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ABSTRACT Human hematopoiesis originates in a popu-
lation of stem cells with transplantable lympho-myeloid re-
constituting potential, but a method for quantitating such
cells has not been available. We now describe a simple assay
that meets this need. It is based on the ability of sublethally
irradiated immunodeficient nonobese diabetic–scidyscid
(NODySCID) mice to be engrafted by intravenously injected
human hematopoietic cells and uses limiting dilution analysis
to measure the frequency of human cells that produce both
CD342CD191 (B-lymphoid) and CD341 (myeloid) colony-
forming cell progeny in the marrow of such recipients 6 to 8
weeks post-transplant. Human cord blood (CB) contains '5
of these competitive repopulating units (CRU) per ml that
have a similar distribution between the CD382 and CD381

subsets of CD341 CB cells as long-term culture-initiating cells
(LTC-IC) (4:1 vs. 2:1). Incubation of purified CD341CD382

human CB cells in serum-free medium containing f lt-3 ligand,
Steel factor, interleukin 3, interleukin 6, and granulocyte
colony-stimulating factor for 5–8 days resulted in a 100-fold
expansion of colony-forming cells, a 4-fold expansion of
LTC-IC, and a 2-fold (but significant, P < 0.02) increase in
CRU. The culture-derived CRU, like the original CB CRU,
generated pluripotent, erythroid, granulopoietic, megakaryo-
poietic, and pre-B cell progeny upon transplantation into
NODySCID mice. These findings demonstrate an equivalent
phenotypic heterogeneity amongst human CB cells detectable
as CRU and LTC-IC. In addition, their similarly modest
response to stimulation by a combination of cytokines that
extensively amplify LTC-IC from normal adult marrow un-
derscores the importance of ontogeny-dependent changes in
human hematopoietic stem cell proliferation and self-renewal.

Identification of conditions that support the self-renewal and
expansion of human hematopoietic stem cells remains a major
goal of experimental and clinical hematology. Analysis of
various endpoints of hematopoietic reconstitution from de-
fined transplants has provided extensive information about
these cells in several species including humans. In mice, this
approach has been further developed to allow both adult and
fetal hematopoietic stem cells to be specifically identified and
quantitated using an assay that measures the frequency of cells
in a given test cell suspension that at limiting dilutions can be
seen to individually, competitively, and durably repopulate
both the lymphoid and myeloid systems of histocompatible but
genetically distinguishable recipients (1–4). To ensure maxi-
mal efficiency of detection of these so-called competitive
repopulating units (CRU), the recipient mice are pretreated

with a myeloablative conditioning regimen and then trans-
planted with sufficient additional cells to allow their survival
independent of the stem cell content of the test transplant.
Alternatively, the recipients may be given a sublethal dose of
radiation (5). Clinical studies with purified subpopulations of
human cells (6–9) have suggested some of the properties of
transplantable human hematopoietic cells, but an experimen-
tal method for their enumeration has not been available. In
fact, until recently, attention has focused primarily on the
identification of properties of hematopoietic cells that might
prove useful as surrogate endpoints of stem cell potential. The
ability of a rare subset of hematopoietic cells [referred to as
long-term culture-initiating cells (LTC-IC)] to generate my-
eloid colony-forming cell (CFC) progeny for at least 4 weeks
in fibroblast-containing cocultures is one such endpoint (10).
The fact that LTC-IC and CRU in both the fetal liver and adult
bone marrow of mice are phenotypically similar, exist at similar
frequencies, and copurify (in contrast to all other known
progenitor types detectable either in vitro or in vivo) (11–13)
has suggested that LTC-IC and CRU may be the same
cells—i.e., that the functions required for cells to be detectable
in these two assays are coordinately regulated during normal
hematopoietic cell development. This concept is further sup-
ported by the demonstration that at least some CRU prolif-
erate and undergo self-renewal divisions under the same
culture conditions as are used to stimulate LTC-IC prolifer-
ation and differentiation into CFC (2). However, differences
in the factors required to elicit and sustain murine CRU and
LTC-IC activity in vitro and in vivo have also been identified
(13, 14). Thus CRU and LTC-IC do not depend on the same
molecular functions for their detection and, under certain
circumstances, these functions can be dissociated.

