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Summary

Therapeutic applications of cells are likely to increase
greatly in the future. Cell and cell-based gene therapy
manufacturing facilities need to be purpose-designed
and accredited by their national medicinal regulatory
body. Production scientists need to work in close tandem
with quality assurance and ethics committees to absolu-
tely ensure the safety of new cellular products. In this re-
view, we consider the need for preclinical safety and effi-
cacy data, tissue source for manufacture of clinical grade
human mesenchymal stem cells, aseptic tissue proces-
sing, indemnification, and the role of the national medici-
nal regulatory body in appropriate clinical trial design.

Introduction

Mesenchymal stem cells (MSC) show great promise as a bio-
logical therapeutic cellular agent for a diverse range of unmet
medical needs [1]. They are multipotent cells that can be de-
rived from many different organs and tissues [2-7], and are
(partially) characterised according to expression of the cell
surface markers CD44, CD90, CD73, CD105, and CD166 [8].
MSC are relatively easy to isolate and expand in culture, and
because of their multipotency, paracrine effects, immunomod-
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Zusammenfassung

Die therapeutische Anwendung von Zellen wird in der
Zukunft stark zunehmen. Reinraume fir Zell- bzw. zellba-
sierte Gentherapie miissen zweckentsprechend gestaltet
und von der jeweiligen Aufsichtsbehorde zertifiziert sein.
Wissenschaftler in der Produktion miissen eng mit der
Qualitatskontrolle sowie den Ethikkommissionen zu-
sammenarbeiten, um die Sicherheit neuer zellularer Pro-
dukte zuverldssig zu gewahrleisten. In diesem Uber-
sichtsartikel beleuchten wir die Notwendigkeit von vor-
klinischen Sicherheits- und Effektivitatsdaten, Herkunfts-
gewebe fiir die Herstellung humaner mesenchymaler
Stammzellen klinischer Qualitat, aseptische Gewebebe-
arbeitung, Schadensersatz sowie die Rolle der nationalen
Bundesinstitute fur Arzneimittel bei der Sicherstellung
eines adaquaten klinischen Versuchsdesigns.

ulatory properties, migratory behaviour, and ethical considera-
tions, they are likely to provide novel therapeutic alternatives
in the 21st century.

When isolated by plastic adherence and expanded ex vivo,
these cells have been shown to differentiate into cell types of
mesodermal origin including chondrocytes, adipocytes, and os-
teocytes [5, 6]. In addition to their mesodermal differentiation
ability, MSC possess a greater plasticity in that they may be ca-
pable of differentiation into cells with characteristics of both
ectodermal (neurons) and endodermal (hepatocytes) lineages
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[9]. The multipotential properties and immuno-privileged abil-
ity gives them a major advantage over many other cell thera-
pies in that in large outbred animals, including humans, they
can be transplanted across major histocompatibility complex
(MHC) barriers without the need for immune suppression
[10]. Since tissue matching between MSC donor and recipient
does not appear to be required, MSC appear be the first cell
type able to be used as an ‘off-the-shelf’ therapeutic product.
They can be mass-produced, cryopreserved, and shipped to
medical facilities for immediate use in both acute and chronic
disease settings. MSC have been reported in preclinical studies
to improve myocardial function after myocardial infarction
[11-14], liver damage [15], and lung damage [16]. Illustrative
of these restorative abilities, several pre-clinical studies in the
myocardial infarction model have reported that MSC attenu-
ate maladaptive left ventricular (LV) remodelling, and pre-
serve and/or promote recovery of pump performance after
myocardial infarction. The mechanism underpinning these ef-
fects has been variously attributed to de novo cardiomyogene-
sis and neoangiogenesis. A growing body of evidence suggests,
however, that the therapeutic effects of MSC transplantation
primarily result from indirect stimulation (often termed
paracrine) of neovascularisation, and protection from is-
chemia-induced apoptosis [17, 18].
Therapeutic application of MSC in humans has progressed as
far as phase III clinical trials for the treatment of graft-versus-
host disease after bone marrow transplantation, and for the
treatment of Crohn’s disease. MSC are also in phase I clinical
trials for the repair of myocardial damage after acute myocar-
dial infarction, repair of non-healing bone fractures, and re-
pair of meniscal tears. MSC are also a common starting mater-
ial in many tissue engineering applications, exemplified by the
production of osteo-inductive bone fragments and cartilage
constructs. Thus, a plethora of potential therapeutic applica-
tions exist. Since MSC are derived postnatally (i.e., they are an
‘adult’ stem cell), their clinical application does not face the
ethical challenges surrounding embryonic stem cells. Impor-
tantly, and unlike small molecule therapeutic agents, MSC and
other cell types used in treatment are almost entirely manu-
factured in clinical facilities. Thus, for the first time, scientists
producing theses agents need to be aware of, and diligent
about, manufacturing these cells with high regard for the safe-
ty of the infused product. In this review we will consider the
following points or questions:

