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Bone marrow (BM) contains a population of self-renewing hematopoietic stem cells
(HSC) that give rise to cells from all hemato-lymphopoietic lineages. The concept
that HSC could also be plastic and be able to transdifferentiate into stem/progenitor
cells for different non-hematopoietic tissues became one of the most controversial
issues of modern stem cell biology. Accumulating experimental evidence suggests
that contribution of BM-derived stem cells to organ/tissue regeneration could be
explained not by plasticity (transdifferentiation) of HSC but rather by the presence
of non-hematopoietic stem cells in BM. In this review new evidence will be
presented, that adult BM contains a small population of pluripotent very small
embryonic-like (VSEL) stem cells. These cells are deposited in BM early during
ontogenesis and could be mobilized from BM and circulate in peripheral blood
during tissue/organ injury in an attempt to regenerate damaged organs. However, if
these cells are mobilized at the wrong time and migrate to the wrong place they may
contribute to the development of several pathologies, including tumor formation.
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INTRODUCTION

The proposed concept of stem cell plasticity or transdifferentiation of
hematopoietic stem cells (HSC) was based on an assumption that hematopoietic
stem cells (HSC) isolated from relatively easily accessible sources such as bone
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marrow (BM), mobilized peripheral blood (mPB) or cord blood (CB) could be
subsequently employed as precursors for other stem cells necessary for regeneration
of various solid organs (e.g., heart, brain, liver or pancreas) (1-2). The first
published data demonstrated a remarkable regenerative potential of "HSC" in
animal models of heart infarct, stroke and liver damage (3-6). Unfortunately,
following the first exciting and promising reports came some disappointment when
previously published data showing a contribution of "HSC" to regenerate different
tissues were not reproduced by other investigators (7-11). In response to this the
scientific community became polarized in their view on stem cell plasticity.

These obvious discrepancies in the published results could be potentially
explained in addition to differences in tissue injury models employed, purity of
stem cell populations used for regeneration, and problems in detection of tissue
chimerism by i) appearance of epigenetic changes in cells employed in
experiments or ii) the phenomenon of cell fusion. Accordingly, data were
presented that donor derived HSC or monocytes may fuse with differentiated
cells in recipient tissues which leads to the creation of hetero-karyotic daughter
cells that have a double number of chromosomes in their nuclei and express cell
surface and cytoplasmic markers that are derived from both parental cells (12-14).
However, cell fusion and epigenetic changes are extremely rare and randomly
occurring events that may not fully account for the previously published positive
"trans-dedifferentiation" data (15). Thus some of the reported regeneration data
could rely on the contribution of a certain population of stem cells that is present
in BM. Furthermore, improvement in organ regeneration after delivery of HSC
could also rely on secretion of pro-angiopoietic factors by these cells. In fact our
previous work demonstrated that early hematopoietic stem/progenitor cells
secrete several pro-angiopoietic factors (16).

However, in all of these deliberations concerning stem cell plasticity the
concept that BM may contain heterogeneous populations of stem cells was
surprisingly not taken carefully enough into consideration. We postulated that the
regeneration studies that show contribution of donor derived HSC to tissues
without excluding this possibility by including the proper controls could lead to
wrong interpretations and the presence of heterogeneous populations of stem cells
in BM tissue should be considered first before experimental evidence is
interpreted simply as trans-differentiation/plasticity of HSC (17, 18).

Contribution of bone marrow (BM)-, mobilized peripheral blood (mPB)- and cord
blood (CB)-derived cells to tissue/organ regeneration

Contribution of infused or locally delivered cells harvested from BM, mPB or
CB in organ regeneration was explained by the phenomenon of stem cell trans-
dedifferentiation of HSC (1-6). On the other hand, the failure of these cells to
regenerate organs was immediately interpreted by the opponents of stem cell
plasticity as evidence that this phenomenon does not exist at all (7-11). These
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latter reports, however, were mainly based on utilization in tissue
organ/regeneration of highly purified populations of HSC (7-11). Thus, one could
assume that during these purification protocols some populations of non-
hematopoietic stem cells could be lost that could play a key role in this process.

