
Summary. Early observations that cultured
mesenchymal stem cells (MSCs) could be induced to
exhibit certain characteristics of osteocytes and
chondrocytes led to the proposal that they could be
transplanted for tissue repair through cellular
differentiation. Therefore, many subsequent preclinical
studies with transplanted MSCs have strived to
demonstrate that cellular differentiation was the
underlying mechanism for the therapeutic effect. These
studies generally followed the minimal criteria set by
The International Society for Cellular Therapy in
assuring MSC identity by using CD70, CD90, and
CD105 as positive markers and CD34 as a negative
marker. However, the three positive markers are co-
expressed in a wide variety of cells, and therefore, even
when used in combination, they are certainly incapable
of identifying MSCs in vivo. Another frequently used
MSC marker, Stro-1, has been shown to be an
endothelial antigen and whether it can identify MSCs in
vivo remains unknown. On the other hand, the proposed
negative marker CD34 has increasingly been shown to
be expressed in native MSCs, such as in the adipose
tissue. It has also helped establish that MSCs are likely
vascular stem cells (VSCs) that reside in the capillaries
and in the adventitia of larger blood vessels. These cells
do not express CD31, CD104b, or α-SMA, and therefore
are designated as CD34+CD31-CD140b-SMA-. Many
preclinical MSC transplantation studies have also
attempted to demonstrate cellular differentiation by

using labeled MSCs. However, all commonly used labels
have shortcomings that often complicate data
interpretation. The ß-gal (LacZ) gene as a label is
problematic because many mammalian tissues have
endogenous ß-gal activities. The GFP gene is similarly
problematic because many mammalian tissues are
endogenously fluorescent. The cell membrane label DiI
can be adsorbed by host cells, and nuclear stains Hoechst
dyes and DAPI can be transferred to host cells.
Thymidine analog BrdU is associated with loss of
cellular protein antigenicity due to harsh histological
conditions. Newer thymidine analog EdU is easier to
detect by chemical reaction to azide-conjugated Alexa
fluors, but certain bone marrow cells are reactive to
these fluors in the absence of EdU. These caveats need
to be taken into consideration when designing or
interpreting MSC transplantation experiments. 
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Introduction

Stem cells are defined by their ability to self-renew
and to differentiate into various cell types. In the adult
organism such as the human being, these cells are
principally responsible for maintaining the homeostasis
of their respective tissues; for example, hematopoietic
stem cells (HSCs) for replenishing the blood system.
Thus, when isolated and with the option of culture-
expansion, they can be transplanted into appropriate
patients to treat the underlying tissue defects. Indeed, by
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using this “regenerative medicine” strategy, HSCs have
been successfully employed in the past five decades to
treat many types of blood and immune disorders
(Appelbaum, 2007).

The bone marrow, which produces HSCs, contains
another type of stem cell, namely, mesenchymal stem
cells (MSCs), which are defined by their ability to
differentiate into mesenchymal tissues such as adipose,
bone, and cartilage (tri-lineage differentiation)
(Dominici et al., 2006). This definition was subsequently
used in many studies to demonstrate the existence of
MSCs in extramedullary tissues; in particular, one such
study has concluded that MSCs exist in virtually all
postnatal tissues (da Silva Meirelles et al., 2006).
However, it should be noted that in all of these studies
the tri-lineage differentiation was demonstrated in vitro,
not in vivo. That is, the candidate MSCs were isolated
from various tissues, propagated in culture, and then
chemically induced to differentiate into the specified
lineages. Similarly, the in vitro tri-lineage differentiation
has been used as a basis for testing these tissue-specific
MSCs in numerous preclinical and clinical trials that
aimed at treating diseases in virtually all adult tissues,
including non-mesenchymal tissues such as the nervous
system (Caplan and Correa, 2011; Lalu et al., 2012).
Importantly, while some of these studies have attempted
to demonstrate the engraftment and/or differentiation of
the transplanted cells, none has convincingly shown that
cellular differentiation in vivo was responsible for these
cells’ therapeutic effects. This troubling deficit is mainly
due to an inability to track MSCs after their
transplantation, and this in turn was due to (1) the non-
specific nature of commonly used MSC markers, and (2)
the unreliability of commonly used cell-tracking
molecules and reagents. In this review article we will
discuss the pros and cons of these MSC markers and
tracking molecules/reagents, with the purpose of urging
investigators to consider these reliability issues when
designing and interpreting preclinical and clinical trials
that concern MSC engraftment and differentiation. 
Commonly used MSC markers

