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Hemopoietic Colony-forming Cells in Umbilical Cord
Blood with Extensive Capability to Generate Mono- and
Multipotential Hemopoietic Progenitors

TATSUTOSHI NAKAHATA and MAKIO OGAWA, Department of Medicine, Medical
University of South Carolina, Charleston, South Carolina 29425; Veterans
Administration Medical Center, Charleston, South Carolina 29403

A B S T R A C T We report identification of a unique
class of human hemopoietic colony-forming cells with
extensive ability to generate progenitors for secondary
colonies. Mononuclear cells isolated from human um-
bilical cord blood formed colonies consisting of 40-500
blast cells after 25 d of incubation in methylcellulose
culture in the presence of erythropoietin and medium
conditioned by phytohemagglutinin-stimulated leu-
kocytes. Replating of these blast cell colonies revealed
that 100% of the primary colonies had the ability to
generate secondary colonies, including multipotential
colonies. These colonies could be distinguished from
other hemopoietic colonies in situ by the complete
absence of signs of terminal differentiation. Replating
of granulocyte-erythrocyte-macrophage-megakaryo-
cyte (GEMM) colonies, consisting of an average of 2
X 104 cells, revealed less capacity for secondary colony
formation. This human blast cell colony assay may
provide a method for quantitation of more primitive
hemopoietic stem cells than progenitors for GEMM
colonies (CFU-GEMM) in man.

INTRODUCTION

An in vitro assay system for pluripotent hemopoietic
stem cells that possess the capacity to self-renew and
provide differentiated progenies has been pursued by
investigators for several years. Recently, Johnson and
Metcalf (1) and our group (2) described mouse he-
mopoietic progenitors that are capable of differentia-
tion in more than three cell lineages in culture. Sub-
sequently, human multipotential hemopoietic progen-
itors that show differentiation in granulocyte-
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erythrocyte-macrophage-megakaryocyte (GEMM)'
lineages were identified in cell culture (3). Detailed
studies of the potentials for self-renewal and secondary
colony formation have been performed using these
large multilineage colonies (4-6).
We recently identified a class of mouse hemopoietic

colony-forming units (CFU) that appear to be more
primitive than CFU-GEMM in the hierarchy of stem
cells (7). The colonies consisted of <1,000 blast cells
and could be distinguished from other hemopoietic
colonies in situ by the complete absence of signs of
terminal differentiation. Replating of these colonies
revealed their extensive self-renewal capacity and
ability to generate secondary colonies, many of which
were multipotential in nature. Comparison of the pro-
genitor incidences between the stem cell colonies and
GEMM colonies indicated that the progenitors for the
stem cell colonies are more primitive than CFU-
GEMM. In this communication, we report our obser-
vations on human hemopoietic colonies consisting of
only blast cells, many of which are hemopoietic pro-
genitors.

METHODS
Clonal cell culture. Mononuclear cells isolated from um-

bilical cord blood samples were cultured at a concentration
of 2 X 104 cells/ml by using a modification (8) of the meth-
ylcellulose culture described by Iscove et al. (9). We used
2 U of partially-purified human urinary erythropoietin with
a specific activity of 840 U/mg protein (kindly provided by
Dr. Makoto Kawakita, Kumamoto University, Kumamoto,
Japan) and 5% (vol/vol) medium conditioned by phytohe-
magglutinin-stimulated leukocytes. Dishes were incubated
at 370C in a humidified atmosphere flushed with 5% CO2
in air. Megakaryocyte colonies were scored on day 10, blast
cell colonies on day 25, and all other colonies on day 16 of

' Abbreviations used in this paper: CFU, colony-forming
units; GEMM, granulocyte-erythrocyte-macrophage-mega-
karyocyte; GM, granulocyte-macrophage.
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culture. Megakaryocyte colonies were identified using the
criteria described previously (10). Colonies considered to
contain two or more cell lineages were individually lifted
from the dishes, centrifuged onto slide glasses by use of a
cytocentrifuge, and stained with May-Grunwald Giemsa for
determination of cellular compositions. Characterization of
granulocyte-macrophage-megakaryocyte colonies and ery-
thro-eosinophil colonies has been presented previously
(8, 11).
Replating experiments. On day 16 and day 25 of culture

respectively, individual GEMM colonies and individual blast
cell colonies, which were clearly isolated from other colonies,
were lifted from the methylcellulose medium using a 3-,ul
Eppendorf pipette under direct microscopic visualization
and were suspended in 0.2 ml a-medium. After gentle pi-

petting, samples were divided into two aliquots; one-half to
be processed for morphologic examination of constituent
cells and the other half to be added to culture dishes con-
taining 0.9 ml methylcellulose culture medium with con-
ditioned medium and erythropoietin. The size of individual
blast cell colonies was determined by direct cell counting in
situ. The size of GEMM colonies was determined by count-
ing in hemocytometer chambers and on the cytocentrifuge
preparations as we described previously (8).

