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ABSTRACT

We aim to provide an innovative, comprehensive way of mapping the profusion of stem cell-based
clinical trials registered at ClinicalTrials.gov to explore the diversity of the fields of application and the
temporal complexity of the domain. We used a chord diagram and phylogenetic-like tree visualiza-
tions to assist in datamining and knowledge discovery. The search strategy used the following terms:
“stromal OR stemORmesenchymal OR progenitor.” TheMedical Subject Headings (MeSH) thesaurus
was used tomore finely classify diseases treated by stem cells, from large fields of application to spe-
cific diseases. Of the 5,788 trials screened, 939 were included, 51.1% of which were related to mes-
enchymal stem cells (MSCs). No real specificity emerged as to the therapeutic uses of the different
types of stem cells. More than half the MSC studies concerned allogeneic MSCs and received more
support from industry than autologous MSC studies (p < .001). Over time, the uses of cultured cells
have increased greatly, particularly since 2009. Cells derived from adipose tissue are also increasingly
used in trials compared with bonemarrow cells. The use of adipose-derived stromal cells was pre-
dominantly autologous (p < .001), restricted to European countries (p < .01), and supported by
industry (p = .02) compared with other MSCs. Details about MeSH keywords are available at
http://multireview.perso.sfr.fr/. In conclusion, mapping may reveal a lack of global strategy despite
the regulations and the related costs associated with good manufacturing practices. A systematic
approach to preclinical data, intended to objectively and robustly reveal the most appropriate
fields with the most efficient cells, is needed. Repeated exchanges between the bench and the
bedside are necessary. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:826–835

SIGNIFICANCE

Except for a few trials concerning specific tissue stem cells used in their corresponding tissues, this
global analysis revealed no real specificity of stem cell uses (including mesenchymal stromal cells).
This raised the question of the physiopathological rationale for these uses and the lack of a global
strategy despite the regulations and the related costs associated with goodmanufacturing practices.
This originalmethod, leading to the development of newconcepts fromalready available data,would
help policymakers to optimize resources and investments in terms of public health priorities. Such an
approach should draw parallels between in vitro, in vivo, and human data. Exchanges in both directions
between preclinical and clinical research could optimize the parameters of clinical trials step by step.

INTRODUCTION

In recent decades, many advances have been
made in the area of stem cell therapies, revolu-
tionizing our knowledge of tissue development,
function, and physiopathology, as analyzed by
the National Institutes of Health (NIH) [1, 2]. In
fact, the broad development of bone marrow
(BM) transplantation serves as the proof of con-
cept for theuseof adult stemcells [3, 4]. Thisdem-
onstration also highlighted another immature cell
closely associated with hematopoietic stem cells

(HSCs) through its niche: the mesenchymal stem
cell (MSC). First discovered by Friedenstein in the

1970s [5], MSCs are multipotent but also play a

key supportive role via the secretion of numerous

paracrine factors, including immunosuppressive

molecules [6]. The identification of stem cells in

almost all tissues [7] has paved theway for a large

amount of preclinical data and numerous clinical

trials—to suchanextent that it hasbecomedifficult

to have a global view of current trends and future

directions in this still young and continuously
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growing field of research [8, 9]. Heterogeneous cell populations,
sometimes characterized as “stem cells” (e.g., mononuclear cells
frombonemarrow [BMMNCs] and stromal vascular fraction from
adipose tissue [AT; SVF]) or the adherent and expanded counter-
part that corresponds to MSCs (bone marrow-MSCs [BM-MSCs]
and adipose tissue-derivedMSCs [ASCs], respectively), are used
at clinical level. In addition to adult stem cells, embryonic stem
cells (ESCs) and induced pluripotent stem cells have given rise to
great hopes and are just starting to be investigated at the clinical
level [10].

Many doubts about the efficacy and safety of cell therapy led
to the need for exhaustive searches of clinical trials [11], critical
analysis of their methods (i.e., risk of bias [12]), and investigation
of the various parameters taken into account. The comparison
between the different sources of stem cells, the use of heteroge-
neous orpurified cells, and the recourse toallogeneic or autologous
cell sources are among the many issues that remain unresolved
[13, 14]. The scientific and economic implications of stem cells
and the associated health care policy decisions make these is-
sues crucial.