Based on this assumption we looked closer at a population of BM-derived
stem cells, trying to isolate a more primitive population of pluripotent stem cells
than HSC. The presence of such cells was postulated by several investigators, but
unfortunately these cells were never purified from hematopoietic tissues at the
single cell level (19-22). Their existence was predicted based on observations that
BM-derived cells may differentiate in vitro into several non-hematopoietic
lineages (1-6). These cells were described in the literature as mesenchymal stem
cells (MSC) (19), multipotent adult progenitor cells (MAPC) (20), unrestricted
somatic stem cells (USSC) (21) or as marrow isolated adult multilineage
inducible (MIAMI) cells (22). We have assumed that these non-hematopoietic
pluripotent stem cells are deposited in the BM during early embryogenesis and
subsequently may be mobilized in stressed situations and circulate in the
peripheral blood (17, 18, 23, 24). Similarly due to the stress of delivery these cells
may also be present in cord blood (18).

BM and developmental migration of stem cells

Early embryogenesis is the most active period for the developmental
migration/trafficking of stem cells. With the beginning of gastrulation and
organogenesis stem cells migrate to places where they establish rudiments for
new tissues and organs. At certain points of development stem cells colonize
tissue specific niches, where they reside as a population of self renewing cells
supplying new cells that effectively replace senescent ones or those undergoing
apoptosis. Thus the role of stem cells that reside in tissue specific stem cell niches
is restricted to maintain the proper cell turnover in a given organ or tissue (25-27).

In mammals the first primitive HSC are found in the yolk sac and first definitive
HSC a few days later in the para-aortic splanchnopleura - called the aorta-gonad-
mesonephros (AGM) region (28). From the yolk sack and/or AGM region HSC
migrate to the fetal liver which during the second trimester of gestation becomes the
major mammalian hematopoietic organ. By the end of the second trimester of
gestation HSC leave the fetal liver and colonize BM tissue. Signals for the
translocation of HSC from the fetal liver to BM are provided by the alpha
chemokine - stromal derived factor - 1 (SDF-1) that is secreted by osteoblasts lining
the developing marrow cavities, marrow fibroblasts and endothelial cells (29-30).
In response to SDF-1, HSC that express its specific seven transmembrane-span G
protein coupled CXCR4 receptor leave the fetal liver and began to home into BM
where they finally establish adult hematopoiesis (29-30).

It is very likely that at this point BM is also colonized by several other non-
hematopoietic stem cells that may circulate during organogenesis and rapid fetal
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growth/expansion. In support of this stem cells for different tissues express
CXCR4 on their surface and follow an SDF-1 gradient. Thus the SDF-1-CXCR4
axis alone or in combination with other chemoattractants plays a crucial role in the
accumulation of non-hematopoietic stem cells in developing BM (17, 18). These
cells find a permissive environment to survive in BM, and what we believe may
play an underappreciated role as a reserve pool of stem cells for organ/tissue
regeneration during postnatal life. To support this, accumulating evidence suggests
that stem cells may also actively migrate/circulate in the postnatal period of life
(30). Stem cell trafficking/circulation may be one of the crucial mechanisms that
maintains a pool of stem cells dispersed in stem cell niches of the same tissue that
are spread throughout different anatomical areas of the body. This phenomenon is
very well described for HSC, but new data show that other non-hematopoietic
stem cells for example for endothelium (31), skeletal muscles (32), myocardium
(33-35), bone (36), lung epithelium (37), liver (38), retina pigment epithelium
(39), neural tissue (34, 40) or kidney (41) may probably circulate as well.

