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Cellular turnover of the hematopoietic system is supported by a small population of cells termed 
hematopoietic stem cells. Stem cells are capable of self-renewal and differentiation into 
individual lymphomyeloid lineages. Available evidence indicates that the decision of a stem cell 
to self-renew or differentiate and the decision of a multipotential progenitor to select a lineage 
pathway during differentiation (commitmenO are intrinsic to the progenitors and are stochastic 
in nature. In contrast, proliferative kinetics of the progenitors, namely, survival and expansion of 
the progenitors, appear to be controlled by a number of interacting cytokines. Whereas 
proliferation and maturation of committed progenitors are controlled by late-acting factors such 
as erythropoietin, macrophage colony-stimulating factor, granulocyte colony-stimulating factor, 
and interleukin-5, progenitors at earlier stages of development are controlled by a group of 
several overlapping cytokines. Interleukin-3, granulocyte/macrophage colony-stimulating factor, 
and interleukin-4 regulate proliferation of multipotential progenitors only after t~hey are triggered 
to exit from dormancy state. Triggering of cycling of dormant primitive progenitors and 
proliferation of lymphohemopoietic primitive progenitors appear to require interactions of early 
acting cytokines including interleukin-6, granulocyte colony-stimulating factor, interleukin-11, 
interleukin-12, leukemia inhibitory factor, and steel factor. (J ALLERGY CLIN IMMUNOL 
1994;94:645-50.) 
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The turnover of cells of the hematopoietic 
system in a man weighing 70 kg is estimated to be 
close to 1 trillion cells/day, including 200 billion 
erythrocytes 1 and 70 billion neutrophilic leuko- 
cytes. 2 This remarkable cell renewal process is 
supported by a small population of cells termed 
stem cells. The stem cells are thought to be 
capable of self-renewal to maintain a long-term 
supply of progenies and to be capable of differ- 
entiation into multiple hematopoietic lineages, 
including lymphocytes. Although this concept of 
stern cells was established early, direct studies of 
the hematopoietic stem cells were hampered by 
the lack of specific markers for detecting them. 
Therefore  studies of the mechanisms regulating 
stem cells depended on indirect functional assays 
such as spleen colony assay, 3 clonaP' 5 and suspen- 
sion culture 6 assays, and reconstitution of lethally 
irradiated or genetically deficient mice. 
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Abbreviations used 
SF: Steel factor 

CSF: Colony stimulating factor 
M-CSF: Macrophage colony-stimulating 

factor 
G-CSF: Granulocyte colony-stimulating 

factor 
GM-CSI : Granulocyte/macrophage colony- 

stimulating factor 
CFU-S: Colony-forming units in spleen 

LIF: Leukemia inhibitory factor 
HIM: Hematopoietic inductive 

microenvironrnent 
IL1-12: Interleukins 1-12 

It is generally held that in the steady state, most 
stem cells are dormant in the cell cycle, and only 
a few cells supply all of the hematopoietic cells at 
a given time. It was reasoned that the dormancy 
(Go) state confers to stem cells time to repair 
deoxyribonucleic acid damage, thus allowing 
maintenance of the genetic integrity of the stem 
cell populations. 7 This concept of cell cycle dor- 
mancy of stem cells was Supported by a number of 
observations. For  example, brief exposure in vitro 
of bone marrow cells to thymidine with high 
specific radioactivity did not reduce the number of 
multipotential progenitors. 8" 9 Treatment  of the 

645 



646 Ogawa J ALLERGY CLIN IMMUNOL 
SEPTEMBER 1994 

donor mice with high-dose 5-fluorouracil did not 
inhibit development of late-appearing spleen 
colonies 1° or blast cell colonies. 11 Cell culture 
studies of human marrow cells also documented 
that individual progenitors can remain as single 
cells for as long as 2 weeks in culture and begin 
proliferation on stimulation by combinations of 
cytokines.l~, 13 Finally, in vivo studies using retro- 
viral labeling of individual mouse stem cel ls  14q6 

provided experimental evidence for "clonal suc- 
cession" model of K a y  17 and indirectly supported 
the concept of stem cell dormancy. 

SELF-RENEWAL VERSUS DIFFERENTIATION 
OF STEM CELLS 

Regarding the decision of a stem cell to self- 
renew or to differentiate, Till et al. 18 proposed an 
important model that featured a stochastic (ran- 
dom) process of stem cell self-renewal. They de- 
veloped a "birth and death" model for self-re- 
newal and differentiation of stem cells and tested 
the model by carrying out a computer simulation 
based on generation of random numbers and 
analyzing the distributions of colony-forming units 
in spleen (CFU-S) in individual spleen colonies. 
Based on a concordance between computer simu- 
lation and experimental observations, they pro- 
posed that the decision of a stem cell to self- 
renew or to differentiate is a stochastic process. 
We tested this model in vi t ro  19 by replating indi- 
vidual blast cell colonies. 2° We postulated that 
production of secondary blast cell colonies is a 
self-renewal process and that the generation of 
secondary multilineage colonies is differentiation. 
The distributions of both types of colonies gener- 
ated by individual blast cell colonies were very 
heterogeneous 19 and were similar to the distribu- 
tion of CFU-S reported by Till et al) 8 Therefore 
these in vitro studies of multipotential progenitors 
were consistent with the stochastic mechanisms of 
stem cell functions. 