Recently, a variety of immunodeficient xenogeneic recipi-
ents have been found to support the growth of transplanted
human hematopoietic cells (15–17) with higher overall levels
of human hematopoiesis obtained in sublethally irradiated
nonobese diabetic–scidyscid (NODySCID) mice than in any
other strain thus far tested (18, 19). The amplification, mul-
tilineage composition, durability, continuing proliferation, and
retransplantability of the human hematopoietic cell popula-
tions regenerated in these mice all suggest their origin from a
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transplantable human cell type with extensive proliferative and
differentiation potential (19, 20). In this report, we describe a
simple method for quantitating human cord blood (CB) cells
that produce both lymphoid and myeloid progeny in suble-
thally irradiated NODySCID mice injected i.v. with limiting
dilutions of test cells (without exogenously administered cy-
tokines). The assay can be applied to highly purified popula-
tions and has been used to demonstrate human CRU expan-
sion in 5- to 8-day cultures of CD341CD382 CB cells in
serum-free cultures containing flt3-ligand (FL), Steel factor
(SF), interleukin 3 (IL-3), IL-6, and granulocyte colony-
stimulating factor (G-CSF).

MATERIALS AND METHODS

CB Cell Preparation. CB from normal, full-term infants
delivered by cesarean section were collected in tubes contain-
ing heparin according to protocols approved by the University
of British Columbia Clinical Screening Committee for Re-
search Involving Human Subjects. In most experiments, low
density (,1.077 gycm3) cells were obtained by centrifugation
of the initial cell sample on Ficoll-Hypaque (Pharmacia LKB).
In three experiments, red blood cells were removed either by
lysis at 4°C in 0.83% ammonium chloride with 0.1% sodium
bicarbonate (pH 7.0) or by hydroxyethyl starch (DuPont)-
assisted sedimentation. The enriched white blood cell fraction
was then used either without further manipulation, or after
being enriched for CD341 cells using a high gradient magnetic
cell separation procedure in which cells expressing markers of
mature human hematopoietic cells were removed on a Stem-
Sep column (StemCell Technologies, Vancouver) according to
the manufacturer’s directions. Aliquots of cells were stained
before and after this separation with a fluorescein isothiocya-
nate (FITC)-conjugated anti-CD34 antibody (8G12) (kindly
provided by P. Lansdorp, Terry Fox Laboratory) to calculate
the recovery, enrichment, and purity of the CD341 cells
isolated. The average (6 SEM) CD341 cell content of the
starting cell suspension was 0.4 6 0.1%, and after depletion of
the lineage-marker1 cells this increased to 43 6 5%. The
corresponding CD341 cell recovery and enrichment values for
these lin2 CB preparations were 120 6 20% and 160 6 30-fold,
respectively (n 5 8). To isolate the CD341CD382 and
CD341CD381 subpopulations from these lin2 cells, they were
first suspended in Hank’s balanced salt solution with 2% fetal
calf serum and 0.02% sodium azide (HFN) supplemented with
5% human serum, then incubated on ice for 10 min, followed
by staining with anti-CD34 FITC and anti-CD38 phyco-
erythrin (PE) (Becton Dickinson). This was followed by two
washes in HFN, in the last case, in the presence of 2 mgyml
propidium iodide (PI; Sigma) to allow exclusion of nonviable
(PI1) cells. Throughout the staining procedure, the cells were
maintained at 4°C. Cells were analyzed and sorted on a
FACStar1 (Becton Dickinson) equipped with a 5 W argon
laser and a 30 mW helium neon laser. Additional aliquots of
cells were stained with irrelevant isotype-matched control
antibodies labeled with FITC and PE to establish gates for
identifying positively stained cells (f luorescence greater than
that exhibited by 99.9% of cells in the corresponding controls).

Progenitor Assays. CFC and LTC-IC assays were performed
as described (21).

Animals. A colony of NODyLtSZ–scidyscid (NODySCID)
mice was established in the animal facility of the British
Columbia Cancer Research Center from breeders originally
provided by L. Schultz (The Jackson Laboratories). All NODy
SCID mice were kept under sterile conditions in microisolator
cages and were provided exclusively with autoclaved food and
water. Just before, and for 2 months after, total-body irradi-
ation the mice received acidified H2O (pH 5 3).

