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ABSTRACT

There has been great interest in research and clinical trials with the adult stem/progenitor cells re-
ferred to as mesenchymal stem/stromal cells (MSCs). However, there are no definitive markers
for the cells and no assays that would reflect the therapeutic efficacy of the cells in vivo. There are
in effect no adequate release criteria that define the quality or efficacy of the cells. The problems
are compounded by the fact that a variety of different protocols has been used to isolate the cells
and expand them in culture. The result is thatmany publications have usedMSCswith different prop-
erties, frequently without the investigators being aware of the differences. As a partial solution to
these problems,wehave devised a simple table to record in-process data on the preparation ofMSCs.
Wesuggest that comparisonsofdatageneratedbydifferent laboratorieswouldbe facilitated if similar
in-process data, probably as supplemental materials, were included in publications using MSCs.
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INTRODUCTION

The cells referred to as mesenchymal stem/
progenitor cells ormultimodal stromal cells (MSCs)
are the subject of extensive research and are being
used in a large number of experimental and clinical
trials for various diseases. There are more than
26,000 entries in PubMed under “mesenchymal
stem cells,”more than 100 clinical trials have been
registered (clinicaltrials.gov) with MSCs or related
cells, and more than six biotech companies are in
phase II and III trials in efforts to commercialize
the cells [1]. The results from some of the trials
areencouraging, but fewhaveprovideduniversally
accepted data on efficacy [2]. More striking is that
administration of MSCs has produced beneficial
effects in a large seriesof animalmodels for human
diseases, including models for multiple sclerosis,
heart disease, diabetes, and some cancers. Prog-
ress has been made in the field in spite of two se-
rious limitations: there are no definitive markers
for the cells and no assays that would reflect the
therapeutic efficacy of the cells in vivo. The prob-
lems are compounded by the fact that cultures
of MSCs are heterogeneous even when isolated
as single-cell-derived colonies. In addition, they
are highly sensitive to the protocols used to isolate
and expand the cells in culture [3–7]. The result is
that different laboratories have used MSCs with
strikingly different properties, frequently with the
scientists being unaware of the differences. As
a partial solution to these problems, we have

prepared a simplified table for recording in-
process data, similar to in-process data frequently
used in the pharmaceutical industry, for the prep-
aration of MSCs from aspirates of bone marrow
with a protocol developed in our laboratory.

RESULTS

Tohelp investigators address the variability among
preparations of MSCs, we established a National
Institutes of Health-sponsored center to provide
investigators with MSCs from master banks pre-
pared with a standardized protocol [7–11]. The
aimof the center is toprovide researcherswith ref-
erence MSCs that could be compared in their
experimentswithMSCspreparedwithotherproto-
cols. With continuing support from the National
Institutes of Health, we have been distributing
the MSCs from the master banks to more than
250 laboratories in this country and abroad for
the past 10 years. We have devoted considerable
time and effort to standardizing the protocols for
preparing themasterbanks.Weelectedtousecon-
ditions under which the cells are expanded at low
density to a limited number of population dou-
blings so that the cultures are enriched for rapidly
self-renewing, spindle-shaped MSCs that appear
to be earlier progenitor cells than the larger and
slowly replicating cells that predominate in con-
fluent cultures [3, 7–10]. We have provided
investigators who receivedMSCs fromourmaster
bankswithdetailedprotocols forexpandingthecells
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from master banks (referred to as P1 cells) to generate working
banks. We have also provided them with specification sheets
summarizing the data obtained in our own laboratory on the
characteristics of MSCs expanded from the same master bank.
However, the data we provided have proven too cumbersome
and voluminous to include in publications in which the cells were
used, including publications from our own laboratory. Therefore,
we recently developed a simplified table to record in-process data
on the preparation of each master bank and the characteristics of
MSCsexpanded fromaworkingbankprepared fromthe samemas-
ter bank (Table 1). In practice we have expanded three vials from
the samemaster bank through three passages and not distributed
cells frommaster banksof cells that donotmaintain the samechar-
acteristics through all three passages. Also, we have encouraged
recipients of the cells to contact us for advice if they do not obtain
results in expanding the P1 cell from our master banks to produce
working banks of P2 MSCs.

