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1. Introduction

The growth in the number of registered clinical trials indi-
cates that there is a need for cells for many types of cell
therapy. Figure 1, which is reprinted from the excellent blog
maintained by Alexi Bersenev, shows that the cell type used
in most clinical trials worldwide is the mesenchymal stromal
cell (MSC).TheMSC type requires in vitro expansion to reach
a clinical dose and thus there is a desire to optimize and
standardize processes and procedures for MSC manufacture
specifically for clinical use.

When considering MSC, there are “issues” associated
with manufacturing which warrant special consideration.
Some of these issues are associated with the identification
of the MSC source used for therapeutic cells because MSCs
can be isolated from different tissues. For example, they can
be isolated from fat, bone marrow, or fetal tissues such as
placenta or umbilical cord. For autologous use, MSCs from
fat have received attention.MSCs can be isolated fromdonors
of different age or sex. Finally, the health status of the donor
may affect MSC function. These factors may affect MSC
isolation, expansion capability, function, and/or survival after
transplantation.Thus,MSCs from one tissue may be superior
to MSCs from another for a particular clinical application.
However, if one cannot expand the MSCs to a therapeutic
dose, it moots the point.

Much attention has focused upon manufacturing or
expanding MSCs for clinical use. There is a lack of standard-
izationwithMSC characterization, as recently reviewed [1, 2].

Some researchers suggested that “standardized” MSCs be
derived, expanded, and provided to the research community
as a means of addressing the differences in MSC character-
ization found between laboratories [2, 3]. Other researchers
suggested that standardization of the characterization meth-
ods and tools is needed [1]. When one considers that MSC
manufacturing and passaging contribute to the differences
mentioned above, for example, MSCs isolated from different
passages [4, 5] or from donors of different tissues, ages,
or health status reflecting the inherent biological variability,
MSCs might defy standardization [2, 6–8]. As a first step,
it might be easiest to establish standardized characterization
tools and protocols or perhaps to use a certification procedure
to make the characterization of MSCs between laboratories
more uniform.

In this issue, eight articles address different aspects of
manufacturing cells for cell therapy. These articles can be
broken down into two groups. The first group deals with
scale-up and manufacturing of MSCs and consists of five
papers (those of J. R. Smith et al., F. Petry et al., D. Salzig et al.,
R. J. Emnett et al., andV. Jossen et al.).The second group deals
with application and optimizing of cell therapy and consists
of three papers (those of N. E. Rekittke et al., S. Zhou et al.,
and J. E. V. Meraz et al.).

2. Manufacturing MSCs for Clinical Use

J. R. Smith et al. focused efforts to standardize and opti-
mize the isolation of MSCs from the umbilical cord. They
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Figure 1: Number of stem cell therapy trials by cell type worldwide
(reprinted from [9]).

developed a process to extract cells using Miltenyi C-tubes
coupled with enzymatic digestion with minimal dissection
that resulted in 10x more MSCs than their previously
described method, while also reducing contamination risk.
They expanded theMSCs in xenogeneic-material-free condi-
tions using 10% pooled human platelet lysate to supplement
the growthmedium.MSCs produced using their newmethod
met the minimal definition of MSCs set by ISCT’s MSC
working group. They also had one unexpected finding: a
higher yield of MSCs from cords derived from natural
births compared to Caesarian-section births. They did not
identify the mechanism responsible. Taken together, their
findings provided a more streamline extraction method and
an optimized expansion protocol suitable for translation
to clinical manufacturing. The main limitation for clinical
translation is the use of enzymatic digestion.

The contribution by F. Petry et al. involves the growth
of MSCs in three dimensions (3D) with scale-up to clinical
manufacturing in a stirred tank bioreactor. They started the
scale-up by identifying microcarriers that would be suitable
to the umbilical cord MSCs in small-scale spinner flasks.
Interestingly, the umbilical cord MSCs preferred a plastic
microcarrier, as opposed to the treated glassmicrocarrier that
telomerase immortalized bone marrow MSCs prefer [10–12].
It appears thatMSCs fromdifferent tissue sources have differ-
ent attachment requirements. Or perhaps the differences are
due to the use of pooled human platelet lysate as a medium
additive in F. Petry et al.’s paper compared to fetal bovine
serum used to expand the bonemarrow-derivedMSCs. After
identifying the best microcarrier, F. Petry et al. tested seeding
protocols and feeding strategies in spinner flasks. The paper

culminated in scale-up to 2.5 L in a Millipore Mobius single
use stirred tank bioreactor. This paper identified scaling
factors and set the stage for more highly refined optimization
and an SOP for MSC expansion. The MSCs produced in 3D
met the minimal definition of MSCs and were not obviously
different from the MSCs expanded in 2D in their companion
paper (J. R. Smith et al.).

The paper by D. Salzig et al. involved the optimization
of MSC expansion in chemically defined medium (CDM)
for GMP manufacturing. The use of a chemically defined
medium might eliminate the need for batch-to-batch com-
parison and validation of medium which employs biologics.
D. Salzig et al. compared the growth of both an immortalized
MSC line and primary MSCs from bone marrow or adipose
tissues in CDM following various surface treatments of the
substrate to enhance attachment. They found a difference
in the surface attachment requirements between the MSC
types. For example, bone marrow-derived MSCs did not
attach rapidly in CDM, compared to immortalized MSCs or
adipose-derivedMSCs that attached in 2–5 hrs. Immortalized
MSCs attached readily to specialized tissue culture plastic
in CDM and grew as well as or better than MSCs seeded
onto standard tissue culture plastics in serum containing
medium. In contrast, surface coating with collagen type IV or
fibronectin, but not laminin,was important for bonemarrow-
derived MSC’s attachment and growth. Interestingly, for the
bone marrow MSCs, D. Salzig et al. were unable to achieve
MSC expansion equal to serum containing medium. Next,
they evaluated the detachment efficiency of four different
enzymes (trypsin, accutase, prolyl-specific peptidase (PsP),
and collagenase) on bonemarrow-derivedMSCs and immor-
talized MSCs. Again, they found differences between MSCs
source and the type of medium on the detachment efficiency.
For immortalized MSCs, CDM reduced the efficiency to
detach, compared to serum containing medium, and colla-
genase was inferior to trypsin, accutase, and PsP. In contrast,
all four enzymes performed equally well for detaching bone
marrow-derived MSCs grown in serum containing medium,
with little or no effect of surface treatment. These results
indicate that derivation of SOPs for MSC expansion and
harvestmight need to be customized for each type ofmedium
used and MSCs tissue source. The data in this paper argues
against the notion that standardized conditions forMSCs can
be generalized across tissue source.

R. J. Emnett et al. developed a GMP-compliant method to
isolatemesenchymal stromal cells (MSCs) from the umbilical
cord. Since many of the currently described methods use
enzymatic digestion to extract cells from the cord and since
that step introduces xenogeneic reagents, R. J. Emnett et
al. were determined to extract MSCs following mechanical
disruption of the cord using a tissue homogenizer and they
compared the yield to that obtained following collagenase
digestion. Next, they expanded MSCs in medium supple-
mented with 10% pooled human platelet lysate or 20%
fetal bovine serum. They found that mechanical disruption
produced an identical yield as collagenase extraction at the
initial isolation step. However, following expansion, fewer
cells were produced after mechanical dissociation compared
to enzymatic extraction. Mechanical extraction may have
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introduced higher levels of cellular stress and this could have
produced the observed slower expansion at both early pas-
sage (P1–P3) and later passage (P7–P9). Mechanical dissocia-
tion impaired colony-forming efficiency of MSCs compared
toMSCs enzymatically extracted whenMSCs were expanded
in pooled human platelet lysate, also suggesting that MSCs
isolated by mechanical disruption were stressed. R. J. Emnett
et al. calculated that they could theoretically reach their
manufacturing goals of 30 billionMSCswithin approximately
one month of culture for either method. Their method is
easily scaled up, requires minimal manipulation of the cord
tissues prior to extraction within a closed system, and pro-
ducesMSCs that meet the ISCT definition for surface marker
expression and trilineage differentiation. While additional
characterizationwork would be needed to validate thatMSCs
expanded following mechanical extraction are bioequivalent
to MSCs expanded following enzymatic isolation methods,
the simplicity of this method is encouraging and easily
standardized between laboratories.

V. Jossen et al. examined the expansion of human
adipose-derived MSCs on microcarriers for manufacturing
scale-up in both stirred tank bioreactor and a bag (wave-
mixer type) bioreactor. Their intent was to investigate the
relationship between impeller speed and shear stress and to
minimize the aggregation of microcarriers which is thought
to result in limitations of mass transfer and heterogeneous
distribution of cells on the carriers. Further, aggregation
of carriers may interfere with the use of computational
methods to model scale-up results. Here, V. Jossen et al. used
adipose-derivedMSCs from a single donor.TheseMSCswere
expanded in Lonza specialty medium supplemented with
5% fetal bovine serum using polystyrene microcarriers. The
authors found the largest expansion factor at impeller speeds
that were slower than the suspension speed (Ns1), at a speed
they term Nsiu. It should be noted that Ns1 (sometimes called
NSJ) is used in the industry as an accepted impeller speed
since this is the minimal speed to suspend the carriers in the
fluid column, thereby maximize mass transfer, and minimize
the possibility of heterogenous distribution of cells on the car-
riers. The authors show enhanced growth rate and therefore
expansion factor at a slightly slower impeller speed (Ns1u) and
suggest that the lower shear stress on the cells may explain
the differences. One confounding factor to their experiment
was that aggregates of MSCs and microcarriers occurred by
the end of the culture period. Thus, there are still issues to be
resolved. V. Jossen et al. performed experiments expanding
MSCs in a bag type of bioreactor to evaluate the differences
between Ns1 and Ns1u between the two types of bioreactors.
They evaluated the maximum power and the shear stress
in the wave type bioreactor, which provides a rhythmic
periodic stress as opposed to the constant stresses provided
in stirred tank bioreactors. Finally, they performed a proof-
of-concept expansion of MSCs to compare yields between
stirred tank and wave type bioreactors. While propagation
of MSCs was possible in both bioreactors, the yield in the
wave type bioreactor was three times lower than the stirred
tank system. In addition, the wave type bioreactor produced
larger aggregates, up to 6mm in size. Their results confirm
earlier reports that Ns1u produces superior propagation of

MSCs in stirred tank bioreactors and that stirred tank
bioreactors are superior for MSC expansion compared to
wave type bioreactors. These data confirm that shear stress
and aggregate formation negatively affect MSC expansion.
When this paper is taken in the context of others within
this special edition, one wonders whether these data can be
extended to other media conditions, such as a chemically
defined medium as discussed in R. J. Emnett et al.’s paper,
or whether these data can be extended to other MSC sources
(as in D. Salzig et al.’s paper). Using mathematical modeling
to optimize MSC manufacturing is a new topic that will be
refined as additional results identify the key variables.

2.1. Application and Optimizing of Stem Cell Therapy. When
treating many forms of hematological cancers or solid
tumors, hematopoietic stem cell transplants reconstitute
hematopoiesis after myeloablative therapy to reduce tumor
burden. Mobilized peripheral blood progenitor cells col-
lected by aphaeresis have become a common means to
treat myeloablative therapy in such patients, replacing even
bone marrow transplant due to the rapid recovery following
transplantation. J. E. V. Meraz et al. compared three different
stem cell mobilization methods in children with malignant
cancers to evaluate which was best for hematopoietic stem
cell mobilization.The threemethodswere cyclophosphamide
(CFA) and hematopoietic growth factor G-CSFwith aphaere-
sis beginning when white blood count (WBC) exceeded
1 × 109/liter (group A), CFA with G-CSF with aphaeresis
beginningwhenWBCexceeded 10× 109/liter (groupB), orG-
CSF alone for 4 days followed by aphaeresis beginning on the
fifth day (group C). In each case, aphaeresis continued until
the target dose of CD34+ cells and MNCs reached 2 × 108/kg
and 4 × 108/kg, respectively. Adverse events, recorded as
hospitalization instances due to neutropenia, were recorded
in the CFA-treated groups (groups A and B), but not in the
G-CSF only group (group C). While group B appears to be
superior to group A for mobilization (total MNC and CD34+
cell number), there were no differences between groups B
and C. J. E. V. Meraz et al. concluded that CFA and G-CSF
mobilization when WBCx exceeds 10 × 109/kg had similar
efficacy to mobilization with G-CSF alone, but G-CSF alone
had fewer adverse events. Since their research did not follow
through with transplantation outcomes, it is unclear whether
the hematopoietic transplant of mobilized blood fromG-CSF
alone (group C) would reconstitute the patients more rapidly
than those patients receiving the combined CFA and G-CSF.
J. E. V. Meraz et al.’s results suggest that the G-CSF protocol
is currently the best preparation for hematopoietic stem cell
transplantation in children.