Competitive Repopulation Assay. Mice were given 350 cGy of
total body 137Cs g-irradiation ('1 cGyymin) and were then

injected i.v. with varying numbers of test cells (as indicated) plus
106 irradiated (1,500 cGy) normal human bone marrow cells
(obtained as cadaveric samples from the Northwest Tissue Cen-
ter, Seattle) as carrier cells (for test grafts of #106 cells). Mice
were killed 6–8 weeks posttransplant for assessment of the
number and types of human cells detectable in both femurs and
both tibias. CRU frequencies were determined by the method of
maximum likelihood from the proportions of negative recipients
measured in groups of mice injected with different numbers of
test cells as described (1). In the present study, negative recipients
were defined as mice that did not contain detectable numbers of
both human B-lymphoid cells—i.e., #5 positive CD342CD191

cells per 5,000 cells analyzed and human CD341 myeloid pro-
genitors [colony-forming unit-granulocyte, macrophage (CFU-
GM) andyor burst-forming unit-erythroid (BFU-E) andyor col-
ony-forming unit-granulocyte, erythroid, macrophage,
megakaryocyte (CFU-GEMM)].

Serum-Free Expansion Cultures. CD341CD382 cells were
incubated at '103–104 cellsyml (0.1–10 ml per culture) in
Iscove’s medium supplemented with 10 mgyml BSA, 10 mgyml
human insulin, 200 mgyml human transferrin (StemCell Tech-
nologies), 1024 M 2-mercaptoethanol (Sigma), plus 40 mgyml
low density lipoproteins (Sigma) and the following recombi-
nant human growth factors: 20 ngyml IL-3 (Sandoz), 20 ngyml
IL-6 (Cangene, Mississauga, ON, Canada), 20 ngyml G-CSF
and 100 ngyml SF (Amgen), and 100 ngyml FL (Immunex).
These suspension cultures were incubated unperturbed, usu-
ally for 5 or 6 days (n 5 5), and in one experiment for 8 days
at 37°C. At the end of this time, all cells were harvested and
counted, and aliquots were assayed in vitro for CFC, LTC-IC
and in NODySCID mice for CRU. In two additional experi-
ments CD341CD382 CB cells were cultured as single cells
[deposited using the fluorescence-activated cell sorter (FACS)
cloning attachment] in the individual wells of 96-well plates,
each of which had been preloaded with 100 ml of the same
medium. At the end of 6 days, 70 of the clones produced were
harvested individually and injected into 70 sublethally irradi-
ated NODySCID mice (one clone per recipient).

Analysis of Human Cells in NODySCID Mice. Femurs and
tibias were flushed with HFN and cell counts performed.
Human Fc receptors were blocked by a first incubation of the
cells in 5% normal human serum and murine Fc receptors by
a second incubation of the cells in 2.4G2 [an anti-mouse Fc
receptor mAb (22)]. To quantitate the total number of human
cells present, a small aliquot was stained with anti-CD45–FITC
(HLel, Becton Dickinson) and anti-CD71–FITC (OKT9). This
aliquot was also stained with anti-CD19–PE (Leu-12, Becton
Dickinson) and cyanine-5-succinimidyl-labeled anti-CD34
(8G12) to allow the exclusive detection of human pre-B
(CD342CD191) cells (23). The majority of the cells were
stained with anti-CD34-PE and anti-gpIIbyIIIa CD41–FITC
(3H2) (24) antibodies to allow quantitation of cells with these
markers and isolation of human CD341 cells by FACS for
subsequent plating in CFC and LTC-IC assays. All cells were
also stained with PI (see above) in the final wash to allow
exclusion of dead (PI1) cells from these analyses and collec-
tions. Aliquots of the same original cell suspension were
stained with both FITC-conjugated and PE-conjugated mouse
Ig as negative controls. Positive cells were defined as those
demonstrating greater fluorescence than that exhibited by
$99.9% of these negative control cells. Incubation of normal
NODySCID marrow cells with all anti-human antibodies used
showed #0.1% of murine myeloid cells to be stained nonspe-
cifically.