DISCUSSION

There aremultiple causes of the variability among different prep-
arations of MSCs.

MSCs from rodents present a special series of problems. In the
caseofmouseMSCs, the initial isolatespreparedby theclassic tech-
nique of plating bone marrow on tissue culture plastic are heavily
contaminatedbymacrophages [12]. Inaddition, theadherentMSCs
are difficult to expand. They initially proliferate slowly and then un-
dergoacrisis inwhichmostof thecellsundergoapoptosis. Inaman-
ner similar tomouse fibroblasts [13], the fewcells that survivegrow
rapidly because they are transformed. And like many transformed
cells, the transformedmouseMSCs continue to undergo further
genomic changes as they are expanded so that they become tu-
morigenic [14]. A recent report indicates that the problems of
expandingmouseMSCs are caused by their sensitivity to oxygen-
induced p53-driven apoptosis [15]. Therefore, culturing mouse
MSCs under hypoxic conditions is probably ameans of surmount-
ing some of the variability in the future [15]. Another source of
variability among mouse MSCs is that the cells from different
strains have different properties and requirements for optimal
growth [10]. The variability ofmouseMSCs has limited the extent

towhich the cells canbeused to tap thepowerof transgenicmice.
Rat MSCs from bone marrow have been studied less extensively
but are also difficult to expand in culture and probably undergo
spontaneous transformation [11, 16].

Surprisingly, humanMSCs do not present the sameproblems.
MSCs isolatedbyplatingmononuclear cells frombonemarrowon
tissue culture plastic are free of hematopoietic cells after a single
passage [7–9]. However, there is great variability in different
preparations of the cells. In the case of MSCs obtained by aspi-
rates of bone marrow, one source of the variability is that the
blind aspirates of the 1 or 2ml of marrow provide different yields
ofmononuclear cells, and themononuclear cells providedifferent
yields of cells that give rise to plastic-adherent cells (Table 2). The
yields are higher in young children and may decline in donors of
more than 60 years of age, but a large part of the variation is prob-
ably from the sampling of regions of the marrow that are rich in
hematopoietic cells or peripheral blood, particularly if volumes of
greater thanapproximately 2mlarewithdrawn in theaspirate. An
additional and major source of variability in preparations of hu-
man MSCs derives from the inherent plasticity of the cells. The
plasticity of MSCs is apparent in animal models in that they re-
spond to different microenvironments created by injuries to tis-
sues caused by dramatic changes that includemajor alterations in
their transcriptomes, secretion of the paracrine factors including
microvesicles containingmicroRNAs, and, surprisingly, transfer of
mitochondria [2, 17–21]. A similar plasticity is apparent as MSCs
are expanded in culture. If plated and cultured at highdensity, the
cells expand slowly, become larger, and lose some of their
progenitor-like properties [3]. If plated and expanded at low den-
sity, the cells tend to retain their spindle-like morphologies and
progenitor-like properties. However, variability is apparent even
if the cells are plated at clonal densities. Individual single-cell-
generated colonies vary in size, density, cell morphologies, and
differentiation potential [3]. Remarkably, as the colonies grow
from single cells, the cells in the inner regions of the colonies be-
come more differentiated than the cells on the periphery [22].
Replating cells froma single colony generates the sameheteroge-
neity in colonies with the same variations in size, density, mor-
phologies, differential potentials, and profiles of expressed genes.
The process can be repeated through 20 or more population

Table 1. In-process data on master banks and working banks of human mesenchymal stem/stromal cells from bone marrow prepared with
a protocol to keep the cultures enriched for rapidly self-renewing, progenitor-like cells

Donora (ID#/
gender /age)

