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Abstract: Umbilical cord blood (UCB) is a rich source of hematopoietic progenitors for transplantation. Murine and 
human progenitors are insensitive to apoptotic signaling mediated by the TNF family receptors, however extension 
of culture over 48 hours is accompanied by severe deterioration in engraftment and hematopoietic reconstituting 
capacity. In this study we assessed crosstalk between the Fas, TNF and TRAIL receptors, and questioned whether 
it contributes to increased mortality and decreased activity of UCB progenitors following extended ex vivo culture 
for 72 hours. The well-characterized TNF-induced expression of Fas is mediated by both TNF receptors, yet the TNF 
receptors determine survival rather than Fas: superior viability of TNF-R1 progenitors. Additional cross talk includes 
upregulation of TRAIL-R1 by Fas-ligand, mediated both by fast cycling and inductive crosstalk. These inductive in-
teractions are not accompanied by concomitant sensitization of progenitors to receptor-mediated apoptosis during 
extended culture, but rather decreased fractional apoptosis in expanded progenitor subsets expressing the recep-
tors. TRAIL upregulates both TRAIL-R1 and TRAIL-R2, accompanied by commensurate susceptibility to spontaneous 
apoptosis. The current data reveal inductive crosstalk between TNF family receptors, which are largely dissociated 
from the sensitivity of hematopoietic progenitors to apoptosis. Activation of Fas, TNF and TRAIL receptors and exces-
sive apoptosis are not responsible for loss of engraftment and impaired reconstituting activity of UCB progenitors 
following extended culture. 
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Introduction

The tumor necrosis factor (TNF) superfamily 
includes 19 known pairs of receptor/ligand 
interactions involved in apoptotic and non-
apoptotic signaling [1]. Despite significant 
structural homology, these cognate receptor/
ligand interactions are highly selective, with 
distinct patterns of activation and signal trans-
duction. Versatile functions have been deter-
mined for the TNF family receptors in different 
tissues, involving survival, apoptosis, prolifera-
tion and differentiation [2-5]. In the immune 
and hematopoietic systems, the TNF family 
receptors are prime homeostatic factors with 
negative regulatory activity. The best-charac-
terized function is activation induced cell death 
(AICD), mediated by Fas cross-linking following 
T cell activation [6, 7]. The highly selective pat-

tern of cognate receptor/ligand interactions is 
accompanied by inductive crosstalk, for exam-
ple upregulation of Fas expression by TNF-α 
[8-11]. The Fas receptor is considered as a 
common executioner of apoptosis within the 
TNF superfamily, which is unique within the 
family due to obligatory receptor trimerization 
by membrane-bound Fas-ligand (FasL) [12].

In contrast, the TNF family receptors play differ-
ent roles in proximal stages of hematopoietic 
differentiation. In a series of murine cell studies 
we have characterized the activity of Fas [13], 
TNF-α [14] and TRAIL [15] receptors in hemato-
poietic stem and progenitor cells (HSPC). 
Murine progenitors are largely insensitive to 
receptor-mediated apoptosis, and the TNF fam-
ily receptors transduce primarily trophic signals 
[14-16]. The hematopoietic progeny becomes 
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gradually sensitive to receptor-mediated apop-
tosis along the differentiation process, render-
ing the expanding clones sensitive to negative 
regulation. Insensitivity of stem and progenitor 
cells to apoptosis is also characteristic of 
human umbilical cord blood (UCB) and mobi-
lized peripheral blood (mPB) cells [15, 17, 18], a 
phenomenon attributed to constitutive upregu-
lation of the NFκB pathway [19]. The physiologi-
cal involvement of TNF family receptors in the 
transplant setting includes activation of the 
stroma [20], immune privilege prioritizes HSPC 
for engraftment over mature hematopoietic 
cells [13, 20], and trophic signaling fosters 
early engraftment [14-17] and durable hemato-
poietic reconstitution [14, 20]. Polarized sus-
ceptibility of hematopoietic cells to apoptosis 
can be used to enrich and select apoptosis-
insensitive progenitors from heterogeneous 
murine and human hematopoietic grafts ex 
vivo to reduce the threat of graft versus host 
disease [18, 21]. 