Public availability of mass data [15, 16] opens the way to the
creation of new, practical knowledge that will help physicians, re-
searchers, and policymakers to identify pertinent areas of inter-
vention [15, 17] and reveal unexpected facts leading to the
development of new concepts [18, 19]. We are keen to provide
a view of the stem cell area that is both broad and deep bymeans
of a systematic mapping review [18, 20]. This method could help
in the interpretation of scientific information while enlarging
the field of exploration [21] and providing adequate data visu-
alization [22].

One requirement for knowledgediscovery in databases (KDD)
is to work with relevant, up-to-date databases associated with low
noise and errors [23]. Different sources of data can be used. Anal-
yses of published studies take advantage of the scientific peer-
review process, but publication is often delayed and negative
trials are less likely to be published. This leads to a retrospective,
and potentially biased, point of view. During the 1990s, clinical
trial registers were strongly promoted in biomedical research,
with the aimof revealing the existence of all trials and eliminating
publication bias [24]. The International Committee of Medical
Journal Editors required registration of all trials starting enroll-
ment after July 1, 2005, and of ongoing clinical trials that began
enrolling patients before that date [24]. Exploration of these reg-
isters gives amore up-to-date and representative snapshot of the
complexity of the youngandconstantly evolving fieldof stemcells
[25, 26]. Among the different registers, the ClinicalTrials.gov da-
tabase (CTD) is one of the best designed for aggregation and anal-
yses [27]. Launched in 2000, concomitantly with the setting up of
stem cell related trials, this worldwide register contains detailed,
standardized characteristics of each trial, particularly keywords
describing disease conditions using theMedical Subject Headings
(MeSH) thesaurus, as furnished by the U.S. National Library of
Medicine. This provides an in-depth classification and enables
computer tools to be used for interpretation at both low (fields
of application) and high (specific diseases) granularity.

From this database, we screened 5788 trials and, using com-
puter tools, comprehensively mapped human stem cell-based
clinical trials using a chord diagram and phylogenetic-like tree vi-
sualizations. This revealed no real specificity in the uses of stem
cells, includingMSCs, in thedifferent fieldsofapplication. The lack
of an apparent global strategy despite the regulations (e.g.,

requirements for advanced-therapymedicinal products inEurope
and good tissue practice in the United States [28]) and the costs
associated with good manufacturing practices may be hypothe-
sized and are probably linked to the field’s strong intention to
reach the market. Increasing interest in cultured and allogeneic
cells compared with the heterogeneous fraction and autologous
uses, respectively, was revealed.

MATERIALS AND METHODS

Data Aggregation

Data aggregation was performed using a Perl script developed in
the laboratory to minimize errors during the screening process
and to computerize data for further analyses (supplemental
online Figure 1; supplemental online Table 1).

Dataset Selection, Data Cleaning, and Preprocessing

The search strategy used the keywords “stromalOR stemORmes-
enchymal OR progenitor.” All trials were exported into XML for-
mat, then parsed into local database. Trials were included if (a)
cell therapy was based on enriched/purified/sorted stem cells
or expanded stem cells and (b) efficacy or safety of stem cell ther-
apy was stated as an objective of the trial. For each trial included,
the original tissue for cells and the donor (autologous or alloge-
neic) were recorded. Only the “Diseases” branch (C) of theMeSH
classification is used by the CTD to describe study conditions. This
branch contains 26 sub-branches, corresponding tomajor disease
groupings. If the CTD had failed to attribute MeSH keywords to a
trial, two authors (P.M. and J.N.V.) manually added the keywords
they found most appropriate by consensus. The last search was
performed on June 28, 2015.

Data Reduction and Projection

The C23 (Pathological Conditions, Signs and Symptoms) sub-
branch was removed for lack of specificity. For chord diagrams,
MeSH redundancy was assumed: One trial could be classified in
several fields of application. For tree rendering, the final custom
MeSH structure used is described in supplemental online File 1
(selected terms in bold); desired duplicates were identified to in-
dicate to the reader that there were several occurrences.

Exploratory Analysis, Model, and Hypothesis

The phase and size of the clinical trial, the sex of participants, the
clinical trial sites, the blinding and randomization techniques
used, the type of stem cells used, the cell donors, and the fields
of applicationweredescribed. EachCTDentry contained informa-
tion about the lead sponsor and the collaborators declared by the
authors, especially if this funding sourcewas considered to derive
from “NIH, Industry or Others.” By using the algorithm of Califf
et al. [29] on these lead sponsors and collaborators tags, the prob-
able funding source (i.e., the main sponsor) was categorized as
“NIH, Industry or Others.” The start dates of trials were consid-
ered, as was their clinical phases, as markers of the progress
and maturity of a theme.