Identification of very small embryonic-like (VSEL) stem cells in BM

To demonstrate that BM in addition to HSC also contains an admixture of non-
hematopoietic stem cells we employed a multisort strategy (Fig. 1) combined with
real-time RT-PCR, immunofluorescence-, histochemical- and electronmicroscopy-
based analysis. By employing these strategies we have identified in the BM a
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Fig. 1. Sort of VSELs from murine bone marrow mononuclear cells (BMMNC). FACS sort of
murine VSELs were sorted from BMMNC derived from 1 month old mice. Cells were sorted by
employing a MoFlo sorter (DAKO) after immunostaining for murine Sca-1, CD45 and lineage
markers using specific antibodies conjugated with fluorchoromes, PE-Cy5, APC-Cy7 and PE,
respectively (BD Pharmingen). Cells were sorted based on size of cells estimated using beads (Flow
Cytometry Size Calibration Kit, Invitrogen). Region R1 contains cells with a size between 2 and
6um (panel A). Dot-plots on panels B and C show cells from region R1. VSELs were obtained from
a fraction of cells which were negative for CD45 and did not express lineage markers (region R2,
panel B). CD45-/Lin- cells were separated based on Sca-1 expression (region R4, Panel C). The
percentage of Sca-1+ lin- CD45- cells (0.1%) referees to the cells present in the total population of
murine BMMNC. Figure shows representative scheme of VSEL sorting.



population of stem cells that display a similar morphology and express several
markers characteristic for early embryonic stem cells (42). Accordingly, by
employing multiparameter sorting we isolated from murine BM a homogenous
population of rare (~0.02% of BMMNC) Sca-1+ lin

-
CD45

-
cells that express by RQ-

PCR and immunohistochemistry markers of pluripotent stem cells such as SSEA-1,
Oct-4, Nanog and Rex-1. These cells are also enriched for mRNA for early skeletal
muscle (Myf-5, MyoD, Myogenin), heart muscle (Nkx2.5/Csx, GATA-4, MEF-2C),
neural (Nestin, GFAP), liver (CK19, α-fetoprotein), intestinal epithelium (Nkx 2-3,
Tcf4, CDX1, Msi1h), skin epidermis (Trp63, Krt 2-6a, Krt 2-5, BNC) and endocrine
pancreas (Nkx6.1, Pdx1, Ptf1) markers (42). In in vitro cultures these cells may
differentiate into cells from all three germ layers. Accordingly they can differentiate
into ectoderm derived neuronal-cells, mesoderm-derived cardiomyocytes and
endoderm-derived pancreatic islet cells (42).
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Fig. 2. TEM of Sca-1+lin-CD45- VSEL stem cell and Sca-1+lin-CD45+ hematopoietic stem cells
(HSC). Panel A - VSEL stem cells are small and measure 2-4 µm in diameter. They possess a
relatively large nucleus surrounded by a narrow rim of cytoplasm. At the ultrastructural level the
narrow rim of cytoplasm possesses a few mitochondria, scattered ribosomes, small profiles of
endoplasmatic reticulum and a few vesicles. The nucleus is contained within a nuclear envelope
with nuclear pores. Chromatin is loosely packed and consists of euchromatin. Panel B - In contrast
Sca-1+lin-CD45+ hematopoietic stem cells display heterogenous morphology and are larger. They
measure on average 8-10 µm in diameter, possess scattered chromatin and prominent nucleoli.



Direct electronmicroscopical analysis revealed that these cells are small (~2-4
µm), posses large nuclei surrounded by a narrow rim of cytoplasm, and contain
open-type chromatin (euchromatin) that is typical for embryonic stem cells (Fig.
2). In in vitro cultures these cells are able to differentiate into all three germ-layer
lineages. Of note, these cells are CXCR4+ and in vitro respond robustly to an
SDF-1 gradient (42). Based on morphological criteria we called these cells very
small embryonic-like (VSEL) stem cells. Generally, VSELs may be isolated by
multiparameter FACS sorting from murine BM as a population of very small
CXCR4+ lin

-
CD45

-
cells and from human BM, mPB and CB as a population of

very small CD34+ CD133+ CXCR4+ lin
-
CD45

-
cells (17, 42).

The number of these cells is higher in young animals, and their number
decreases with age. VSELs are barely detectable in 1 year old mice which
correspond to a 50 year old human. This age-dependent content of VSELs in BM
may explain why the regeneration processes are more efficient in younger
individuals. We also noticed differences in the content of these cells in BM between
long and short living mouse strains. Our preliminary data show that the
concentration of these cells is much higher in BM of long living (e.g., C57Bl6) as
compared to short living (DBA/2J) mice (17, 42). It would be interesting to identify
genes that are responsible for tissue distribution/expansion of VSELs. It is possible
that these genes could be involved in controlling the life span of mammals.

