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Bone marrow derived stem cells in regenerative medicine
as Advanced Therapy Medicinal Products
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Abstract: Bone marrow derived stem cells administered after minimal manipulation represent an important cell
source for cell-based therapies. Clinical trial results, have revealed both safety and efficacy of the cell reinfusion procedure in many cardiovascular diseases. Many of these early clinical trials were performed in a period before the
entry into force of the US and European regulation on cell-based therapies. As a result, conflicting data have been
generated on the effectiveness of those therapies in certain conditions as acute myocardial infarction. As more academic medical centers and private companies move toward exploiting the full potential of cell-based medicinal products, needs arise for the development of the infrastructure necessary to support these investigations. This review
describes the regulatory environment surrounding the production of cell based medicinal products and give practical
aspects for cell isolation, characterization, production following Good Manufacturing Practice, focusing on the activities associated with the investigational new drug development.
Keywords: “Good Manufacturing Practice”, “Acute Myocardial Infarction”, “Peripheral Vascular Disease”, “Stem
Cells”, “Advanced Therapy Medicinal Products”, “Cell Factory”

Introduction
Stem-cell–based therapies, encompassing collection, purification, manipulation, characterization delivery of cells for therapeutic purposes,
have existed since the first successful bone
marrow transplantations in 1968 [1]. The Food
and Drug Administration (FDA) promulgated a
regulation on human cells, tissues, and cellular
and tissue-based products issuing an appropriate regulatory structure for the wide range of
stem-cell–based products that may be developed to regenerate damaged tissues. The publications regulating the use of cell therapy products are codified within the Code of Federal
Regulations in the following sections: IND regulations (21 CFR 312), biologics regulations (21
CFR 600) and cGMP (21 CFR 211). In particular, US Federal regulation on cellular therapy is
divided into two sections of the Public Health
Service Act, referred as “361 products” and