N. E. Rekittke et al. provided a review of the state of the art
of regenerative medicine therapy for type 1 diabetes mellitus.
Their review focuses on pancreatic islet transplantation and
on undifferentiated MSC transplantation and transdifferen-
tiated MSCs to endoderm or pancreatic progenitor cells.
Pancreatic islet transplants have been evaluated in clinic
studies in the USA and abroad. N. E. Rekittke et al.’s review
covers the major progress in islet transplantation trials
through three iterations: improvements in cadaveric islet
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processing to reduce damage and refinements of immune
suppression in the recipient represent the important stages
of progress. According to N. E. Rekittke et al.’s review, fol-
lowing the latest procedures, the majority of diabetic patients
who receive islet transplantation can expect to become
insulin-independent for up to five years. N. E. Rekittke
et al. discussed unsolved issues of human islet transplants
including the blood-mediated inflammation that impairs islet
function and survival and the need to develop improved
islet isolation protocols which enhance islet function and
survival and reduce demand for cadaveric material to meet
demand. In addition to reviewing translation research on
islet transplantation, N. E. Rekittke et al. discussed the use
of MSCs for type I diabetes therapy. This review indicates
that progress in islet isolation and immune suppression of the
recipient is responsible for the great progress in pancreatic
islet transplantation. If the improved immune suppression
regimes developed for pancreatic islet cell transplantation
also can enable other allogeneic cell transplantation, this
work may have a tremendous impact on the patients needing
tissue transplantation.

Closing out this special issue on manufacturing cells
for cell therapy, S. Zhou et al. provided a state-of-the-art
review on the use of stem cell therapy to treat stress urinary
incontinence (SUI). SUI may affect more than 200 million
people worldwide and disproportionately affects women at a
ratio of 3 : 1. Pregnancy and having a child by vaginal birth
are risk factors for SUI due to functional loss of levator ani
muscles. Similarly, men who have radical prostatectomy are
at increased risk for SUI. The most common and effective
treatments of SUI are bulking agent injections to augment
levator ani function.These bulking agents are associated with
a variety of adverse events suggesting that an alternative
approach, such as the use of stem cells, may assist with
regeneration or repair of levator ani and be effective for
treating SUI. S. Zhou et al. reviewed the preclinical liter-
ature which supports the use of various autologous stem
cell sources, including muscle-derived stem cells, adipose-
derived MSCs, and bone marrow-derived MSCs, for treating
SUI.Thiswork is still in the preclinical stage,mostly, and a few
safety studies were discussed. While injection of stem cells
as bulking agents for levator ani muscle is one direction for
SUI treatment, S. Zhou et al. discuss the tissue engineering
approach, too, which involves the use of scaffolds seeded
with autologous stem cells. Work to date includes preclinical
testing in the rat SUI model as an alternative to surgical
tape. Limitation of both approaches included the need to
improve cell survival after transplantation. This limitation
was identified by the review by N. E. Rekittke et al. also in
this issue, which indicated that the rapid progression and
increased therapeutic impact after islet transplantation in
type I diabetes were coupled with improving the quality of
transplanted cells and improved immune suppression. Since
stem cells transplanted to treat SUI were of autologous origin,
it is likely that larger improvements will be obtained by
improving the cell preparation and transplantation to reduce
cell stress and improve survival after transplantation. While
one might expect that immune suppression would not be
required in the autologous transplantation setting, it is likely

that transient immune suppression is also likely to improve
outcomes in this situation, too.

3. Conclusions

Cellular manufacturing for clinical applications is moving
forward rapidly due to pressing need created by the hundreds
of ongoing clinical trials and due to the research results
providing the fundamental knowledge about barriers and
how to overcome them. In this special issue, topics ranged
from isolation andmanufacturing ofMSCs to critical reviews
of the application of cell therapy for treating type I diabetes
using islet transplantation or treatment of stress induced
urinary incontinence. From reviewing the issues, a key
take-home message is that it is not enough to produce
cells in sufficient numbers. Equally important is to produce
cells that survive and function following transplantation.
In summary, the manufacture of clinical doses of robust
functional cells is one key piece to cell therapy; the other
key is the preparative regime given to the patient to enable
engraftment and function of cells. Looking back in history,
we find this to be a recurrent theme from hematopoietic stem
cell transplantation. Understanding how tomanufacture cells
for clinical purpose is fundamental to improving outcomes
and provides a starting point to evaluate patient preparative
regimens.

Mark L. Weiss
Mahendra S. Rao

Robert Deans
Peter Czermak
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Type 1 diabetes is an autoimmune disease resulting in the permanent destruction of pancreatic islets. Islet transplantation to portal
vein provides an approach to compensate for loss of insulin producing cells. Clinical trials demonstrated that even partial islet graft
function reduces severe hypoglycemic events in patients. However, therapeutic impact is restrained due to shortage of pancreas
organ donors and instant inflammation occurring in the hepatic environment of the graft. We summarize on what is known
about regenerative therapy in type 1 diabetes focusing on pancreatic islet transplantation and new avenues of cell substitution.
Metabolic pathways and energy production of transplanted cells are required to be balanced and protection from inflammation in
their intravascular bed is desired. Mesenchymal stem cells (MSCs) have anti-inflammatory features, and so they are interesting as a
therapy for type 1 diabetes. Recently, they were reported to reduce hyperglycemia in diabetic rodents, and they were even discussed
as being turned into endodermal or pancreatic progenitor cells. MSCs are recognized to meet the demand of an individual therapy
not raising the concerns of embryonic or induced pluripotent stem cells for therapy.

1. Clinical Results of
Pancreatic Islet Transplantation

Since the introduction of the ground-breaking Edmonton
protocol in 1999 [1], pancreatic islet transplantation has
become more common treatment for individuals with type
1 diabetes mellitus (T1DM) suffering from recurrent severe
hypoglycemia or glycemic lability. Islet transplantation has
been associated with limited success during the earlier years,
but the clinical results have improved greatly after the
Edmonton report [2].The following section summarizes clin-
ical findings of islet transplantation with focus on metabolic
outcomes and diabetic complications in T1DM patients.

1.1. Metabolic Outcomes: Glycemic Control and Hypoglycemia.
Adult patients included in the islet transplantation process
usually have T1DM for more than 5 years, have no preserved

endogenous insulin production with negative stimulated C-
peptide levels (<0.3 ng/mL), and are prone to severe hypo-
glycemic episodes or exhibit glycemic instability despite ade-
quate insulin therapy [3]. Hypoglycemia unawareness results
often from intensified insulin treatment and is considered the
major eligibility criterion for islet transplantation in T1DM
patients [4].

In the original Edmonton protocol, seven T1DM patients
who received a sufficient islet mass from 2 to 3 donor
pancreases became insulin independent with normalized
glycosylated hemoglobin (HbA

1c) levels following a median
follow-up of one year. All patients were under corticosteroid-
free immunosuppressive regimen consisting of sirolimus, low
dose tacrolimus, and daclizumab [1]. After this initial report,
follow-up studies in 12 and 17 transplanted patients continued
to show positive results including significant decreases in
fasting and postprandial glucose levels, normalized HbA

1c
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levels, and improved fasting and postmeal C-peptide secre-
tion as well as increased acute insulin responses to arginine
and intravenous glucose tolerance test [5, 6]. A subsequent
international trial at nine centers confirmed the reproducibil-
ity of the Edmonton results in 21 of 36 patients (58%)
who attained posttransplant insulin independence [7]. Other
centers that initialized islet transplantation program and
adapted the protocol demonstrated comparable outcomes [8,
9]. However, most islet transplant patients returned to insulin
injections after a five-year follow-up in Edmonton center.
Only ∼10% of 65 patients maintained insulin independence,
although∼80% remainedC-peptide positive.TheHbA

1c level
was nevertheless well controlled in those with partial graft
function but increased in those without functioning graft (C-
peptide negative). By contrast, hypoglycemic events which
were quantified by hypoglycemic scores (HYPO scores) [10]
remained significantly improved during the 4-year posttrans-
plant [11], suggesting that even a partial graft function can
prevent hypoglycemia and stabilize glycemic control.

Several studies have attempted to refine the Edmonton
protocol for achieving and maintaining sustained long-
term insulin independence, enhancing islet engraftment,
and particularly reducing requirement for multiple islet
donors. In 2005, Hering et al. demonstrated restoration
of insulin independence following transplantation of islet
derived from only a single donor in all eight patients who
underwent new immunosuppressive treatment including T-
cell depleting antibody (TCDAb) antithymocyte globulin,
tumor necrosis factor-alpha inhibitor (TNF-alpha-i) etaner-
cept, and mycophenolate mofetil [12]. A few years later, the
same grouppublished a slightlymodified protocol using a dif-
ferent maintenance immunosuppression (cyclosporine and
everolimus) while retaining the induction therapy (antithy-
mocyte globulin and etanercept) and demonstrated a pro-
longed insulin independence for amean of 3.4 years following
transplant in four recipients [13]. A more recent study
by the same authors reported promising five-year insulin
independence rates in patients (50%) receiving induction
drugs either with anti-CD3 monoclonal antibody or with
the combination of TCDAb and TNF-alpha-i, regardless of
maintenance immunosuppression [14]. Similarly, other stud-
ies have also applied various immunosuppressive regimens
[15–18] and used human islet culture for maximizing islet
yield at isolation, ensuring its quality of preparation, and
decreasing immunogenicity of allograft tissue [15, 16]. The
University of Illinois at Chicago demonstrated recently 60%
insulin independence rates in a five-year follow-up trial using
immunosuppressive agents etanercept and exenatide without
TCDAb. Exenatide, a glucagon-like peptide-1 analog, has the
potential to maintain islet survival [18]. Together, all attempts
aimed to improve immunologic factors such as alloimmune
rejection, autoimmune recurrence, and immunosuppressive
drug toxicity as well as nonimmunologic factors including
exhaustion of marginal 𝛽-cell mass [14, 18], all of which have
been proposed to cause waning of insulin independence over
time. Interestingly, HbA

1c was retained within an optimal
range (<7.2%) for a 5-year follow-up period in 10 islet
recipients irrespective of achieving insulin independence
[19].

The most comprehensive results of islet transplantation
activity in the last decade were provided by the Collaborative
Islet Transplant Registry (CITR).TheCITR has collected islet
transplant data since 1999 from multiple centers including
USA, Canada, Europe, and Australia. At a 3-year interval
posttransplant analysis of 677 islet-alone or islet-after-kidney
recipients, insulin independence was reported to increase
significantly from 27% during the period 1999–2002 to 37%
and 44%, respectively, for the years 2003–2006 and 2007–
2010. Fasting C-peptide levels decreased less steeply over
time, indicating a durability improvement of graft function
in the later years. The percentage of patients with HbA

1c
levels less than 6.5% or a drop by 2% increased accord-
ingly. Additionally, severe hypoglycemic events, defined if
patients require outside assistance, were almost abolished
(>90% of patients) during the 5-year follow-up of each
interval. Overall, metabolic outcomes in patients receiving
islet transplantation in 2007–2010 were improved compared
with those in 1999–2006 [20]. A number of advance-
ments in transplantation procedure contribute to improved
results, including donor selection, islet isolation, islet culture,
and peritransplant management, as well as modification in
immunosuppression therapy [14, 20, 21].

Intrahepatic islet transplantation has been consistently
shown to reduce [11, 16, 22] or even give full protection
from hypoglycemia or severe hypoglycemic episodes [1, 5–
9, 12–15, 17, 19] and restore hypoglycemia counterregulation
in T1DM patients [23–25]. Severe hypoglycemic events can
be prevented in islet recipients while C-peptide remained
positive but may recur in those with failed grafts [16,
22] albeit less frequent than those prior to transplantation
[26]. Hypoglycemia counterregulatory hormones including
glucagon, epinephrine, norepinephrine, cortisol, and growth
hormone are usually blunted in T1DM patients but were
demonstrated to be restored in islet transplanted recipi-
ents [23–25]. Normal suppression of endogenous insulin
secretion, improved counterregulatory hormone responses
[23–25], and increased endogenous glucose production, as
well as decreased systemic and muscle glucose uptake [23]
all contribute to improving severe hypoglycemia in islet
transplanted T1DM patients. Moreover, islet transplantation
can ameliorate insulin sensitivity at both liver and peripheral
sites as assessed using hyperinsulinemic-euglycemic clamps
in 12 T1DM patients [27]. Fear of hypoglycemia, which was
quantified using hypoglycemia fear survey, was reduced sub-
stantially in T1DM patients following a single islet infusion
and was further improved with subsequent infusions [28],
confirming the benefit of islet transplantation to abrogate
hypoglycemia.