DIFFERENTIATION OF STEM CELLS 

A number of models have been proposed for 
differentiation (commitment) of stem cells to in- 
dividual lympho-myeloid lineages. For a long time 
the prevailing two models were the "hematopoi- 
etic inductive microenvironment" model = and the 
"stem cell competition" model, = which featured 
deterministic regulations of stem cell commit- 
ment. The "hematopoietic inductive microenvi- 
ronment" (HIM) model envisioned lineage-spe- 
cific anatomic niches that direct the differentia- 
tion of uncommitted progenitors. The "stem cell 

competition" model featured regulation of stem 
cell commitment by humoral factors such as eryth- 
ropoietin and colony-stimulating factor(s) (CSF). 
In addition, a model of stem cell commitment 
featuring predetermined, sequential loss of lin- 
eage potentials was also proposed. 23 

Determination of the mechanism of stem cell 
differentiation requires analysis either with a 
100% pure population of multipotential progeni- 
tors or analysis of individual hematopoietic pro- 
genitors. Fortunately, the latter opportunity was 
provided by identification of murine blast cell 
colonies with high secondary colony-forming abil- 
ity. 2° We examined the commitment of isolated 
progenitors by use of micromanipulation tech- 
niques. Cytologic analysis of multilineage colonies 
of single-cell origin revealed a variety of lineage 
combinations, consistent with the concept that 
stem cell commitment is a stochastic process. 24 
Analysis of colonies derived from paired progeni- 
tors (two daughter cells derived from a single 
parent cell) revealed dissimilar combinations of 
lineages in some instances. 2s Serial micromanipu- 
lation of paired daughter cells and cytologic anal- 
ysis of the resulting colonies 26 further suggested 
that the stochastic commitment takes place at 
each cell division of the multipotential progenitor. 
Studies of isolated human progenitors revealed 
heterogeneity in lineage expression and indicated 
that commitment of human hematopoietic pro- 
genitors is also a stochastic process. 27' 28 

PROLIFERATIVE POTENTIALS OF 
COMMITTED PROGENITORS 

In general a correlation exists between the 
number of lineages expressed and the size of the 
colonies indicating overall symmetry of hemato- 
poiesis. However, when we analyzed murine colo- 
nies derived from paired progenitors, we observed 
significant asymmetric proliferation in colonies 
expressing the same lineagesY In addition cyto- 
logic analysis of human multilineage colonies de- 
rived from single cells revealed that the individual 
lineages are represented by varying numbers of 
cells. 27 This observation indicated that prolifera- 
tion of committed progenitors is not a rigidly 
regulated process. 

GROWTH FACTOR REGULATION OF 
PROLIFERATION KINETICS 
OF PROGENITORS 

Whereas self-renewal and differentiation of 
stem cells and progenitors appear to be stochastic 
processes, survival and proliferation of the cells is 
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regulated by cytokines. It is thought that cytokines 
prevent cells from apoptotic death. 29 A number of 
direct-acting and indirect-acting hematopoietic 
cytokines have been identified and their genes 
cloned. Although some factors are primarily 
stimulatory or inhibitory, most have more complex 
functions in hematopoietic proliferation. An ex- 
cellent example is interleukin (IL)-4, which has 
been shown to exhibit both stimulatory and in- 
hibitory activities on hematopoietic prolifera- 
tion. 3°32 Many factors also possess activities out- 
side the hematopoietic system. For example, the 
pleiotropic effects of IL-6 involving immune, he- 
patic, nephric, and other systems are well 
known. 33 Even within the hematopoietic system 
cytokines have been shown to exhibit multiple 
functions affecting cells at different stages. 

An important concept that makes up an inte- 
gral part of the stochastic model of differentiation 
is that the role of cytokines in hematopoiesis is to 
regulate the proliferation kinetics but not differ- 
entiation of progenitors. The apparent induction 
of differentiation by a cytokine is viewed as a 
consequence of proliferation and maturation of a 
specific population of progenitors that are sup- 
ported by that particular cytokine and concomi- 
tant death of the progenitors that are not sup- 
ported by the same cytokine. Another important 
concept regarding cytokine regulation of hemato- 
poiesis is that there is significant functional re- 
dundancy among cytokines. Arbitrarily the cyto- 
kines may be divided into three categories: (1) 
those acting on committed monopotent progeni- 
tors, (2) intermediate-acting lineage nonspecific 
factors, and (3) factors affecting kinetics of cell 
cycle-dormant primitive progenitors. 