“351 products”. Traditional blood and bone
marrow progenitor cells as well as other tissues
for transplantation fall into 361 products definition. The FDA has established that cells or tissues used for therapeutic purposes, and the
regulation that pertain to processing of 361
products are codified under the Good Tissue
Practice (GTP).
The
European
Union
(EU)
regulation
(1394/2007) on advanced therapy medicinal
products (ATMP) was entered into force in all
European Member States on December 2008.
The Regulation makes reference to and is in
coherence with the 2004/23/EC directive on
donation, procurement and testing of human
cells and tissues and with directive 2002/98/
EC on human blood and blood components.
This means that any use of human cells has to
be in compliance with the quality requirements
therein described. Both EU and US regulations
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are also clear on requiring that cells have to be
prepared according to the good manufacturing
practice (GMP) for medicinal products.
The concept that adult stem/progenitor cells
can differentiate either in haematopoietic or
non-haematopoietic tissues is supported by a
relevant amount of data[2]: adult stem cells are
located in tissues throughout the body and act
as a reservoir to replace damaged tissues and
senescent cells. This large amount of preclinical data drove the introduction of several
stem/progenitor cells into regenerative medicine with different extent of therapeutic benefit.
Based on these concepts, progenitor cells have
been considered as pharmaceutical products.
Adult mononucleated cells (MNC), containing
the stem/progenitor cell fraction, can be isolated from mobilized peripheral blood and bone
marrow tissue using density gradients [3].
Despite the similar physical properties, bone
marrow derived MNC (BM-MNC) represent a
heterogeneous group of cells, which include
several stem/progenitor cells: the haematopoietic stem cells (HSC), the mesenchymal stromal/stem cell (MSC) precursors, and the endothelial progenitor cells (EPC).
HSC constitute 1:10.000 of cells in myeloid tissue and give rise in vitro and in vivo to all blood
progeny [4]. This cell pool is represented by
both long-term repopulating HSC, with high selfrenewal capacity, and short term repopulating
HSC, which can transiently generate haematopoietic lineages after transplantation [5]. Both
these populations are identified by the cellsurface antigen CD34, found in a few percent of
BM-MNC, and by other haematopoietic restricted antigens, such as CD38, HLA-DR[6] and
CD133[7]. BM-MNC contain also the fraction of
MSC precursors [5]. These cells represent less
than 0.1% of the density gradient selected cells
and are able to generate non-haematopoietic
tissues such as adipocytes, chondrocytes and
osteocytes [8, 9]. Interestingly, rising amount of
data indicate that MSC precursors may also
differentiate into skeletal myocytes, cardiomyocytes and endothelial cells [10].
EPC act as major players in marrow angiogenesis due to their relevant clonogenic potential
[11]: these cells are also mobilized into the peripheral blood, giving rise to mature endothelial
cells in newly formed vessels after either injury
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(i.e myocardial infarction) or tumors [12]. Based
on these findings, a model has been suggested
in which marrow EPC may represent a reservoir
for the entire body angiogenesis and vasculogenesis [13].
Based on this representation, several authors
indicate the revascularization as leading mechanism to improve cardiac function, prompting
local BM-MNC deliveries as a strategy to enhance dramatically the contribution of EPC to
injured hearts [14]. Hill et al [15] developed a
cluster-forming assay, by preplating human peripheral blood mononuclear cells for 48 hours
on fibronectin coated dishes and then replating
the nonadherent cells to quantify the emergence of the EPC colony–forming units several
days later. The putative EPCs (that produce the
progeny that form the colony) have been referred to as colony forming unit-Hill (CFU-Hill).
The CFU-Hill assay has been used to demonstrate a significant inverse correlation between
the circulating CFU-Hill concentration and Framingham cardiovascular risk score in human subjects. While functional data are supporting
these approaches, there is no consensus on
defined surface antigens useful in progenitor
isolation within the marrow compartment and in
blood. However, because CD34 antigen is expressed in both HSC and endothelial cells, Asahara et al., injecting CD34+ marrow cells in a
limb ischemia model, indicate in this subtype a
possible phenotypic marker for EPC [16]. Similarly, CD133+ marrow cells have been suggested as subsets of progenitors highly enriched in EPC [17]. When defining an EPC, one
should attempt to encompass much of the vast
array of data obtained from in vitro and in vivo
experiments in animal models and in human
subjects. The term as commonly used today,
would indicate that a human EPC is a circulating
cell that promotes neovascularization at sites of
ischemia, hypoxia, injury, or tumor formation.
However, in the strictest sense of defining a cell
that displays postnatal vasculogenic activity, a
human EPC is a circulating cell that displays the
ability to produce endothelial progeny that function to form endothelial tubes in vitro and contribute to the functional endothelial lining of
injured or de novo emergent vascular structures
in vivo. To date, the only cells that display this
activity at a clonal level are the so called Endothelial Colony Forming Cells (ECFC) [18, 19].
Apart from myocardial and vascular regenera-

Am J Transl Res 2010;2(3):285-295

Bone Marrow cells in regenerative medicine

Table 1. Randomized clinical trials of intracoronary treatment with bone marrow cells after AMI
Authors

Trial

N° of patients

Days after AMI

Follow up,
months

LVEF Outcome treatment
vs control

Wollert et al., 2004
[66]

BOOST

60

4.8

6

6.7% vs 0.7%

Meyer et al., 2006
[67]

BOOST

60

4.8

18

5.9% vs 3.1%

Schächinger et al.,
2006 [68]

REPAIR-AMI

204

3-7

6

5.5% vs 3.0%

Lunde et al., 2006
[72]
Huikuri et al., 2008
[69]

ASTAMI

100

4-8

6

3.1% vs 2.1%

FINCELL

80

Morning of
stenting

6

7.1% vs 1.2%

Nijveldt et al., 2008
[70]

HEBE

200

5-7

4; 12

2.3% vs 2.3%

Tendera et al., 2009
[71]