1.2. Secondary Diabetic Complications. Long-term near-
normalization of blood glucose levels has been reported to
significantly delay the progression of microvascular compli-
cations including retinopathy, nephropathy, and neuropathy
in T1DM [29–31]. Numerous studies have demonstrated
stabilized glycemic control following islet transplantation in
T1DM patients [1, 5–7, 9, 11–19, 22]. Thus, it appears that islet
transplantation may reduce the risk of developing secondary
T1DM complications. However, contradictory results exist
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Shrinking motivation to donate organs
Allocation of high-quality pancreas in an aging population
Attack on intraportally transplanted islets by innate immune system components (Instant Blood
mediated Inflammation Reaction IBMIR)
Need to repeated transplantations within a few years due to little regenerating capacity
No complete freedom from insulin shots
Life-long immunosuppression

Box 1: Detriments of cadaveric human islet transplantation.

concerning renal function; some of those studies found
elevated creatinine levels, reduced glomerular filtration rate
(GFR), and increased albuminuria in islet recipient subjects
[5–7, 11, 13, 15–17], while others did not confirm deteriorated
kidney function [1, 12, 18].Moreover, one study demonstrated
improvement of kidney graft survival rates, restoration of
Na+/K+-ATPase activity, reduction of natriuresis, and stable
urinary albumin excretion in T1DM patients with islet-
kidney transplants [32]. Further improvements such as stable
creatinine levels and reduced renal resistance index were
observed in 24 islet-kidney recipients compared to those
with kidney transplant only [33]. By contrast, three other
studies showed renal impairment in both islet-kidney and
islet-transplant-alone patients, particularly in those with
preexisting defect [34–36]. Possible explanations for these
observations could be drug-related side effects of sirolimus
and tacrolimus [11, 17, 35, 36] or different baseline kidney
function prior to islet transplantation [36]. Notably, no
evidence of worsening renal function [37, 38] but a slower
decline in GFR was found in T1DM patients following
islet transplantation compared to control subjects receiving
medical treatment [39], indicating less progression of diabetic
nephropathy after islet transplantation.

With regard to the effects of islet transplantation on retina
function, most studies generally observed a stabilization of
retinopathy. In a 2-year follow-up of eight islet recipients, one
patient experienced improvement from mild retinopathy to
disappearance of the disease at one year and the other seven
patients retained pretransplant retinopathy status throughout
the follow-up period [40]. In another study, a significant
increase of arterial and venous retinal blood flow velocities
was found after one year in 10 islet-transplant-alone patients
[41]. Further studies consistently demonstrated reduced pro-
gression of retinopathy in T1DM patients receiving islet
infusion compared to those treated with intensive medical
therapy [38, 39, 42].

Islet transplantation may slow the development and
progression of diabetic neuropathy. Both sensory and motor
nerve conduction velocities (NCV) remained stable in a 2-
year posttransplant follow-up of eight patients [40]. Similarly,
no significant differences of NCV were observed in islet
transplanted subjects compared to control patients receiving
medical therapy after a follow-up of one [38] and six years
[39], without any changes from baseline in both groups [38,
39]. A significant improvement in NCV was noticed in 18

patients who received islet-after-kidney transplantation for
a 4-year period (versus baseline), albeit not different com-
pared to nine control subjects without islet transplantation
[43]. Interestingly, a recent study demonstrated an overall
amelioration of sensory parameters in 21 T1DM patients
over a 5-year posttransplantation period [44], indicating a
potential benefit of islet transplantation for the prevention of
neuropathy.

Islet transplantation may have positive effects to slow
down macrovascular complications. Several studies have
demonstrated improvements in vascular function in islet-
kidney recipients, including stabilized intima media thick-
ness, decreased signs of endothelial injuring at skin biopsy,
increased endothelial-dependent dilation, restored nitric
oxide production, and improved atherothrombotic risk fac-
tors with elevated levels of natural anticoagulant protein [45,
46]. An overall improvement in cardiovascular parameters
was subsequently reported in T1DM patients with end-stage
renal diseasewho received kidney and functioning islet trans-
plants compared to those without islet transplantation or
functioning graft [47]. Finally, a 15-month follow-up showed
near-normalization of hemostatic and cerebral abnormalities
in 12 islet recipient subjects [48].

Thus islet transplantation is principally effective in clin-
ical studies and in different health care systems. However,
there are concerns that imply finding alternative technologies
as substitute for cadaveric pancreas (Box 1).

2. Unsolved Issues of
Human Islet Transplantation

2.1. Blood Mediated Inflammation at Intravascular Injec-
tion. Multiple transplants are required to achieve significant
reduction of insulin shots because a thrombotic reaction
occurs immediately when isolated islets are exposed to ABO-
compatible blood [58]. The reaction is termed Instant Blood
Mediated Inflammatory Reaction (IBMIR) and platelets are
suggested to take an active part in it. IBMIR further comprises
complement getting started and thrombus formed. Blood
clots entrapping islets are believed to cause impairment of
insulin production of the transplanted islets due to shutting
them off from oxygen and to attracting immunocytes [59].
Platelets aggregated in blood clots are recognized to be
involved in IBMIR, cellular matrix organization, and cell
proliferation and angiogenesis [60].
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Figure 1: Schematic representation on mass islet isolation from human or pig. (a) Pancreas perfusion with collagenase NB 8. (b) Pancreatic
digestion. (c) Purification of islets.

In vivo, platelets get activated if any damage occurs in
a blood vessel. They play an essential role in responding
to injury that involves the process of haemostasis, throm-
bus formation, and vascular and connective tissue healing
[70]. Platelets come in contact with damaged or disrupted
endothelium of the vessel wall and change their shape as
they adhere to the damaged site. Collagen is part of the basal
membrane of endothelial cells exposed to platelets at sites
of vascular injury. Glycoproteins GPVI and GPIIB/IIIa are
collagen receptors on platelet surface. Adherence to collagen
IV in particular is followed by release of granules containing
ADP and TXA which amplify platelet aggregation [71, 72].
Pancreatic islets isolated with collagenase and injected into
the portal vein are assumed to include a sufficient quantity
of collagen residues to elicit platelet adhesion. GPVI glyco-
protein is a strong mediator of platelet-collagen interaction
which is associated with FcR gamma chain coreceptor in
human and mouse platelets [73, 74]. Furthermore, secretion
of inflammatory cytokines IL-1beta, TNF-alpha, IFN-gamma
and secondary agonist, and platelet activating factor (PAF)
as well as NO production by immune cells and hepatocytes
was observed after islet transplantation [75]. These factors
reinforce collagen-induced platelet activation and inflamma-
tion resulting in positive feedback and causing instability
of the graft [76, 77]. It was observed that CD11b and GR1
positive cells were created in the transplantation, promoting
inflammatory cytokines production, and cause early graft loss
[78].

2.2. Organ Quality and Standardized Mass Isolation of Islets.
The primary object of isolating human pancreatic islets is for
treatment of type 1 diabetic patients by intraportal injection
to restore beta-cells functions. Our group has isolated mass
numbers of human and pig islets for research purposes
(Figure 1). Attention to key factors like enzymatic digestion
of pancreatic tissue containing islets, pH of solutions used in
isolation, purification of islets, and temperature during iso-
lation is essential for successful islet isolation and culture to
maintain viability for mass production [79, 80]. In principle,
the resected pancreas is perfused with collagenase solution
consisting of collagenase NB 8 (SERVA Electrophoresis, cat.
number 17456) and neutral protease via the pancreatic ducts.
After filling with collagenase solution pancreas is transferred
to Ricordi Chamber (digestion chamber) [79, 81, 82] on top
of the 7 to 8 glass marbles under continuous perfusion with
HBSS (Biochrom). The aim is to dissolve connective tissue at
room temperature and thus to release the islets fromexocrine.
The chamber is connected with a tubing system to recirculate
fresh solution and maintain dissection temperature between
32 and 37∘C. Ricordi Chamber is set in vertical motion;
shaking is initiated automatically and manually followed
by two centrifugation steps at 80×g. Digestion progress is
monitored by taking samples repeatedly to identify number
and size of isolated islets. Furthermore, islets are purified by
centrifugation with a Cobe 2991 using a continuous HBSS-
Ficoll gradient. Purified islets fractions are finally cultured
either in CMRL 1066 or in RPMI 1640, with supplement
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including antibiotic and serum at 37∘C [83, 84]. Prolonged
cultivation will enhance survival and functional quality of
transplanted islets by reducing IBMIR [85, 86].

In the long run, sources of pancreatic beta-cells should
be investigated which are more flexible and circumvent all
of the disadvantages delineated in Box 1. Recently, pluripo-
tent embryonic stem cells have been extensively studied,
but there are major ethical issues. Moreover, teratoma for-
mation prevented clinical studies up to now. One of the
more promising options is the use of multipotent adult
stem cells because they can be retrieved from the same
individual, they are less prone to malignant transformation
compared to embryonic stem cells (ESC), and clinical tri-
als in diabetes treatment have successfully been initiated
[87, 88].

3. Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are nonhematopoietic, mul-
tipotent, self-renewing cells. First they were isolated and
described from bone marrow in 1968 and described as
adherent, spindle-shaped, and with the ability to differentiate
into bone and cartilage [89]. They were described as stromal
cells [90, 91] and later also as mesenchymal stem cells [92].
Since then it was discovered that mesenchymal stem cells
can originate from a wide range of different tissues such
as skeletal muscle [93], skin and foreskin [94, 95], adipose
tissue (AD-MSC or AT-MSC or ASCs) [96], pancreas (P-
MSCs) [97], dental pulp (DPSCs) [98], salivary gland [99],
endometrium [100], placenta (PL-MSCs) [101], amniotic
membrane and fluid (AM-MSCs) [102–105], umbilical cord
matrix/umbilical cord blood (UC-MSCs/UCB-MSCs) [106,
107], and Wharton’s jelly (WT-MSCs) [108].

First it was thought that MSCs could only differentiate
into somatic cells of the same germ layer, but they have shown
a much higher level of plasticity and are able to differentiate
in vitro across germinal boundaries. To date, MSCs have been
shown to differentiate in vitro into adipocytes, chondrocytes,
osteoblasts, myoblasts, tenocytes, cardiomyocytes, marrow
stromal cells, hepatocytes, endothelial cells, hematopoietic
cells, neuronal cells, renal cells, and pancreatic cells [49, 96,
109–120].

According to the International Society for Cellular Ther-
apy (ISCT), the standard criteria for all human MSC are
threefold: plastic adherence under standard culture con-
ditions; a positive phenotype (≥95%) for CD105, CD73,
and CD90; and a negative phenotype (≤2%) for CD45,
CD34, CD14, or CD11b; CD79alpha or CD19; HLA-DR; they
must be able to differentiate to adipocytes, chondroblasts,
and osteoblasts under standard in vitro culture conditions,
demonstrated by in vitro staining. As MSCs have to be
isolated from surrounding tissue and infiltrating cell types,
like immune cells, blood cells, and endothelial cells, negative
phenotype antigens were selected to exclude these other cell
types. To determine the state of stimulation of MSCs, the
surface marker HLA-DR is chosen. Unstimulated, HLA-DR
is not expressed but, after stimulation, for example, with IFN-
gamma, HLA-DR is expressed on the cell surface [121, 122].

4. Bone Marrow Mesenchymal Stem Cells
(BM-MSCs) and Adipose Tissue Derived
Mesenchymal Stem Cells (AT-MSCs, ASCs,
and AD-MSCs)

BM-MSCs and AD-MSCs are very similar in their expression
pattern of surface markers; both express the marker which
identifies them as MSC according to the ISCT guidelines as
described before. Accordingly, both cell types are positive
for CD105, CD73, and CD90 [121]. Several research groups
published new markers for MSC and propose that these
should be added to the list of suitable markers to describe
them, like STRO-1 [123, 124], STRO-3 [125], CD56, CD271,
mesenchymal stem cell antigen-1 (MSCA-1) [126, 127], and
CD166 (ALCAM) [109]. Additionally, BM-MSCs and AD-
MSCs both show expression of CD177 (stem cell factor
receptor) [128], CD29 (beta-1 integrin), CD44 (hyaluronate
receptor), CD49e (alpha-5 integrin, important for cell adhe-
sion to fibronectin), CD146 [109], CD9, CD10, CD13, and
CD59 [129].

Although the patterns of surface markers expressed from
AD-MSCs and BM-MSCs are very similar, there are some
differences: BM-MSCs are positive for CD106 (VCAM-1),
which lacks in AD-MSCs, and they are negative for CD49d
(VLA-4), which is strongly expressed in AD-MSCs [130, 131].
Interestingly, CD106 is the receptor for the related agonist
CD49d and these molecules are involved in hematopoietic
stem and progenitor cell homing to and mobilization from
the bone marrow [132, 133]. Both express CD54 (ICAM-
1), but AD-MSCs are in higher levels compared to BM-
MSCs [130]. AD-MSCs can be retrieved in a much higher
number and under chirurgical easier conditions with lesser
pain for the patient or donor than BM-MSCs [134] and
they tend to be genetically more stable in long-term culture
[135, 136]. AD-MSCs and BM-MSCs express Nestin and
the pancreatic transcription factors ISL-1 and Pax6, which
indicates that the use of these for endodermal differentiation
may be advantageous, compared to other MSCs [49–51, 69].

5. Immunomodulatory/Immunosuppressive
Effects of MSCs

5.1. MSCs as “Helper” Cells in Transplantation. Transfusion
of MSCs in streptozotocin-induced diabetes in mice reduces
hyperglycemia and enhances beta-cell function and survival.
However, it is not clear whether this is caused by the MSCs
themselves or through the release of trophic factors [137, 138].

Cotransplantation of MSCs with pancreatic islets in mice
leads to improved islet function and survival. Borg et al.
observed improved glucose homeostasis and reduced islet
apoptosis after cotransplantation of islets with MSC at three
different locations: kidney capsule, liver, and eye. According
to the authors, MSCs did not increase beta-cell proliferation
and MSC differentiation into pancreatic beta-cells could not
be detected [139].