Thus, the presence of VSELs in BM explains, without invoking the concept of
HSC plasticity, why several investigators were able to demonstrate the
appearance of skeletal muscle, liver, pancreatic or neural cells growing from
plated BM-, mPB- or CB-derived cells in vitro cultures.

Origin of VSELs in BM

As mentioned above, definitive HSC on their road to the fetal liver are
found AGM region during early embryogenesis (28). Interestingly, the AGM
region is a crossroad through which a population of primordial germ stem cells
(PGC) migrates during early embryogenesis on their way to the genital ridges.
These cells are also CXCR4+ and respond robustly to an SDF-1 gradient (43,
44). We hypothesize that during early embryogenesis also a population of
CXCR4+ VSELs may migrate from the early epiblast through AGM
splanchnopleura to fetal liver and subsequently BM (Fig. 3). VSELs may also
seed to other organs and remain there for a certain period of time in a dormant
status. In support of this, both VSELs similarly as PGC express SSEA-1 and
Oct-4. Moreover, very recently PGC-like cells were isolated from adult murine
testes (45) and porcine skin (46).

Evidence that tissue damage triggers circulation of non-hematopoietic stem cells

Evidence is provided that during organ damage non-hematopoietic stem cells
(including VSELs) are mobilized from the BM and perhaps other tissue specific
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niches into peripheral blood where they circulate in order, what we believe, to
"home" to damaged tissues and participate in tissue repair (18, 33, 34, 40, 42). We
believe that these cells may efficiently regenerate small tissue injuries.

It is well documented that damaged tissues upregulate the expression of several
chemoattractants of TCSC (47-49). In addition to SDF-1, other factors such as
VEGF, HGF/SF, LIF or FGF-2 are upregulated in damaged organs as well.
Hypoxia regulated/induced transcription factor (HIF-1) plays an important role in
expression of several of these factors (47-49). To support this notion the promoters
of SDF-1, VEGF and HGF/SF contain functional HIF-1 binding sites.

We noticed that the number of circulating non-hematopoietic stem cells
expressing pluripotent/tissue committed markers in peripheral blood could be
increased by some mobilizing agents e.g., G-CSF in combination with
compounds that block CXCR4 (e.g., T140 or AMD3100) (18). Thus the process
of stem cell mobilization from BM into PB should be envisioned not only as a
process that mobilizes HSC but also as a process that mobilizes some BM-
residing non-hematopoietic stem cells. We have reported that the number of these
cells in peripheral blood increases also after heart infarct (33-35) and stroke (34,
40). Other groups found that cells expressing markers for early tissue committed
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stem/progenitor cells circulate during skeletal muscle and retina epithelium
damage, lung injuries, bone fracture, ischemic damage of the kidney and toxic
injury of the liver (31-41).

It is hypothesized that these cells are released from their niches in an
attempt to contribute to regeneration of damaged tissues (Fig. 4). However,
there exists a danger that if they are mobilized at the wrong time and
incorporate to the wrong place they may contribute to the development of
some pathologies as seen for example during development of diabetic
neuropathy (50) or pterygia (51). More importantly if these cells acquire
oncogenic mutations they may even become cancer stem cells (52-53) (Fig. 5).
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VSELs after mobilization into PB may be subsequently chemoattracted to the damaged tissues. In
this context BM tissue becomes a "hideout" not only of hematopoietic stem cells but also of already
differentiated circulating CXCR4+ c-Met+ and LIF-R+ VSELs. These cells are deposited early in the
development and as result of this reside in BM and we hypothesize that they could play an important
role in tissue/organ repair as a mobile reserve pool of pluripotent stem cells.



This latter possibility was recently demonstrated in mice in s model of
experimentally induced stomach cancer by Helicobacter pylori infection (52-
55) or in development of intestinal adenocarcinomas (53). In both situations
development of cancerous lesions was proceeded by an upregulation of SDF-
1 expression in gastric (52) or intestinal mucosa, respectively. It is likely that
VSELs or a other population of CXCR4+ stem cells was chemoattracted to
these lesions.