REGENT

200

3-12

6

3.0% vs 0%

tion as mechanisms of stem cell action, other
mechanisms have been proposed. For some
authors in many cases the frequency of stem
cell engraftment and the number of newly generated cardiomyocytes and vascular cells, either
by transdifferentiation or cell fusion, appear too
low to explain the significant cardiac improvement described. Accordingly, an alternative hypothesis has been proposed [20-22]: the transplanted stem cells release soluble factors that,
acting in a paracrine fashion, contribute to cardiac repair and regeneration. Indeed, cytokines
and growth factors can induce cytoprotection
and neovascularization. It has also been postulated that paracrine factors may mediate endogenous regeneration via activation of resident
cardiac stem cells. Furthermore, cardiac remodeling, contractility, and metabolism may also be
influenced in a paracrine fashion.
One of the most relevant aspects for cell-based
medicinal products is the scarce availability of
classical toxicology studies from the preclinical
development. Due to the characteristic of the
xenogenic relation, the human cells may be administered only to immune-deficient animals to
avoid the host rejection of the donor cells. Homologous models using cells from the same
species and strain to simulate the behavior of
the cell-based medicinal product are suggested
but might be of limited value due to the known
and unknown differences in cell physiology between species. In presence of a reduced pre-
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clinical section, it is required that the clinical
study should be performed with the highest attention to the safety and ethical issue involved.
A strong risk analysis should guide the sponsors
to perform the best clinical development possible with the lowest risk for the patients involved.
Bone marrow derived mononucleated cells for
cardiac regeneration
Despite significant advances in medical practice
and interventional strategy, ischemic heart disease (IHD) remain a major cause of mortality
and morbidity worldwide [23]. The interest in
utilizing adult BM-MNC for cardiac regeneration
began after a report that highly purified murine
transgenic haematopoietic stem cells contributed to the regeneration of cardiac muscle, following direct injection of the cells into the site of
the induced myocardial infarction [24, 25]. Animal models have documented that transplantation of BM-MNC following acute myocardial infarction (AMI) and in ischemic cardiomyopathy
(ICM) is associated with a reduction of the scar
size and with an improvement of the left ventricular ejection fraction (LVEF) and tissue perfusion [26]. There is now clear evidence that BMMNC engraft, survive and grow within the infarcted myocardium by forming junctional complexes with resident myocytes expressing at
their interface connexin 43 and N-cadherin [27].
Starting from these promising findings, several
clinical trials have been conducted analyzing
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the effects of intracoronary BM-MNC injection in
patients with AMI successfully treated by primary percutaneous coronary intervention. Results of the main clinical trials are reported in
Table 1. Likewise, in other trials, patients were
treated by direct intramyocardial injection during coronary artery bypass graft surgery (CABG)
mostly in the border zone of the infarcted myocardium[28].
Although promising, these preliminary trials reveal the typical heterogeneity of phase one clinical trials driven by academic groups. As a result,
it is now difficult to clearly compare outcomes:
studies differ for sample size, mean follow-up
duration,
disease,
route
of
injection
(intracoronary, intramyocardial, or via transendocardial delivery using electromechanical mapping system), cell type (unseparated whole BM,
BM-MNC, circulating progenitor cells, EPC, mobilized peripheral blood, selected CD34+ or
CD133+ cells) [29, 30]. Abdel-Latif et al. published a systematic review and meta-analysis of
the literature, evidencing that BMC transplantation is safe and associated with modest improvements in left ventricular function, remodeling and scar size in patients with both AMI and
ICM: although the benefit seems modest, the
results support the need for further large randomized trials [31]. Actually our own group figures as co-organizer of the randomized, multicenter SWISS-AMI trial[32], that aims to analyze
the optimal time point of BM-MNC treatment