CYTOKINES REGULATING COMMITTED 
MONOPOTENT PROGENITORS 

Some cytokines in this group are lineage spe- 
cific and support proliferation and maturation of 
only committed progenitors. An example is eryth- 
ropoietin, which is a physiologic regulator of 
erythropoiesis. Macrophage CSF and IL-5 are 
considered specific for macrophage/monocyte and 
eosinophi134 lineages, respectively. Although gran- 
ulocyte (G)-CSF regulates proliferation and mat- 
uration of neutrophil progenitors, it also serves as 
a synergistic factor for primitive dormant progeni- 
tors, as will be discussed in detail later. Several 
factors have been shown to stimulate megakary- 
opoiesis in vitro and/or increase platelet produc- 
tion in vivo. 35' 36 These factors are all early-acting 
lineage-nonspecific factors and include IL-6, IL- 

11, IL-3, IL-!, steel factor (SF), leukemia inhibi- 
tory factor (LIF), and granulocyte/macrophage 
(GM)-CSF. Whether a separate late-acting lin- 
eage-specific "thrombopoietin" exists is specula- 
tive at this point. 

INTERMEDIATE-ACTING 
LINEAGE-NONSPECIFIC FACTORS 

IL-3, GM-CSF, and IL-4 may be considered 
intermediate-acting lineage-nonspecific factors. 
These factors appear to support the proliferation 
of multipotential progenitors but only after they 
exit from Go. We studied the effects of murine 
IL-3 on blast cell colony formation from marrow 
cells of mice that had been treated with high-dose 
5-fluorouracil. In the presence of murine IL-3, 
multipotential blast cell colonies developed after 
varying periods of time. 37 When the addition of 
IL-3 was delayed to day 7 of incubation, the 
earlier-appearing blast cell colonies were elimi- 
nated, thus decreasing the number of multipoten- 
tial blast cell colonies to approximately one half 
the number observed when IL-3 was added on day 
0. The delayed addition of IL-3, however, did not 
hasten or synchronize the development of late- 
emerging multipotential blast cell colonies. Based 
on these observations, we proposed that IL-3 does 
not trigger cell cycling of ,dormant stem cells but 
rather supports proliferation of multipotential 
progenitors after they exit from G0 .37 IL-3 alone 
does not appear to support the terminal stages of 
hematopoiesis, because subsequent studies in our 
laboratory revealed that the responsiveness of 
murine multipotential progenitors to IL-3 de- 
clines as they differentiate and mature. 38 

As illustrated by many ,cell culture and in vivo 
studies, GM-CSF can support neutrophil, macro- 
phage, and eosinophil proliferation. Metcalf et 
al. 39 and Koike et al. 4° documented that murine 
GM-CSF supports a few cell divisions of murine 
multipotential progenitors. In the human system 
as well, several studies demonstrated that the 
target population of human GM-CSF significantly 
overlaps with that of human IL-3 and that it 
includes multipotential progenitors. Recent dis- 
covery of the identity be~ween the b-subunit of 
human IL-3 receptor and the b-subunit of human 
GM-CSF receptor 41 adds support to the func- 
tional overlap between human IL-3 and GM-CSF. 

IL-4 also appears to belong to the list of lin- 
eage-nonspecific factors that regulate cycling, 
multipotential progenitors. 3°-31' 41 For example, a 
combination of IL-4 and erythropoietin can sup- 
port the formation of multilineage colonies from 
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highly purified murine progenitors. 41 Because of 
the intermediate positions of the target cells of 
IL-3, GM-CSF, and IL-4, these molecules can 
effectively interact with late-acting growth factors 
in the production of more mature cells 4z and with 
the factors that initiate the cycling of dormant 
progenitors, which are to be discussed next. It is 
postulated that production of these factors is 
accelerated only when serious cytopenias call for 
rapid expansion of the progenitor cell pool. 