A standing question is the cause of reduced 
engraftment of hematopoietic cells after 
extended ex vivo culture, which usually occurs 
during the third day of incubation and impairs 
the activity of SCID reconstituting cells (SRC) 
[22-25]. Loss of engraftment capacity has been 
attributed to death of hematopoietic progeni-
tors in culture [26-28], mediated by the TNF 
family receptors [29-33]. In view of our findings 
of progenitor resistance to apoptotic signaling 
[13-21], we questioned whether loss of engraft-
ment potential is indeed mediated by receptor-
mediated apoptosis. We found that CD34+ UCB 
progenitors undergo spontaneous apoptosis 
during extended incubation, without significant 
impact of receptor-mediated signaling. Subse- 
quently, we questioned the consequences of 
receptor crosstalk on HSPC sensitivity to apop-
tosis, particularly in view of the proposed domi-
nant role of Fas suppression of engraftment 
[8-11, 26, 27]. We found inductive crosstalk 
between TNF family receptors with variable 
influences on cell cycling, without affecting the 
susceptibility to apoptosis. 

Materials and methods

Sample collection and cell isolation 

UCB units were obtained from healthy donors 
giving birth at term according to the Institutional 

guidelines. UCB samples were collected before 
placental delivery by using syringes containing 
citrate-phosphate-dextrose with adenine (CP- 
DA-1) as anti-coagulant for processing within 
one hour. Blood was diluted with phosphate-
buffered saline (PBS; Biological Industries) con-
taining 0.5% HSA and 2 mM EDTA in 1:1 propor-
tion, layered over Lymphocyte Separation 
Medium (1.07700.1-1.0800 g/ml; MP Bio- 
medical) and centrifuged at 800 g for 20 min at 
25°C. Mononuclear cells in the interface layer 
were collected and washed twice with physio-
logical saline [15]. For staining with an intracel-
lular dye, the cells were incubated for 7 min-
utes with 2.5 µM of 5-(and-6-)-carboxyfluores-
cein diacetate succinimidyl ester (CFSE, Mol- 
ecular Probes), washed and resuspended [17]. 

Animal preparation and transplantation 

In this study we used NOD.CB17-Prkdcscid/J 
(NOD.SCID, H2Kd) mice, purchased from 
Jackson Laboratories (Bar Harbor, ME). Mice 
were housed in a barrier facility; the Institutional 
Animal Care Committee approved all proce-
dures. Prior to transplant, at days -3 and -2 
mice received two doses of 25 mg/kg Busulfan 
(Sigma) [15, 17, 19]. On transplant day (day 0) 
cells were suspended in 0.2 ml phosphate buff-
ered saline (PBS) and infused into the lateral 
tail vein. 

Flow cytometry 

Measurements were performed with a Vantage 
SE flow cytometer (Becton Dickinson). CD34+ 
cells were identified using Allophycocyanin 
(APC)-labeled antibodies (clone 8G12, Pha- 
rmingen). Expression of receptors on UCB cells 
was determined with mAb against: Fas (clone 
DX2, Miltenyi), TNF-R1 (clone 16803, R&D 
Systems), TNF-R2 (clone 22235, R&D Systems), 
TRAIL-R1 (DR4, clone 69036, R&D) and 
TRAIL-R2 (DR5, clone 71908, R&D). In NOD.
SCID, xenochimeras engraftment of human 
cells was determined in the bone marrow after 
12 weeks with mAb against m-CD45 (clone 
30-F11, eBioscience) and h-CD45 (clone ML2, 
IQP). Cell death and apoptosis was determined 
in incubated cells with 5 µg/ml 7-aminoactino-
mycin-D (7-AAD, Sigma) and Annexin-V (IQP), 
respectively. Proliferation was determined from 
CFSE dilution and calculated using the ModFit 
software (Verity Software House).
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Apoptotic challenge 

Human MNC UCB cells were incubated (1x106 
cells/ml) for 1-3 days in α-MEM culture medium 
supplemented with StemPro Nutrient Suppl- 
ement (Stem Cell Technologies, Vancouver, 
BC), 2 mM L-glutamine (Biological Industries) 
and 50 µM 2β-mercaptoethanol (2β-ME) (Sig- 
ma). Cells were challenged with 50 ng/ml 
SuperFasL (Axxora), 20 ng/ml TNF-α and 1500 
ng/ml TRAIL (PeproTech) [15, 17, 19]. The apop-
totic effect of the ligands was validated in 
human Jurkat cells as positive controls (E6- 
1TIB-152, ATCC). Cell death was determined by 
gating on receptor-positive subsets, to observe 
their behavior in the context of the bulk UCB 
population.

