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   Mesenchymal stem cells (MSCs) are currently defined as cells that undergo sustained in vitroin vitroin vitroin vitroin vitro
growth and can give rise to multiple mesenchymal lineages. Traditional MSCs isolation methods
require prolonged in vitrin vitrin vitrin vitrin vitrooooo  culture on plastic plates, which reduces their differentiation potential
and proliferative ability. Furthermore, this process alters MSCs-phenotype, making it difficult to
identify specific MSCs-markers that could be used for their in vivin vivin vivin vivin vivooooo  localization and prospective
isolation. These limitations have hindered investigations into the biology and function of MSCs.
This review article focuses on recent developments in the MSC-research field including the
identification of novel surface markers for the prospective isolation of both murine and human
MSCs. Prospectively isolated MSCs are more proliferative than MSCs prepared by conventional
plastic adherence, provide a better substrate for studying MSCs biology and have more poten-
tial for regenerative therapy.
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Introduction
   The bone marrow (BM) compartment contains both he-

matopoietic stem cells (HSCs) and non-hematopoietic stem

cell populations. HSCs are commonly used as cell therapy

for a wide range of diseases. The non-hematopoietic stem

cell population, identified as mesenchymal stem cells

(MSCs), is believed to support not only hematopoiesis, but

also differentiate along various mesodermal lineages to

generate fat, bone and cartilage. Because of this multi-

potency, MSCs are an attractive therapeutic candidate to

promote repair or regeneration of damaged tissues of mes-

enchymal origin1). Additionally their inherent immunosup-

pressive potential has been utilized to treat a wide variety

of autoimmune conditions2).
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　Despite the large number of clinical studies currently in-

vestigating the therapeutic potential of MSCs, the method

for their isolation has changed little from that used for their

initial identification3). Isolating MSCs by plastic adherence

has several limitations. Firstly, despite a period of prolonged

culture, MSCs populations frequently contain contaminat-

ing cells. Secondly, the differentiation potential and prolif-

erative ability of the colony forming unit-fibroblasts (CFU-

Fs) gradually diminishes as the cells acquire a more mature

phenotype. Finally, there are also concerns that following

prolonged culture, MSCs may acquire chromosomal abnor-

mities pre-disposing them to malignant transformation4).

From a scientific perspective very little information exists

about the in vivo identity and biological function of MSCs

within their niche. In an effort to overcome these problems,

there has been an intense effort to identify reliable MSCs-

surface markers that can facilitate the prospective isola-

tion of colony-initiating cells (Fig.1).

　This review summarizes the history of MSCs research,

focusing on their identification in different species, includ-

ing human and mouse. We focus on the recent identifica-

tion of specific murine and human MSCs-surface markers

that have facilitated their in vivo localization and prospec-

tive isolation. Finally, we summarize the evidence support-

ing a physiological role of MSCs in their BM niche.

Historical perspective
　Dr. Fridenstein and his colleagues were the first to docu-

ment the presence of BM-derived plastic adherent cells that

generated CFU-Fs when plated as single cells in vitro5).

His group subsequently demonstrated these cells could

be readily differentiated into bone, cartilage and fat in vitro.

At approximately the same time, Dr. Reddi and colleagues

were subcutaneous implanting biological matrix of the

shafts of long bones of rats to allogenic recipients6). They

found after a period of time that bone and cartilage formed

on the implant, and that the resulting bony ossicle subse-

quently supported hematopoiesis in vivo. These data pro-

vided the first evidence that the BM contains stromal pro-

genitors and that these cells may pay a critical role pro-

moting the homing and maintenance of the hematopoietic

progenitors and supporting hematopoiesis. Largely based

on these studies, Dr. Caplan first used the term‘MSCs’

to describe these cells in 19917). Despite intense research

into MSCs-biology since that time, very little has been un-

covered until recently about their anatomical localization,

physiological function or the stromal hierarchy.