FACTORS INVOLVED WITH CYCLING OF 
DORMANT PROGENITORS 

For many years the mechanisms initiating pro- 
liferation of cell cycle-dormant primitive progeni- 
tors remained unknown. In our laboratory, by 
using mapping studies of blast cell colony forma- 
tion, we have found that IL-6, 43 G-CSF, 44 IL-11, 45 
SF (c-kit ligand), 46 and most recently, IL-12, 47 act 
synergistically with IL-3 in support of colony for- 
mation from dormant murine hematopoietic pro- 
genitors. In addition to these factors, LIF was 
found to augment proliferation of primitive hu- 
man progenitors. 48 These synergistic factors also 
interact with other intermediate-acting factors, 
including GM-CSF 49 and IL-4, 41' so. 51 with few 
exceptions. S F  46 and IL-1247 do not work syner- 
gistically with IL-4. Originally, we proposed that 
these factors shorten the duration of G O of the 
primitive progenitors. Subsequent mapping stud- 
ies of blast cell colony formation from isolated 
human progenitors indicated that these factors 
trigger cycling of dormant progenitors) 3 Recent 
studies of the mechanisms of cytokine signal 
transduction may provide possible biochemical 
explanations for the overlapping functions of 
IL-6, G-CSF, IL-11, IL-12, and LIF. Structural 
homology exists between IL-6 and G-CSF, indi- 
cating that these factors share a common ances- 
toral gene. s2 Receptors for IL-6, LIE, s3 and IL- 
11 s4 share signal-transducing protein, IL-6 gpl30. 
IL-12 is a heterodimer consisting of 35 kd and 40 
kd proteins, each sharing homology with IL-6 and 
its receptor, respectivelyY These structural ho- 
mologies may provide biochemical basis for the 
functional duplication of the synergistic factors. 

Among the synergistic factors regulating the 
cycling of dormant progenitors. SF appears to be 
unique. SF interacts with IL-3 and GM-CSF but 
not with IL-4. 46' 49 In addition, SF can interact 
with other synergistic factors, including IL-6, 
G - C S F ,  IL -11 ,  46' 49 and IL -12 ,  47 t o  support forma- 
tion of multipotential blast cell and multilineage 
colonies, whereas the other synergistic factors do 

not appear to have this capability. SF has also 
been shown to interact with late-acting factors, in 
particular with erythropoietin. 56 

It appears that some of these factors are re- 
quired for the primitive progenitors to survive in 
the dormancy state. Recently Bodine et al. 57 and 
Itoh et al. 58 proposed that G-CSF, IL-3, and SF 
are survival factors for murine hematopoietic 
stem cells in culture. Using highly enriched bone 
marrow cells, we demonstrated that IL-3 and SF 
but not G-CSF can support survival in G o of 
murine progenitors including lymphohematopoi- 
etic progenitors. 59 Regarding human hematopoie- 
sis, our data have indicated that IL-3 and 
GM-CSF but not SF, IL-6, IL-11, or G-CSF main- 
tain the survival in G o of the human primitive 
progenitors. 13 

LYMPHOHEMATOPOIETIC STEM CELLS 

The existence of totipotent lymphohematopoi- 
eric stem cells was postulated long ago from 
clinical observation of hematopoietic reconstitu- 
tion of patients after bone marrow transplanta- 
tion and by careful analysis of transplantation in 
experimental animals. More recently, retroviral 
labeling of individual hematopoietic progenitors 
has clearly demonstrated the existence of progeni- 
tors common to all hematopoietic lineages includ- 
ing the lymphocyte lineages. 14' 60, 61 However, de- 
spite all of the in vivo evidence, it has not been 
possible to detect and quantitate the lymphohe- 
matopoietic progenitors by use of culture tech- 
niques until recently. Baum et al. 62 and Cumano 
et al. 63 reported culture assays for human and 
murine fetal marrow lymphohematopoietic pro- 
genitors that are capable of myeloid and B-cell 
differentiation using coculture with murine stro- 
mal cells. In our laboratory we have developed a 
two-step methylcellulose clonal culture system for 
adult murine progenitors that have the capacity 
for differentiation along the myeloid as well as 
B-cell lineage. 64 When enriched marrow cells 
from day 2 after 5-fluorouracil marrow were 
tested in this assay, about 40% of the progenitors 
revealed B-cell potential. We also found that the 
combinations of two factors consisting of SF and 
one of IL-6, IL-11, G-CSF, 64 and IL-1247 were 
effective in the primary culture in the mainte- 
nance Of B-lymphoid potentials. Interestingly, 
IL-3 could neither replace nor act synergistically 
with SF to support the B-lymphoid potential of 
the primary cultures. Most recently we observed 
that IL-3 and IL-la can independently abrogate 
the B-lymphoid potential of primary colonies 
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when added to permissive culture conditions. 65 
These results indicated that the reason for our 
previous failure to recognize lymphohematopoi- 
etic progenitors in culture was due to suboptimal 
culture conditions and that a significant popula- 
tion of cells that were once thought to be myeloid- 
restricted are actually lymphohematopoietic pro- 
genitors. These observations further suggest that 
develLopment of a cell culture assay for lympho- 
hematopoietic stem cells including T-lymphocytes 
may require only identification of permissive cul- 
ture conditions. 
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