MSCs from various tissues show immunomodulatory
and/or immunosuppressive properties. Transplanted or
cotransplanted MSCs decrease proliferation and activation
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Figure 2: Beta-cell development-scheme in human embryo.

of T-cells, dendritic cells, and NK cells in the recipient.
They decrease the secretion of inflammatory cytokines, like
IFN-gamma, TNF-alpha, GM-CSF, andMCP-1. Additionally,
they act as immunomodulator and help in the establishment
of a graft vascular network by secreting angiogenic paracrine
factors as VEGF, IL-6, IL-8, HGF, PDGF, and TGF beta and
the secretion of matrix metalloproteinases. Furthermore,
TGF beta, HGF, and IL-6 have antiapoptotic effects and
increase the expression of protective genes against hypoxia
[140–143].

6. Endocrine Pancreas Cell Lineage

Pancreatic development is a highly regulated and complex
process, which is guided by multiple signaling pathways
and transcription factor cascades (Figure 2). First epiblast
cells ingress in the primitive streak to form the mesendo-
derm, characterized by the transcription factors Mixl1 and
Brachyury, and then the definitive endoderm [144, 145].
Definitive endoderm cells expressing transcription factors
such as Cxcr4, FoxA2, and Sox17 form the gastrointesti-
nal organs, such as liver, lungs, thymus, respiratory and
digestive tract, and pancreas [146–148]. They are, however,
not committed towards a specific cell or tissue lineage in
the initial differentiation. Thus, an important specification
step occurs when the definitive endoderm cells form the
posterior gut endoderm, which develops subsequently into
the intestines [147, 149]. At the foregut-midgut junction,
the expression factor Pdx1 is expressed. Pdx1-positive cells
were shown to contribute to the formation of exocrine and
endocrine compartments of the pancreas [150, 151]. Posterior
and anterior foregut endoderm develop into the ventral and
dorsal pancreatic buds. In this phase, the interaction with the
mesoderm-driven neighboring tissues, cardiac mesenchyme
at the ventral bud and notochord at the dorsal bud, regulates

pancreas organogenesis and the subsequent specification
steps [152]. Involved morphogens are activin A and fibroblast
growth factor (FGF) from the notochord and fibroblast
growth factor and bone morphogenic proteins from the
cardiac mesoderm [148, 151, 153, 154].

After this, the pancreatic buds are formed from multipo-
tent progenitors that contribute to all pancreatic cell types.
These epithelial buds invade the surrounding mesenchyme
by successive waves of branching morphogenesis called the
primary and secondary transition. The period of active
pancreatic progenitor proliferation, followed by expansion
of the epithelial network, is identified as primary transition.
The first endocrine cells are detected at this stage [155, 156].
In the secondary transition, the morphogenetic transfor-
mation of pancreatic epithelium occurs. The specification
of the multipotent progenitors towards the differentiated
lineages occurs in this period. Particularly, the endocrine
cell specification and differentiation occur via the inhibition
of Notch signaling, which leads to the expression of Ngn3
[157, 158]. This triggers the expression of a multitude of
expression factors, including Nkx2.2, NeuroD, Nkx6.1, Pax4,
Pax6, and Isl1, controlling endocrine cell differentiation [151,
159]. Afterwards those endocrine cells begin pancreatic islet
morphogenesis through aggregation into small cell clusters
[160]. The final maturation of the Langerhans islets takes
place after birth [161].

Two crucial postnatal maturation events need to occur
for fully functional beta-cells: (1) glucose sensing is enhanced
and the amount of insulin-containing dense core secretory
granules increases. (2) Beta-cell mass appropriate to the
individual body weight is established. Several genes encoding
important factors are involved in this process of postna-
tal beta-cell maturation: insulin and preproinsulin; glucose
transporter (Glut2) and glucokinase (GK); Pdx1, MafA, and
NeuroD (important transcription factors for development
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Table 1: Factors involved in beta-cell differentiation.

Compound Role in beta-cell differentiation
High glucose Increases beta-cell replication
Activin A Promotes beta-cell regeneration and increases cell mass
N2 and B27 supplements Act as serum supplements in serum-free medium
FGF2 Is important in early stage differentiation
EGF Accelerates beta-cell proliferation and supports final stages of insulin expression
Beta-cellulin Promotes beta-cell regeneration and increases cell mass
HGF Induces beta-cell formation, especially in combination with activin A
RA Induces endocrine and ductal differentiation and induces insulin-positive differentiation
GLP-1 Accelerates maturation of beta-cells towards glucose responsive insulin secretion
Exendin-4 Accelerates maturation of beta-cells towards glucose responsive insulin secretion
Pentagastrin Expands beta-cell mass in combination with other factors

and function of mature beta-cells) [151, 162–164]. How the
postnatal maturation occurs in detail is still largely unknown
[165].

7. Differentiation of MSCs via
Chemical Compounds

Most chemical differentiation protocols are based, with slight
modifications, on the original protocol from Timper et al.,
2006. The general approach of the Timper et al. strategy is
a protocol consisting of one or two steps aiming to directly
differentiate MSCs to insulin-producing cells (IPCs) without
following the developmental steps known from embryonic
pancreas development. Culture medium contained high glu-
cose concentrations, activin A, nicotinamide, Exendin-4,
HGF, and pentagastrin among other supplements (Table 1).
Following the procedure, MSCs expressed nestin, SCF, Thy1
(CD90), Pax6, and Isl1. While Isl1, Pdx1 (=Ipf1), and Ngn3
were upregulated, the expression level of Pax6 remained
unchanged. Besides insulin, specific for beta-cells, expression
of glucagon (alpha-cell) and somatostatin (delta-cell) was
reported [49].

Dave et al. adjusted the differentiation process developed
by Timper et al. onto a serum-free condition using 20%
human albumin instead (Figure 3). The cultured cells were
described as positive for Pax6, Isl1, and Pdx1 and they were
insulin and C-peptide positive upon glucose stimulation
(Table 2). They also proposed that stepwise and long-term
culture conditions over several weeks would not be necessary
[52]. This would be contradictory to the findings of other
groups, as described below.

The secondmajor approach is adapted from protocols for
beta-cell differentiation from embryonic stem cells (ESCs),
trying tomimic the steps in human pancreas development via
a stepwise differentiation.Therefore, the added chemicals are
changed every two to three days, accompanied by measuring
the expression of typical markers of the expected stage, like
definitive endoderm or pancreatic progenitor cells (Figure 3).

Li et al. found an upregulation of Brachyury, Mixl1
(mesendoderm-related genes), FoxA2, Sox17 (DE-related
genes), Sox1, and Pax6 (ectoderm-related genes) depending
on activin exposure in a dosage dependent manner. They did

not find upregulation of mesoderm related genes (Figure 3).
Activation of Wnt-signaling in step 1 reduced the expression
of ectodermal and favored endodermal genes. To drive
DE cells towards pancreatic progenitor (PP) cells the cells
were cultivated with a Wnt-signaling inhibitor, retinoic acid
(RA), FGF2, and other cytokines. After 6 days, pancreatic
endoderm and progenitor cell markers, like Pdx1, Sox9, Hnf6,
Nkx2.2, and Nkx6.1, were upregulated and the expression of
FoxA2, Sox17 (DE-related genes), and Mixl1 (mesendoderm-
related gene) was downregulated. The combined approach of
activating RA/FGF signals and inhibiting Wnt signals was
reported to provide similar results to differentiation protocols
of ESCs and iPS-cells. Is this more evidence that MSCs are a
suitable substitute for ESCs? Li et al. studied the differentia-
tion potential of AD-MSC-derived PP cells to further differ-
entiate into downstream endocrine and exocrine pancreatic
lineages. They found cooverexpression of insulin (beta-cell-
specific), glucagon (alpha-cell-specific), somatostatin (delta-
cell-specific), pancreatic polypeptide (PP) (PP-cell-specific),
ghrelin (epsilon-cell-specific), MafA, and Glut2. Not all
expressed proteins were specific for beta-cells. Rather a
potpourri of hormones expressed from immature endocrine
islet cells was detected. Still, those immature cells responded
upon glucose stimulation with insulin/C-peptide. Moreover,
PP cells were shown to be driven towards an exocrine
expression pattern [53].

When BM-MSCs were cultured for several weeks up to
months in the presence of high glucose concentrations, a
differentiation process was promoted initially, but at a later
stage low glucose and low serum conditions were beneficial
to raise glucose-sensitive IPCs, characterized by Pdx1, Ngn3,
Isl1, NeuroD, Pax4, and insulin. Interestingly, IPCs did
not overlap with other endocrine cell types. Reduction of
hyperglycemia, but unfortunately also tumor formation, was
reported [166]. Mohamad Buang et al. [54] chose a two-step
protocol over 21 days for AD-MSCs. They found that round
cells after two weeks which started to form clusters could
be positively stained with dithizone (DTZ) and contained
small secretory granules, all characteristics for beta-cells.
They released insulin in a glucose responsive manner. Similar
to Tang et al. [166], they utilized high glucose followed by low
glucose concentrations in the culture media.
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Figure 3: Differentiation of MSCs via chemical compounds. AD-MSCs [49–54] and BM-MSCs [51, 55–57].

One group examined human BM-MSCs and human
AD-MSCs in a three-step protocol in parallel. Both cell
types could differentiate into IPCs with BM-MSC-derived
IPCs appearing to generate more islet-like clusters than

those derived from AD-MSCs. The gene expression pro-
file included nestin, Pdx1, Isl-1, Pax4, and Ngn3 and was
similar in both cell types, also showing glucose dependent
insulin release (Table 2). MSCs from both sources seem
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to be useful for beta-cell replacement strategies [51]. The
authors concluded that BM-MSCs are more feasible for
MSC differentiation towards IPCs than AD-MSCs. However,
due to the expression profiles of both experiments being
nearly identical to each other, this conclusion seems rather
premature and optimistic and is in need of conformation.

The advantage of a stepwise procedure is the possibility
of obtaining progenitor cells first, which can be directed to
pancreatic cell types in the last step. For example, recent
studies postulate that Wnt- and BMP-signaling are relevant
for differentiating MSCs indicating that MSCs are directed
towards beta-cell differentiation like iPS cells. Therefore, in
early differentiation steps, Wnt should be activated but in
later stages inhibited. In stepwise differentiation protocols,
the signaling pathways can be better controlled, postulating
an advantage of stepwise differentiation protocols over one-
step protocols [53].

How to reproduce competent pancreatic progenitors is
actually under debate. There are no consensus reagents
or standard protocols available to characterize progenitor
cell lines. Moreover, it is not clear if differentiation of
MSCs should undergo the same stages as embryonic cells/
embryonic stem cells. Whether MSCs can fully transdiffer-
entiate into cells of other germ layers is under discussion,
because developmental biologists have restricted the defini-
tion of transdifferentiation to an irreversible switch of one cell
type to another [167]. In several studies, MSCs showed a new
expression pattern of formerly not expressed genes specific
to the new somatic cell type; on the other hand they still
express MSC specific markers, like CD90 and CD73. Given
these results, transdifferentiation of MSC may need to be
reevaluated.

8. Differentiation of MSCs via
Genetic Manipulation

Experiments with transgenic mice have identified essential
transcription factors that control the formation of islets
during embryonic development; among these are FoxA2 (for-
merly named HNF3beta), PDX1 (IPF1), NGN3 (NeuroG3),
NeuroD1, Nkx2.2, Pax4, Nkx6.1, and Pax6. Among these
factors, FoxA2 and PDX1 play a central role in initiating the
differentiation of the beta-cells.

Several research groups induced differentiation in MSCs
through overexpression of genes involved in the beta-cell
development and beta-cell function, either by transduction
with viral vectors, like lentivirus or adenovirus, or by trans-
fection with plasmids. Some tried PDX1 gene alone and
others in combination with NGN3 or NGN3 andMafA. Only
few groups tried other genes like FoxA2 or HLXB9 (Table 3).