— The need for in vitro and in vivo preclinical safety and effi-
cacy data prior to initiating a clinical trial with human MSC.

— What is a safe, accessible and non-traumatic tissue source
for the isolation and manufacturing of clinical grade
human MSC?

— If a source other than bone marrow is utilised, how will it
be harvested aseptically and the tissue processed prior to
expansion on plastic surfaces?

— 1If a new source of MSC is to be utilised, what are the ap-
propriate patient populations to be offered this product?
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— What is the appropriate design for clinical trials involving
human MSC?

— Role of the Institutional Ethics Review Board and the
donor informed consent process.

— Role of the quality assurance program controlling MSC
manufacturing.

— Need for indemnification by the clinical facility in which
the trial is taking place.

— Role of the national medicinals regulatory body.

Need for in vitro and in vivo Preclinical Safety and
Efficacy Data Prior to Initiating a Clinical Trial with
Human Mesenchymal Stem Cells

MSC used for any clinical trial need to be characterised in
terms of cell surface phenotype, differentiation potential, and
immunosuppressive functional capacity. In vivo toxicity stud-
ies, at a minimum in mice, need to have been performed in a
dose escalation manner. Efficacy data need to be available ei-
ther from the Principal Investigator’s laboratory or in the
peer-reviewed medical and scientific literature.

Production of Human Mesenchymal Stem Cells
for Clinical Trials

The ideal source of MSC for the clinic would be readily avail-
able, using a non-invasive harvesting procedure and yielding a
large numbers of MSC for ex vivo expansion. MSC from tis-
sues otherwise discarded, such as placenta, amniotic fluid, or
liposuction fat, are an attractive alternative to bone marrow
for large scale clinical production in the future.

Isolation and Characterisation of MSC

Several tissue sources of MSC have been studied that have po-
tential for use in clinical trials. Historically, bone marrow has
been the source tissue from which MSC have been derived [6].
Bone marrow was the first tissue in which MSC where identi-
fied [5], and isolation procedures for MSC from bone marrow
have been well defined. More recently, other tissue sources
have been suggested as a source of MSC including adipose tis-
sue, placenta, and liver [2-4,7,9, 19]. These may also be of use
for clinical trials, and indeed may be preferable sources. At
least in terms of use of allogeneic MSC in clinical trials, bone
marrow isolation of MSC is still the most commonly used
source [10, 20]. Bone marrow-derived MSC have been shown
to have both multipotent differentiation potential and power-
ful immunosuppressive qualities [21]. However, donation of
bone marrow remains an invasive procedure requiring anaes-
thetic and significant risk and discomfort to the donor. An al-
ternative source of donor bone marrow is that derived after
orthopaedic surgery [22], a procedure that is generally carried
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out on older individuals. However, there may be considerable
variation in ‘quality’ in terms of both expansion and differen-
tiation potential of these cells [23], and therefore many poten-
tial donors may not be suitable. For these reasons, large scale
collection of bone marrow for MSC use in the clinic is still
difficult.