It has been recommended that MSCs must fulfill the
following cell-surface marker expression criteria: ≥95%
of the population must express CD105, CD73 and CD90,
and ≤2% of the population must not express CD45,
CD34, CD14 or CD11b, CD79a or CD19 and HLA class
II (Dominici et al., 2006). Thus, in the following
subsections we will discuss whether CD73, CD90, and
CD105 can be used as positive markers for identifying
MSCs in vivo. In addition, among the recommended
negative MSC markers, CD34 has been controversial
(Lin et al., 2012a) and therefore will be discussed as
well. Furthermore, although not mentioned in the MSC
guideline paper, Stro-1 is nonetheless a frequently used
positive MSC marker (Kolf et al., 2007); therefore, its
validity will also be examined.

CD73

CD73 is an ecto-5’-nucleotidase that converts
extracellular adenosine monophosphate to adenosine. It
is expressed in a wide variety of cell types including
lymphocytes, endothelial cells, smooth muscle cells,
epithelial cells, and fibroblasts (Airas et al., 1997;
Strohmeier et al., 1997; Hashikawa et al., 2003;
Tamajusuku et al., 2006). Although an earlier study
(Haynesworth et al., 1992) showed that two monoclonal
antibodies, SH3 and SH4, which were later identified as
anti-CD73 (Barry et al., 2001), had specificity for MSCs
(unreactive with hematopoietic cells and osteoblasts),
this would have implied that MSCs express a CD73
molecule that is different from other cell types (i.e.,
having the unique SH3 and SH4 epitopes). However,
although more than 20 years have passed, there has been
no evidence that this is the case. In any event, up to this
date, there is no verifiable evidence that any anti-CD73
antibody can specifically detect MSCs in vivo.
CD90 

CD90, also known as Thy1, is a glycosyl-
phosphatidylinositol-linked protein involved in cell-cell
and cell-matrix interactions. Although varied between
species, CD90 expression has been identified in
endothelial cells (both vascular and lymphatic),
hematopoietic stem cells, lymphocytes, fibroblasts, and
neurons (Craig et al., 1993; Saalbach et al., 1999; Rege
and Hagood, 2006; Araki et al., 2007; Jurisic et al.,
2010). In addition to this lack of cell type-specificity,
another potential limitation for CD90 as an MSC marker
is that this molecule appears not to be well conserved
evolutionarily, and as a result commonly used anti-CD90
antibodies may not be able to react with MSCs of certain
species (Boxall and Jones, 2012). Thus, although
recommended as a positive marker, CD90 appears not to
be a useful marker for in vivo MSC detection.
CD105

CD105, also known as endoglin, is a type I
membrane glycoprotein that functions as an accessory
receptor for TGF-beta superfamily ligands. As its name
suggests, endoglin is highly expressed in vascular
endothelial cells. But it is also highly expressed in
synctiotrophoblasts (of term placenta) and less
abundantly in monocytes, fibroblasts, chondrocytes, and
hematopoietic progenitor cells (Nassiri et al., 2011).
Interestingly, MSCs from the adipose tissue have been
shown to express CD105 at low levels when freshly
isolated but become increasingly CD105+ upon culture
passages (Yoshimura et al., 2006; Varma et al., 2007).
As MSCs from other tissues cannot be isolated in
sufficient quantities without culture passages, whether
they also express CD105 at low levels when freshly
isolated is presently unknown. In any event, the data
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from adipose MSCs suggest that CD105 may not be a
useful marker for in vivo MSC detection.
CD34