What defines the MSC?
　The Tissue Stem Cell Committee of the International

Society for Cellular Therapy has proposed minimum crite-

ria that define the human MSCs8). Firstly, the cell must be

plastic adherent when cultured under standard conditions.

Secondly, MSCs must express CD73, CD90 and CD105,

without expression of CD45, CD34, CD14 or CD11b, CD79

or CD19 and HLA-DR surface markers9). Finally, MSCs

must be capable of differentiating into osteoblasts, adipo-

cytes and chondrocytes in vitro. While this statement clari-

fies somewhat the cellular characteristics of human MSCs,

the situation remains unclear for murine MSCs. Until re-

cently there have been no specific surface markers for

murine MSCs. Isolation of murine MSCs therefore has re-

Fig.1  Prospective isolation of Mesenchymal

Stem Cells
Traditional MSC isolation by plastic adherence

(Top). Following a period of prolonged culture the

majority of the contaminating cells have been

washed away or outgrown, enriching for CFU-Fs

(Colony formation). The MSCs have a spindle

shaped morphology and are capable of differenti-

ating into adipocytes, chondrocytes and osteo-

blasts in vitro. The prospective isolation of MSCs

using specific markers by flow cytometry (Bottom).

This method allows the isolation of a pure popula-

tion of potent MSCs and avoids cellular contami-

nation.
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lied on the isolation of a plastic adherent cell population,

with typical morphology, that is capable of tri-lineage dif-

ferentiation. The definition of both murine and human MSCs

has however generated controversy. The classic definition

of a stem cell requires that it possess unlimited self-re-

newal ability and plasticity. To this end serial transplanta-

tion experiments demonstrating that infused stem cells give

rise to terminally differentiated daughter tissue cells while

maintaining their naive phenotype could provide proof of

concept. MSCs have until recently fallen far short of meet-

ing these criteria as the execution of such assays requires

specific cell markers that can be used for in situ localiza-

tion and prospective MSC isolation. The traditional MSC

isolation technique by plastic adherence alters the MSCs’

phenotype preventing the identification of such specific

surface markers10).

Identification of murine MSC markers
　The identification of specific MSC markers began with

the observation that hematopoietic and mesenchymal lin-

eage cells are derived from individual lineage-specific stem

cells11). Furthermore, a series of developmental studies dem-

onstrated that a proportion of adult BM MSCs may have a

developmental origin in the neural crest12, 13). Based on

these observations we carried out a detailed screening of

numerous candidate molecules and PDGFRα and Sca-1

were identified as specific markers of murine MSCs14).

PDGFRα+/Sca-1+ (PαS) cells fulfill the basic requirements

of the definition of MSCs, in that they are capable of unlim-

ited self-renewal and differentiate into osteoblasts, chon-

drocytes and adipocytes under appropriate conditions in

vitro. PαS cells proliferate almost without senescence when

cultured on plastic, yielding more than 107 cells from the

original 5000 cells seeded with a doubling time of 50.6

hours. When compared to traditional isolation methods

(plastic adherence) the PαS cells showed a 120,000-fold

higher CFU-F frequency than unfractionated bone marrow

mononuclear cells. Moreover, PαS cells reside in the

perivascular space adjacent to vascular smooth muscle

and express Angiopoietin-1 and CXCL12 suggesting that

MSCs constitute part of the hematopoietic niche. Finally in

an elegant demonstration of the stemness, 1x104 freshly

isolated PαS cells were intravenously injected into lethally

irradiated recipient mice. These cells homed to their niche

in the BM expressing niche factors (Angiopoietin-1 and

CXCL12) and also differentiated into osteoblasts and

adipocytes in vivo. Sixteen weeks following the transplan-

tation the mice were sacrificed and the isolated PαS cells

were capable of forming CFU-Fs and tri-lineage differen-

tiation. Thus, this paper was the first to identify specific

murine MSC surface markers and convincingly show the

in vivo self-renewal and multipotency of PαS MSCs.