P0 yieldb

(3106)/ days

P0→P1 yield (master
bank)c (plating cells
per cm2/harvest

cells per cm2/days)
P1 cumulative

PDsd

P1→P2 yield (working
bank) (plating cells per
cm2/harvest cells per

cm2/days)
P2 cumulative

PDs
P2 diff.e (osteo/
adipo)/CFU

P2 epitopesf

(1/2)

7043L/M/28 0.677/6 50/12,525/7 J 1 7.96 50/6,960.5/7 J 1 15.07 3/2/47 .95/,3

8001L/F/24 0.671/7 60/7,679/7 J 1 6.99 60/6,563/7 J 1 13.76 4/4/61 .95/,3

8001R/F/24 1.55/7 100/12,688/8 J 1 6.99 50/6,797/7 J 1 14.07 4/4/69 .95/,3

8002L/F/27 0.936/10 100/8,120/8 J 1 6.33 60/5,400/7 J 1 12.81 1/4/46 .95/,3

8004L/M/22 0.78/8 60/6,220/7 J 1 6.7 100/8,223/7 J 1 13.06 3/4/59 .95/,3
aDonors identified by anonymous number and sampling of marrow from left or right iliac crest/gender/age.
bP0 yield defined as number of cells obtainedby platingmononuclear cells fromFicoll gradient at high density (6,000 to 30,000per cm2)/days cellswere
incubated.
cMaster bank (P1 cells) defined by number of cells plated per cm2/number of cells harvested per cm2/days of incubation.
dCumulative population doublings defined as j 1 observed value because number of population doublings required to generate P0 cells cannot be
estimated. PD calculated as 2n = fold-increase or n = log10 [fold-increase]/0.301.
eP2 diff. assayed by culture of aliquots in differentiation conditions and visually scoring on11 to14 scale after staining with Alizarin Red or Oil-Red-O.
CFUs assayed by plating at very low density to obtain percentage of cells that generate colonies in 2 weeks.
fPositive epitopes (CD-29, -44, -49c, -59, -90, -105, -147, and -166) and negative epitopes (CD-34, -36, -45, and -117).
Abbreviations: CFU, colony-forming unit; F, female; L, left; M, male; PD, population doubling; R, right.
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doublings until theMSCs becomemore like fibroblasts and grad-
ually approach senescence.

Several attempts have been made to overcome some of the
variability in preparations of MSCs by suggesting criteria for the
definition of the cells. In particular, a committee of the Interna-
tional Society for Cellular Therapy [23] suggested criteria for
characterizing MSCs isolated from bone marrow by features
such as adherence to tissue culture plastic, epitopes on surface
proteins, and differentiation potential. More recently, a joint
statement of the International Federation for Adipose Thera-
peutics and Science and the International Society for Cellular
Therapy refined the criteria to distinguish adipose-derived
MSCs fromMSCs from other sources [24]. As is generally recog-
nized, however, the criteria for MSCs have limitations (Table 2).
In the case of bone marrow-derived MSCs, the profile of epito-
pes is not unique to MSCs and is expressed by some fibroblasts
and other cells. The criterion of trilineage differentiation varies
among preparations that meet the other criteria and is difficult
to evaluate quantitatively. Criteria such as formation of colony-
forming units-fibroblastic are highly dependent on the condi-
tions used to culture the cells in that they are high in freshly
plated cultures and decrease as the cultures expand [28]. In ad-
dition, karyotyping assays of mRNAswithmicrochips and assays
for teratoma formation in mice have proven to be of limited
value.