CD34 is a transmembrane sialomucin whose
function remains largely unknown but has been
suggested to be adhesive and/or anti-adhesive,
depending on the cellular environment (Nielsen and
McNagny, 2009). It was recommended as a negative
marker for MSCs (Dominici et al., 2006), and numerous
research reports and review articles have since adhered
to this guideline. However, it should be noted that the
recommendation was given without any reason or
reference; therefore one can only speculate on why this
came about. One possibility is that it could have been
born out of a necessity to distinguish MSCs from HSCs,
as HSCs are generally believed to express CD34.
Another is that most MSC studies have found that
culture-expanded MSCs are CD34-. However, it should
be pointed out that many cell types that are CD34+ when
freshly isolated (e.g., endothelial cells) lose CD34
expression in culture (Fina et al., 1990; Muller et al.,
2002; Unger et al., 2002; Ning et al., 2006; Stolzing et
al., 2012), and even HSCs can become CD34-
(Gangenahalli et al., 2006). Thus, MSC’s negativity for
CD34 is likely a cell culture-induced phenomenon, not
indicative of their actual in vivo status. Furthermore, a
frequently used MSC marker, Stro-1, was defined by a
monoclonal antibody generated by using CD34+ human
bone marrow cells as immunogen (see next subsection
for detail). Thus, whether CD34 is truly a negative
marker for MSCs should be re-evaluated (Lin et al.,
2012a).

In contrast to bone marrow-derived MSCs (BMSCs),
the adipose tissue-derived MSCs (ADSCs) are generally
classified as CD34+, despite the well-known
phenomenon of losing CD34 expression in culture
(Gimble et al., 2007). Thus, in a dedicated histology
study CD34 was used as a defining marker in search of
ADSCs in human adipose tissue (Lin et al., 2008). The
resulting immunohistochemical and immuno-
fluorescence data indicated the existence of such cells in
the capillaries and in the adventitia of larger blood
vessels. Subsequently, these findings have been
confirmed by all dedicated histological ADSC studies
(Zimmerlin et al., 2010; Maumus et al., 2011; Corselli et
al., 2012; Lin et al., 2012c; Braun et al., 2013), as
summarized in the following.

In larger blood vessels CD34 was localized to the
tunica intima and tunica adventitia; thus, the cross-
sectional view of these CD34-stained vessels was that of
two concentric circles (endothelium and adventitia)
sandwiching the smooth muscle layer (which was
stained with a different color; for example, red versus
green). A similar CD34 staining pattern has previously
been identified in the aorta (Anderson et al., 2005;
Pasquinelli et al., 2007), femoral artery (Pasquinelli et
al., 2007), coronary artery (Torsney et al., 2007), and

internal thoracic artery (Zengin et al., 2006).
Furthermore, the CD34+ adventitial cells have been
shown capable of differentiating into mature
hematopoietic cells, endothelial cells, and macrophages
(Zengin et al., 2006). Thus, we have proposed the term
“adventitial progenitor cells (APCs)” to denote these
cells, and we also suggested that APCs are the de facto
MSCs that have been identified in most adult tissues
(Lin and Lue, 2013).

Immunofluorescence analysis of capillaries in the
adipose tissue for CD31 (endothelial marker), α-smooth
muscle actin (α-SMA), CD140b (pericyte marker), and
CD34 expression revealed a CD34+CD31-SMA-
CD140b- population (Lin et al., 2008; Lin and Lue,
2011), which we believe is the equivalent of the
CD34+CD31-SMA- APCs (Lin and Lue, 2013). Since
capillaries are not layer-structured as larger vessels, and
thus lack the tunica adventitia, we proposed the term
“vascular stem cells (VSCs)” to denote the CD34+CD31-
SMA-CD140b- population in both capillaries and larger
vessels (Lin and Lue, 2013).
Stro-1

In a 2007 review article Kolf et al contended that
Stro-1 is by far the best-known MSC marker (Kolf et al.,
2007). Indeed, since its first report in 1991 (Simmons
and Torok-Storb, 1991), the Stro-1 antibody has played a
critical role in hundreds of studies that relied on it for the
identification and/or the isolation of MSCs from a wide
variety of tissues (Lin et al., 2011). While the exact
reason for this popularity is not known, a brief history of
how this antibody was created may provide a hint.