after AMI. Worldwide, in further 25 registered
clinical trials patients with AMI are actively recruited for BM-MNC based therapy. Nine groups
are recruiting patients with ICM to be treated
with such a therapy (clinicaltrials.gov).
BMC in peripheral vascular disease
Despite recent advances in surgical and interventional techniques, a large percentage (about
40%) of patients with critical limb ischemia (CLI)
is not eligible for revascularization procedures
due to the anatomical location of the lesions,
the extent of the disease or extensive comorbidity [33, 34]. No effective pharmacological
therapy is available [35, 36].
Amputation is often the only option but is associated with even worse prognosis: perioperative
mortality is 5-20%, a second amputation is required in 30% of cases and full mobility is
achieved in only 25-50% of patients. Conse-
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quently, EPC have been identified as a potential
new therapeutic target.
In animal experiments, injection of ex vivo expanded EPC or BM cells, augmented neovascularization in hind limb or myocardial ischemia
[37-42]. In 2002 the TACT Study Investigators
showed that intramuscular injection of autologous BM-MNC in ischemic legs (n=45) was safe
and significantly improved ankle-brachial pressure index, transcutaneous oxygen pressure,
rest pain and pain-free walking time at 4 and 24
weeks. A preliminary uncontrolled study in 7
patients with CLI showed that intra-arterial infusion of autologous peripheral blood-derived progenitor cells was safe and feasible and improved ankle-brachial pressure index, transcutaneous oxygen pressure and endotheliumdependent vasodilatation at 12 weeks [43].
In the uncontrolled trial study of Kawamura et
al., [44] intramuscular administration of autologous PB-MNC could prevent limb amputation in
22 out of 30 ischemic limbs. In another trial,
intramuscular injection PB-MNC also caused a
significant improvement of clinical manifestations in 5 patients with severe arteriosclerosis
obliterans of lower extremities [45], and in a
randomized open controlled clinical trial on 28
diabetic patients with CLI, cell treatment improved critical limb ischemia [46].
The TAM-PAD trial analyzed combined intraarterial and intramuscular BMC transplantation
in 13 patients with CLI due to peripheral arterial
disease. Cells were injected intramuscular and
intra-arterial into the ischemic limb. In contrast
to the control group, after 2 months the painfree walking distance of the transplanted patients significantly increased from 147 to 500
meters and the ankle-brachial index was also
significantly improved. Similar improvement was
documented in capillary-venous oxygensaturation and venous occlusion plethysmography; after 13 months the positive effects persisted at their improved level.
More recently, the effect of exclusive intramuscular (IM) versus combined intra-arterial/ intramuscular (IA+IM) delivery of autologous BMC
was evaluated in patients with CLI who were not
candidates for surgical or endovascular treatment: 27 patients were treated with either combined IA+IM (n=12) or sole IM (n=15) administration. BMC treatment resulted in a significant
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and sustained (>12 months) improvement. Authors concluded that both intramuscular and
combined intramuscular/intra-arterial delivery
of autologous BMC resulted in relevant and sustained improvement in a considerable proportion of patients with severe PAD not amenable
for conventional treatment [47]. Cobellis et al.,
investigated the long-term effects of repeated
BM-MNC cell transplantation in 10 patients with
severe PAD and CLI [48]. Substantial improvement of blood flow and increasing capillary densities were seen when compared with a concomitant control group. The ankle–brachial index (ABI) and pain-free walking distance improved significantly in treated patients. The improvement was sustained 12 months after
treatment. At the moment, about 14 clinical
studies are registered in clinicaltrials.gov to
evaluate the efficiency of the intra-arterial administration of BMC into an ischemic limb.
Bone Marrow Cells in other diseases
The great plasticity of BM-MNC has been clearly
reported: beside the generation of cardiomyocytes, there are evidences that BM-MNC can
generate skeletal muscle. Muscle regeneration
and repair are though to be carried out by muscle-specific stem cells called satellite cells.
Derivation of skeletal muscle myocytes from BM
-MNC has been studied in human and in mouse