RESULTS

Both Human Lymphoid and Human Myeloid Cells Are
Found in NODySCID Mice Transplanted with Limiting Num-
bers of Human CB Cells. Groups of sublethally irradiated
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NODySCID mice were injected with decreasing doses of
light-density CB cells or highly enriched (.99.9% pure)
CD341CD382 or CD341CD381 CB cells. Six to 8 weeks later
their marrows were assessed for the presence of various types
of human hematopoietic cells as described. In a total of 115
mice in which human cells were detected, 91% contained both
lymphoid (CD342CD191) and myeloid (CD341 CFC) ele-
ments (Fig. 1). Analysis of mice injected with limiting numbers
of transplantable human CB cells (i.e., cell doses that, on
average, should have resulted in ,15% of the mice being
engrafted with human cells) showed that examples of mice
containing human pre-B cells in the absence of human myeloid
cells, or vice versa, were rare regardless of whether the mice
had been transplanted with unseparated light-density CB cells,
or highly purified CD341CD382 or CD341CD381 cells (Table
1). Thus, no evidence of either lymphoid- or myeloid-restricted
repopulating cells in human CB was obtained using a 6- to
8-week readout in NODySCID mice and, in fact, essentially all
of the regenerating activity detected using this endpoint could
be attributed to transplantable CB cells with lympho-myeloid
potential. In addition, 40% of these clonally repopulated mice
showed evidence of human erythroid as well as granulopoietic
cell differentiation (i.e., both BFU-E and CFU-GM were
detected).

Frequency and Characterization of CRU in Human CB.
Limiting dilution analysis was then used to determine the
frequency of these transplantable lympho-myeloid cells in
various subpopulations of human CB (Table 2). Individual
mice were scored as positive only when the number of human
lymphoid (CD342CD191) cells present 6–8 weeks posttrans-
plant constituted $0.1% of the total marrow population and
human (CD341) granulopoietic progenitors, with or without

erythroid clonogenic progenitors, were also demonstrable in
the cells removed from two femurs and two tibias. Because
these four bones contain '25% of the total marrow volume of
a mouse (25), the minimal output required for assignment of
human CRU activity was thus '2 3 105 pre-B cells and '200
CFC at 6–8 weeks posttransplant. Any recipient who did not
fulfill both of these criteria was scored as negative. The average
frequency of CRU in the light density fraction of CB cells
calculated from the results of these experiments was '1 per
6 3 105 cells (range defined by 6 SE 5 1 per 5 3 105 to 1 per
8 3 105 cells, Table 3), or 4.5 (3.4–5.4) CRU per ml of CB (n 5
3).

Several lines of evidence, including the finding that clinical
transplants of CD341 cell-enriched bone marrow transplants,
give timely hematopoietic reconstitution of patients treated
with myeloablative conditioning therapy (6–8) suggest that
human cells with repopulating ability are CD341. However,
human CD341 hematopoietic cells are now known to be
heterogeneous both functionally and in terms of other markers
they may express (23, 26). One such marker, whose absence on
a minor subset of human hematopoietic CD341 cells (includ-
ing human CB cells) has proven useful for isolating a popu-
lation that is highly enriched in cells with properties of
primitive progenitors is CD38 (27–34). To investigate the
phenotype of human CB cells capable of regenerating lympho-
myelopoiesis in NODySCID mice, the CD341 light density CB
cells were subdivided into a CD382 or CD38lo and a CD381

fraction and then limiting dilution CRU assays were per-
formed on these subsets. The average frequency of CRU in the
CD341CD38lo population determined from the pooled results
of seven experiments was found to be 1 per 900 cells (range
defined by 6 SE 5 1 per 750 to 1 per 1,100 cells, Table 3). This

FIG. 1. Comparison of FACS profiles of marrow cells from NODySCID mice transplanted 6 and 8 weeks previously with 300 CD341CD382

cells (A and B) (i.e., at limiting dilution) and 3 3 103 CD341CD382 cells (C) from the same original CB sample. In A the cells were stained with
an irrelevant (control) isotype-matched mouse IgG. In B and C, the cells were stained with anti-human CD34–CY5 (cyanine-5-succinimidyl) and
anti-human CD19–PE. Evidence of human cells of all three phenotypes examined in these analyses is seen in both mice (B and C).