Furthermore, circulating stem cells may not only initiate but also contribute to
tumor growth. Therefore a tumor being a "wound that never heals" may contain
chemoattracted stem cells. The best identified population of stem cells that are
chemoattracted by tumors are circulating endothelial stem cells (56). These cells
play an important role in tumor vascularization. It is also well known that tumors
contain BM-derived myofibroblasts and fibroblasts (57). Both endothelial
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progenitors and robust migrating sub-populations of stroma cells express CXCR4
(58) and respond to an SDF-1 gradient.

Therapeutic implications for VSEL

One can ask if BM really contains VSELs, than why is there still such a
controversy about the role of BM-derived cells in tissue/organ regeneration.
There are several answers to this question (Table 1). First, the number of VSELs
among BMMNC is very low (1 cell in 103-104 of BMMNC in young mice) (42).
Furthermore, these cells are present in BM of young mammals and their number
decreases with age. In addition, they may play a role only in regeneration of small
tissue injuries. Heart infarct or stroke could be considered as severe tissue
disasters, in which these cells do not have much possibility to reveal their full
potential. Second, the allocation of these cells to the damaged areas depends on
homing signals that may be inefficient in the presence of some other cytokines or
proteolytic enzymes that are released from damaged-tissue associated leukocytes
and macrophages. We can envision for example that metalloproteinases released
from inflammatory cells may degrade SDF-1 locally and thus perturb homing of
CXCR4+ VSELs. Third, in order to reveal the full potential of these cells, as
reported in some positive "plasticity" studies, they have to be fully functional. We
can not exclude the possibility that these cells, while residing/being "trapped" in
the BM, are not fully functional or remain "locked" in a dormant state and need
the appropriate activation signals by unidentified factors.

Mankind is searching for a key to longevity and there is no doubt that stem
cells could be an important answer to this problem. Thus, there is a need for a
reliable source of stem cells and VSELs could potentially provide a real
therapeutic alternative for embryonic stem (ES) cells and therapeutic cloning.
Therefore in the time of ethical debates on the application of ES cells in therapy,
the "pluripotent/embryonic potential" of VSELs isolated from adult tissues
should be tested in experimental models in vivo. The near future will answer if
these rare cells are not a kind of "developmental remnants" in adult BM but if
they could be efficiently employed in the clinic.
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Potential pitfalls for the application of VSEL in therapy

- Isolation of a sufficient number of VSELs from BM or other tissues
- Efficient ex vivo expansion of VSELs
- Proper "repertoire" of homing signals for VSELs in damaged organs
- Adequate homing of VSELs to damaged organs
- Optimal delivery of VSELs (systemic or local infusion)
- Effective contribution of VSELs to organ/tissue regeneration
- Risk of teratoma and tumor formation

Table 1.



To support this last notion, recently we observed that ~7% of purified VSELs
are able to form spheres that resemble embryoid bodies if plated over C2C12
murine sarcoma (59) cell feeder layer. Cells from these embryoid bodies are
similarly as VSELs CXCR4+SSEA-1+Oct-4+ and after replating over C2C12 cells
may again (up to 5-7 passages) grow new embryoid bodies or if plated into
cultures promoting tissue differentiation expand into cells from all three germ-
cell layers (manuscript in preparation).

This strongly suggests that it is possible to expand VSELs in quantities that will
allow their further potential application for regeneration and this is currently being
tested in animal models. The first experimental attempts to employ these cells in
organ regeneration, however, resulted in tumor formation in experimental animals
(manuscript in preparation). Thus, both with embryonic stem cells isolated from
embryos and our VSELs isolated from adult postnatal BM we are in a similar
situation as physicists in the past century when they discovered radioactive
uranium. It will take some time until we will be able to use embryonic stem cells
and our VSELs in regeneration in a type of "safe controlled reaction" that will lead
to regeneration of damaged tissues and not teratoma or sarcoma formation.

There is no doubt that this century will bring new therapeutic strategies based
on a broad utilization of stem cells and we believe that VSELs could become our
key to longevity�
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