Data Mining

A phylogenetic-like representation was obtained by using the In-
teractive Tree of Life (http://itol.embl.de) [30]. Because phyloge-
netic trees were developed to schematically represent kinship
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relationships between groups of living beings, we used this type
of representation to visualize relationships between diseases de-
scribed in the MeSH classification. All MeSH descriptor terms
extracted from included trials (disease conditions) were repre-
sented around a rooted tree. Summary statistics for each term,
together with individual lists of the related trials, were provided.
Internal divisions of the tree were represented by sublevels of
these terms (ancestors). Two major datasets were represented
around the tree (online data): trial phases and start dates. Chord
diagrams [31] were used to analyze double-entry tables (http://
mkweb.bcgsc.ca/tableviewer/). We presented the proportion of
trials classed in each of theMeSH sub-branches (fields of applica-
tion) in relationship with type of stem cells and the start dates of
studies or trial phases. An example was furnished (supplemental
online Figure 2). Each disease was linked to a website we gener-
ated (http://multireview.perso.sfr.fr/) in which all statistics were
summarized for each MeSH keyword included.

RESULTS

A Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flow diagram is given in supplemental online
Figure 3. Amajority of records (1,497 [61.5%]) dealt with HSC trans-
plantation after chemotherapy or radiotherapy. We focused our
analysis on the remaining 939 trials, of which 51.1% were related
to MSCs (supplemental online Table 2).

Temporal Evolution of Stem Cell Use According to
the Applications

Ultimately, 21MeSH fields of application were selected, allowing
diseases and their consequences to be considered. Figure 1 pre-
sents the temporal evolution of these fields. Three important
groups of diseases can be extracted according to their represen-
tations: (a) cardiovascular system (CVD) and nervous system dis-
eases (NSD); (b) musculoskeletal conditions, immune system
disease (ISD), digestive diseases, and wounds and injuries, which
really emerged from 2009; and (c) a smaller group with nutri-
tional, skin (and connective tissue), female urogenital (and
pregnancy complications), male urogenital, endocrinal, eye,
and respiratory diseases. About half the studies starting in
1993–2005 dealt with CVD, and their number remained con-
stant over the years (approximately 80 studies), whereas NSD
studies began to gain momentum from 2006 (25 studies in
2006–2008 rising to 100 in 2012–2017).

Application Areas According to Stem Cell Types

Wegrouped cells into four categories:MSCs, their respective het-
erogeneous fractions, other hematopoietic stem cells (PBSCs,
EPCs, CD34+ cells, and CD133+ cells), and other stem cells and
progenitors (Fig. 2). ESC-derived cells were considered in 10 stud-
ies,with theuseof ESC-derived retinal pigment epithelial cells in 8
studies for eye diseases. Tissue-specific stem cells were used in
the corresponding application field (e.g., cardiac stem cells for
CVD and corneal limbal stem cells for eye diseases). The predom-
inant uses of EPCs and CD133+ cells were also in CVD. Neverthe-
less, these cellswere used in few studies and canbe considered as
exceptions. A glance at the diagram shows that each cell type
was addressed by multiple fields of application and, in a mirror
analysis, each field of application addressed multiple types of
cells. As a whole, Figure 2 reveals no specific application for a
specific cell type.

Description of Studies Using MSCs and BMMNCs/SVF

BecauseMSCswere involved in half the trials, we next focused on
these cells (supplemental online Table 2; Figure 2). Studies using
these cells enrolled predominantly small cohorts of patients (me-
dian with interquartile range [Q1, Q3] of 25 [12, 55]); 44.7% (213)
of them were randomized and 67.4% were open-labeled. The
MSCs usedwere allogeneic for 53%and autologous for 47%.With
the website we created (http://multireview.perso.sfr.fr/msc/
29163.html), we found 50% of allogeneic use in CVD but 63%
and 70% for the subcategories for stroke and myocardial
infarction.