Table 1. NODySCID mice transplanted with limiting numbers of human CB repopulating cells usually contain both
lymphoid and myeloid cells of human origin

Progeny combinations

Proportion of positive mice transplanted with

Light-density cells, %
(,4 3 105ymouse)

CD341CD382 cells, %
(,800ymouse)

CD341CD381 cells, %
(,104ymouse)

M1 andyor L1 67 (12y18) 36 (20y55) 43 (7y16)
M1 only 6 (1y18) 2 (1y55) 6 (1y16)
L1 only 0 (0y18) 4 (2y55) 6 (1y16)

Expected L1 M1 (due to coincidence) 0 0.1 0.4
Observed L1 M1 61 (11y18) 32 (17y55) 31 (5y16)

M1, myeloid; L1, lymphoid. Only mice injected with doses of cells expected to contain ,1 repopulating cell of any kind (based
on limiting dilution analysis of the entire data set in that group) were considered in this analysis—i.e., ,15% of these mice would
have received .1 repopulating human cell (same experiments as shown in Table 2, but for the analysis shown here, mice were
considered negative only if they contained neither lymphoid nor myeloid cells). Note also that these cell doses represent the
calculated numbers expected to contain ,1 such repopulating cell but, as can be seen, did not always give 37% negative mice.
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represents a 600-fold enrichment of CRU relative to their
frequency in the light density fraction of CB cells. In two
experiments, CRU assays were performed on the CD381 and
CD382 fractions of the same CB samples. From these assays,
values of 1 CRU per 18,000 CD341CD381 CB cells and 1 CRU
per 400 CD341CD382 CB cells were obtained. Thus some
CRU could be detected in the CD341CD381 fraction and at
.33-fold higher frequencies than in the original light density
fraction of CB cells, but at a 45-fold lower frequency than in
the corresponding CD341CD382 fraction. However, because
the majority of the CD341 cells are also CD381, absolute
numbers of CD381 CRU are much higher than predicted by a
comparison of their frequencies. The ratio of total
CD341CD382 CRU to CD341CD381 CRU in CB was calcu-
lated to be 4:1. LTC-IC and CFC assays of these same fractions
showed that both of these assays detect cells at much higher
frequencies than CRU (several hundred-fold) and in fact
account for the majority of all the CD341 cells (Table 3).
However, the distribution of LTC-IC between the CD382

subset and CD381 subsets (64% and 36%, respectively) proved
to be similar to that calculated for CRU, whereas the corre-
sponding values for CFC were 20% and 80%.

Quantitation of CRU and Other Progenitors in Short-Term
Cultures of CD341CD382 Human CB Cells. On the basis of
previous studies indicating FL, SF, and IL-3 to be important
stimulators of bone marrow LTC-IC amplification (21), and SF
and IL-6 to be effective stimulators of primitive cells in both

marrow and CB (35–38), we set up experiments to determine
whether CRU activity would be amplified, maintained, or lost
when CD341CD38lo CB cells were incubated in serum-free
medium supplemented with FL and SF (both at 100 ngyml)
and IL-3, IL-6, and G-CSF (all at 20 ngyml). The results of the
CRU assays performed on aliquots of the cells used to initiate
these cultures as well as on aliquots of the cells harvested from
them 5 to 8 days later (six experiments) are shown in Tables 2
and 3. The frequency of CRU in the cultured cells was 1 per
500 input CD341CD382 CB cells (range defined by 6 SE 5
1 per 400 to 1 per 600). This represents a small (2-fold) but
significant (P , 0.02, Student’s two-tailed t test) increase over
the input values of these experiments.

In two additional experiments, 120 CD341CD382 CB cells
were cultured as single cells under the same conditions. At the
end of 5 days, 33 of the original 120 wells (i.e., 28%) did not
appear to contain any viable cells. In each of the remaining 87
wells, between 2 and 270 viable (refractile) cells were seen
(with no wells containing only one viable cell). The following
day (day 6), the first 70 clones were injected individually into
70 sublethally irradiated NODySCID mice (1 clone per
mouse). Six to 8 weeks later, 68 of these recipients showed no
evidence of engraftment with human cells. In the other two
mice, a small proportion (0.2%) of all the cells present in the
marrow appeared to be positive human CD341 cells, but no
CD191 cells were detected and when the CD341 cells were
isolated (972 and 115 cells, respectively) and assayed, none of
these were found to be CFC.

In addition to evaluating CRU, we also measured the
frequency, and hence total number of CFC and LTC-IC
present in the starting light density population, the
CD341CD381 cells, the CD341CD38lo cells, and in the cell
populations generated from CD341CD38lo cells in the 5- to
8-day cultures. As previously demonstrated (31), LTC-IC were
detectable in both the CD341CD38lo and CD341CD381 frac-
tions of CB (Table 3). In the cultured population, the total
number of cells increased 78 6 33-fold, the number of CFC
98-fold and the number of LTC-IC 4-fold (Table 3).