In the studies, which induced differentiation through the
selective overexpression of PDX1, several key transcription
factors are increased by exogenous PDX1, like FoxA2,Nkx2.2,
and NeuroD (Table 3). However, FoxA2 is not specific for
pancreas development; it also plays a role in the hepatic
lineage. Lee et al. changed the medium to a high glucose
containing one for up to 4 weeks, when over 60% of the
cells were PDX1-positive following infection. During this

time period, PDX1-induced cells began to form clusters [63].
Allahverdi et al. also transduced Pdx1 but did not change the
medium to high glucose [67]. All groups reported morpho-
logical alterations after 3 to 5 days and cluster formation after
7 or 14 days [63, 65, 67]. At the same time, cell proliferation
slowed down. Lee at al. and Lin et al. found FoxA2, Nkx2.2,
and NeuroD at low basal expression levels in nontransduced
control cells and upregulated in PDX1-overexpressing cells
under high glucose conditions. Additionally, GLP-1, glucok-
inase (GK), and GLUT2 were expressed at low level with
PDX1 induction. Mouse PDX1 overexpression induces the
expression of the human homolog PDX1 (=IPF1). It was con-
cluded that PDX1 was able to upregulate its own expression
[63]. In contrast, Karnieli et al. did not find activation of
the human Pdx1 gene through rat Pdx1 overexpression [69].
Transplantation of PDX1-overexpressing hAD-MSCs into
diabetic rodents reduced blood glucose levels and prevented
severe hyperglycemic states but did not achieve euglycemia.
The transplanted cells stained positive for insulin [63, 65].
Karnieli et al. did not find Ngn3 expression and only found
NeuroD1 expression after transplantation of Pdx1+ MSCs in
STZ-induced diabetic mice. They postulated a maturation
process in vivo. Allahverdi et al. measured Pdx1 and insulin
and detected a higher expression of Pdx1 not earlier than day
7 and insulin not before day 14 with maximum expression of
both at day 21 after transplantation. Insulin and C-peptide
levels stimulated by glucose were increased in recipients
of transplants [67]. As they did not compare insulin and
C-peptide secretion to nondiabetic individuals, there is no
conclusion whether the quantity of released insulin was
biologically significant. Karnieli et al. reported that insulin
release after glucose challenge was clearly subnormal [69].

Two studies directly compared insulin release of manip-
ulated MSCs through genetic manipulation, chemical com-
pounds, and conditioned medium with human islets and/or
cocultured human islets [68, 168]. Moriscot et al. compared
different infection rates of the adenovirus, different transcrip-
tion genes PDX1, FoxA2, and/or HLXB9. Transduction was
combinedwith conditionedmedium frompancreatic islets or
chemical compounds. They observed different transcription
factor patterns, depending on the virus titer. If themultiplicity
of infection (MOI) ratio was high, insulin would be released
from the cells. On the other hand, coculture or conditioned
medium from pancreatic islets was additionally needed with
low MOIs. Some of their protocols resulted in Pax4, Isl1,
NGN3, and insulin expression, while in others only Pax4 or
Pax4 and low insulin were expressed [168].

Limbert et al. compared chemical differentiation with
genetic manipulated differentiation. One very important
finding was that chemical differentiation leads to clustered
cells with decreasing proliferation till the cells died after two
weeks in culture. Cells induced by chemicals expressed Pax4,
Isl1, Pdx1, NeuroD, somatostatin, pancreatic polypeptide
(PP), insulin, and Glut2 but neither Ngn3 nor glucagon.
Pax6 was detected in untreated and treated MSCs as well. In
contrast to chemical induction, Pdx1, Ngn3, and Pdx1-Ngn3-
cooverexpression did not result in distinct islet-like clusters
in the genetically treated cells. Combined overexpression
showed induction of Pax4, Isl1, GLU2, insulin, glucagon, PP,
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and somatostatin. Pax6 expression was also upregulated. C-
peptide and insulin expression remained below biologically
significant levels and as the cells also expressed non-beta-
cell hormones, a further maturation of these cells was desired
[68].

Boroujeni and Aleyasin combined exogenous Pdx1
lentiviral expression with high glucose medium contain-
ing additional compounds, nicotinamide, and bFGF for
21 days. After 7–10 days of culture, Pdx1+ MSCs changed
their morphology and formed clusters. Higher expression
of Pdx1, Ngn3, Glut2, and somatostatin was detected. After
transplantation of these cells in diabetic mice, hyperglycemia
was reverted [64].

Recently Bahrebar et al. combined Pdx1 transfection with
cultivation under high glucose condition till islet-like clusters
were formed after 10 days of cultivation. Pdx1, Ngn3, Nkx2.2,
and insulin gene expressions were measured in the group
transduced with Pdx1 [62]. Insulin gene activation was glu-
cose responsive and it was concluded that cultivation of Pdx1+
MSCs in high glucose was beneficial to the maturation of
these cells towards a beta-cell phenotype [54]. Posttransplant
maturation of in vitro differentiated MSCs was claimed [56,
65, 69]. By contrast, spontaneous in vivomaturation without
prior specific cultivation protocol was denied [169].

Jafarian et al. utilized microRNAs (miRNAs) to differen-
tiate MSCs towards insulin-producing cells. Several miRNAs
have potential roles in pancreas development, islet function,
and insulin secretion. miR-375 was involved in pancreas
development and control of insulin gene expression. miR-
9 downregulated insulin expression and was described as
a negative regulator for insulin-producing cells [170–173].
MSCs were transduced with miR-375 and anti-miR-9. The
morphology of the MSCs changed within 3 days from
spindle-like to round cells and in the next 14 days cell clusters
formed. The clusters showed gene upregulation of Sox17,
FoxA2, Nkx2.2, Glut2, Pdx1, Ngn3, insulin, PP, and somato-
statin (Table 3). Cells cotransduced with miR-375 and anti-
miR-9 proved to be insulin glucose dependent and therefore
they showed synergistic effects in MSC differentiation to
insulin-producing cells [66].

Most groups agree that reduction of hyperglycemia via
transplantation of differentiated MSCs should be further
investigated to elucidate the underlying mechanisms. MSCs
do not strictly possess beta-cell characteristics prior to trans-
plantation as only part of the genes important for beta-cell
function are detectable. Other issues are first the number of
cells that are required to significantly reduce blood glucose
and second how to improve the condition of the cells at the
time of transplantation to increase their in vivo viability [65].

9. Prerequisites for Clinical Use of
Insulin-Producing Cells Derived from
Differentiated MSCs

In spite of a lot of different approaches to differentiate MSCs
towards insulin-producing cells and trials toward the curing
potential of IPCs in animal models, there are still some
issues which are not yet addressed but are crucial for clinical

application. The outstanding concerns are, for example, as
follows: “Are obtained IPCs stable in in vivo conditions
or is dedifferentiation an issue?” “Which of the protocols
are adaptable to xeno-free, GMP-complaint standard proce-
dures?” “Is it enough to transplant insulin-producing cells,
which are only part of functional islets?” What can we learn
from islet transplantation and what can be adapted from
those approaches to MSCs-derived IPCs? Are the IPCs on
the long term stable? What about cell viability subsequent to
transplantation?

The following list delineates major prerequisites for clini-
cal use of IPCs derived fromMSCs:

(1) High purity and quality of cells in terms of bac-
terial, viral, and mycoplasma contamination; no
animal-derived substances including safety tested
compounds of animal origin.

(2) Culturing, expanding, and biobanking of MSCs
under GMP conditions.

(3) Quality of in vitro generated cells: pancreatic islets
as control cells, glucose responsiveness of C-peptide,
and/or insulin expression close to physiological con-
ditions.

(4) Long-term in vitro and in vivo stability of IPCs
derived fromMSCs.

(5) Exact dosage ofMSC-derived IPCs to reverse diabetic
condition and feasibility of producing such dosage in
vitro.

(6) Improvement of cell survival after transplantation,
engraftment, and homing of IPCs and MSCs.

(7) Exclusion of tumor risks.

It is of importance to bring the glucose responsiveness and
the maturation of the IPCs to a similar level of original
beta-cells. At present, glucose dependent insulin release is in
most reported studies far below physiological level of beta-
cells [68, 69, 168, 174, 175]. If insulin expression and release
cannot be significantly raised, transplanted patients will be
still dependent on insulin shots. Given transplantation of
allogenic, gene-manipulated tissue as such an invasive pro-
cedure, the expected outcome does not justify the potential
risks.The goal should not only be to ameliorate blood glucose
levels and to prevent acute events of diabetic ketoacidosis but
to give diabetes patients the chance of normal life [175, 176].

A very important question for the clinical use of MSCs is
the risk of tumor formation.There are contradictory reports,
some excluding tumors, but others measured changes in
karyotype and telomere length, describing the presence of
tumor markers, and some groups even reported in vivo
tumor formation in mice. However, MSC culture conditions
potentially leading to tumor formation were not investigated.
Unfortunately, in publications observing tumor growth,
GMP standards were not reported. Additionally, whether
immunosuppressive properties ofMSCs cause adverse effects
is discussed, such as infections or graft versus host disease.
A series of clinical trials using MSCs for treatment purpose
is already going on [64, 166, 177–180]. It seems that if MSCs
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pose a risk of tumor formation, it can be hypothesized to be
a lot weaker and perhaps better controllable as in the case of
ESCs and iPS cells.

In spite of immunosuppressive properties of MSCs, there
is still evidence of graft rejection and impaired cell survival
after transplantation which calls for further investigation and
leads to the prerequisite that pretransplantation conditions
have to be optimized.There is only little data available in this
direction of preconditioning theMSCs before transplantation
to increase in vivo viability, but further research is certainly
required.

10. Increase of Survival of MSC for
Transplantation and Clinical Application

After transplantation of MSCs, most of them diminish
due to apoptosis [181]. To overcome the current limitation
and improve transplantation therapy, pretreatment of MSCs
with different modulatory factors is an approach to boost
their predefined potential for type 1 diabetes and other
disorders.

When MSCs were cultivated at hypoxia or when trans-
planted in vivo, MSCs likewise suffered from low oxygen
concentration (0.5% to 2.3%) [182–184]. This change in O

2

concentration of MSCs may contribute to DNA damage
and early senescence [185–187]. However, hypoxia-inducible
factor 1 (HIF-1) plays vital role in regulating different gene
expression of stem cells in cellular response to hypoxia and
pretreatment of MSCs with hypoxia condition can improve
engraftment potential [187]. Liu et al. demonstrated increase
in angiogenic factor (HIF-1, ANG, VEGF, and MMP-9) and
Bcl-2 expression with hypoxic preconditioned MSC (5% O

2
)

[188]. Therefore, hypoxia can provide a protective shelter to
transplanted MSCs to some extent. Apelin 13 is an endoge-
nous ligand for G protein coupled APJ receptor [189]. Apelin
has been involved in maintaining cardiovascular functions
and other biological activities [190]. HIF-1 pathway provides
protective effect to hypoxic treated MSCs as discussed above.
However, hyperglycemia along with hypoxia preconditioned
MSCs could produce reactive oxygen species and affect cell
integrity [191, 192]. Apelin 13 provides the protective effect
from apoptosis via MAPK/ERK1/2 and PI3K/AKT signal-
ing pathways in bone marrow derived mesenchymal stem
cells [193]. Mottaghi et al. hypothesized that pretreatment
of hypoxic preconditioned mesenchymal stem cells with
apelin 13 could provide protective effect against apoptosis
in stem cell transplantation therapy by reducing ROS level
via MAPK/ERK1/2 and PI3K/AKT signaling pathways [192].
Therefore, hypoxia-MSCs-apelin 13 combination can be con-
sidered as one strategy to rescue transplanted cells in diabetic
condition.

Pretreatment with modulatory factors can ameliorate
the surviving capacity and engraftment properties and have
potential to resolve current limitation of MSCs in trans-
plantation therapy. However future strategies and better
understanding of unfavorable microenvironment of post-
transplanted MSCs could provide a better approach.

11. More Efficient Insulin Release and
Immunosuppression

In a healthy person, the pancreas consists of 109 cells and a
normal insulin release of 1–15mg per day [81, 194]. As MSC-
derived IPCs are far away from clinically relevant insulin
concentrations, either the insulin release capacity of each
cell has to rise or more IPCs have to be transplanted. Some
groups estimate an amount of 109 IPCs to be transplanted per
patient, which amounts to the total cell mass of the whole
pancreas in IPCs alone [175]. However, most studies report
that MSCs stop or slow proliferation in the differentiation
process. Therefore it is important to work on the yield of
IPCs. At present, all studies are conducted in small-scale flask
cultures. An upscale towards a bioreactor-volume needs to be
established, but only few groups are working on this end.

12. GMP

Progressing cell and tissue manipulation techniques from
pure research towards clinical application, that is, cellular
or gene therapies, demands an additional framework laid
down by regulatory bodies like the FDA or EU called
good manufacturing practice (GMP). GMP requires that a
therapeutic product is of the highest possible quality and
poses no risk for the recipient [195]. Working in compliance
to GMP encompasses not only the process for production of
the therapeutic product but the whole laboratory as well.

Since stem cell therapies are comparatively new, the
corresponding regulatory requirements are still developing.
Currently cell therapy requirements are classified according
to the degree of manipulation involved and the expected
process-related risks. While minimal manipulations, such as
cryopreservation of tissues or cells, are regulated under good
tissue practices (GTPs), which is already present in most
clinical labs, more extensive manipulations, for example,
transduction, ex vivo expansion, activation, and use for other
than the tissues function, fall under the more strict GMP.
MSCs are classified as advanced therapy medicinal products
per European Regulation No. 1394/2007 and are further
considered as somatic therapy or tissue-engineered products,
depending on source, manufacturing, and indication. There-
fore, production and delivery of MSCs must be carried out in
accordance with European regulations [196–201].

The major disparity of GMP cell engineering and the
established GMP in the biopharmaceutical industry is that
most cell therapies are custom-made to the individual
patient whereas biopharmaceutical GMP aims towards bulk
production. In an ongoing process adjustment of the reg-
ulations is required. However, continuous renewal makes
the classification and GMP requirements of cell therapeutic
products subject to change. For example, firstGMPcomplaint
procedures for cell expansions are already established [202,
203]; in contrast GMP procedures for differentiation are still
not defined.