The antibody was produced by one of several
hybridomas that were generated by immunizing mice
intrasplenically with human CD34+ bone marrow cells
(Simmons and Torok-Storb, 1991). These hybridomas
were initially screened against T- and B-cell lines, and
then further selected for reactivity with subpopulations
of CD34+ cells. Those that fulfilled these negative and
positive selection criteria were subsequently cloned, and
one hybridoma clone named Stro-1 has since been the
source of all brands of Stro-1 antibody currently
available. In the data sheet of all of these brands, the
Stro-1 antibody is described as having the ability to
enrich the MSC population from bone marrow cells as
determined by their capacity for tri-lineage
differentiation. This MSC enrichment capability thus
appears to be the reason why Stro-1 has become one of
the most popular antibodies for the identification and/or
isolation of MSCs from various tissues.

Stro-1 antibody has been used predominantly for
flow cytometric analysis, and, much less commonly, for
immunocytochemical staining of candidate MSCs. In
both instances, disagreements over whether a particular
cell population is Stro-1 positive or negative are not
uncommon (Gimble et al., 2007). Also troubling is that,
despite rarely performed, immunostaining of tissues with
Stro-1 antibody often produced positivity in the vascular
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endothelium (Lin et al., 2011). Thus, we conducted a
dedicated study in which the Stro-1 antibody was
compared to the endothelial-specific vWF antibody in
immunofluorescence analysis of blood vessel-rich
tissues, lung, liver, and kidney. The results showed
extensive overlaps between Stro-1 and vWF stains, thus
confirming the endothelial identity of Stro-1 (Ning et al.,
2011). Furthermore, we also demonstrated by Western
blotting analysis that Stro-1 is a 75kd protein expressed
in endothelial cells and ADSCs, but not in fibroblasts or
smooth muscle cells (Ning et al., 2011). Thus, although
expressed in cultured MSCs, Stro-1 as an in vivo MSC
marker is compromised by its concurrent expression in
the endothelium. 
Commonly used tracking molecules and reagents

For the purpose of demonstrating post-
transplantation engraftment and/or differentiation, MSCs
are most commonly labeled with a tracking molecule,
followed by transplantation, histology, and microscopic
examination of the transplanted tissue. Positive
identification is interpreted when the tracking molecule
and the differentiation marker of interest (e.g., α-SMA
for smooth muscle cells) are seen within the same cells.
Thus, it is obvious that the tracking label plays a critical
role in the determination of whether the transplanted
cells have differentiated or not. In the following
subsections we will discuss the reliability issues of some
of the commonly used tracking molecules and reagents.
ß-galactosidase (ß-gal)

ß-gal is a hydrolase enzyme encoded by the LacZ
gene of Escherichia coli and has been utilized in various
research settings to convert colorless man-made
substrates (most commonly, Blue-gal and X-gal) into a
blue reaction product. Specifically, MSCs transfected
with LacZ gene or isolated from LacZ-transgenic
animals can be tracked histochemically after their
transplantation into a suitable host. However, many
mammalian cells and tissues exhibit endogenous ß-gal
activity, which is physiologically important for digesting
glycolipids (Weiss et al., 1999). In addition, several ß-
gal isozymes also exist in mammalian tissues (Weiss et
al., 1999). Thus, it has been an ongoing effort for ß-gal
users to circumvent the host tissue background problem
by testing various experimental conditions, including
changing the tissue fixative, raising the reaction pH,
reducing the time of exposure to substrate, and/or using
Blue-gal rather than X-gal. While there are reports of
improved detection of bacterial versus mammalian ß-gal
activity (Weiss et al., 1999; Gioglio et al., 2002),
difficulties have persisted (Brazelton and Blau, 2005). In
particular, osteoclasts residing in murine bone marrow
were specifically and robustly stained blue with X-gal
regardless of the staining condition (varying the pH and
the time of exposure to substrate) (Kopp et al., 2007).
Therefore, it is critically important that proper positive

and negative controls are included when assessing the
differentiation potential of LacZ-transfected MSCs.
Green Fluorescence Protein (GFP)