Statistical analysis 

Data are presented as means ± standard devi-
ations for each experimental protocol. Results 
in each experimental group were evaluated for 
reproducibility by linear regression of duplicate 
measurements. Differences between the expe- 
rimental protocols were estimated with a post 
hoc Scheffe t-test and significance was consid-
ered at p<0.05. 

Results 

TNF family receptor activation does not affect 
engraftment after extended ex vivo culture

We have previously demonstrated that engraft-
ment of UCB progenitors in NOD.SCID mice is 

not impaired by cross-linking of Fas and ligation 
of the TNF and TRAIL receptors for periods of 2 
days [15, 17, 19]. To determine the impact of 
TNF family receptor activation on SRC activity, 
UCB cells from same units were cultured for 48 
and 72 hours with the various ligands (without 
chemokine supplements). Concentrations of 
the cognate ligands were determined in prelimi-
nary studies to dissociate between apoptosis-
insensitive progenitors and apoptosis-sensitive 
mature cells: 50 ng/ml FasL, 20 ng/ml TNF-α 
and 1.5 μg/ml TRAIL. Transplantation of equal 
numbers of live UCB cells from 65 cord units 
into busulfan-conditioned NOD-SCID mice was 
evaluated after 12 weeks by human CD45 in 
the bone marrow of the xenochimeric mice. 
Summary of these transplant experiments 
shows significant decline in levels of human 
chimerism when ex vivo incubation in medium 
was extended from 2 to 3 days (Figure 1A). 
Exposure to FasL and TNF-α had no significant 
impact on SRC activity, whereas TRAIL showed 
a trend of improved levels of human xenochi-
merism. These data negate involvement of TNF 
family receptor activation on loss of hematopoi-
etic progenitor engraftment capacity during 
extended ex vivo culture. 

Overall death of CD34+ progenitors was <20% 
after 72 hours of liquid culture, with the major 
mechanism being apoptosis as determined 
from Annexin-V incorporation (Figure 1B). 
Insignificant impact of the death ligands on 
overall survival demonstrates insensitivity of 
the progenitors to activation of the TNF family 

Figure 1. Engraftment and viability of UCB cells after ex vivo culture. A: Fresh UCB units were incubated for 48 and 
72 hours in medium (n=13) and with 50 ng/ml FasL (n=6), 20 ng/ml TNFα (n=7) and 1.5 μg/ml TRAIL (n=5). Equal 
numbers of viable cells from the same unit were grafted into NOD.SCID mice conditioned with two doses of 25 μg/g 
Busulfan, and human chimerism was determined in the bone marrow of xenochimeras after 12 weeks (means ± 
standard deviations). B: Apoptosis and death of CD34+ progenitors after 72 hours of ex vivo culture with and without 
the ligands, as determined from Annexin-V incorporation and 7-AAD uptake respectively (n=11-15).
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receptors. Thus, loss of engraftment capacity 
is unrelated to excessive death of progenitors. 

Inductive crosstalk

Insensitivity of hematopoietic progenitors to 
apoptosis has been attributed to low levels of 
expression of the TNF family receptors, while 
TNF-induced upregulation of Fas sensitizes to 

Figure 2. Dynamics of death receptor expression in 
liquid culture. Mononuclear UCB cells were incubat-
ed for 72 hours with 50 ng/ml FasL, 20 ng/ml TNF-α 
and 1.5 μg/ml TRAIL. Expression of the receptors 
was determined by gating on CD34+ progenitors in 
fresh samples and following incubation. A: Fas (n=29 
fresh, n=11 incubated); B: TNF-R1 (n=7 fresh, n=5 
incubated) and TNF-R2 (n=12 fresh and n=10 incu-
bated); C: TRAIL-R1 (DR4, n=9) and TRAIL-R2 (DR5, 
n=8). 

death [8-11, 26, 27]. To determine the respon-
siveness to apoptotic signals in culture, expres-
sion of the various receptors was determined in 
gated CD34+ progenitors before and after incu-
bation. The Fas, TNF and TRAIL apoptotic 
receptors are expressed in ~10% of fresh 
CD34+ UCB cells, with slightly higher levels of 
TRAIL-R1 expression (Figure 2). TRAIL was the 
only ligand that induced expression of both cog-
nate receptors in UCB progenitors (p<0.01, 
Figure 2C). Cross incubation with the various 
ligands showed induction of Fas expression by 
TNF-α in one third of the progenitors (p<0.001, 
Figure 2A), and induction of TRAIL-R1 by FasL 
(p<0.001, Figure 2C). Thus, receptor induction 
during extended culture includes cognate inter-
actions of TRAIL and crosstalk mediated by 
TNF-α and Fas-ligand.