　More recently the neural marker Nestin has been used

to identify and prospectively isolate murine MSCs15). Nestin+

cells represent a small subset of stromal cells in BM. These

cells are anatomically located in the perivascular space,

adjacent to catecholaminergic nerve fibers and HSCs. Simi-

lar to PαS MSCs they express niche factors (ADRB3 and

CXCL12 expression) and are capable of differentiating into

osteoblasts, chondrocytes and adipocytes in vitro and in

vivo. Nestin+ MSCs also play an important role in main-

taining the HSC niche. Depletion of Nestin+ MSCs led to a

dramatic reduction in the number and function of HSCs.

Additionally knockout mice had significantly impaired hom-

ing of transplanted HSCs back to their BM niche. These

data support an important role of MSCs in the maintenance

of the HSC niche.

　These are the first studies to identify specific markers

that can be used for prospective isolation and in vivo local-

ization of MSCs. In addition PαS and Nestin+ MSCs have

been assayed in the traditional stem cell assays (including

serial transplantation assays and clonogenic assays) and

their properties of self-renewal and potency are now con-

firmed. We have also gained a valuable insight into the

importance of these cells in maintaining the HSCs niche.

Without doubt PαS and Nestin+ cells will provide an in-

valuable substrate for ongoing research into biological func-

tion, hierarchical structure and therapeutic potential of

MSCs. It is not entirely clear if Nestin+ cells are the same

as PαS cells. We know that Nestin+ cells largely overlap

the PDGFRα+CD51+ population. This population contains

Sca-1 positive and negative cells (personal communication:

Frenette PS). These data suggest that the Nestin+ popula-

tion is comprised of PαS and PDGFRα+ cells. Interest-

ingly, investigations using nestin-Cherry and nestin-GFP

double transgenic mice demonstrates nestin-Cherry ex-

pression around larger vessels but not around sinusoids,

while nestin-GFP expression was detected around both16).

Thus, different nestin transgenes seem to be expressed

by different subpopulations of perivascular stromal cells.
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Prospective isolation of human MSCs
　Numerous surface markers of human MSCs including

CD49a, CD56, CD63, CD73, CD105, CD106, CD140b,

CD271, MSCA-1, Stro-1 and SSEA4 have been identi-

fied9). Many of these markers have been used singly or in

combination to enrich for CFU-F in human BM and avoid

cellular contamination. Unfortunately, many of these mark-

ers are widely expressed in stromal cells and lack specific-

ity, contributing to the significant heterogeneity seen among

clonogenic colonies from single isolations. Moreover many

of these markers do not help uncover the true identity and

function of MSCs in vivo. Currently there is a need to iden-

tify specific human MSC markers to identify MSCs in situ,

perform assays of self-renewal and multipotency, and to

begin to probe their biological function.

　It is clear that prolonged culture on plastic reduces the

differentiation potential and proliferative ability of the CFU-

Fs as the cells acquire a more mature phenotype17). This is

accompanied by cell senescence and potentially reduced

therapeutic potential. A variety of different methods have

been used to over come this issue including supplement-

ing culture media with growth factors, culture in hypoxic

conditions and culture in non-adherent conditions. For ex-

ample, Prockop and colleagues demonstrate that human

MSCs cultured as 3D spheroids have enhanced anti-in-

flammatory properties in a model of peritonitis. The cul-

tured cells were also smaller, allowing them to escape from

the lung circulation and migrate to a variety of different

organs18). Additionally, the longterm culture of MSCs in

hypoxic conditions maintains these cells in an undifferenti-

ated and multipotent state19). There is little doubt that the

culture conditions used to expand MSCs prior to their clini-

cal use have a dramatic effect on their therapeutic poten-

tial.

