1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access

(A & Author Manuscript
st

NATIG,
fiy

Published in final edited form as:
Sem Cells. 2015 January ; 33(1): 15-20. doi:10.1002/stem.1829.

A stem cell apostasy: A tale of 4 Hwords

Peter J. Quesenberry, Laura R. Goldberg, and Mark S. Dooner
Name of Institution where the work was done: Rhode Island Hospital, 593 Eddy Street,
Providence RI 02903

Abstract

The field of hematopoietic stem cell biology has become increasingly dominated by the pursuit
and study of highly purified populations of hematopoietic stem cells (HSCs). Such HSCs are
typically isolated based on their cell surface marker expression patterns and ultimately defined by
their multipotency and capacity for self-generation. However, even with progressively more
stringent stem cell separation techniques, the resultant HSC population remains heterogeneous
with respect to both self-renewal and differentiation capacity. Critical studies on un-separated
whole bone marrow (WBM) have definitively shown that long-term engraftable hematopoietic
stem cells are in active cell cycle and thus continually changing phenotype. Therefore, they cannot
be purified by current approaches dependent on stable surface epitope expression because the
surface markers are continually changing as well. These critical cycling cells are discarded with
current stem cell purifications. Despite this, research defining such characteristics as self-renewal
capacity, lineage-commitment, bone marrow niches, and proliferative state of HSCs continues to
focus predominantly on this small sub-population of purified marrow cells. This review discusses
the research leading to the hierarchical model of hematopoiesis and questions the dogmas
pertaining to HSC quiescence and purification.
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Introduction

This is a consideration of four H words. Hierarchy has been the standard description of
marrow stem/progenitor systems. We have used this H word in this light in our benighted
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past. There are 4 definitions of hierarchy in the Oxford English Dictionary. The first three
relate to “divisions of angels and ecclesiastical organization.” The fourth refers to “... a body
of persons or things ranked in grades, orders or classes, one above another.” We assume that
when hierarchy is used to describe stem cell systems the fourth meaning is implied, although
given the religious adherence of some to the current stem cell dogmas, perhaps the first three
might be appropriate. Another important H word is homogeneity. This seems to be the goal
of most hardcore stem cell purificationists. Homogeneous is defined as “consisting of parts
or elements all of the same kind,” a characteristic probably unobtainable in biologic systems.
Our concepts could be and have been described as heterodox, i.e. “holding opinions other
than the right.” The first definition in the OED is “...of doctrines, opinions, etc. not in
accordance with established doctrines or opinions or those generally recognized as right or
‘orthodox’.” The orthodox view of marrow stem cell biology is that the marrow/progenitor
system is hierarchical in nature, that the stem cell is a noncycling cell in GO unless it is
“stimulated” and that the key to knowledge in this system is purification of the marrow stem
cell to homogeneity. Our heterodoxy is that the stem cell is in a continuum of change and
not hierarchical, that the marrow stem cell population is an actively cycling population and,
because the stem cell is cycling, it is continually changing phenotype and therefore cannot
be purified to homogeneity. This brings us to the final H word, a very important one;
heterogeneity. This is, of course, the opposite of homogeneity and is best thought of as
“difference or diversity in kind from other things.” In the seminal initial work, first defining
marrow stem cells and studying colony-forming unit spleen (CFU-s)(1), a disregarded, but
still excellent stem cell assay, Till, McCulloch and Siminovitch (2) found that CFU-s were
totally heterogeneous as to renewal and the system appeared stochastic in nature. They
compared CFU-s to radioactive isotopes; these have a precisely defined half-life, but the
decay rates of individual nuclei are completely heterogeneous. Thus a population could be
defined, but looking at individual nuclei in the population would be uninformative. This is
not a bad description of the current state of stem cell biology. Most investigators are
pursuing the nuclei without regard to the population. We will return to this later.