What Is a Safe, Accessible, and Non-Traumatic Tissue Source
for the Isolation and Manufacturing of Clinical Grade Human
MSC?

Placenta represents an alternative source of MSC that may be
utilised in clinical trials. Placentas are a natural waste product
at birth, and at the Mater Mother’s Hospital, there are approx-
imately 8,000 births per year, thus providing ample potential
for donor tissue. We have therefore opted to use placental-de-
rived MSC for our first clinical trial. Placental MSC show clas-
sical MSC phenotype and differentiation properties and po-
tent immunosuppressive properties [24, 25]. In terms of manu-
facture of MSC from placenta, sterility of tissue at time of cell
harvest is a major concern. We have opted for voluntary cae-
sarean sections, as, although the operating procedures are
open, they are performed in a relatively sterile environment.
The placenta is subsequently double bagged in plastic draw
string bags. After weighing, the placenta is placed in a cool box
and transferred to our manufacturing facilities on the same
campus for tissue processing.

Bone marrow MSC have been collected using standard densi-
ty gradient procedures using Percoll™ (GE Healthcare, Upp-
sala, Sweden). However, Percoll is not produced as a good
manufacturing practice (GMP) grade reagent. Ficoll-Paque
Premium™ (GE Healthcare), although more toxic to cells
than Percoll, is manufactured under GMP conditions. We have
found that Ficoll-Paque produces equivalent results for isola-
tion of placental cells in our clinical trial (Rossetti et al., un-
published data). The absolute number of MSC present in the
mononuclear cell prep is not known as there is still no reliable
unique marker for MSC. However, we have found that in
freshly isolated mononuclear placental cells, approximately
0.6% of cells are CD73+ CD105+. However, the number of
colony forming units (CFU) is considerably lower (unpub-
lished observations). This is in line with the findings of others
that have shown CFU to represent only 0.01-0.001% of mo-
nonuclear cells from bone marrow [6].

MSC can be greatly enriched from mononuclear cell prepara-
tions simply by selecting for rapidly proliferating plastic-ad-
herent cells using standard media (e.g. Dulbecco’s Modified
Eagle Medium (DMEM)) and foetal calf serum (FCS). How-
ever, although this technique is good at removing contaminat-
ing leukocyte populations, it still yields a somewhat heteroge-
neous population with respect to the multipotency of mes-
enchymal stromal cells, such that when clones are isolated,
they show mono-, di-, and tri-potentiality [6, 26]. At present,
there are no markers that can specifically isolate tri-potential
MSC from cultured adherent stromal cells.

Points to Consider in Designing Mesenchymal
Stem Cell-Based Clinical Trials

If a Source Other than Bone Marrow Is Utilised, How Will

It Be Harvested Aseptically and the Tissue Processed prior to
Manufacturing on Plastic Surfaces?

In terms of isolating MSC from tissues other than bone mar-
row for clinical trials, there has been a significant amount of
pre-clinical work, and clinical trials are being initiated. There
has been some variation in the types of tissue used and in the
types of methods utilised to isolate MSC. Tissues used include
cord blood, cord (Wharton’s jelly), term and early trimester
placenta, amniotic fluid, and amnion, and have all been re-
ported as being sources of MSC [27, 28]. Placenta represents a
particularly attractive source due to its ready availability. We
have recently completed manufacture of 4.5 x 10° quality-con-
trolled human MSC from 2 placentas for a Human Research
Ethics Committee (HREC)-approved clinical trial to acceler-
ate haematopoietic recovery after cord blood transplantation
(fig. 1). Yen et al. [28] have reported using a flush/trypsin pro-
tocol for the isolation of MSC from term placenta. This is a
very gentle method consisting of a PBS wash of placental
pieces followed by a 10-min incubation with 0.25% trypsin/
EDTA. Isolated cells were plated directly without a density
gradient step. We have utilised a collagenase I-based protocol
that requires tissue dissection, washing to remove excess cord
blood, and incubation with collagenase I enzyme before isola-
tion of cells. The major obstacles have been a lack of GMP
grade reagents in the cell isolation steps, especially collage-
nase I. Collagenase I remains a crude isolation fraction con-
taining a range of proteins and enzymes (e.g. collagenase,
trypsin, and dispase). For future clinical production of MSC,
a more defined mixture of recombinant enzymes may be
required.