models of degenerative muscle disease [13,
49]. Conversion of BMC to hepatocytes has
been evidenced in animal models [50] and in
humans [51]. A safety study of autologous BMMNC in liver cirrhosis is in course at the Federal
University of Rio de Janeiro (NCT00382278).
Patients with moderate liver dysfunction and
waiting time expectancy of liver transplantation
longer than 12 months are infused with Technetium 99m through the hepatic artery. Scintigraphy is performed 2 and 24 hrs after infusion
and evaluated over a period of 12 months.
Has been also evidenced that BMC can differentiate in pancreatic endocrine-cells without cell
fusion [52, 53] and BM-derived pancreatic islet
cells were shown to be functional in a mouse
model of chemically induced diabetes [53]. In a
clinical trial promoted by the university of Shandong Qilu University Hospital (NCT00465478),
patients with Diabetes mellitus type I/II are
transplanted with autologous BM mononucleated cells (BM-MNC) through the splenic artery
with the distal lumen occlusion by means of an
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arterial catheter.
Several papers also suggested that BM-MNC
can differentiate into central nervous system
(CNS) cells, including neurons, oligodendrocytes
and astrocytes, both in vivo and in vitro
(reviewed in Grove et a [54]). In a clinical trial
promoted by the Imperial College of London
(NCT00535197), ten patients with ischemic
stroke will be transplanted with autologous BM
selected CD34+ cells. The immunoselected
cells will be directly infused into the area of the
stroke intra-arterially using the middle cerebral
artery. At the federal University of Rio de Janeiro, 10 patients with ischemic stroke within
the middle cerebral artery territory will be transplanted with up to 500x106 autologous BMMNC injected into the middle cerebral artery
through a percutaneous approach. Changes in
neurological deficits and improvements in functions will be evaluated at baseline and at regular intervals during 4 months follow-up.
Cell processing
Manufacture of cells as medicinal products,
requires compliance with all aspects of GMP
regulations. The first step to developing a cell
therapy program is the design, construction and
validation of the physical infrastructure dedicated to this project [55, 56]. The GMP facility is
relied on to control environmental contamination and thereby generates a sterile product.
Aseptic techniques are used throughout product
manufacture to control contamination. Maintaining aseptic technique drives the construction, design and function of GMP facilities. Aseptic technique (Figure 1) is maintained through
environmental controls (including air filtration
systems and routine cleaning and maintenance
programs), control of critical materials, and personnel training and physical isolation (gowning).
The entire manufacturing process of an advanced therapy medicinal product, including the
marrow collection and transportation, the cell
manipulation including packaging and the final
transportation should be validated according to
ICH [57] with the aim to demonstrate that each
step of the manufacturing process is well controlled. Furthermore, aseptic processing should
be validated and critical points of the manufacturing process defined.
Qualified medical professionals should collect
BM-MNC; sample contamination with PB can be
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30-40 min at room temperature) and the MNC
ring collected. Cells are then washed and centrifuged typically at 60-100xg for 10 min at room
temperature.
The cell-washing step should be optimized in
order to ensure the clearance under the permitted daily exposure (PDE) for the extractable
compounds constituting the density gradient
medium. Cells are then filtered using a 70 µm
cell strainer and resuspended in a defined volume in an injectable media. A sample of the
final product must be retained for QC analysis. If
the MNC cells are used for cardiac regeneration
by intracoronary administration, cells are typically resuspended in 10 ml of an injectable media and aspirated in a luer-lock syringe. The syringe is defined as the primary container and
should be labeled as indicated by GMP.
Density gradient separation could be performed
also automatically in a closed system, reducing
the risk of cell contamination by using automated cell separators or elutriators now available on the market.
Figure 1. Special gowning for entry in a controlled
contamination area