Several attempts have also been made recently to use novel
andmore informative technologies to assayMSCs (Table 3). Some
strategies, particularly protocols to preactivate MSCs in culture
with Toll-like receptor ligands or other stimulants, show great
promise as efficacy tests for the cells [25–27]. New technologies
for epigenetic analyses of cells could provide important informa-
tion aboutMSCs, but the large amounts of data generated are still
difficult to interpret [29]. A new algorithm for pluripotent cells
[30] can serve as an important model of analyses of microarray
data from MSCs, but it will require identification of a cluster of
MSC-specific genes similar to the 450 genes that have been used
to identify pluripotent cells. However, none of the new technol-
ogies have been fully tested, and someare currently too time con-
suming and costly to be used widely.

In effect, progress in research and clinical trials with MSCs is
severely limited by the lack of definitive markers and a quantita-
tive surrogate assay for the efficacy of the cells in vivo. In contrast
to research onhematopoietic stemcells, there is no animalmodel
comparable to the marrow ablated mouse that made it possible
to assay the efficacy of candidate cells. Publications onMSCs have
used a variety of protocols to prepare the cells, frequently with-
outmuch detail about the protocols.We have received anecdotal
reports that the cells from ourmaster banks aremore effective in
some animal diseasemodels thanMSCs preparedwith other pro-
tocols. However, neither we nor the scientists to whom we have

Table 2. Commonly used assays for preparations of MSCs from human bone marrow

Assays Value Limitation

Yield of P0 cells (high-density cultures
of MNCs)

Corrects for 1/3 of marrow aspirates
with low yields of MSCs

Insensitive

Positive & negative epitopes Eliminates gross contamination Similar profiles seen on some fibroblasts &
other cells

Differentiation to osteo-, adipo-,
chondrocytes

Robust differentiation distinguishes
MSCs from many other cells

Large variability; quantitative assays
rarely performed

CFU-F assays High values correlate with early
progenitors in cultures

Vary with cell density & cumulative
population doublings

PD time Short PD times correlate with early
progenitors in cultures

Varies with cell density & cumulative
population doublings

Karyotyping Detects gross genomic changes Abnormal cells frequently lost with
expansion; insensitive

Microarrays for mRNAs Profile of highly expressed genes Vary with culture conditions; insensitive
to low-abundance RNAs

Teratoma formation in
immunodeficient mice

Predicts tumorigenesis & perhaps
malignancy

No authenticated report with human
MSCs; insensitive, i.e., many human cancers negative

Abbreviations: CFU-F, colony-forming units-fibroblastic; MNC, mononuclear cell; MSC, mesenchymal stem/stromal cell; PD, population doubling.

Table 3. Recently developed assays for characterization of human mesenchymal stem/stromal cells

Assays Value Limitation References

Comparative chromosome
hybridization

Detects genomic changes not detected by
karyotyping

Insensitive with current probes; limited
database for benign vs. deleteriousmutations

28

Preactivation with TLR and
other ligands

Tests potential to express therapeutic factors Limiteddata; varywith cumulativepopulation
doublings; limited data

25–27

Epigenetic changes with
differentiation

Tests potential to differentiate Limited data; costly & time consuming 29

Microarrays for microRNAs Detects some therapeutic factors Probably vary with culture conditions 18

Secretome analysis Identifies therapeutic paracrine factors Limited data; costly & time consuming;
probably vary with culture conditions

17–19

Abbreviation: TLR, Toll-like receptor.
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provided MSCs have been able to make detailed comparisons
among MSCs prepared with different protocols. More definitive
assays for MSCs are likely to be developed in the future. In the
interim, publication of in-process data should help in comparing
data from different publications.

Table 1, presented in this work for summarizing in-process
data for preparation of MSCs, is an initial draft that should be
modified to fit individual needs of different investigators. Varia-
tions on it will probably be required over time, including simple
means of incorporating additional data that affect the variability
among preparations of MSCs, such as the medium and atmo-
spheric gases used for expansion and the conditions for freezing
and thawing the cells. The use of such summaries is likely to have
a greater impact on the field if reviewers and leading journals re-
quired such information, probably as supplemental material, for

publications onMSCs. Therewould alsobe agreater impact if a con-
sortium of leading scientists in the field endorsed the suggestion.
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