When studies using ASCs were compared with those using
other sources of MSCs, the number of enrolled patients was
smaller in ASC studies (respective medians of 19 [Q1, Q3: 10,
40] and 27 [Q1, Q3: 12, 50], p = .02), more uses were autologous
(68.4% and 43.0% of studies, respectively; p, .001) and activity
was more restricted to European countries (55.4% and 23.3% of
studies, respectively; p, .001). Concerning themain sponsor, in-
dustry supported 41.6% and 28.3%of ASC and otherMSC studies,
respectively (p = .02). Although the number of trials involving
ASCs was smaller than for other sources of MSCs, there was no
difference in studyphases. ASCswere also significantly less tested
in ISD (p = .01), were more tested in female urogenital diseases
(p = .04), and showed an increasing trend in digestive diseases
and wounds and injuries. Nevertheless, for all areas where ASCs
were tested, MSCs were also tested.

Temporal Evolution of MSC Applications

From 1999 to 2005, 12 trials were set up in 8 fields whereas 270
trials in 20 out of 21 fields are described today (Fig. 3). Until 2008,
CVD and ISD (e.g., graft-versus-host disease, autoimmune dis-
eases)were themost important, but their relative importancede-
creasedover time in favorof adiversificationof the fields.NSDhas
increased over time to become the most studied field. Digestive
and musculoskeletal investigations also developed at this time.
From 2012, trials concerning respiratory and male or female uro-
genital diseases increased greatly, and a set of otorhinolaryngol-
ogy themes emerged. Over time, allogeneic MSCs became used
more than did autologous ones (6, 15, 81, and 144 vs. 5, 31, 61,
and 120 for allogeneic and autologous, respectively). Studies us-
ing allogeneicMSCswere also significantlymore supported by in-
dustry (modest-sized companies [supplemental online Table 3])
than studies using autologous MSCs (37.0% and 22.4%, respec-
tively; p, .001).

Study Phases for MSCs as a Marker for Maturity of
the Field

Phase I/II and phase II studies made up 59.6% of MSC studies. Of
21 fields of application, only 11 fields had phase II/III and 8 had
phase III studies registered. Digestive disease then CVD, ISD,
and NSD fields of application appeared more mature, with more
phase III, II/III, and II studies (Fig. 4). With 50% of phase I studies,
the respiratory field appeared to be a younger topic. With both a
high number of phase I/II and some phase II/III and III trials, en-
docrine,male or female urogenital and skin diseases, andwounds
and injuries seemed to be in an intermediate state of study. This
tendency was confirmed with a higher ratio of phase I and I/II to
phase II, II/III, and III trials for the respiratory tract and endocrine
system (Fig. 4, histograms).Moreover, somephase II studies (e.g.,
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for stomatognathic, respiratory, or eye diseases) were not repre-
sented in phase II/III or phase III.

Expanded Cells Versus Heterogeneous Fraction and
BM- versus AT-derived cells

To make these comparisons, we computed different ratios
(Table 1; supplemental online Figure 4). The ratio of heteroge-
neous fraction to expanded cells (RS) decreased over time (RS
of 2.67 before 2006, 0.58 after 2011). This meant that heteroge-
neous fractions tended to be neglected in favor of cultured cells
over time. Concerning study phases, heterogeneous fractions
concerned more phase II/III and phase III than other phases (RS
of 0.93 versus 0.76 and 0.60). Remarkably, three fields of applica-
tion had lower RS than the others, showing that cultured cells
were particularly used for female urogenital, digestive, and

immune diseases. In the same way, RBM and RAT ratios com-
pared heterogeneous versus expanded cells in BM and AT, re-
spectively. Some differences can be pointed out between
these two ratios: for respiratory,male urogenital, skin, and im-
mune diseases, expanded cells were more used for BM than
they were for AT. The BM-to-AT cell ratio (RBM/AT) highlighted
disparities between fields of application (e.g., a greater use of
BMcells for CVD and ISD and a greater use of AT cells for female or
male urogenital diseases compared with other fields). Despite
these differences, both heterogeneous and expanded cells, and
both BM and AT cells, were used in all main fields of application.
BM cells were also more used in phase III studies than were
AT cells (RBM/AT was higher in phase II/III/phase III studies than
in other phases). But this ratio decreased over time (RBM/AT of
42.0 before 2006, 2.11 after 2011). This meant that cells from AT
were increasingly used compared with cells from BM.