The evolution of hierarchical models, in which we were involved, grew naturally out of
experimental work in mice. CFU-s was defined in irradiated mice (1). Marrow cells injected
into lethally irradiated mice gave rise to clonal bumps on the spleen 8-12 days after
irradiation and these lumps contained combinations of primitive erythroid, myeloid,
megakaryocytic and probably lymphoid cells. When dissected out, they would give rise to
secondary colonies in irradiated mice in a very heterogeneous fashion. Following this work,
in vitro progenitors were characterized, first for granulocytes and macrophages (3, 4), but
eventually for virtually all marrow cell classes and in all combinations (5-11). This
suggested a very orderly model of marrow stem/progenitor regulation in which CFU-s
differentiated into progenitors with multiple lineages and these then differentiated into
progenitors with progressively restricted lineages. Then came elegant stem cell purification
approaches by a number of investigators and a massive body of work (12-33) that appeared
to characterize a beautiful hierarchical system. Researchers purified stem cells by incubating
marrow cells with lineage specific monoclonal antibodies, removing the antibody labeled
cells by magnetic bead attachment or FACS, and then selecting cells with so-called stem cell
antigens- c-Kit, Sca-1, Thyl.1 and more recently CD150, and negatively selecting for other
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antigens. The work has approached “homogeneity” of these purified cells, with a high
percentage being able to repopulate an irradiated mouse. The cell itself was characterized as
being predominantly quiescent (33-35). For example, Passegué et al., in a series of elegant
studies, isolated long-term hematopoietic stem cells (LT-HSC; Lineage negative (Lin-)/c-Kit
+/Sca-1+/Thy1.11") and further separated these highly purified stem cells into GO, G1, and
S/IG2/M fractions using the supravital RNA and DNA dyes, Pyronin Y and Hoechst 33342
respectively. They then tested each cell cycle phase-specific fraction for stem cell function
in competitive bone marrow transplantation models. Only GO cells were found to give long-
term multilineage engraftment. The model that evolved here is that LT-HSC, a primitive
marrow stem cell with tremendous proliferative, renewal and differentiative capacity and in
GO, gives rise to classes of stem progenitors which are progressively restricted in lineage
choice and are more proliferative (Figure 1).

There were early warnings that purification and seeking homogeneity might not be the best
way to approach understanding marrow stem cell biology and that a strict hierarchical model
might not be correct. We summarized this in an editorial in Experimental Hematology in
1991, “The Blueness of Stem Cells” (36). Elegant work by Ogawa and colleagues (37)
indicated that daughters of primitive marrow stem cells could pursue dissimilar
differentiation fates through one cell cycle transit. This of course was not consistent with a
hierarchical model of stem cell biology. Work by Nilsson and colleagues (38) studying Lin-/
rhodamine low/Hoechst low (LRH) stem cells indicated that up to 99% of the whole marrow
stem cell capacity was lost with the purification. These considerations were ignored in the
aggressive pursuit of a purified homogeneous population of hematopoietic stem cells.

A large body of work on cytokine impact, transcriptional regulation and genetic
characterization has been carried out on so-called homogeneous purified hematopoietic stem
cells. The details of purification have varied between laboratories, but the general consensus
at present is that one of the best candidates for the homogeneous purified stem cell is the
Lin-/c-Kit+/Sca-1+ /CD150+/CD48- hematopoietic stem cell (39). All this work has ignored
the population of stem cells discarded from whole marrow. The current dogma relates to a
primitive long-term multilineage repopulating cell which gives rise to a series of progenitor
stem cells with progressively restricted differentiation capacity. However, this model cannot
fully account for all the experimental data in the field and is therefore not wholly accurate.
Although all the described stem cells exist, they are likely not strictly in a hierarchy, but
rather on a continuum of change linked to cell cycle phase and environmental stimuli
including extracellular vesicle interactions (more below).