RESULTS

Colony formation. When dishes were incubated
for 16 d, most of the colonies revealed signs of terminal
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FIGURE 1A Day 16 macroscopic GEMM colony (X70). B Day 25 stem cell colony consisting
of cells with no signs of terminal differentiation (X120); inset, a representative blast cell re-
vealing immature nucleus and absence of cytoplasmic differentiation (X2,000).
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differentiation; i.e., the red color of hemoglobin, large colonies we previously described (7). When these col-
megakaryocytes and neutrophilic granulocytes rec- onies were stained with May-Grunwald Giemsa, only
ognizable by their polygonal shape. A large GEMM blast cells were seen (Fig. 1B inset). These cells were
colony seen on day 16 of culture is shown in Fig. IA. negative with benzidine, myeloperoxidase, Luxol-fast
When culture was continued beyond 16 days, some blue and alcian-blue-safranin staining. The incidence
colonies completely disintegrated and almost all col- of the human blast cell colonies was 0.9±0.4 per 2
onies showed signs of cell degeneration. On day 25 of X 104 mononuclear cord blood cells.
culture, only four types of colonies were recognizable; Replating experiments. The ability of the human
partly degenerated eosinophil colonies, macrophage blast cell colonies to generate a large number of sec-
colonies, megakaryocyte colonies consisting of >50 ondary colonies including mixed hemopoietic colonies
megakaryocytes (10), and colonies consisting of 40- was determined by replating experiments. The results
500 loosely arranged, round cells with no signs of ter- of replating of a total of 30 blast cell colonies are pre-
minal differentiation (Fig. 1B). The appearance of the sented in Table I. All colonies contained significant
latter colonies was identical to that of mouse stem cell numbers of granulocyte-macrophage CFU (CFU-GM).

TABLE I
Results of Replating Experiments of Blast Cell Colonies

Cord Total Number of secondary colonies' per l/2 primary colony Total
blood Colony cell replating
sample number count Blast B GM M Eo GEM EM EEo GMM GEMM Total efficiency

A 1 300 2 32 26 7 2 2 5 1 2 1 80 53
B 2 54 0 1 4 1 0 2 0 0 0 0 8 30

3 202 0 5 7 3 0 2 1 0 3 1 22 22
4 81 0 0 2 1 0 0 0 0 1 0 4 10
5 108 0 0 2 1 0 1 0 0 0 0 4 7
6 201 0 1 5 4 0 1 0 0 0 1 12 12

C 7 41 0 1 2 2 0 1 0 0 0 0 6 29
8 177 0 0 2 1 0 0 0 0 0 0 3 3
9 51 0 0 2 1 0 0 0 0 1 0 4 16
10 245 0 10 11 3 0 1 2 0 1 3 31 25
11 129 0 0 2 2 0 0 0 0 0 0 4 6

D 12 382 0 0 6 2 0 0 0 0 0 0 8 4
13 142 0 0 10 3 0 0 0 0 0 0 13 18
14 163 0 1 3 3 0 1 0 0 0 0 8 10
15 92 0 0 4 3 0 0 0 0 1 0 8 17
16 246 0 0 6 3 0 0 0 0 3 0 12 10
17 123 0 0 4 4 0 0 0 0 1 4 13 21

E 18 42 0 1 2 1 0 1 0 0 0 1 6 29
19 222 0 0 8 10 0 1 0 2 0 1 22 20
20 253 1 1 7 1 0 0 0 0 0 0 11 9
21 118 0 1 8 1 1 0 0 0 0 0 11 19
22 197 0 5 10 10 0 0 0 1 3 1 30 30
23 79 0 0 7 1 0 0 0 0 0 0 8 20
24 198 0 0 7 2 0 0 0 0 0 0 9 9
25 102 0 2 5 1 0 1 0 0 0 1 10 20
26 500 0 2 31 10 0 3 1 0 5 5 57 23

F 27 128 0 1 10 3 0 1 0 0 0 0 15 23
28 98 0 0 4 1 0 1 0 0 1 1 8 16
29 256 0 4 11 2 0 1 0 0 2 4 24 19
30 108 0 0 3 0 0 0 0 0 1 0 4 7

Mean 168 Mean 18

Blast, blast cell colonies; B, erythroid bursts; GM, colonies containing neutrophilic granulocytes and/or macrophages; M, megakaryocyte
colonies; Eo, eosinophil colonies; GEM, colonies containing erythrocytes, neutrophilic granulocytes and/or macrophages; EM, colonies
containing erythrocytes and megakaryocytes; EEo, colonies containing erythrocytes and eosinophils; GMM, colonies containing mac-
rophages, megakaryocytes, and/or granulocytes.
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12 of the 30 blast cell colonies produced GEMM col-
onies. An average of 18% of the constituent cells of
individual blast cell colonies proved to be hemopoietic
progenitors. Varying combinations of differentiation
capabilities were observed. However, we were unable
to detect lymphoid colonies in the replating experi-
ments. Two blast cell colonies produced one or two
colonies consisting of only blast cells. The morphology
of these colonies was confirmed by staining, but ter-
tiary culture resulted in extremely poor growth of col-
onies. For comparison, we replated 25 GEMM colonies
that were present in the same culture dishes as groups
E and F in Table I. The results are presented in Table
II. Despite the large number of constituent cells in the
GEMM colonies, the incidences of hemopoietic pro-
genitors were significantly lower than those presented
in Table I. For example, not all of the GEMM colonies
produced secondary GM colonies, and the number of
CFU-GEMM in individual GEMM colonies were
clearly fewer than those in blast cell colonies.