Figure 1. Temporal evolution of fields of application for regenerative medicine by stem cells. Studies using hematopoietic stem cell (HSC)
transplant (with total-body irradiation, myeloablative or nonmyeloablative regimens, or genetically modified HSCs) were excluded from this
figure. This chord diagram represents the proportion of studies dealing with each field of application (branch of the Medical Subject Heading
[MeSH] classification [Diseases]) and links them to their respective start dates. The gray levels for the different years (on the left) and the color
codes for the different fields of application (on the right) are shown beside their respective labels, listed in order of frequency (this order will be
maintained hereafter). The outer ring of the figure contains the proportion of studies and the inner circle shows their absolute numbers. In each
ring, the contribution of each field of application in each time category is codedby colored segments, and vice versa. These colored segments are
also sorted by importance. For instance, and reading the diagram fromMeSH classification, in the field of cardiovascular regeneration, 70 trials
started in 2006–2008 (indicated in the inner part of the circular diagram) andmadeup36%of the fields in 2006–2008 (indicated on the left of the
outer part of the circular diagram). Conversely, 25% of cardiovascular diseases trials were started in 2006–2008 (indicated on the right of the
outer part of the circular diagram).
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Phylogenetic-Like Tree Representation to Detail Uses of
Stem Cells for Each Precise Disease

Start dates and phases of studies were represented at the level
of specific diseases, around the tree. Our website (http://
multireview.perso.sfr.fr/) was composed of three parts:all stem
cells, MSCs, and ASCs. It was created to go deeper into the
MeSH architecture and to obtainmore details about the clinical
trials using stem cells in the context of a specific disease (exam-
ple for MSCs in cardiovascular diseases in supplemental online
Figure 5). The following link provides an enlargeable interactive

visualizationofall pathologies forwhichstemcells areused:http://
itol.embl.de/shared/paulmonsarrat. For instance, supplemental
online Figure 6 gives a precise inventory of the pathologies that
may benefit from treatmentwith ASCs. Again, we observed no real
specificity in their use, and, even for eachapplication, a great diver-
sity was observed.

DISCUSSION

The 2000s were marked by great interest in regenerative medi-
cine based on adult stem cells [10, 32–35] and the establishment

Figure 2. Uses of the different types of stem cells in regenerative medicine. Studies using hematopoietic stem cell transplant (with total-body
irradiation, myeloablative or nonmyeloablative regimens, or genetically modified HSCs) were excluded from this figure. This chord diagram
represents the proportion of studies dealing with each field of application, linked to their respective uses of stem cells. The color codes for
the different fields of application (on the left) and the color codes for the different types of stem cells (on the right) are shown beside their
respective labels. Abbreviations: ASC, adipose tissue-derived mesenchymal stem cell; BMMNC, bone marrow mononuclear cell; BM-MSC, bone
marrowmesenchymal stemcell; CD133,CD133+ cells; CD34, CD34+ cells; CLSC, corneal limbal stemcell or retinal progenitor cell; CSC, cardiosphere-
derived cells, cardiac stemcells; dent-MSC,mesenchymal stemcell fromdental tissues; EPC, endothelial or angiogenic precursor cell; ESC-P,
embryonic stem cell-derived cells; ESC-RPE, embryonic stem cell retinal pigment epithelial and other progenitors; HSC-Ins, hematopoietic stem cell-
derived cell producing insulin; men-MSC, menstrual mesenchymal stem cell; mens-BSC, menstrual blood stem cell; MPC, mesenchymal precursor
cell; MSC, mesenchymal stem cell (probably bone marrow stem cells); MSC-P, mesenchymal stem cell-derived progenitors and cells (osteoproge-
nitor, mesenchymal stem cell-derived cardiopoietic cell, neuroprogenitor, osteoprogenitor, hepatic cell, endometrium);muco-MSC, mucosal mes-
enchymal stem cell; mus-SC,muscular stem cell; NSC, neural stem cell; OlG-P, oligodendrocyte or glial progenitor; PBSC, peripheral blood stem cell;
skin-SC, skin stem cell; SVF, stromal vascular fraction; UCBSC, umbilical cord blood stem cell; UC-MSC, umbilical-cord or umbilical-cord bloodmes-
enchymal stem cell or Wharton jelly mesenchymal stem cell or placental mesenchymal stem cells.