Although class II safety cabinets are used in the production of
MSC, this still represents an ‘open’ system of manufacture.
Even with a quality system in place and numerous safety pre-
cautions, there remains a greater chance of microbial contam-
ination in an open system versus a closed system which would
ideally be utilised. However, with the multiple steps required
for isolation of MSC from placenta, an open system of cell iso-
lation is still required at present.

Although small scale manufacture of MSC is possible, it repre-
sents a significant commitment of resources, both in terms of
labour and materials. For our production runs, we initially seed
eight 175-cm? tissue culture flasks (T175). After an initial ex-
pansion, the cells are passaged into 90 T175 flasks, which is
the capacity of 1 cell culture incubator. When the flasks have
just become confluent, the cells are detached from the flasks
using TrypLE select™ (Invitrogen, Carlsbad, CA, USA), a
GMP grade trypsin-like substitute. The majority of cells are
then frozen, whilst a fraction of the cells are used to seed a fur-
ther 90 flasks. This procedure is repeated 3 more times. Each
passage of 90 flasks yields slightly less than 1 billion cells. The
surface area represented by 90 flasks is 15,750 cm?, therefore
at the time of passage, there were just over 6,000 cells/cm?. The
cells are cultured in DMEM (1 g/l glucose) and 20% FCS. The

Transfus Med Hemother 2008;35:279-285 281



Fig. 1. Photomicrographs of a plastic adher-
ent human MSC (phase contrast, 200x) and

b Giemsa-stained cytospin of human MSC
(1,000x). ¢ Forward and side scatter fluores-
cence-activated cell sorting (FACS) dot plot
of human MSC. d Flow cytometry staining of
passage human MSC showing positive staining

1 0.06%

for CD73 and CD105. CD45+ cells (leukocytes) 10°
constituted 0.4% at this time point.

relatively high FCS concentration was used to maximise cell
expansion rate [25]. The use of FCS is another risk factor that
should be noted in clinical trials. FCS shows considerable vari-
ation in activity from batch to batch, and therefore in large
scale production, large amounts of FCS may need to be re-
served. The Australian Therapeutic Goods Authority (TGA)
(equivalent of the FDA in the USA) allows the use of FCS for
the production of clinical grade materials as long as it is
sourced from cattle in a country free of bovine spongiform en-
cephalitis such as Australia or New Zealand. However, ulti-
mately, serum-free growth media would be preferred, and
there have been recent additions to the market that may allow
for this. We are currently testing these products. As well as
production scientists involved in this manufacturing, we have a
dedicated Cell Therapy Quality Management system in place
to provide quality assurance of the manufacturing (see
below).

The outcomes of our initial 2 manufacturing production runs
generating MSC from 2 human placentas (which met quality
release criteria) were 4.5 <> 10° placenta-derived MSC cryop-
reserved; 97% viability; Gram stain negative; endotoxin test-
ing < 0.48 EU/ml; sterile on 14-day culture of cell sample; flow
cytometry CD45 negative, CD73/CD105 96% double positive;
and normal karyotype. These MSC have been transported to
our collaborating hospital, Westmead Hospital Sydney, and
the first patient received the infusion of human, unrelated,
MHC-unmatched placenta-derived MSC in May 2008. As far
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as we are aware, this was the first time, placenta-derived MSC
have been utilised clinically.