Translating research-based protocols into GMP com-
plaint procedures for the production of clinical-grade MSCs
requires an in-depth assessment of all critical aspects and
involved risks. All phases of production must be subjected to
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quality control. This includes, but is not limited to, process
controls, which qualify cell production technique, including
functional tests, and production controls, for example, bac-
teriological tests, phenotypic controls, and a visual follow-
up. Critical is the analysis that the culture protocol does not
lead to cell transformation (karyotype, FISH, quantitative
expression of telomerase, c-myc, etc.). Tests of viability and
phenotype must be performed at the final stage but must
additionally be compatible with a rapid release of the finished
product [177].

One of the most crucial aspects for the maintenance of
phenotype and genotype of cultured MSCs during multiple
passages is the cell culture media. Agreement on the optimal
media for MSC cultivation is not reached in present. Most
commonly DMEM, MEM, EMEM, 𝛼-MEM, and RPMI
with supplementation of FBS, human serum or plasma, and
growth factors are used [49, 50, 52, 68, 202].This leavesmuch
room for improvement; apart from the lack of standardized
protocols, the use of FBS is undesirable by GMP standards,
which favor a xeno-free approach to eliminate the risk of
cross-species disease transmission. Furthermore, utilizing
FBS in GMP production requires additional certification
of the used FBS, significantly raising the costs. First steps
towards wholly synthetic culture media are already under-
taken, with the aim of eliminating these concerns. Salzig et
al. tested a chemical defined culturemedium for expansion of
MSC and established this for flask cultures up to bioreactor
scale. They specify “chemical defined” as being xeno-free as
well as free from components derived from or consisting
of lysates, hormones, transferrin, or similar compounds,
arguing that their composition or activity is susceptible to
deviation. This approach is almost unique for MSCs, efforts
by other groups research limiting themselves to xeno-free-
only culture media until now, which is not chemical defined
in the strictest definition [204].

13. Concluding Remarks

As diabetes is a disease which strikes millions of people
worldwide, which goes alongwith lifetime necessity of insulin
shots and high risk of side effects because the best glucose
control is still not comparable with physiological glucose
regulation, a beta-cell replacement treatment is highly desir-
able. The option of transplanting pancreas or isolated islets
is limited because of a lack of suitable organs relative to the
large amount of potential recipients, combined with severe
side effects caused by lifelong immunosuppression, which
has to be weighed against the necessity of insulin shots and
is therefore only recommendable for a subgroup of patients
with severe medical history. The option of xenotransplanta-
tion, which would resolve the lack of donors, for example,
with pig islets, poses even bigger risks of other adverse effects.
Despite these concerns, important knowledge comes from
clinical and experimental islet transplantation and it is still
one of several treatment options that are worthwhile to follow
in the future.

As there are a multitude of approaches in the field of
regenerative medicine, ranging from novel ways to induce

beta-cell proliferation, reprogramming of other pancreatic
cells or nonpancreatic cells like liver cells, the differentiation
research on iPSC, fetal stem cells, or adult stem cells (among
them, MSCs), it is not possible yet to anticipate which
technique(s) will come out on top. Therefore, it is very
important that each path is worked on among researchers
in the diabetic field. In this review, MSCs are highlighted,
because they have great potential and do not come with
ethical issues as opposed to ESCs due to the fact that for
ESCs embryos have to be destroyed. Additionally, MSCs
can possibly act as supporting cells along with classical islet
transplantation or ameliorate diabetes by using the MSCs in
an undifferentiated status. Some clinical studies are already
going on, using MSCs, because of their anti-inflammatory
potential.

Preliminary results seem to show that the tumor risk
is low to absent in MSCs compared to iPS cells and ESCs.
In spite of the fact that research is underway for the use
of MSCs in diabetes treatment, clinical application is still
a long way to go as there is still a lack of standardized
protocols to produce and expand MSCs, to better control
the risk of malignant formation or in vivo differentiation and
the release of cytokines, and finally to improve engraftment.
These are the crucial issues which have to be addressed in
future research to reach clinical utility and viability.

Common Abbreviations

AD-MSCs: Adipose tissue derived mesenchymal stem
cells

ALCAM: Activated leukocyte cell adhesion
molecule

AM-MSCs: Amniotic membrane and fluid
mesenchymal stem cells

ANG: Angiogenin
APJ: Apelin receptor, a G-protein coupled

receptor
ASCs: Adipose tissue derived stem cells
AT-MSCs: Adipose tissue derived stem cells
Bcl-2: Founding member of the b-cell

lymphoma-2 regulator proteins and
correspondent genes that regulate
apoptosis

BM-MSCs: Bone marrow derived mesenchymal stem
cells

Brachyury: Transcription factor within the T-box
complex of genes highly expressed in
inner cell mass of blastocyst, defining
midline of a bilateral organism

CD: Cluster of differentiation
CITR: Collaborative Islet Transplant Registry
c-myc: V-myc avian myelocytomatosis viral

oncogene homolog
Cxcr4: Gene encoding the CXC

(cysteine-x-cysteine motif) chemokine
receptor type 4

DMEM: Dulbecco’s Modified Eagle Medium, LG =
low glucose, and HG = high glucose

DPSCs: Dental pulp mesenchymal stem cells
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DTZ: Dithizone, sulfur-containing organic
compound forming complexes with metal
cations, such as Zn, used to assess the
purity of islet cell preparations

EGF: Epithelial growth factor
ESCs: Embryonic stem cells
FBS: Fetal bovine serum
FcR gamma: Fc receptor gamma
FGF: Fibroblast growth factor
FGF2: Fibroblast growth factor 2
FISH: Fluorescent DNA in situ hybridization
FoxA2: Gene encoding Forkhead box protein A2

transcription factor
GFR: Glomerular filtration rate
Glut2: Glucose transporter 2
Glp-1: Glucagon-like peptide-1
GM-CSF: Colony stimulating factor 2

(granulocyte-macrophage)
GK: Glucokinase
GMP: Good manufacturing practice
GPIIB: Glycoprotein IIB
GPIIIa: Glycoprotein IIIa
GPVI: Glycoprotein VI
GR1: Granulocyte marker 1
GTPs: Good tissue practices
HbA
1c: Hemoglobin glycosylated

HBSS: Hank’s Balanced Salt Solution
HGF: Hepatocyte growth factor
HIF-1: Hypoxia-inducible factor 1
HLA-DR: Human leukocyte antigen receptor D
HNF2: Hepatocyte nuclear factor 2
IBMIR: Instant blood mediated immune reaction
ICAM-1: Intercellular adhesion molecule 1
IFN-gamma: Interferon gamma
IPCs: Insulin-producing cells
iPSCs: Induced pluripotent stem cells
IL: Interleukin
ISCT: International Society for Cellular Therapy
Isl1: Insulin gene enhancer protein 1, a protein

encoded by the correspondent gene
MafA: V-maf musculoaponeurotic fibrosarcoma

oncogene homolog A, a protein encoded
by the MafA gene

MCP-1: Monocyte chemotactic protein 1
Mixl1: Mix paired-like homeobox gene encoding

transcription factor
MMP: Metalloprotease
MOI: Multiplicity of infection
MSCs: Mesenchymal stem cells
MSCA-1: Mesenchymal stem cell antigen-1
NANOG: (Old Irish Tir na nOg = land of youth)

gene encoding a transcription factor
regulating self-renewal in stem cells

NCV: Nerve conduction velocity
NK cells: Natural killer cells
NeuroD1: Neurogenic Differentiation 1 gene

encoding basic helix loop helix
transcription factor of the NeuroD family

Ngn3: Neurogenin gene encoding class A basic
helix loop helix transcription factor

Nkx2.2 NK2: Homeobox 2 transcription factor encoded
by correspondent gene also named TTF1

NO: Nitric oxide
OCT4: Octamer binding transcription factor 4
P-MSC: Pancreas
PL-MSC: Placenta
PAF: Platelet activating factor
Pax6: Gene encoding the transcription factor

Paired box protein 6
PDGF: Platelet derived growth factor
PDX-1: Pancreatic and duodenal homeobox 1,

synonymous with insulin promoter factor
1

PP: Pancreatic progenitor
RA: Retinoic acid
SCF: Stem cell factor, a cytokine produced by

fibroblasts and endothelial cells, in its
soluble form binding to c-KIT (CD117)

SOX2: Sex-determining region-related
High-Mobility-Group-Box gene 2

STRO-1: Stromal cell derived factor 1
STRO-3: Stromal cell derived factor 3
STZ: Streptozotocin, chemical for induction of

experimental diabetes in rodents
STZ mice: Streptozotocin-induced diabetes in mice
T1DM: Type 1 diabetes mellitus
TCDAb: T-cell depleting antibody
TGF: Tissue growth factor
TGF beta: Tissue growth factor beta
Thy1: Thymocyte differentiation antigen 1
TNF-alpha: Tumor necrosis factor alpha
TNF-alpha-i: Tumor necrosis factor alpha inhibitor
TXA: Thromboxane
UC-MSCs: Umbilical cord matrix mesenchymal stem

cells
UCB-MSCs: Umbilical cord blood mesenchymal stem

cells
VCAM: Vascular cell adhesion molecule-1
VEGF: Vascular endothelial growth factor
VLA-4: Integrin alpha4beta1
Wnt: Wingless Int-1 characterizing a group of

proteins passing signals from outside to
inside of the cell membrane

WT-MSCs: Wharton’s jelly mesenchymal stem cells.
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The manufacture of human mesenchymal stem cells (hMSCs) for clinical applications requires an appropriate growth surface and
an optimized, preferably chemically defined medium (CDM) for expansion. We investigated a new protein/peptide-free CDM that
supports the adhesion, growth, and detachment of an immortalized hMSC line (hMSC-TERT) as well as primary cells derived from
bone marrow (bm-hMSCs) and adipose tissue (ad-hMSCs). We observed the rapid attachment and spreading of hMSC-TERT cells
and ad-hMSCs in CDM concomitant with the expression of integrin and actin fibers. Cell spreading was promoted by coating the
growth surface with collagen type IV and fibronectin.The growth of hMSC-TERT cells was similar in CDM and serum-containing
mediumwhereas the lag phase of bm-hMSCs was prolonged in CDM. FGF-2 or surface coating with collagen type IV promoted the
growth of bm-hMSCs, but laminin had no effect. All three cell types retained their trilineage differentiation capability in CDM and
were detached by several enzymes (but not collagenase in the case of hMSC-TERT cells). The medium and coating did not affect
detachment efficiency but influenced cell survival after detachment. CDM combined with cell-specific surface coatings and/or
FGF-2 supplements is therefore as effective as serum-containing medium for the manufacture of different hMSC types.

1. Introduction

Human mesenchymal stem/stromal cells (hMSCs) are often
used for cell therapy because they offer many advantageous
characteristics [1]. Before therapeutic use, hMSCs must be
expanded to produce the number of cells needed per patient
and per dose (at least 1-2 × 106 hMSCs per kg) [2].The growth
of hMSCs is anchorage-dependent, and the interactions
among the growth surface, cells, and surrounding medium
are therefore important for the manufacture of suitable
numbers of healthy cells.

Cell adhesion is necessary for hMSC expansion and is
driven by both nonspecific and specific interactions.
Rounded cells in suspension initially attach to the surface due
to complementary electrostatic/ionic forces and the growth

surface then interacts with cell surface integrins, the
principal receptors mediating cell-matrix adhesion [3].
Integrin activation results in the formation of heterodimers,
which initiate signaling cascades that activate downstream
genes and ultimately regulate cell morphology and behavior.
The cell flattens and spreads due to the activation of protein
kinase C (PKC) and the subsequent accumulation of focal
adhesion kinase (FAK) and actin filaments at the leading
edges of the cells.The completion of cell spreading and strong
adhesion to the surface, which is required for proliferation,
is characterized by the inactivation of PKC and the cross-
linking of actin to defined intracellular stress fibers along
with FAK located at the focal adhesion sites. The actin forms
a stable cytoskeleton, which maintains the cell in its adherent
spread state [4, 5].
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Serum (usually bovine, sometimes human) is often
included in hMSC expansionmedia to promote cell adhesion
because it contains many attachment-promoting proteins
(e.g., collagens, fibronectin, laminins, and vitronectin) as
well as hormones and lipids that stimulate cell prolifer-
ation in vitro [6]. Serum causes problems when hMSC
expansion must be carried out according to good manu-
facturing practice (GMP) because hMSCs in the clinic are
considered advanced therapy medicinal products (ATMPs)
by the European Medicines Agency (EMA) and US Food
andDrugAdministration (FDA).These agencies recommend
the avoidance of any raw materials derived from mammals,
including serum, to reduce the risk of contamination when
using ATMPs [7].