830 Mapping of Stem Cell-Based Registered Trials

©AlphaMed Press 2016 STEM CELLS TRANSLATIONAL MEDICINE

http://multireview.perso.sfr.fr/
http://multireview.perso.sfr.fr/
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0329//-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0329//-/DC1
http://itol.embl.de/shared/paulmonsarrat
http://itol.embl.de/shared/paulmonsarrat
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0329//-/DC1
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0329//-/DC1


of financing programs before the isolation of ESCs [36]. Since
then, the increasing proliferation of preclinical data has been gen-
erating great hopes. The recent translationof this research to clin-
ical trials requires an objective view of these constantly evolving
fields.Our innovative approach revealed that, apart fromthe clas-
sic use of hematopoietic stem cells [4], there was no strict spec-
ificity in the therapeutic uses of the different types of stem cells.

We also highlighted the evolution toward the use of allogenic and
cultured andexpanded cells at the expenseof heterogeneous and
autologous fractions. Finally, adipose tissue appears to be a tissue
source that is becoming more and more privileged.

The lack of specificity is surprising with regard to the large
amount of preclinical data but is symptomatic of the immaturity
of this domain [6, 25, 37]. This suggests thatmost of what emerges

Figure 3. Temporal evolution of fields of application for regenerative medicine by mesenchymal stem cells (MSCs). This chord diagram rep-
resents the proportion of studies dealing with each field of application, linked to the corresponding start year of trials. This formally illustrates
theburst of cell therapybyMSCs between1999and today. The followingMSCsweremerged:mucosalMSCs,menstrual bloodMSCs,MSCs from
dental tissues, adipose tissue-derivedMSCs, umbilical cord-MSCs, and bonemarrow-MSCs.More details about abbreviations for cells are given
in the legendof Figure 2. The gray levels for thedifferent years (on the left) and the color codes for thedifferent fields of application (on the right)
are shownbeside their respective labels. For each timeperiod, the total number of studies, and the relativenumber of studies for cardiovascular,
nervous system and immune system diseases, are represented by a histogram in the upper part of the figure.
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at the level of clinical trials is not the logical consequence of a
strong, convergent background of basic and preclinical studies
but is more related to individual initiatives. This could be consid-
ered as the result of a variety of points of view. First, such therapy
is thought to treat any disease because of the pluripotency/
multipotency and immune regulatory/suppressive action of the
putative therapeutic products [38]. This is reinforced by the dream
of industrial companies to have a universal cell product that treats
manydiseases. Second, the therapeutic products (i.e., cells) arenot
yet well-defined and could correspond to different products,

pluripotent ormultipotent, heterogeneous nonpurified or purified
cells, nonexpandedor cultured, autologousorallogeneic cells,with
no clear comparative view, as previously described. Both these
standpoints differ from the classic “oneproduct for one target” ap-
proach [39].

Third, the lack of a consensual view emerging from the mul-
tiplicity of preclinical data leaves many opportunities and cell/
application combinations open. This also raises questions about
the physiologic relevance of preclinical models to diseases. Fur-
thermore, few preclinical and experimental studies comparing

Figure 4. State of progress of mesenchymal stem cell (MSC) uses in regenerative medicine. This chord diagram exposes the relationships be-
tween application fields and study phases for MSCs, which reveals the enthusiasm for such therapy and the fact that we will soon know the
efficacy of these therapies in a large number of fields of application. The following MSCs were merged: mucosal MSCs, menstrual bloodMSCs,
MSCs fromdental tissues, adipose tissue-derivedMSCs, umbilical cord-MSCs, and bonemarrow-MSCs. Formore details about abbreviations for
cells, please see the legend of Figure 2. The color codes for the different study phases (on the left) and the color codes for the different fields of
application (on the right) are shown beside their respective labels. The ratios of the number of phase I, I/II trials to the number of phase II, II/III,
and III trials for cardiovascular, nervous system, immune system, digestive system, respiratory tract, and endocrine system diseases are rep-
resented by a histogram in the upper part of the figure.
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different types of cells have been conducted and published [40,
41]. This point highlights the need for a systematic approach to
preclinical data to objectively and robustly reveal themost appro-
priate fields with the most efficient cells. Exchanges of informa-
tion back and forth between the bench and the bedside are
necessary. Finally, ethical issues associated with the use of ESCs
in many countries [10] and the fact that opinion has often been
refractory to research on ESCs [42] has led to alternative sources
of therapeutic cells that are even less efficient being found.