Comparison of the Cellular Output of Different Sources of
Human CRU. Table 4 compares the average output of differ-
ent types of human hematopoietic cells generated in NODy
SCID mice, per injected CRU, for each type of CB population
transplanted—i.e., light-density cells, CD341CD381 cells,
CD341CD38lo cells, and the cells produced in 5- to 8 day-old
cultures of CD341CD38lo cells. In all cases, the predominant
types of progeny present 6–8 weeks posttransplant were
human pre-B (CD342CD191) cells ('106–107 per mouse per
injected CRU). However, the output of very primitive human
myeloid cells—i.e., LTC-IC and CFU-GEMM, was substantial
('50–1,300 per mouse per injected CRU), with intermediate
numbers of progeny indicative of differentiation along the
erythroid, megakaryocyte, and granulopoietic lineages (103 to
5 3 105 per mouse per injected CRU). These values were
similar for the CD341CD381 and CD341CD382 CRU in fresh
CB but were slightly lower for the culture-derived CRU.

DISCUSSION

In this report we describe a quantitative in vivo assay for
transplantable normal human cells with lympho-myeloid dif-
ferentiation potential. Quantitation of these cells is achieved
by limiting dilution analysis of the frequency of cells that are
individually able to regenerate detectable numbers of both
lymphoid (CD342CD191) and myeloid (CD341 erythroid
andyor granulopoietic progenitors) within the marrow of
immunodeficient (NODySCID) mice transplanted 6–8 weeks
previously. The mice are pretreated with a close to lethal dose
of radiation, sufficient to provide a potent stimulus for i.v.
transplanted human stem cells to proliferate and differentiate,
but insufficient to kill more than a small proportion of the mice

Table 2. Frequency of “negative” NODySCID mice 6–8 weeks
after transplantation with varying numbers of freshly isolated or
cultured CB cells

Type of cell
No. of

experiments

Total
No. of

CB
assessed

Cellsy
mouse

Proportion
of negative

mice

Light density 3 7 3 3 106 2y10
1 3 106 2y8
8 3 105 0y6
3 3 105 3y8
2 3 105 1y6
5 3 104 3y4

CD341CD381 2 4 5 3 104 0y5
1.5 3 104 5y6

7,500 2y6
3,000 5y5

600 4y5

CD341CD382 7 16 4,400 1y2
3,000 2y11
2,000 5y5
1,000 5y17

500 5y12
300 1y4
200 10y14

50 21y25

Cultured
CD341CD382 6 14 4,400 0y3

1,000 2y11
500 3y5
200 9y12
100 3y3

50 5y6
40 3y7

Negative mice were defined as those that did not contain detectable
levels of both human CD342CD191 (B-lymphoid) and CD341 CFC
(myeloid) cells. Pooled data from the number of experiments shown
(2 to 3 CB samples pooled per experiment).
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even in the absence of any protection provided by the injected
cells (19). Strong evidence that this assay detects single human
cells with lymphoid and multilineage myeloid potential was
provided by the demonstration that both human pre-B cells
and human CFU-GM were usually seen in individual mice
(and in almost half of these human BFU-E were also demon-
strable), even when unseparated human CB cells were injected
at doses that were insufficient to engraft more than two thirds
of the recipients. This assay thus successfully incorporates the
same principles as the murine CRU assay (1) and we propose
the same term (CRU) be used for the human cells it detects.

The average frequency of human CB CRU measured using
this assay is 1 per 6 3 105 light density cells or 5 CRU per ml
of CB. These values are much lower than the numbers of cells
detectable as LTC-IC; however, both were found predomi-
nantly, although not exclusively, in the CD341CD382 sub-
population. The presence of CD341CD381 as well as
CD341CD382 cells in adult human marrow that can engraft
fetal sheep has recently been reported (34) as has the ability
of NODySCID mice to be engrafted with CD341CD382

human CB cells (39). Notable differences between CD381 and
CD382 subpopulations of CD341 cells have been demon-
strated even for functionally similar cells (30, 31, 40, 41),
including those with in vivo repopulating activity (34). In the
present study, no difference was seen in the types or numbers
of 6- to 8-week progeny generated in NODySCID recipients of
human CD341CD381 and CD341CD382 CB CRU in contrast
to the culture-derived CB CRU which produced the same
spectrum of progeny types but at somewhat reduced levels.
Recent studies have indicated that NODySCID mice engrafted
with light-density human CB cells can also regenerate progeny
CRU (20). It will, therefore, be of interest in future work to
determine whether a greater self-renewal capacity in the
NODySCID system is associated with a lack of CD38 expres-
sion by the original CD341 hematopoietic cells transplanted,
as suggested by studies in the sheep model (34). In addition, the
NODySCID recipient could offer other opportunities to in-
vestigate potential molecular determinants of human totipo-
tent stem cell self-renewal (42, 43).