minimized and BM collection maximized by limiting the aspiration volume per puncture. Cells
should be sent to the production facility under
controlled temperature. The limit storage time
for the unmanipulated cells should be determined based on stability testing of the final
product.
Virological screening must be performed on
starting material in accordance with current
national regulations [58, 59] before entering
the GMP facility. Once received, BM cells could
be fractionated or immunoselected for a defined cell population. As a condition, all reagents and buffer used during cell manipulation
should be produced under GMP and complete
traceability of the lot should be available. MNC
cells could be typically separated from other
physically different cells such as erythrocytes
and granulocytes after density gradient centrifugation (1.073-1.077 g/ml). The BM sample is
typically filtered by using a 100 µm cell strainer,
diluted in a suitable buffer (e.g. 0.9% saline or D
-PBS) and manually layered on the density gradient. Cells are then centrifuged (e.g. 400xg for
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The use of sedimenting agents able to remove
RBC and PLT from the bone marrow sample
have been purposed and used in clinical protocols of cardiac regeneration [60]: the BM is filtered by using a 200 µm blood infusion filter
and mixed with 50% v/v of a solution of gelatinpolysuccinate or hydroxyethylstarch, two commonly used plasma substitutes; cells are then
separated without centrifugation at room temperature, recovered, extensively washed and
resuspended in a suitable media.
When a specific cell subpopulation is required,
cells should be selected by immunomagnetic
labeling and washed in a closed system: the
application of a selection procedure is limited
to those antigens for which clinical grade antibodies are available.
The cell product must be subjected to release
testing: should be visually assessed for integrity,
correct labeling, and absence of macroaggregates. An acceptance cell viability range should
be specified based on preclinical and/or clinical
observations [61] and the minimum and maximum cell content should be declared based
over safety considerations related to the site
and route of implantation. For selected cell
populations, the percentage of cell purity should
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be specified as well as the limit acceptance for
undesired populations (RBC, PLT, granulocytes,
etc). The quantification of endotoxin content of
the cell product by using the methods described
in the EU or US pharmacopeia constitutes a
release criteria [62].
A shelf life should be assigned to the cell product once released and should be supported by
experimental data with regard to the maintenance of cell integrity and product stability during the defined period of validity. Once released,
a container able to maintain the declared temperature for the maximum interval of time established should be used and the temperature
monitored. The identity the cell therapy product
should be defined in terms of its phenotypic
profile. Cells should be characterized at least in
terms of expression of the following surface
antigens: CD45, CD34, CD133. While these
markers do not strictly relate to the regenerative
actions of BM-MNC, they represent surrogate
markers linked to a function already validated
by published data.
The cell product should be free from adventitious microbial agents (viruses, mycoplasma,
bacteria, and fungi) that could originate from
the starting or raw materials or adventitiously
introduced during the manufacturing process
even if cells are minimally manipulated. In any
case, a thorough testing for aerobes and anaerobes bacteria and fungi must be performed at
the level of finished product by using the methods described in the pharmacopea.
Cell potency is the quantitative measure of biological activity based on the attribute of the
product and on his relevant biological properties. As far as concern the potency testing within
the clinical use of BM-MNC in cardiac repair, the
importance of characterizing the function of
injected cells has been clearly pointed out [31,
63]. To evaluate the potency of BM-MNC obtained after density gradient centrifugation, authors proposed both in vitro and in vivo assays.
In the first case, BM-MNC cells were evaluated
by haematopoietic colony-forming unit (CFU),
and assessment of CFU-Fibroblast clonogenic
potential. Furthermore, based on observation
that the migratory capacity of BM-MNC predicts
the functional improvement after cell transplantation in tissue ischemia [64, 65] authors assessed the BM-MNC invasion capacity in vitro.
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The mouse hind limb ischemia model is currently purposed as an in vivo assay for the
evaluation of the neovascularization capacity of
BM-MNC.
The tumorigenicity of the cell product differs
from the classical pharmaceutics as the transformation can also happen in the cellular component of the product and not only in the
treated individual. The transformation risk associated with the cells should be evaluated based
on a risk analysis. In the case of cardiac regeneration or hind limb ischemia treatment, cells
are typically of autologous origin and the level of
cell manipulation is minimal. Furthermore, a
number of clinical trials are now available evaluating the safety of the use of selected or unselected BM-MNC for some applications. Considering as above-mentioned, the risk of tumorigenicity associated with the infusion autologous bone
marrow cells could be considered low.
Summary
Stem cells from bone marrow, administered
after minimal manipulation represent an important cell source for cell-based therapies. The
ease of collection, combined with a minimal
manipulation that can be an immunological or a
density gradient separation, in the past has
meant that many clinical trials have been carried out starting from this source of stem cells.
The trial results, have revealed both safety and
efficacy of the use of stem cells starting from
BM-MNC in many cardiovascular diseases.
Many of these clinical trials were performed in a
period before the entry into force of the regulation on advanced therapies: this meant that in
some cases, the quality of infused cells (e.g. cell
viability) had not always been considered. As a
result, conflicting data have been generated on
the effectiveness of cell-based therapies in certain diseases as acute myocardial infarction.
We now have a clear regulatory framework that
will allow for better development of the drug,
which should be based on clear scientific evidences, on the development of appropriate preclinical models and rely on a production based
on GMP standards to ensure maximum safety
for people involved in clinical trials. Hospitals,
clinics and industry must be able to meet the
challenge for the future.
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