Our analysis reveals that the cell types most often tested are
MSCs, with increasing interest over time in cultured cells com-
pared with their respective heterogeneous fraction. The cardio-
vascular field was the first to be clearly identified but, since
2005, the number of studies dedicated to such applications has
not changed. 2005 was a key year because, from then on, all ap-
plications other than cardiovascular oneswere increasingly inves-
tigated. The heterogeneous fraction is accessible at the bedside
within hours and is almost never characterized. In contrast, the
expanded fraction needs time, and it ismore expensive to comply
with US Food and Drug Administration and European regulations
[28]; however, this fraction can be more finely characterized and

secured. The fewer important resources necessary for thehetero-
geneous fraction compared with expanded cells may explain why
there are still more advanced phases for the former, although
several studies have reported modest successes or negative out-
comes [43] in chronic heart failure, in contrast to Cochranemeta-
analyses [44, 45].

These elements could explain why cardiac regeneration by
stem cells is no longer the main attractive area. This discrepancy
in result analysis may be related to the design of the control
groups [46]. In most trials, control groups did not undergo tissue
sampling to isolate cell products and did not have the benefit of
putative placebo effects and/or the positive physiologic response
induced by sampling in injected patients. This strongly suggests
that sham-operated control groups are absolutely required to al-
low a conclusion about efficacy.

The choice between heterogeneous BMMNCs and BM-MSCs
may depend on the application, as demonstrated by the meta-
analysis of large animal models of ischemic heart disease that re-
ported significantly reduced efficacy of BMMNCs compared with
BM-MSCs [40] but no difference for chronic kidney diseases
[41]. Unexplained and recurrent discrepancies with autologous
BMMNC in many clinical trials for heart diseases [47], as well as
smaller suggested effects of BMMNC compared with BM-MSC
for critical limb ischemia and foot ulcers, may have a role in the
progressivedeclineof theuseofheterogeneous fraction [48]. This
could also explain the relative decline of investigations in the car-
diac field. Furthermore, the increasing involvement of the phar-
maceutical industry in cell therapy promotes the uses of cultured
cells compared with the heterogeneous fraction most supported
by the bio-devices industry [8, 49].

ForMSCs, two thirds of studies were run on an open-label de-
sign, revealing that this field has not yet reached maturity, but it
should do so in the next few years given the number of phase II
trials in various fields. Among MSC tissue sources, the increasing
use of AT is consistent with the fact that it is the richest adult
source of MSCs and is easy to sample by liposuction under local
anesthesia [50]. BM-MSCs benefit from their longer research his-
tory and the associated significant scientific hindsight [5, 51].

The power of our analysis, based on the MeSH ontology, al-
lows us the opportunity to reflect on pathophysiology when fo-
cusing on fields of application. This work thus highlights the
predominance of cultured cells for immune diseases or their con-
sequences [37]. It is noteworthy that the uses of BM-MSCs for
neurologic disorders and ASCs for graft-versus-host disease or
rectal fistulawere, as expected, far fromunrelated to theputative
specific biological features because of the initial native environ-
ment. This emphasizes the possibility that the biological features
of these cells have not been well-characterized and could reveal
unexpected physiological features of these cells [51]. Allogeneic
MSC trials have increased, and their easy production, in large
numbers from selected donors with no systemic pathology,
may compensate for the decrease in MSC potentiality with age
or pathological conditions, which may interfere with autologous
grafts [14, 51].

The limitations of this study concerning the representative-
ness of this dataset should be considered. Other sources could
have been consulted, such as the International Clinical Trials Reg-
istry Platform (ICTRP),which provides access to trials from several
worldwide databases, including CTD (which accounts for about
60%–80% [52, 53]). Unfortunately, ICTRP displays great dispar-
ities in data quality among the different registries, particularly

Table 1. Comparison between culture-expanded mesenchymal stem
cells and the respective heterogeneous fractions, from bonemarrow
or adipose tissue