　CD146 has provided valuable insight into the in vivo lo-

calization and function of human MSCs20). It marks an ad-

ventitial reticular cell that resides in the endothelial space

in human BM. These cells express typical stromal markers

(CD105, CD49a, CD63, CD90, CD140b) and are capable

of robust tri-lineage differentiation. Additionally, subcuta-

neous transplantation of CD146+ clonogenic cells into im-

munodeficient mice resulted in formation of boney ossicles,

sinusoidal vasculature and finally functioning hematopoie-

sis. Furthermore, a small proportion of the infused cells

localized to the murine HSC niche and expressed support-

ing factors including Ang-1. As a clear demonstration of

the self-renewal potency of these cells, the transplanted

CD146+ MSCs were re-isolated, cultured and formed CFU-

Fs capable of tri-lineage differentiation.

　Traditionally, MSCs were thought to reside only within

the BM as the stromal counterpart to HSCs. Interestingly,

the utility of CD146 as a prospective marker of human MSCs

is not limited to adult human BM. Crisan et al. used immu-

nohistochemistry to examine various different tissue types

including both adult and fetal human skeletal muscle, pan-

creas, adipose tissue, and placenta and identified CD146,

NG2 and PDGFα as prospective pericyte markers21). They

observed some striking similarities between pericytes and

BM MSCs. Flow cytometry was used to derive a pure popu-

lation of pericytes from each tissue type. These cells were

then differentiated into muscle, bone, fat and cartilage us-

ing the standard assays used for MSCs. Furthermore, fol-

lowing long-term culture, pericytes expressed typical MSCs

markers including CD73, CD90 and CD105 and migrated

in a culture model of chemotaxis. These data clearly iden-

tify CD146 as a specific marker of mesenchymal progeni-

tor cells in a wide range of organs.

Role of murine MSCs in the bone marrow
niche
　The HSC niche provides a specialized microenviron-

ment that promotes stem cell maintenance and function.

Several cells types including osteoblasts, endothelial cells,

and adventitial reticular cells have been proposed to se-

crete a wide variety of signals that contribute to the niche

function22). It has been speculated that MSCs may play an

important function in this niche, however until recently their

contribution has remained unproven. The observation by

Morikawa et al. that PαS cells reside in the perivascular

space adjacent to HSCs, and express Angiopoietin-1 and

CXCL12 supports this hypothesis (Fig.2). Indeed, Nestin+

MSCs appear to play a critical role not only the mainte-

nance of HSCs within the niche, but also the homing of

transplanted HSCs back to the BM. Interestingly, a signifi-

cant number of perivascular PDGFRα-positive cells ex-

press Nestin and the exact contribution of each subpopu-

lation is not entirely clear. Recent data suggests that other

cell types including non-myelinating Schwann cells play

an important role in maintaining the HSC niche via modu-

lation of TGF-β23). Additionally Morrison et al. confirmed

the importance of stem cell factor (Scf) in maintaining the

HSC niche and demonstrated that Scf was primarily ex-
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pressed by perivascular cells throughout the BM16). HSC

frequency and function were not affected when Scf was

conditionally deleted from hematopoietic cells, osteoblasts,

Nestin+ cells. However, HSCs were depleted from BM when

Scf was deleted from endothelial cells or leptin receptor

(Lepr)-expressing perivascular stromal cells (also positive

for PDGFRα, PDGFRβ, CXCL12 and alkaline phos-

phatase expression). Clearly much remains unknown in

this complex microenvironment, however the data suggests

that one or more MSCs subtypes contribute to HSCs niche

homeostasis.

Concluding remarks
　The hypothesis that a rare population of multipotent stro-

mal stem cells or MSCs, capable of generating all stromal

subtypes, existed in BM was greeted with almost univer-

sally approval in the scientific world. Proposed physiologi-

cal functions of MSCs included maintenance of the HSCs

niche, replenishment of mesenchymal tissue, and wound

healing and repair. Interrogating the biology and function

of MSCs was significantly delayed however by a lack of

specific cell markers. Recently however, the field has taken

a significant leap forward, with the identification of PαS

and Nestin+ MSCs. These markers have not only allowed

us to confirm the stem cell properties of these cells, but

also interrogate their biological functions including mainte-

nance of the HSCs niche. The prospective isolation of

MSCs using selective markers is crucial if we are to ad-

dress the many unanswered scientific questions related to

these cells.
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