The current manufacturing process takes approximately 210 h
with 3 production scientists to harvest and expand MSC from
a single placenta. We are therefore now developing an auto-
mated process for the harvest and cultivation of MSC. A key
challenge lies in the handling of large scale adherent cell cul-
tures. We will utilise bioreactor technology. An integral fea-
ture of this approach is to develop a fully closed system com-
pliant with current GMP. During production and preparation
(manufacture) of our MSC for release, significant handling of
the products occurs. Placentas must be collected from the
birthing suite, packaged, and transported to the cell produc-
tion facilities. Cells are manipulated multiple times during ex-
pansion. After cell production, cells must be transferred to
cryostorage, and then transferred interstate before transplan-
tation of the intended recipient. During these procedures,
the product is manipulated, stored, transported, frozen, and
thawed, thus providing multiple risk points for the product to
be compromised.

Patient Delivery Procedures for MSC in Clinical Trials

MSC clinical trials in humans to date have used mostly bone
marrow-derived MSC delivered via venous infusion [10, 20].
However, some groups have shown MSC can be safely in-
fused into coronary arteries [29, 30] and the spinal cord [31].
The doses of MSC given generally range from 1 x 10%kg to 10
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x 10%kg, and no acute infusion-related toxicity has been ob-
served at these doses. Although there is no widely accepted
standard for cryopreservation, storage, thawing, and infusion
of MSC therapies, our group has adhered to a combination of
standards from early MSC trials and current practices in
other clinical stem cell processes. MSC are cryopreserved in
cord blood cryobags using a controlled rate freezer, ramping
from 0 to -90 °C in 1.5 h. Numerous options for cryopreserva-
tion solution are available from the simple clinical human
serum albumin (HSA) and 10% dimethyl sulfoxide (DMSO)
to a commercially prepared product such as Cryostore. We
have chosen to use approximately 5% HSA, 10% DMSO in
Hanks Balanced Salt Solution. The MSC are then stored in
vapour phase liquid nitrogen storage vessels until all release
criteria testing has been finalised and approved. Once re-
leased from manufacturing, the MSC can be shipped to clini-
cal sites in a validated ‘dry shipper’ capable of holding the
temperature below —130 °C for up to 5 days. The thawing pro-
cedure for venous infusion of MSC is rapid. The cryobag is
double bagged and thawed in a 39 °C water bath at the pa-
tients bedside. Patients are pre-medicated with an antipyretic
and antihistamine (acetaminophen and diphenhydramine hy-
drochloride) to minimise any DMSO infusion toxicity [20].
When the cell product is almost completely thawed, the cells
are gravity-infused at a slow rate (5 ml/min) until the re-
quired cell dose is achieved.

Quality System and Controlled Process

Role of the Quality Assurance Program Controlling MSC
Manufacturing

In order to minimise risks to the product and maximise safety
of patients and staff, and also to comply with the requirements
of the HREC, a Quality System was established at the Mater
Health Services/Mater Medical Research Institute in June
2005. The main objective of the Quality System was to provide
support in order to comply with national and international
standards, such as GMP for Blood and Tissues by the Aus-
tralian TGA and other applicable standards. As part of the
Quality System, an extensive document control system has
been developed and implemented in order to comply with
GMP requirements. It covers relevant protocols, procedures,
and other related documentation. The Quality System imple-
mented in collection, processing, storage, and release, also ad-
dresses the following elements: i) facilities (design, access, and
maintenance); ii) equipment (purchase, use, and mainte-
nance); iii) materials (specifications, purchase, storage, and
use); and iv) quality assurance (quality control, validation,
qualification, and document control).