Variable Studies, n RS RBM RAT RBM/AT

Total 362 0.78 0.73 0.95 3.40

Musculoskeletal diseases 45 0.61 0.50 1.00 2.56

Digestive system diseases 27 0.30 0.27 0.36 2.00

Respiratory tract diseases 12 0.58 0.38 1.67 3.14

Nervous system diseases 78 0.88 0.97 0.50 5.48

Eye diseases 11 1.00 0.89 2.00 5.67

Male urogenital diseases 20 0.70 0.43 1.33 1.43

Female urogenital diseases
and pregnancy complications

16 0.38 0.31 0.50 1.42

Cardiovascular diseases 125 1.72 1.82 1.18 6.70

Skin and connective tissue
diseases

16 0.52 0.32 1.50 2.40

Nutritional and metabolic
diseases

26 1.14 1.00 2.50 5.29

Endocrine system diseases 20 0.89 0.88 1.00 4.67

Immune system diseases 18 0.18 0.13 0.67 7.00

Wounds and injuries 44 0.69 0.61 0.85 2.22

Before 2006 33 2.67 2.91 — 42.0

2006–2008 64 1.21 1.24 1.00 7.75

2009–2011 100 0.77 0.83 0.52 4.66

After 2011 162 0.58 0.39 1.22 2.11

Phase 0 and I 92 0.60 0.64 0.46 3.58

Phase I/II and II 201 0.76 0.69 1.02 3.24

Phase II/III and III 32 0.93 1.04 0.25 10.4

The table presents some statistics computed from these data for a
better understanding of the evolution of the use of bone marrow cells
compared with adipose tissue cells and the use of heterogeneous fraction
compared with expanded cells. RS, ratio (stromal vascular fraction from
adipose tissue [SVF] + bone marrow [BM]2mononuclear cells [MNC])/
(adipose tissue-derivedmesenchymal stem cell [ASC] + bonemarrow stem
cell [BMSC] + mesenchymal stem cell [MSC]); RAT, ratio SVF/ASC; RBM,
ratio BM-MNC/(BMSC + MSC); RBM/AT, ratio (BM-MNC + BMSC + MSC)/
(SVF + ASC).
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for important elements, such as primary outcomes and interven-
tion details; this makes it difficult to conduct a systematic review
[52]. CTD was chosen because it has more detailed and standard-
ized exportable characteristics and registers a majority of trials.
For instance, a search performed in ICTRP with the keywords
“mesenchymal stem cells” indicated that at least 408 of 562 trials
(73%)were registered in CTD. Furthermore, diseasemisclassifica-
tion, although variable according to clinical specialties, is low [27],
and some registered data even better reflect reality than the final
publications [54]. Another limitation was that registered trials
makeup only a part of all existing trials [24]. It has been suggested
that only 50% of clinical studies indexed in PubMed that involved
administration of cells for regenerative medicine indicated any
clinical trial identifier [53]. In fact, the final dataset is only the
tip of the iceberg, and the explosion of cell therapy outside the
framework of academic research strongly concerns the scientific
community. All around the world, private clinics already offer
stem cell tourism, routinely injecting MSCs provided by some
companies with nonvalidated or unproven procedures [55–58].
Because these clinics oftenuse registries to gain legitimacy, an im-
portant implicationof thisworkwouldbe to carefully analyze final
publications, especially from these companies, to assess the qual-
ity of and transparency of cell culture/procedures, cell controls,
study design, reporting, placebo-controlled efficacy, and trans-
parency about cell culture/processing and ethical considerations
[25, 59, 60].

Another limitation is semantic. The frequent confusion be-
tween expanded cells and heterogeneous fraction (particularly
the term “stem” for CVD) does not facilitate analysis of this field.
For instance, in NCT01788059, “injection [of] mesenchymal stem
cell” was used, whereas the authors described the isolation of
BMMNCs using Ficoll gradient. Similarly, the term "adipose-
derived stem cells" has been used by some authors to describe
the injection of stromal vascular fraction (e.g., NCT02216630
and NCT01586715).

Now, although almost 30% of studies have been terminated
or completed, only 1% of the studies have posted results on CTD.
For the future and for all cells and applications, the registration of
final results will be required to fight against bias in analysis that
results from the fact that negative outcomes are rarely published.

CONCLUSION

Stem cell research is challenged by two contradictory trends: di-
minished funding frompublic and private sponsors and increased
scientific opportunities [61, 62]. Our work demonstrates the
power of wide-reaching analysis, which could reveal unex-
pected facts and lead to the development of new concepts from
already available data. Such an approach should draw parallels
between in vitro, in vivo, and human data. Exchanges in both
directions between preclinical and clinical research could opti-
mize the parameters of clinical trials step by step. Such optimi-
zation would include the best sources of stem cells, the choice
between heterogeneous or purified cells, and between alloge-
neic or autologous cell sources, taking the pathophysiology of
diseases and the patients’ characteristics into account.
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