GFP is a green fluorescent protein first isolated from
the jellyfish Aequorea victoria. MSCs transfected with
the GFP gene or isolated from GFP-transgenic animals
thus can be tracked by fluorescent microscopy after their
transplantation in a suitable host. However, mammalian
cells’ metabolites and structural components are
naturally fluorescent (commonly known as
“autofluorescence”). Thus, unless the transfected GFP is
highly expressed or densely localized, its detection can
seem like “seeing the wood through the trees” (Billinton
and Knight, 2001). However, GFP expression level in
transgenic mice is highly variable among individual
animals and even among individual cells within the same
animal (Anderson et al., 2005; Brazelton and Blau,
2005; Swenson et al., 2007). In addition, cells that
express GFP at a high level before transplantation may
become low expressing overtime after transplantation.
Furthermore, it has been shown that murine
hippocampus persistently contained a prominent
population of autofluorescent cells even after the tissue
specimens underwent procedures designed to quench
autofluorescence (Spitzer et al., 2011). Therefore, the
existence of such stubborn autofluorescent cells in other
tissues must be taken into consideration when designing
or interpreting GFP-based MSC tracking experiments.
Chloromethyl-dialkylcarbocyanine (DiI)

DiI is a fluorescent dye that preferentially binds to
cell membrane (Parish, 1999) and has been used
frequently to label cells for tracking purposes. It is
cytotoxic although the threshold concentration differs
from one cell type to another. In situations when DiI
sensitivity is not pre-determined, the cell preparation
may contain dead cells, and when such a cell preparation
is transplanted, the debris of the dead cells’ DiI-labeled
membrane are adsorbed by host cells, thus leading to
misinterpretation of cell differentiation. Even if there are
no dead cells in the cell preparation, the non-covalently
bound DiI can still dissociate from labeled cells and get
picked up by host cells (Onifer et al., 1993; Kruyt et al.,
2003; Brulport et al., 2007; Li et al., 2008; Schormann et
al., 2008). Thus, when using DiI as a cell-tracking label,
it is important to consider the possibility of donor-to-
host transfer.
Hoechst dyes

Hoechst dyes are a family of cell membrane
permeable bis-benzimides that bind to DNA in the minor
groove of AT-rich sequences. They are commonly used
to stain the nuclei of fixed (dead) cells in immuno-
fluorescent histological studies, and are much less
frequently used for tracking transplanted cells. Because
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Hoechst dyes’ binding to DNA is non-covalent, there
have been suspicions that the label could be transferred
from transplanted cells to host cells. In one study such
transfer was observed within hours of cell
transplantation, and the label persisted in the host cells
for at least 4 weeks post-transplantation (Iwashita et al.,
2000). In another study, co-culture of labeled cells with
unlabeled cells resulted in the transfer of label to >50%
of the initially unlabeled cells within 6 hours (Mohorko
et al., 2005). The authors thus concluded that Hoechst
dyes are unsuitable for cell transplantation research.
4',6-diamidino-2-phenylindole (DAPI)

DAPI is often used interchangeably with Hoechst
dyes for visualization of cell nuclei in immuno-
fluorescent histological studies. However, it is a poor
label for live cells because it does not penetrate intact
cell membrane well and is cytotoxic at high
concentrations (Kapuscinski, 1995; Zink et al., 2003).
More importantly, because of its non-covalent binding to
DNA, it can dissociate from the DNA of labeled cells
after transplantation and be adsorbed by host cells.
Specifically, in one study DAPI-labeled BMSCs were
injected into the vitreous cavity of rat eyes with retinal
injury, and 8 weeks later, most of the retinal cells
became DAPI+ although the transplanted cells remained
mostly in the vitreous cavity (Castanheira et al., 2009).
This study and the two abovementioned studies
(Iwashita et al., 2000; Mohorko et al., 2005) together
point out that it is advisable not to use non-covalent
DNA-binding dyes when selecting labels for tracking
transplanted cells.
5-bromo-2’-deoxyuridine (BrdU)