The Stem Cell Continuum

We were forced into our current concepts of stem cell biology by our own experiments, first
showing a significant heterogeneity of results and then showing dramatic shifts in phenotype
tied to cell cycle progression. These studies were initiated when we attempted to improve
engraftment into non-ablated mice by exposing marrow to a cytokine cocktail of interleukin
3 (IL-3), IL-6, IL-11 and steel factor in liquid culture (40, 41). After 48 hours incubation the
engraftment capacity of the marrow, rather than being increased, was virtually lost. We then
followed cells over time under the same conditions and found that engraftment was
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markedly impaired at 48 hours but subsequently recovered (42). This held for long-term
engraftment from 2- 6 months. Cycle mapping indicated that engraftment was lost in late S-
phase and recovered in the next G1-phase. Altogether in 8 separate experiments we
demonstrated loss and recovery of engraftment. This suggested that the gold standard of
long-term engraftment defining the hematopoietic stem cells was at least tarnished if not
bronze (and, yes, most gold is mixed with base metals and does tarnish). The key here was
reversible loss of the multilineage engraftment phenotype with subsequent recovery during
cell cycle transit. We then confirmed these phenotype reversibility studies with subsequent
studies using different mouse strains, different stem cell purifications and different cytokine
cocktails. We found reversible alterations in differentiation (43), marrow homing (44),
expression of adhesion factors (45, 46), global gene expression (47), progenitor numbers
(48), surface epitope expression (49), and most recently extracellular vesicle modulation
(50). All of these reversible changes were in the context of a cytokine induced stem cell
cycle transit. However, as discussed above, many studies have indicated that the true
marrow renewal stem cell is in GO, raising the possibility that our in vitro cycle studies were
artifactual. Accordingly, we re-evaluated the cell cycle state of purified hematopoietic stem
cells (Lin-/ Sca-1+/c-Kit+ /FIk2-) using the model of Pyronin Y/Hoechst 33342 to separate
LT-HSC into GO, G1 and S/G2/M phases followed by competitive transplantation into
lethally irradiated mice. In accordance with the existing literature, we similarly found that
most (not all) of the stem cell capacity of LT-HSC was in fact within the GO fraction.
However, on reviewing the extant literature we found that no one had ever evaluated the cell
cycle status of long-term engraftable stem cells in whole unseparated marrow. We had
previously shown that with stem cell purification of LRH cells, up to 99% of the stem cell
capacity was lost (38). We thus evaluated the cycle status of long-term engraftable stem
cells in unseparated marrow (51). The results have been quite informative. We initially
separated whole bone marrow cells, staining them with Hoechst 33342 and Pyronin Y and
sorting by FACS for GO, G1 and S/G2/M or, using Hoechst alone, sorting for GO/G1 and
S/IG2/M populations. We assessed the long-term multilineage repopulating capacity using
competitive transplantation into lethally irradiated mice. At an instantaneous point in time
we found that over 50% of the whole bone marrow cells capable of long-term multilineage
engraftment were in S/G2/M, suggesting that most, if not all, of these cells were in active
cell cycle. We confirmed this work using an alternate approach, employing tritiated
thymidine suicide. In this approach, marrow cells were exposed to high-specific activity
radioactive tritiated thymidine for 30 minutes and the engraftment compared to cells
exposed to unlabeled thymidine. Using this suicide assay, we found an over 65% reduction
in long-term engraftment with tritiated thymidine incubation, indicating the specific loss of
actively cycling hematopoietic stem cells during the 30-minute incubation. These two
approaches indicated that most long-term multi-lineage repopulating marrow cells were
cycling. We utilized bromodeoxyuridine (BrdU) techniques to address the dynamics of cell
cycle history of murine LT-HSC in vivo. Forty-eight hours after the initiation of BrdU
administration, up to 73% of LTHSC were labeled with BrdU and thus had progressed
through S-phase during that time interval, suggesting that these cells are actively cycling in
vivo. Separate studies indicated that BrdU administration did not induce the stem cells to
enter cell cycle (51).
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Why the discrepancy in results between the purified stem cells and the stem cells present in
unseparated whole marrow? The key here is that most stem cells are in the portions
discarded during purification and our results show that these discarded cells are
proliferating. The purified cells only represent a very small fraction of the total stem cell
population, albeit a highly concentrated one. For example, Lin-/c-Kit+/Sca-1+/CD150+/
CDA48- cells contain highly potent stem cell capacity, with one out of every 2.1 cells able to
engraft, giving long-term multilineage reconstitution (52). However, such a purified
population only represents approximately 0.0058% + 0.0012% of the marrow cells in a
mouse (52) and its isolation forsakes the majority of stem cell potential within whole bone
marrow excluded by the separative techniques. Furthermore, even with the most stringent
purification protocols, it has been well appreciated that the resultant population of purified
stem cells is still typified by a certain amount of heterogeneity (53-55). Such heterogeneity
within these “purified” populations has prompted more concerted efforts to further purify
increasingly homogenous sub-populations of highly potent stem cells using additional
antibody combinations (56). We propose that such efforts will certainly yield a potent stem
cell population but at the great risk of misrepresenting the majority of the stem cell potential
in unseparated marrow. We propose that hematopoietic stem cells are, in their entirety, part
of an inherently heterogeneous population, therefore defying purification to homogeneity,
with stem cell potential and phenotype of hematopoietic cells fluctuating with activation
state and developmental stage (as reviewed in 57) as well as cell cycle transit. This concept
is graphically presented in Figure 2. We outline a marrow cell population in which stem
cells are represented by multicolors and non-stem cells by a blue color (Figure 2). The
current separative strategies select out a cell with a particular phenotype, a noncycling GO
cell. This cell will not maintain that phenotype for long as it will change as it passes through
cell cycle. Other cells with different phenotypes and cycle stages have varying degrees of
the stem cell phenotype-long-term multilineage engraftment in lethally irradiated mice-but
some have an equal capacity to the selected stem cell. The composite non-blue cells make
up the stem cell population and characterizing this population is the immediate challenge for
stem cell investigators.

We tested this concept directly by assessing stem cell content and proliferative status
(tritiated thymidine suicide) in the different fractions of a stem cell purification. As
expected, highly purified (Lin-/Sca-1+/c-Kit+/CD150+/CD41-/CD48-) stem cells were
unaffected by tritiated thymidine, indicating again that they engraft when in GO. In contrast,
we found that the majority of long-term repopulating stem cells within both the lineage
negative fraction in the absence of further stem cell purification, and the lineage positive
cellular fractions were present as cycling cells (51). We estimate that anywhere from 92-99
% of stem cells are in these fractions and that these cells are virtually all proliferating. Thus
it appears that the separation discarded almost all the stem cells and these were cycling. In
addition, as noted above, the phenotype of the stem cells reversibly changes with cycle
passage and thus a specific stem cell could not be reliably and reproducibly purified from
such a cycling population of cells. The reversible variations of stem/progenitor cell potential
with cell cycle passage are shown in Figure 3.