The regulatory pressure to eliminate serum has resulted
in several innovations [8]. In addition to serum-containing
medium (SCM, 10–20% serum) and reduced serum medium
(1–5% serum, fortified with insulin, transferrin, and other
nutrients), several categories of serum-free medium have
been developed including (a) serum-free medium, with
additional mammalian hormones, growth factors, proteins,
and polyamines; (b) protein-free medium, containing pep-
tide fragments from the enzymatic or acid hydrolysis
of proteins derived from animals or plants; (c) recom-
binant xeno-free medium, containing recombinant pro-
teins/hormones/compounds and chemically defined lipids;
and (d) chemically defined medium (CDM) which is a
protein-free basal medium containing only low-molecular-
weight additives, synthetic peptides or hormones, and a few
recombinant or synthetic versions of proteins. Several in-
house serum-free media have been developed for hMSC
expansion, and these often contain additional factors such
as bovine/human serum albumin, insulin, transferrin, hor-
mones (e.g., progesterone, hydrocortisone, and estradiol),
growth factors (e.g., bFGF, TGF-𝛽, EGF, or PDGF), or
heparin [9–18]. Commercial products are also available for
this purpose, and although the full ingredient lists are
not disclosed they also tend to include a selection of the
components listed above. To our knowledge, however, the
only protein/peptide-free CDM for hMSC expansion is the
StemCell1 medium from Cell Culture Technologies, which
completely lacks any proteinaceous components and each
component is a defined concentration of a low-molecular-
weight compound (between 50 and 250Da, except one
>1000Da) that can be identified by its Chemical Abstracts
Service registration number.

The absence of growth and attachment-promoting pro-
teins in CDM may necessitate the use of protein coatings
on the surface of tissue culture plasticware to encourage cell
adhesion. Many serum proteins can be used as coatings,
including native or denatured collagen, fibronectin, laminin,
and vitronectin. Each protein is recognized by specific
integrin heterodimers: native collagen by 𝛼
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expression in hMSCs differs by source, but hMSCs should
bind via integrin receptors to each of the coatings listed above.

We investigated the attachment and spreading behavior of
an immortalized hMSCcell line (hMSC-TERT) and two types
of primary hMSCs derived from bone marrow (bm-hMSCs)
and adipose tissue (ad-hMSCs) in the CDM StemCell1. We
tested different protein coatings to determinewhichwere able
to promote the adhesion and growth of these three cell types
in CDM. We also determined whether cells growing on the
different coatings differ in terms of their detachment behavior
and response to different detachment enzymes.

2. Materials and Methods

2.1. Cell Lines. We used primary hMSCs from bone marrow
(bm-hMSCs, passages 3–10) kindly provided by M. Rook,
Merck Millipore, Bedford, MA, USA, and from adipose
tissue (ad-hMSCs, passages 3–10) kindly provided by F.
Ehlicke, University of Würzburg, Würzburg, Germany. The
immortalized cell line hMSC-TERT [22] (passages 74–80)
was kindly provided by M. Kassem, University of Southern
Denmark, Odense, Denmark.

2.2. Media. We used Eagle’s minimal essential medium
(EMEM) supplemented with 2mM L-glutamine and 10%
standardized fetal bovine serum (FBS, Article no. S0615) as
our standard SCM.We used StemCell1 medium (Cell Culture
Technologies, Gravesano, Switzerland) supplemented with
2mML-glutamine as our CDM.Themedia were further sup-
plemented with 8 ng/mL recombinant human basic fibrob-
last growth factor (bFGF; Article no. W1370950050) when
required. Unless otherwise specified, all components were
purchased from Biochrom (Berlin, Germany).

2.3. Routine Cell Expansion and Adaption to CDM. Cry-
oconserved hMSC-TERT cells (10% DMSO, 90% FBS) and
primary hMSCs were thawed and cultivated in tissue flasks
(Sarstedt, Nümbrecht, Germany) containing EMEM with
seeding densities between 5000 and 10,000 cells cm−2 at 37∘C,
in a 5% CO

2
humidified atmosphere. Passaging was car-

ried out at 80–90% confluence using 0.25mgmL−1 trypsin-
EDTA. CDM adaptation after the first passage was carried
out using a mixture of 50% SCM and 50% CDM, and subse-
quently 100% CDM was used in Advanced TC™ tissue flasks
(Greiner Bio-One, Kremsmünster, Austria). All subsequent
passaging was carried out using 25% conditioned medium
from earlier cultures. The medium was replaced with 50%
fresh medium every 3-4 days. Cells were passaged at least
twice in CDM alone before starting the experiments.

2.4. Coating the Six-Well Plates. Collagen IV (human, C7521),
fibronectin (bovine, F1141), laminin (murine, L2020), and
vitronectin (human, SRP3186) were obtained from Sigma-
Aldrich Laborchemikalien GmbH (Seelze, Germany). Each
protein was applied to six-well plates overnight at 4∘C to
achieve a coating density of 5 𝜇mol cm−2. A set of plates was
coated with 10% (v/v) FBS as a positive control.
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2.5. Analysis of Cell Attachment and Spreading. The cells were
suspended either in SCM or in CDM and plated with 7000
(hMSC-TERT), 8000 (bm-MSCs), or 3000 (ad-MSCs) cells
cm−2 in coated or noncoated six-well plates. Attachment was
analyzed for 5 h by counting the adherent and suspended
cells every hour. Spreading was analyzed by counting the
spread cells on microscopic images and defined as previously
described [24].

2.6. Immunofluorescence Staining of the Cytoskeleton and Cell
Surface Integrin 𝛼4. Cells were grown for 24 h either in SCM
or in CDM on coated or noncoated six-well plates. We fixed
the cells by removing the medium, gently washing with 2mL
PBS, and incubating with acetone (Carl Roth, Karlsruhe,
Germany) for 10min at −20∘C. After two washes with
PBS, the sample was incubated with 2mL blocking solution
(10mgmL−1 BSA in PBS) for 30min at room temperature.
The sample was again washed twice and then incubated with
a 1 : 80 dilution of Alexa Fluor® 555 Phalloidin (Life Tech-
nologies, Darmstadt, Germany, A340555) or a 1 : 200 dilution
of DyLight 488 integrin 𝛼

4
antibody MM0417-2L30 (R&D

SystemsGmbH,Wiesbaden, Germany, NBP2-11738G) in PBS
for 2 h at room temperature in the dark. Finally, the nuclei
were counterstained with DAPI (AppliChem, Darmstadt,
Germany) and the sample was embedded in Mowiol (Carl
Roth) according to the manufacturers’ recommendations.

2.7. Analysis of Cell Growth. The cells were seeded in six-
well plates (coated or noncoated) at a density of 7000-10,000
cells cm−2 and grown in 2mL SCM or CDM for up to 8
d at 37∘C in a 5% CO

2
humidified atmosphere. Cells were

counted under the microscope every day. The growth rate 𝜇
was determined during the exponential growth phase using
the following equation:

𝜇 [

1

ℎ

] =

ln (𝑋
2
) − ln (𝑋

1
)

𝑡
2
− 𝑡
1

. (1)

2.8. Differentiation of Expanded Cells. The cells were dif-
ferentiated using StemMACS AdipoDiff, ChrondroDiff, or
OsteoDiff media (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) according to the manufacturer’s recommendations.
After differentiation, the cells were fixed with 4% para-
formaldehyde (Carl Roth) for 30min at room temperature.
Adipogenic differentiation was confirmed by nil red staining
of the fat droplets as previously described [25]. Finally, the
sample was embedded with Mowiol (Carl Roth) accord-
ing to the manufacturer’s recommendations. Chondrogenic
differentiation was confirmed by the immunofluorescence
staining of collagen type II as described [26]. Osteogenic
differentiation was confirmed using the OsteoImage Miner-
alization Assay (Lonza, Basel, Switzerland) according to the
manufacturer’s recommendations.

2.9. Analysis of Cell Detachment. The cells were suspended
in SCM or CDM, seeded at a density of 50,000 cells cm−2
in coated or noncoated six-well plates and incubated at 37∘C
in a 5% CO

2
humidified atmosphere until attachment was

Table 1: Properties of the enzymes used for cell detachment.

Detachment enzyme Manufacturer Incubation
time (min)

Accutase Sigma-Aldrich 10

Collagenase PAA Laboratories
GmbH 60

Prolyl-specific peptidase (PsP) [23] 40
Trypsin PAA 10

observed. Each well was washed twice with 1mL PBS to
remove the medium. The cells were incubated with 0.5mL
detachment enzyme solution (supplemented with 0.02%
EDTA if necessary) as shown in Table 1. The detachment
reaction was stopped by adding 1.5mL SCM, the solution
was centrifuged (500× g, 5min, room temperature), and
the remaining cell pellet was resuspended in 0.5mL SCM.
Cell number and viability were determined by trypan blue
staining.

3. Results

3.1. Attachment and Spreading of hMSC-TERT Cells and
Primary hMSCs. Efficient cell attachment and spreading
on the growth surface are necessary to expand anchorage-
dependent hMSCs. In CDM, the hMSC-TERT cells com-
pletely attached within 4 h regardless of the presence/absence
or type of surface coating. We observed minor surface-
dependent differences in the attachment rate; for example,
the cells attached more slowly on the collagen IV coating.
Nevertheless, there was little difference in the attachment
behavior of hMSC-TERT cells growing in SCM and CDM.
In contrast, the spreading of the cells in CDM was positively
influenced by the protein coatings. In the absence of coating,
only 8% of the attached cells spread after 5 h, whereas cells
seeded on collagen type IV and fibronectin spread at similar
rates to those seeded on FBS or in SCM (Figure 1). The
immunofluorescence staining of the cytoskeleton and cell
surface integrins revealed that hMSC-TERT cells growing in
CDM on surfaces coated with collagen type IV or fibronectin
contained better-organized F-actin fibers than cells growing
on other surfaces and also expressed integrin 𝛼

4
at a higher

level (Figure 2).
The bm-hMSCs attached poorly in CDM (Figure 3(a))

but even in SCM complete attachment took up to 24 h. Only
a few bm-hMSCs had attached after 5 h in CDM and no
spreading was observed within this time period.The attached
bm-hMSCs were thin and elongated on each of the coatings
and no lamellipodia were observed. Our results showed that
no coating was preferable for the attachment or spreading of
these cells in CDM, but without coating the attached cells
tended to detach again and become rounded (Figure 3(b)).

In contrast, the ad-hMSCs attached rapidly in CDM and
more than 90% of the cells had attached within 2 h, regardless
of the presence/absence or type of coating. Within 4 h, 59%
of the cells had spread on the collagen type IV surface
whereas almost 100% of cells had spread on the fibronectin,
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Figure 1: Spreading of hMSC-TERT cells on different surface
coatings. The hMSC-TERT cells were grown on different coatings
either in serum-containingmedium (SCM) or in chemically defined
medium (CDM). The cells were analyzed by microscopy and those
showing at least three lamellipodia were defined as spread. Each
measurement was taken in triplicate (𝑛 = 3).

laminin, and vitronectin surfaces after the same amount of
time. The immunofluorescence staining showed that all the
expanded ad-hMSCs in CDM expressed integrin 𝛼

4
, but the

F-actin fibers were not as well organized and distinct as those
observed in the cells cultivated in SCM (Figure 2).

3.2. Growth of hMSC-TERT Cells and Primary hMSCs. A
comprehensive investigation of hMSC-TERT growth behav-
ior in CDM initially showed that the choice of cell culture
plastic (CCP) had an enormous influence (Figure 4). In
standard CCP, the hMSC-TERT cells had a prolonged lag
phase and a slower growth rate (𝜇STD-CCP = 0.013 h

−1)
compared to cells growing in SCM (𝜇SCM = 0.020 h

−1). In
addition, the maximum density of cells growing on standard
CPP was 2.6-fold lower in CDM compared to SCM. On CPP
specially designed for compatibility with CDM cultivation
(CDM-CPP), the growth rate of the cells was similar in CDM
and SCM (𝜇CDM-CCP = 0.019 h

−1). Supplementing the CDM
with FGF-2 or coating the CPP with the proteins listed above
did not improve the growth rate any further.

The growth of bm-hMSCs in CDM was only tested using
CDM-CPP. We found that cell growth was much slower in
the absence of coating (𝜇CDM-CCP 0.016 h

−1) when compared
to the growth rate in SCM (𝜇SCM 0.020 h−1), and that the cell
number at the end of the cultivation was four times lower in
CDMcompared to SCM(Figure 5). For both primary hMSCs,
supplementing the CDM with FGF-2 significantly improved
the cell growth rate (𝜇FGF2 = 0.019 h

−1), but the cell number at
the end of the cultivation in CDMwas only half that achieved
using SCM. This probably reflects the duration of the lag
phase, which is 48 h longer in CDM compared to SCM. The
nature of coating also affected the growth rate of bm-hMSCs
in CDM; for example, laminin did not promote cell growth
any better than uncoated plates, whereas collagen type IV
improved the bm-hMSC growth rate to the same extent as
supplementing the medium with FGF-2.

3.3. Differentiation Potential of hMSC-TERT Cells and Pri-
mary hMSCs in CDM. Trilineage differentiation potential is
a minimal criterion for the therapeutic use of hMSCs, so
we investigated whether the expansion of cells in CDM had
any influence on this property. We found that hMSC-TERTs,
bm-hMSCs, and ad-hMSCs each retained their ability to
differentiate into adipocytes, chondrocytes, and osteoblasts,
as determined by immunofluorescence staining (Figure 6).