We have established a formal training system which includes
learning modules, training, and assessment, as well as continu-
ing education for staff. An efficient and robust system of re-
porting and addressing of non-conformances (non-compli-
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ances with external or internal requirements), improvement
suggestions, and change control has been established. The
Quality System staff conducts regular internal audits and au-
dits of third parties, while providing relevant follow-up of non-
conformances, recommendations, and consultancy to stake-
holders. In areas where the Quality System interacts with hos-
pital departments and infrastructure, such as housekeeping,
engineering, information technology, and supply department,
the aim is to establish relevant service level agreements in
order to ensure adequate level of regulatory compliance.

The Quality System approach is risk-based. It builds up on the
multidisciplinary team expertise, while founded on the follow-
ing elements: quality program, organisation and personnel,
standard operating procedures, facilities, environmental con-
trol, equipment monitoring, supplies and reagents, process
controls, process changes, process validation, labelling design
and control, storage requirements, records, tracking, non-con-
formances and complaints management, risk assessment, re-
porting and reviewing.

What Is the Appropriate Design for Clinical Trials Involving
Human MSC?

Clinical trials using new sources of MSC should be initiated as
phase I trials. Clinical trials using cells that have been used in
phase I but are now being used in a different clinical setting
may be initiated as phase I/II clinical trials. In this setting, a
placebo-controlled double-blind trial design has significant
value. A Data Safety Monitoring Board is strongly recom-
mended. Phase I trials with MSC should focus primarily on
safety endpoints such as acute infusional toxicity, increase in
incidence of infection or of malignancy (because of the im-
mune suppressive capacity of MSC), and occurrence of ec-
topic tissue formation (because of the ability of MSC to differ-
entiate into bone, cartilage, or fat tissue). Thus, monitoring of
the recipient’s vital signs is important for at least 4 h after
MSC infusion. In our clinical trial program, we check for the
possibility of ectopic tissue formation using computed tomog-
raphy (CT) scanning of the chest, abdomen, and pelvis at 3,12,
and 24 months after MSC infusion. Phase I trials can also be
used for MSC dose-finding studies. Phase II studies explore
efficacy endpoints such as the potential acceleration of
haematopoietic engraftment after umbilical cord blood trans-
plantation if MSC are co-transplanted with cord blood cells, or
change in cardiac function if MSC are administered after an
acute myocardial infarction. Phase III studies determine the
efficacy of MSC compared to the current best standard prac-
tice. All trials need to be powered with a sufficient number of
patients to allow a conclusion to be made with regard to the
clinical aim being tested. It is also of scientific importance to
determine if MSC survive after transplantation. This can be
assessed using HLA typing of appropriate target organs or of
the bone marrow if allogeneic, unrelated, MHC-unmatched
MSC are used. Unrelated volunteer donors are currently the
most common source of MSC for clinical trials.
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If a New Source of MSC Is to Be Utilised, What Are the
Appropriate Patient Populations to Be Offered This Product?
All new experimental agents that are delivered systemically
should involve patient populations who are at significant risk
of morbidity or mortality with conventional treatment. A bal-
ance between potential benefit and potential unknown side
effects must be achieved using a fully transparent, ethically
valid informed consent process.

Role of the Institutional Ethics Review Board and the Donor
Informed Consent Process

Involvement of the Institutional Ethics Review Board is es-
sential and integral to MSC trials, as they are to the evaluation
and development of any other experimental therapeutic
agent.

Need for Indemnification by the Clinical Facility in which the
Trial Is Taking Place

Indemnification by the insurers of the medical facility in which
the trial is taking place is essential for the safety of the donors,
patients, staff, and the facility itself.
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Role of the National Medicinal Regulatory Body
Likewise, the national medicinal regulatory body should be
aware of the initiation of the clinical trial before it starts.

The Future

Therapeutic applications of in vitro manipulated cells repre-
sents an exciting and growing field. Cell and cell-based gene
therapy manufacturing facilities need to be purpose-designed,
and will need to be accredited by their national medicinal reg-
ulatory body. Production scientists need to work in close tan-
dem and harmony with quality assurance and ethics commit-
tees to absolutely ensure the safety of new cellular products.
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