BrdU is a thymidine analog extensively used for
labeling cells through its incorporation into newly
synthesized DNA. The labeled cells, when transplanted,
can be detected by immunohistochemistry or
immunofluorescence with an anti-BrdU antibody.
However, because the incorporated BrdU is buried in
densely packed chromosomes, its exposure to the
antibody requires untangling the chromosomes with
strong acids and high temperature, which invariably
degrade the cell/tissue structure, resulting in distorted
histological images. In addition, the denaturing treatment
can cause loss of antigenicity of cellular proteins,
making them unsuitable for immunohistochemistry.
Thus, when MSCs are labeled with BrdU for tracking,
whether they differentiate into a specific cell type cannot
be assessed because the cell type-specific protein would
have lost antigenicity. Even if the protein survives the
denaturing treatment, it is still difficult to identify the
BrdU label with confidence because, in immunohisto-
chemically processed tissue samples, its brown color
cannot be easily distinguished from the purplish nuclear
stain (Rakic, 2002). Furthermore, it has been shown that
the donor BrdU label could be transferred to host cells,

thereby causing misinterpretation of post-transplantation
differentiation (Coyne et al., 2006).
5-ethynyl-2’-deoxyuridine (EdU)

EdU is a newer thymidine analog introduced for the
purpose of circumventing the abovementioned technical
difficulties that are often associated with BrdU (Salic
and Mitchison, 2008). While the introduction paper
demonstrated EdU’s utility for labeling cultured cells
and tissues, we first used it for tracking transplanted
cells (Lin et al., 2009) and have since used it in 20
additional studies. In our latest study we further showed
that EdU labeling did not interfere with in vitro cell
proliferation, differentiation, cytokine secretion or
migratory response (Ning et al., 2013). For cell tracking,
EdU-labeled cells are detected by a rapid, simple
chemical reaction using an azide-conjugated fluor (most
commonly, the red Alexa594-azide or green Alexa488-
azide) that covalently binds to EdU’s alkyne moiety. The
procedure does not require treating the tissue sample
with any harsh chemicals and can be combined with
immunofluorescence stain for any cellular protein, thus
allowing detection of cellular differentiation. Since the
label is covalently bound to DNA, it does not leak as
Hoechst dye, DAPI or DiI does from labeled cells.
Furthermore, since the fluorescent azide is added at the
time of detection, there is no time-associated loss of
signal as with GFP. Most importantly, due to the intense
red or green fluorescence of Alexa fluors, the scoring of
EdU+ cells is unambiguous - unlike BrdU, whose
immunohistochemical detection is often guesswork.
However, the use of EdU as a tracking label has a
surprising shortcoming: certain bone marrow cells of
unknown identity are stained positive by Alexa-azide
fluors in the absence of an alkyne label (Lin et al.,
2012b). This is surprising because an alkyne moiety,
which is required for the bonding of azide, is not known
to exist in mammalian cells; therefore, how unlabeled
bone marrow cells can be stained by Alexa-azide does
not seem to have a chemical or biological explanation. In
any case, fortunately, this shortcoming can possibly be
overcome by DAPI counterstain and viewing the bone
marrow tissue sample at a high magnification (>400x)
because the “false-positive” stain is in the cytoplasm
whereas the true positive stain is in the nucleus (Lin et
al., 2012b). Furthermore, the bone marrow appears to be
the only tissue that exhibits such false positivity. So,
overall, EdU is a highly reliable and easy-to-use tracking
label.
Concluding remarks

The concept of using MSCs for therapy was
originally based on their potential for multilineage
differentiation. In subsequent preclinical studies the
demonstration of cellular differentiation has thus become
an important indication for MSC’s therapeutic effects.
To achieve this goal, commonly employed approaches
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typically consisted of transplantation of MSCs that have
been labeled with a “reporter” molecule and
visualization of the reporter together with a
differentiation marker within the same cells in the
transplanted host. Whether these approaches have
succeeded in identifying MSC differentiation in vivo has
been discussed in several excellent review articles, for
example, Prockop et al (2010) and Caplan and Correa
(2011). In the present review we examined these issues
from a different perspective by focusing on commonly
used MSC markers and tracking molecules. We pointed
out their strengths and weaknesses, in hopes of fostering
a better understanding of the challenges we face when
employing these tactics for MSC research. In particular,
we recommend a re-evaluation of CD34 as a negative
marker. We believe that realizing that CD34 is a
sometimes-on-sometimes-off molecule will help avoid
erroneous interpretations. We also highly recommend the
use of EdU as a tracking label because we have shown
that it has a greater benefit-versus-risk ratio than others.
In conclusion, regardless of which markers or molecules
are used, it is important to know their limitations when
designing or interpreting a cell tracking experiment. 
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