC-

mDL1 coculture (Fig. 6). 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 (Fig. 6a,c). Moreover, both FT and CB

progenitors had the ability to differentiate into TCR-cd T

cells and expressed CD7 and CD1a at high levels. The

CB-derived HPCs generated a significantly higher percent-

age of TCR-ab-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 LSC-mDL1 coculture as opposed to CB cells that

survived for about 70 days (Fig. 2b).

Adult BM-derived HPCs resembled FL-derived HPCs

in their differentiation patterns; however, they differed

in their survival ability in the LSC-mDL1 coculture

(Figs 6 and 2b). Both precursors differentiated to short-

lived DP cells, of which only 5–6% matured to TCR-

ab-bearing T cells (Fig. 6). 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 (Fig. 6a–d). These

four sources of human haematopoietic progenitors dif-

fered in T-cell differentiation potential, with some simi-

larities between CB and FT, and between FL and adult

BM.
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Discussion

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

mechanisms that mediate T-lymphocyte development.

Here we establish a lentiviral-modified murine OP9 stro-

mal cell culture system, LSC-mDL1, to study T-cell develop-

ment, similar to the oncoretroviral OP9DL1 culture

system.9 We found quantitative and qualitative differences

in the T-cell development potential of four different

sources of human CD34 HPCs on LSC-mDL1 (Fig. 7).

Our finding is consistent with previous observations that

the haematopoietic system has different developmental

potentials in fetal and postnatal life.21,22

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 reach the b-selection

checkpoint. The CD8) CD4) DN T cells (DN3 stage) that

have successfully rearranged their TCR-b chains are the

only cells that can progress to the CD8+ CD4+ DP stage,

a process called b-selection.23 The HPCs derived from FT,

FL and adult BM were able to expand about 100-fold and

the CB-derived HPCs expand about 1000-fold before they

face the b-selection checkpoint (Fig. 7). Apparently, the

intrinsic differences of these different sources of CD34+

progenitors contribute to their different expansion and

developmental potentials. The FT-derived HPCs undergo

b-selection within the first week of the coculture, 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.24

There was a two-log greater increase in T-cell production

from CB HPCs on LSC-mDL1 (100 000 ·) compared

with similar studies using the oncoretroviral modified

OP9DL1 system (1000 ·).13,14 A possible explanation is

the extremely high level of lentiviral DL1 expression in

LSC-mDL1 (Fig. 1). La Motte-Mohs et al.13 showed that

the CB HPC-derived CD3/TCR-ab-positive T cells could

be activated with anti-CD3/CD28 monoclonal antibodies

to express activation markers (CD27, CD28, CD69 and

cytotoxic T-lymphocyte antigen-4). We have observed a

similar response with adult BM HPC-derived T cells on

LSC-mDL1, but noted that the ‘partially matured’ T cells

failed to proliferate or to express functional effector cyto-

kines (E. Patel and L.J. Chang, unpublished data).

There was a time difference in thymocyte development

for FT, FL and CB compared with adult BM. The FT pro-

genitors reached CD8+ CD4+ DP stage in the first week

of the LSC-mDL1 coculture. Both FL-derived and CB-

derived HPCs took about 2 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 ori-

gin can differentiate into T cells without proliferation

(self-renewal).25 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 pae-

diatric BM-derived HPCs.14 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 all over 20 years of age. It is
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evident that donor age contributes significantly to the

kinetics of T-cell development.21,26,27

An additional difference is the number of cells that

reach DP stage and their ability to proliferate and survive.

The HPCs derived from CB and FT produced as high as

54% and 90% DP cells, and those derived from FL and

BM produced 18% and 39% DP cells, respectively

(Fig. 6). As the DP lineage decision is closely linked to

the strength and duration of cytokine, Notch and TCR

signalling, the expression levels of various regulatory fac-

tors 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, with about 10-fold expansion in

cell number, whereas CB-derived HPC T cells expanded

another 100-fold after reaching the DP stage (Figs 2 and 7).

The final difference was in the elevated potential of the

CB HPCs to differentiate into both TCR-ab and TCR-cd
cells (Fig. 6). The role of Notch1 signalling and its influ-

ence on commitment to TCR-ab and TCR-cd cells have

been controversial. Some have reported that sustained

Notch1 signalling promotes ab over cd T cells,13,28 while

others found it favouring cd over ab T cells.29–31 Appar-

ently, Notch1 signalling supports the development of

HPCs derived from murine FL and BM into both cd and

ab T cells.9,32 Again, it is conceivable that the various

expression levels of Notch receptors and their ligands

may influence the cell fate decisions.33,34

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

signalling and major histocompatibility complex interac-

tions between the developing thymocytes, thymic epithe-

lial 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 modifi-

cations may bring us closer to a more efficient system

for the understanding and exploitation of developing

T cells.
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