Proliferation rates of receptor-positive progeni-
tors

Fractional increase in expression of a given 
receptor upon exposure to cognate and non-
cognate ligands might be the consequence of 
expansion of selected subsets within the het-
erogeneous UCB population. Incubation of UCB 
cells with the various ligands for 48 hours 
resulted in insignificant modulation of the pro-
liferation rates [15, 17, 19]. After 72 hours of 
incubation in medium, significant differences 
included faster cycling of CD34+ progenitors 
expressing TNF-R2 as compared to TNF-R1, 
which were reversed by exposure to the cog-
nate ligand (p<0.05, Figure 3A). In addition, 
exposure to FasL increased 2-fold the cycling 
rates of progenitors expressing TRAIL-R1. The 
five-fold increase in expression of TRAIL-R1 
under the influence of FasL was therefore par-
tially caused by fast proliferation of this subset 
of cells, in addition to a true inductive effect. 
Stable proliferation rates of CD34+Fas+ progen-
itors demonstrate that upregulation of Fas by 
TNF-α was a consequence of true inductive 
crosstalk.

Relative sensitivity to apoptosis triggered by 
the death ligands

In next stage we questioned whether induced 
receptor expression and modulation of the 
cycling rates sensitize UCB progenitors to apop-
tosis. As seen for shorter incubation periods 
[15, 17, 19], the main cause of progenitor death 
was spontaneous apoptosis, with little influ-
ence of the death ligands on progenitor viability 
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(Figure 3B-D). We found two patterns of attenu-
ation of cell sensitivity to apoptosis under our 
culture conditions. First, induced TNF-induced 
Fas expression (p<0.01, Figure 3B) and FasL-
induced proliferation of TRAIL-R1+ cells (p<0.01, 
Figure 3D) displayed reduced fractional apop-
tosis, demonstrating dissociation between lev-
els of expression and sensitivity to receptor-
mediated apoptosis. Second, the inductive 
effect of TRAIL on progenitors expressing its 
cognate receptors was accompanied by pro-
portional sensitization to apoptosis in response 
to receptor activation (Figure 3D).

Co-expression of death receptors

Inductive crosstalk means that ligand-mediat-
ed activation of a cognate receptor induces the 
expression of another receptor, since there is 
no cross-activation within the TNF superfamily 
[1]. To determine which TNF receptor is respon-

sible for upregulation of Fas, double positive 
cells were gated following incubation for 72 
hours. Activation of both TNF receptors had 
equal contribution to upregulation of Fas in 
>75% of TNF receptor-positive cells (Figure 4A). 
Fas cross-linking during the last day of incuba-
tion resulted in significant differences in pro-
genitor viability: progenitors co-expressing Fas 
and TNF-R1 displayed superior survival follow-
ing incubation with both ligands as compared 
to co-expression of Fas and TNF-R2 (p<0.01, 
Figure 4B). The similar differences in survival in 
CD34+ progenitors devoid of Fas expression 
indicates that apoptosis was primarily related 
to the TNF receptors without pro-apoptotic 
activity of the upregulated Fas. 

Discussion

This study demonstrates that resistance to 
receptor-mediated apoptosis is a conserved 