DISCUSSION
In this report, we have presented evidence for the
presence, in human umbilical cord blood, of progen-

itors for the colonies that resemble murine stem cell
colonies. The notion that these progenitors are more
primitive in the stem cell hierarchy than CFU-GEMM
was suggested by the following observations: (a) cells
constituting the blast cell colonies possess slower pro-
liferative rates than those in GEMM colonies, since
only an average of 168 cells were produced in the blast
cell colonies after 25 d of culture. GEMM colonies at-
tained an average size of 2.0 X 104 cells after 16 d of
incubation. This slow proliferative rate of cells in the
blast cell colonies is in agreement with the general
concept in hemopoiesis that the primitive stem cells
are quiescent. (b) Whereas cells in GEMM colonies
revealed the signs of terminal differentiation after 16
d of culture, those in the blast cell colonies showed no
differentiation even after longer incubation (c) The
replating of the blast cell colonies revealed a higher
capacity for producing secondary colonies than GEMM
colonies.
We did not identify lymphoid colonies in the re-

plating experiments of blast cell colonies. Recently,
Messner et al. (12) reported the presence of T lym-
phocytes in human mixed hemopoietic colonies grown
in the presence of T lymphocyte conditioned medium.

TABLE II
Results of Replating Experiments of GEMM Colonies

Cord Total cell Number of secondary colonies' per ½/2 primary colony
blood Colony count
sample number (X 104) Blast B GM M Eo GEM EM EEo GMM GEMM

E 1 1.00 0 0 1 0 0 0 0 0 0 0
2 1.08 0 0 3 0 0 0 0 0 0 0
3 2.12 0 6 5 1 4 1 1 0 0 1
4 3.32 0 0 1 0 0 0 0 0 0 0
5 0.98 0 2 1 0 0 0 0 0 0 0
6 1.82 0 2 8 0 0 1 0 0 0 0
7 4.32 0 0 4 0 0 0 0 0 0 0
8 0.82 0 0 11 2 0 0 0 0 0 0
9 1.86 0 0 1 0 0 0 0 0 0 0
10 3.18 0 0 3 1 0 0 0 0 0 0
11 2.30 0 0 0 0 0 0 0 0 0 0
12 0.87 0 0 4 0 0 0 0 0 0 0
13 1.59 0 0 1 0 0 0 0 0 0 0

F 14 3.68 0 0 0 0 0 0 0 0 0 0
15 2.42 0 0 2 0 1 0 0 0 0 0
16 1.01 0 0 0 0 0 0 0 0 0 0
17 1.98 0 0 4 0 0 0 0 0 0 0
18 0.72 0 0 0 0 0 0 0 0 0 0
19 0.59 0 1 11 2 0 1 0 0 0 0
20 1.97 0 0 1 0 0 0 0 0 0 0
21 2.22 0 0 3 1 0 0 0 0 0 0
22 0.79 0 0 4 0 0 0 0 0 0 0
23 1.83 0 0 1 0 0 0 0 0 0 0
24 4.68 0 2 15 4 0 2 1 0 1 2
25 3.95 0 0 0 0 0 0 0 0 0 0

Abbreviations of the types of colonies are as described in Table I.
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These observations may suggest that, if there is a com-
mon lympho-hemopoietic origin, commitment to a
lymphoid lineage may be later than CFU-GEMM. Se-
quential replating of hemopoieic blast cell colonies in
a system permissive for both lymphoid and hemopoi-
etic expression may clarify the origin of the lympho-
cytes detected in the hemopoietic colonies.
Stem cells must maintain their own population and

provide cells for differentiation. 2 of the 30 human
blast cell colonies formed secondary colonies that re-
sembled the parent colony. All of the colonies pro-
duced secondary colonies, with GM the most fre-
quently observed. The value of such an analysis de-
pends upon the ability of the culture system to support
the growth of these cells. Thus far, the incidence of
multipotential progenitors in human blast cell colonies
is lower than that we recently reported for mouse cells.
Human hemopoietic progenitors have traditionally
been more difficult to assay. In fact, we have failed
to identify blast cell colonies in culture of adult mar-
row or peripheral blood cells. This may be due to lower
incidences of progenitors for blast cell colonies. Alter-
natively, it may be reflecting technical limitations of
the current assay system. During the long culture pe-
riod for blast cells, the semi-solid medium can dehy-
drate and important nutrients and growth factors may
decay or be consumed. Further improvement of the
replating conditions is necessary for confirmation of
the self-renewal capacity of human blast cell colonies.
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