Another way of illustrating the situation is to consider the marrow progenitor/stem cells
progressing through cycle and continually changing. At any one point in time, a very small
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percentage of these cells will be transiently in GO — for example, the magical Lin-/Sca-1+/c-
Kit+/ CD150+ cell. This cell is clearly not representative of the whole stem cell population,
and studies on this cell are unlikely to give complete insights into true stem cell biology. It
should be noted that “stem cells” in other phases of cycle could have equal marrow
repopulating potential to the GO LT-HSC. Here it is relevant that side population cells
isolated by virtue of distinct Hoechst staining profiles, although predominantly quiescent as
a population, retained equal stem cell potential in S/G2/M when compared to their quiescent
counterparts (58).

As indicated in the discussion above, it is probable that the long-term repopulating
hematopoietic stem cell cannot be reliably purified to homogeneity with a set of surface
markers or characteristics. Rather the goal has to be to define the population, not an
individual cell type. Thus heterogeneity, not homogeneity, is the rule and our heterodox
theory that stem/progenitor cells exist on a continuum rather than in a strict hierarchy
appears to be an appropriate theory.

Vesicle Modulation of Stem Cell Phenotype

Conclusion

There is another important evolving aspect of marrow stem cell fate determination; that of
extracellular vesicle phenotype modulation. Extracellular vesicles encompass a range of
previously described entities including microvesicles and exosomes (59-62). However, these
vesicles are intrinsically heterogeneous and are best described simply as extracellular
vesicles. We have shown that lung, liver, brain and heart derived vesicles can alter the
genetic phenotype of target marrow cells. Vesicles physically enter target cells to effect
phenotype change and initially transfer mMRNA and a transcriptional regulator from the
originator cell to the target cell. However, long-term genetic changes are due solely to
transcriptional alteration of target marrow cells as established with studies on liver and lung
vesicles (63,64). Of particular interest with regard to the impact of cell cycle on stem cell
fate are studies in which vesicles from normal or irradiated murine lung were incubated with
Lin-/Sca-1+ marrow progenitor/stem cells at various points in a cytokine induced cell cycle
transit (50). We found that surfactant mRNA was markedly elevated in GO Lin-/Sca-1+ cells
if the vesicles were from irradiated lung but was elevated at the G1/S interface if the vesicles
were from normal non-irradiated lungs. Thus the cycle phases and nature of the originating
tissue both modulated stem cell phenotype in these experiments.

To summarize, focus in the area of marrow hematopoietic stem cells has been on purifying
to homogeneity “The Stem Cell”. A large body of experimental work has been carried out
on these purified stem cells. Unfortunately the cell purified is not representative of the true
marrow stem population, so that much of this work needs to be reconsidered. As we have
outlined above, the marrow long-term multilineage renewal cell is an actively cycling cell,
which means it is always changing and cannot be purified to homogeneity. This population
is further continuously modulated by exposure to a large variety of tissue derived
extracellular vesicles. These studies indicate that most experimental work on purified
marrow stem cells is focusing on a non- representative stem cell. The critical need in this
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field is to define the population and to employ stochastic calculus to structure new models of
stem cell biology.
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Figure 1.
Traditional stem cell hierarchy.

In this model, pluripotent stem cells with both self-renewal and differentiative properties,
give rise to increasingly lineage-restricted progenitors in a hierarchical fashion.

LT-HSC = long-term hematopoietic stem cell, ST-HSC = short-term hematopoietic stem
cell, MPP= multipotent progenitor cell, CLP = common lymphoid progenitor, CMP
=common myeloid progenitor, Pro-B = pro B cell progenitor, Pro-T = pro T cell progenitor,
GMP= granulocyte- macrophage progenitor, MEP = megakaryocyte-erythroid progenitor.
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Stem cell potential within un-separated marrow is lost with stem cell purification. The multi-
colored circles represent the total population of marrow cells. The non-stem cells are in blue,
the conventional, highly purified stem cells are represented in red, while all other colors

represent marrow cells with stem cell potential. Isolation of the small subset of highly

purified quiescent stem cells leads to under-representation of the total stem cell potential

within marrow.
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Figure 3.
A Stem Cell Continuum.

This model shows the continuous fluctuation of progenitor/ stem cell phenotype with
passage through cell cycle. LT-HSC = long-term hematopoietic stem cell.
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