Figure 3. Proliferation and apoptotic death of UCB cells in culture. A: Proliferation rates of CD34+ progenitors ex-
pressing the various receptors within 72 hours of culture, as determined from CFSE dilution (n=4-9). Proliferation 
rates were quantified with the ModFit software. *p<0.05. B-D: Apoptosis was determined according to incorporation 
of Annexin-V in gated CD34+ progenitors following incubation for 72 hours 50 ng/ml FasL, 20 ng/ml TNF-α and 1.5 
μg/ml TRAIL (n=4-7 under each culture condition). Data are presented in reference to expression of: B: Fas, C: TNF-
R1 and TNF-R2, C: TRAIL-R1 (DR4) and TRAIL-R2 (DR5).
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and consistent characteristic of hematopoietic 
progenitors, and is not responsible for the 
decay in progenitor engraftment capacity after 
extended culture. Similar decrease in progeni-
tor function was observed in the presence and 
absence of the death ligands, and occurred 
despite sustained viability by >80% of the pro-
genitors. These findings in culture conditions 
that simulate graft preparation for transplanta-
tion without supporting chemokines differ from 
prior studies reporting detrimental conse-
quences of TNF receptor activation on progeni-
tor viability and function [8-11, 26, 27, 29-33]. 
In those studies supporting chemokines and 
activating cytokines induced cell proliferation 
and sensitized to receptor-mediated apoptosis 
in vitro. In addition, the presence of dead cells 
suppresses the clonogenic activities of UCB 
cells in semisolid cultures [19], and accumula-
tion of apoptotic committed progenitors might 
have mislead the interpretation of this function-
al in vitro assay. To the extent of confidence in 
SRC engraftment as a reliable surrogate assay 
for the activity of human reconstituting cells 
[34, 35], there is no evidence of detrimental 
consequences of TNF family receptor ligation. 

Crosstalk was identified for the well-known 
induction of Fas by TNF-α [8-11], which was 
upregulated in approximately one third of all 
CD34+ UCB progenitors under our culture con-
ditions (Figure 5). Equal contribution was 

emphasized by co-expression of Fas in ~75% of 
progenitors expressing either one of the TNF 
receptors. Induction of Fas is the result of true 
crosstalk between the receptors at stable pro-
liferation rates, and does not sensitize to apop-
tosis or reduce the engraftment capacity. 
Another mechanism of increased fractional 
expression is stimulation of proliferation of sub-
sets expressing particular receptors. Faster 
proliferation of viable cells (2-fold) accounted 
only partially for expansion of TRAIL-R1+ progen-
itors mediated by FasL (5-fold), indicating that 
this receptor was also upregulated through 
inductive crosstalk. Notably, all mononuclear 
UCB cells expressing TRAIL-R1 are slow cycling 
and activation of this receptor transduces tro-
phic signals [15]. 

The expanded subsets of Fas+ and TRAIL-R1+ 
progenitors induced by TNF-α and FasL respec-
tively, were characterized by reduced fractional 
death. Spontaneous death of stable absolute 
numbers of progenitors appeared as reduced 
fractional apoptosis due to increased levels of 
expression of the receptors in viable cells, 
mediated either by inductive crosstalk or fast 
cycling. These findings are consistent with 
inherent resistance to apoptosis regulated at 
the transcriptional level [19], opposing the con-
tention that progenitor insensitivity to apopto-
sis is a consequence of the low levels of expres-
sion of death receptors [8-11]. Notably, the TNF 

Figure 4. The consequences of inductive cross talk. A: UCB cells were exposed to 20 ng/ml TNF-α for 72 hours 
and expression of Fas was determined by gating on CD34+ progenitors in reference to expression of the two TNF 
receptors (n=7) as compared to incubation in medium (n=9). Expression of the two TNF receptors was determined 
in CD34+Fas- (left panel) and CD34+Fas+ progenitors (right panel). B: Cultures were supplemented with 50 ng/ml 
FasL during the third day of culture and apoptosis was measured in reference to Fas and TNF receptor expression 
(n=4-9 under each culture condition).
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family receptors were found in significantly 
higher fractions of CD34+ progenitors suscepti-
ble to spontaneous apoptosis (~60%) as com-
pared to the entire CD34+ progenitor pool 
(<20%).