Human CB has recently attracted attention as a source of
hematopoietic stem cells both for transplantation and gene
therapy applications. However, concern that a single CB
collection may not be sufficient to guarantee engraftment of

adult allogeneic recipients has also stimulated considerable
interest in developing methods for expanding CB stem cell
numbers in vitro. Similarly, gene transfer using retroviral
vectors requires that the target stem cells be proliferating
under conditions where stem cell functions are retained. In
related studies of the responses of CD341CD382 cells isolated
from human marrow to various cytokine combinations, we
have found that LTC-IC function can be maintained or lost
according to the relative or absolute concentrations of FL, SF,
and IL-3 to which the cells are exposed, without significant
effects on their viability or mitotic activation (44). As a first
application of the CRU assay, we therefore asked whether
conditions that expand the LTC-IC population from the
CD341CD382 subset of cells in adult human marrow 20- to
30-fold (21, 45) would similarly expand the CRU population in
cultures of CD341CD382 CB cells. The results show that, in
spite of the large increases in total cells and CFC (80- and
100-fold, respectively) anticipated from earlier studies (35),
LTC-IC and CRU numbers were increased only 4-fold and
2-fold, respectively. Similar results for CB LTC-IC expansion
under these conditions have recently been reported by others
(46). It thus appears that CD341CD382 CB and adult marrow
cells may differ in their cytokine requirements for promoting
self-renewal divisions. Subsequent multifactorial design exper-
iments have confirmed this (47). Nevertheless, the fact that a
net increase in CRU numbers can be obtained under condi-
tions that yield only 4-fold expansions of LTC-IC is encour-
aging and supports the concept that the modified LTC-IC
assay used in the present studies (48) is highly predictive of
changes that may occur in CRU numbers. Thus, even though
the cells identified by these two assays may not necessarily
represent identical cell populations, it can be anticipated that
conditions able to more effectively stimulate CB LTC-IC
expansion may also stimulate greater increases in CB CRU.
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Table 3. Comparison of the frequencies of different types of progenitors in the light-density, purified, and cultured
human CB populations studied

Progenitor
Light density
(per 106 cells)

CD341CD381

(per 103 cells)
CD341CD382

(per 103 cells)
Cultured CD341CD382

(per initial 103 cells)

CFC 4,000 6 2,300 500 310 6 130 30,000 6 12,000
LTC-IC 52 6 46 52 560 6 230 2,100 6 900
CRU 1.7 (1.3–2) 0.06 (0.04–0.08) 1.1 (0.9–1.3) 2 (1.6–2.5)

3 2 7 6

Values shown for CFC and LTC-IC are the mean 6 SEM and for CRU are the mean with the range defined by 6 SE shown
in parentheses. The total cell expansion in the cultures of CD341CD382 cells was 78 6 33-fold.

Table 4. Comparison of the numbers and types of human progeny present after 6–8 weeks in NODySCID recipients of
various subsets of fresh or cultured human CB cells expressed per injected CRU

Endpoint Light-Density CD341CD381 CD341CD382 Cultured Cells

CD342CD191 0.9 3 107 0.8 3 107 1.0 3 107 0.1 3 107

CD341 2.2 3 106 2.5 3 106 2.2 3 106 0.4 3 106

CD411 4.0 3 105 2.0 3 105 5.0 3 105 2.0 3 105

BFU-E 2,800 7,000 3,500 1,300
CFU-GM 27,000 28,000 28,000 9,000
CFU-GEMM 150 130 520 180
LTC-IC 200 1,300 240 50

Values shown are average estimates calculated by dividing the average total number of each type of human progeny measured
in recipients in the limiting dilution experiments shown in Table 2 by the total number of CRU that were assayed (based on
the CRU frequency values shown in Table 3).
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