The Fas receptor is considered as a common 
executioner of apoptosis in immunohematopoi-
etic cells, with a particular characteristic 
requirement of receptor cross-linking mediated 
only by membrane-bound isoforms of the ligand 
[12]. In contrast to prior reports showing detri-
mental consequences of Fas-mediated apopto-
sis under conditions of TNF receptor activation 
[8-11, 26, 27, 29-33], we found that the TNF 
receptors are dominant factors in UCB progeni-
tors co-expressing both receptors. Irrespective 
of co-expression of Fas, TNF-R2 was associat-
ed with increased susceptibility to apoptosis 
and TNF-R1 was associated with superior sur-
vival (Figure 5). This observation is consistent 
with transduction of trophic signals by TNF-R1 
that enhances recruitment of progenitors to 
engage in clonogenic activity in semisolid cul-
ture [17]. Although there was no detectable role 
of TNF-R2 in murine and human progenitors 
during 48 hours of culture [14, 17], our current 
data reveal activity of this receptor under 
extreme conditions of stress. CD34+ progeni-
tors expressing TNF-R2 cycled faster than pro-
genitors expressing TNF-R1 under unstimulat-
ed conditions, and displayed similar levels of 
spontaneous apoptosis. Activation of TNF-R2 
by the cognate ligand slowed proliferation of 
viable UCB progenitors by 50% and joint expo-
sure to FasL and TNF-α increased fractional 
apoptosis by 50% as compared to progenitors 
expressing TNF-R1. Both TNF receptors reduce 

the size of colonies by negative regulation of 
expanding clones, though their impact is mod-
est relative to Fas cross-linking [17]. Functional 
involvement of TNF-R2 in hematopoietic pro-
genitor function explains the impaired durable 
hematopoietic reconstitution of murine bone 
marrow cells deficient in this receptor [14].

The different consequences of activation of the 
two TNF receptors can be explained on the 
basis of the signaling pathways: TNF-R1 recruits 
complexes composed of TRADD, FADD, RIP-1 
and TRAF2, whereas only the latter transduces 
TNF-R2 signals [36-39]. Despite absence of the 
complex assembly terminal, TNF-R2 is capable 
of inducing apoptosis [40, 41] with dual syner-
gistic and antagonistic effects to TNF-R1 activ-
ity [42]. The intracellular signaling pathways of 
these two receptors cooperate [43] and sup-
press each other under different experimental 
conditions [44, 45]. It is possible that the domi-
nant activity of TNF-R1 seen in culture origi-
nates from activation of this receptor by soluble 
TNF-α [46], while TNF-R2 is predominantly acti-
vated by the membrane-bound ligand [47]. 

In variance, Fas and TRAIL receptors share a 
common mechanism of signal transduction 
through FADD complexing and direct activation 
of the proteolytic caspase cascade [48-51]. 
Improved viability following activation of TNF-
R1 in Fas+ UCB progenitors suggests a compet-
itive mode of intracellular signaling: TRADD-
mediated aggregation of FADD might reduce 
the capacity of Fas to initiate the extrinsic 
apoptotic caspase cascade. In view of high 
fractional apoptosis upon TNF-R2 activation in 
both Fas+ and Fas- subsets of UCB progenitors, 

Figure 5. Diagrammatic presentation of the impact of crosstalk on receptor expression, proliferation and sensitivity 
to apoptosis of hematopoietic progenitors. 
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it is clear that activation of the NFκB pathway 
by TRAF2 is not the mechanism that dissoci-
ates between death and survival. Involvement 
of caspase-8 in dual apoptotic and trophic sig-
naling [14, 17] suggests further downstream 
modulation of the pathway activated by TNF-R1 
[52-54]. It is possible that Fas-mediated upreg-
ulation of TRAIL-R1 is a consequence of com-
mon FADD signaling, similar to the inductive 
effect of TRAIL on its cognate receptors. If this 
possibility is true, it remains unclear why Fas 
signaling is not inductive to TRAIL-R2 and selec-
tively reverses the slow cycling of TRAIL-R1+ 
progenitors. 

In summary, ex vivo culture exceeding 48 hours 
is unfavorable to engraftment and reconstitut-
ing capacity of UCB progenitors. New insights 
into the activity of TNF superfamily receptors in 
hematopoietic progenitors include: a) engraft-
ment deficit is mediated primarily by dysfunc-
tion rather than progenitor death; b) UCB-
derived hematopoietic progenitors succumb to 
spontaneous apoptosis in liquid culture ex vivo 
without significant involvement of receptor-
mediated apoptotic pathways; c) TNF receptors 
are dominant in determination of survival of 
progenitors after TNF-induced upregulation of 
Fas; d) FasL induces expression of TRAIL-R1. 
Inductive crosstalk between the receptors is 
likely to play a role in their coordinated upregu-
lation in bone marrow-homed murine and 
human progenitors [13-15, 55], with ubiquitous 
expression in most primitive hematopoietic 
precursors [13, 15, 20] and failure of durable 
reconstitution by receptor-deficient cells [16, 
17, 20]. 
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