3.4. Detachment of hMSC-TERT Cells and Primary hMSCs.
Detachment is also necessary for hMSC expansion and this
process should be efficient without causing cell damage.
Compared to hMSC-TERT cells grown in SCM, we found
that the same cells growing in CDM were more difficult to
detach with trypsin, Accutase, and PsP and that collagenase
was completely ineffective even if the surface of the flasks was
coated with collagen (Figure 7). For hMSC-TERT cells grown
in SCM, the coating had no influence on detachment with
trypsin or Accutase because both enzymes achieved almost
100% detachment. For hMSC-TERT cells grown in CDM,
trypsin and Accutase detached most cells from laminin-
coated surfaces. PsP was unable to detach hMSC-TERT cells
from surfaces coated with collagen type IV in either SCM or
CDM. This enzyme efficiently removed cells from all other
surfaces in both media, but the efficiency of cell detachment
from fibronectin was 50% lower in CDM compared to SCM.
Although CDM generally had little impact on detachment
efficiency, it did affect the viability of the detached cells.
For hMSC-TERT cells grown in CDM without a surface
coating, the viability fell substantially after detachment with
trypsin (80.7±3.3%), Accutase (87.2±2.0%), and collagenase
(83.8 ± 9.2%) but remained high after detachment with PsP
(97.4 ± 0.1%). In contrast, the cells grown without a surface
coating in SCM only lost viability following detachment with
collagenase (88.6 ± 1.9%).The bm-hMSCs could be detached
efficiently from each coating with any of the enzymes,
including collagenase.We observed no differences among the
four coatings, but detachment was slightly less efficient in the
absence of a coating.All detached cells remainedhighly viable
after detachment (Figure 8).

4. Discussion

4.1. Interaction between Cells and the Growth Surface. The
nature of the growth surface can have a profound effect on the
behavior of cultured cells, and we found that this was also the
case for three different types of hMSCs. Switching from SCM
to CDM affected the growth of hMSCs on standard tissue
culture plastic, but a specially modified surface designed for
compatibility with CDM improved the growth of hMSC-
TERT cells to the same extent as SCM, and coating this
surface with extracellular matrix (ECM) proteins or adding
FGF-2 to the medium did not improve growth any further.
The modified plastic surface is prepared by incubating it
with plasma, which provides more oxygen groups to increase
wettability, protein interactions, and thereby cell proliferation
[27]. The impact of further coating with ECM proteins
differed according to the cell type. Fibronectin promoted
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Figure 2: Immunofluorescence staining of the cytoskeleton and the cell surface integrin𝛼
4
in hMSC-TERT cells and primary adipose-derived

hMSCs (ad-hMSCs).The cells were grown on different coatings either in serum-containingmedium (SCM) or in chemically definedmedium
(CDM). After fixation, immunofluorescence staining was carried out showing F-actin in red, integrin 𝛼

4
in green, and nuclei in blue.

the adhesion of hMSC-TERT cells and ad-hMSCs, which
is not surprising because hMSCs express more fibronectin
receptors than receptors for each of the three other coatings
[20, 28]. Integrin 𝛼

4
is a major fibronectin receptor [19]

and we were able to detect this protein on the surface
of these hMSCs grown on fibronectin in SCM and CDM.
Interestingly, integrin 𝛼

4
was also present on hMSC-TERT

cells growing in CDM on collagen type IV although integrins
𝛼
1
, 𝛼
2
, 𝛼
10
, and 𝛼

11
combine with integrin 𝛽

1
to bind collagen

IV and integrin 𝛼
4
is not involved. Fibronectin and collagen

IV are interconnected, and collagen type IV educates other

ECM components and promotes the survival of fibroblasts
and tumor cells independent of its integrin and specificity
as a way to circumvent apoptosis [29, 30]. We observed this
growth-promoting effect for bm-hMSCs growing in CDM
on a collagen type IV coating. The coating had the same
positive impact as the growth factor FGF-2, which is known
to enhance the mitotic potential of hMSCs and increase their
growth rate and potential for self-renewal [31, 32].

4.2. The Behavior of the Three Types of hMSC in CDM.
The attachment and spreading kinetics of the three types of
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hMSC in CDM were strongly dependent on the cell type.
Whereas the hMSC-TERT cells and ad-hMSCs attached and
spread rapidly, the adhesion of the bm-hMSC was slow and
inefficient. The latter were also slow to attach in SCM, which
suggests the effect is cell- or donor-dependent rather than
indicative of missing attachment-promoting proteins in the
CDM. Human MSCs from different sources differ in their
integrin profiles [33]; for example, hMSC-TERT cells express
integrins 𝛼

2
, 𝛼
4
, 𝛼
5
, 𝛼
6
, 𝛼
11
, 𝛼v, 𝛽1, and 𝛽5 [28], whereas

primary hMSCs express integrins 𝛼
1
, 𝛼
2
, 𝛼
3
, 𝛼
6
, 𝛼
7
, 𝛼
9
, 𝛼
11
,

and𝛽
1
[34], and this is likely to affect their adhesion behavior.

Importantly, cell vigor also depends on the age and health

of the donor. The bm-hMSCs were derived from an older
donor than the ad-hMSCs, which could explain their slow
attachment and proliferation compared to the ad-hMSCs
and the immortalized hMSC-TERT cells. To exclude donor-
dependent effects and confirm that the observed behavior
in CDM is genuinely cell-dependent, it will be necessary
to repeat the experiments using bm-hMSCs and ad-hMSCs
from at least five donors.

Strong adhesion is required for cell growth, so the
inefficient adhesion of the bm-hMSCs in CDM may explain
the long lag phase compared to the same cells grown in
SCM. The growth rate was improved by supplementing
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Figure 4: Growth of hMSC-TERT cells in chemically defined
medium (CDM). The cells were grown on standard cell culture
plastic (STD-CCP) or CDM-optimized CCP (CDM-CCP) in either
CDM (with or without FGF-2) or serum-containing medium
(SCM). Cell growth was analyzed by the counting and the mea-
surement of glucose consumption. Each measurement was taken in
triplicate (𝑛 = 3).
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Figure 5: Growth of primary bone marrow-derived hMSCs (bm-
hMSCs) in chemically defined medium (CDM). The cells were
grown on coated or noncoated CDM-optimized cell culture plastic
either in CDM (with or without FGF-2) or in serum-containing
medium (SCM). Cell growth was analyzed by the counting and
the measurement of glucose consumption. Each measurement was
taken in triplicate (𝑛 = 3).

the medium with FGF-2 or coating the surface with collagen
type IV, but the lag phase could not be shortened. To confirm
this hypothesis, the adhesion strength of the cells should be
analyzed in future experiments, for example, by atomic force
microscopy [35].

The detachment behavior of the three types of hMSC was
also distinct and depended on the medium and the surface
coating. For cells grown in CDM, surface coating did not
improve the efficiency of detachment, but it did increase cell
viability after cell detachment indicating a protective effect.
Interestingly, the hMSC-TERT cells could not be detached
with collagenase, even if the cells were grown on a collagen-
coated surface, despite the fact that collagenase is often used
to isolate hMSCs from tissues [36]. In previous studies, we
showed that collagenase is not suitable for the detachment
of hMSC-TERT cells from glass surfaces because it primarily
cleaves cell-cell linkages and not cell surface linkages [37, 38].
In contrast to hMSC-TERT cells, the primary hMSCs could
easily be detached with collagenase and the other enzymes.

4.3. Influence of Surface Coating and the Medium on Stem
Cell Potency. All three hMSC types retained their stem cell
phenotype and capacity formultilineage differentiation when
expanded in CDM, showing that CDM is suitable for robust
hMSC expansion and does not contain soluble factors that
promote unwanted differentiation [39].

We did not determine whether the coating influences
the potency of hMSCs, but this must be considered because
certain ECM components can induce differentiation. For
example, fibronectin promotes cell spreading and prolifera-
tion while inhibiting adipogenic differentiation, but it plays a
pivotal role during osteogenic differentiation. Furthermore,
vitronectin and collagen type I can promote osteogenic
differentiation in hMSCs, whereas laminin can stimulate the
proliferation of hMSCs (although we could not confirm this
in our experiments) but suppresses chondrogenesis [40].This
shows that multiple ECM components can provide a suitable
attachment and growth surface for hMSCs, but these must be
chosen carefully to avoid unwanted differentiation during cell
expansion.

5. Conclusions

The manufacture of hMSCs for clinical applications requires
an appropriate choice of growth surface and expansion
medium. We have demonstrated that it is possible to expand
different primary hMSCs and an immortalized hMSC line
in protein/peptide-free CDM, which means that fewer sup-
plements are required than anticipated and that the cells can
survive in a basic medium. The cultivation of cells for a few
days or for one or two passages is not enough to declare a
robust serum-freemedium, because stem cells can proliferate
in basal medium [41]. Therefore, it will be necessary to
expand the hMSCs for longer periods to determine whether
the CDM is suitable for manufacturing. Nevertheless, the
behavior of each of the three cell types in CDM was distinct.
For example, the fibronectin coating was only advantageous
for ad-hMSC and hMSC-TERT attachment but did not affect
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enzymes.The cells were grown to confluency in coated or noncoated
wells and were detached enzymatically. Cell detachment was ana-
lyzed by counting cells in suspension. Each experiment was carried
out in triplicate (𝑛 = 3).

bm-hMSCs. Furthermore, FGF-2 and collagen IV promoted
the growth of bm-hMSCs but not hMSC-TERT cells. It is not
yet possible to recommend a generally advantageous coating
or supplement for the expansion of each MSC type in CDM
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Figure 8: Detachment of primary bone marrow-derived hMSCs
(bm-hMSCs) using different enzymes. The cells were grown to
confluency in coated or noncoated wells and were detached
enzymatically. Cell detachment was analyzed by counting cells in
suspension. Each experiment was carried out in triplicate (𝑛 = 3).

because donor-dependent effects could not be excluded.
Therefore, more extensive studies with hMSCs from other
sources (e.g., umbilical cord) and with more donors per cell
type are necessary to determine whether general principles
can be drawn from these data. Efficient hMSCmanufacturing
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requires a detailed understanding of the interactions among
the cells, the growth surface, and the cultivation medium.
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The potential of human mesenchymal stem cells (hMSCs) for allogeneic cell therapies has created a large amount of interest.
However, this presupposes the availability of efficient scale-up procedures. Promising results have been reported for stirred
bioreactors that operate with microcarriers. Recent publications focusing on microcarrier-based stirred bioreactors have
demonstrated the successful use of Computational Fluid Dynamics (CFD) and suspension criteria (𝑁

𝑆1𝑢
,𝑁
𝑆1
) for rapidly scaling up

hMSC expansions from mL- to pilot scale. Nevertheless, one obstacle may be the formation of large microcarrier-cell-aggregates,
which may result in mass transfer limitations and inhomogeneous distributions of stem cells in the culture broth. The dependence
of microcarrier-cell-aggregate formation on impeller speed and shear stress levels was investigated for human adipose derived
stromal/stem cells (hASCs) at the spinner scale by recording the Sauter mean diameter (𝑑

32
) versus time. Cultivation at the

suspension criteria provided 𝑑
32

values between 0.2 and 0.7mm, the highest cell densities (1.25 × 106 cells mL−1 hASCs), and
the highest expansion factors (117.0 ± 4.7 on day 7), while maintaining the expression of specific surface markers. Furthermore,
suitability of the suspension criterion𝑁

𝑆1𝑢
was investigated for scaling up microcarrier-based processes in wave-mixed bioreactors

for the first time.

1. Introduction

Cell-based therapies have become increasingly important
in the field of regenerative medicine, as global revenues of
approximately 1 billion US$ indicate [1, 2]. There has been
an obvious growing interest in hMSCs, particularly in those
that have shown great potential for a wide range of allogeneic
therapies (e.g., dry eye-related macular degeneration, dia-
betes, Crohn’s disease, graft versus host disease, and acute
myocardial infarction [1, 3–8]). By September 2015, 171
Phase 1, 2, and 3 clinical trials with hMSCs had been run
(https://www.clinicaltrials.gov/), a fact that comes as no
surprise. Due to their existence in postnatal tissues (e.g.,
adipose tissue, bone marrow, umbilical tissue, blood, and
peripheral blood) and lower regulatory restrictions than for
embryonic stem cells, hMSCs are more easily accessible and

more widely accepted for clinical applications [9–14]. The
large amount of hMSCs required for one single therapeutic
dose (35–350 million cells per dose) explains the demand for
efficient and scalable in vitro expansion procedures [1, 15].
Although static stacked plate systems, with up to 40 layers,
provide the desired cell numbers of up to 1 × 109 cells in
semicommercial and commercial production processes, it
is difficult to ensure stem cell quantity and quality as the
numbers of layers increase [16, 17].

Microcarrier-based bioreactors were identified as an
alternative to planar cultivation technology that could meet
the requirements in terms of production scale, bioprocess
economics, and optimization [18]. The highest hMSC densi-
ties (1.4 × 105–0.8 × 106 cellsmL−1) and maximum expansion
factors (EFs) between 40 and 50 were achieved in stirred
bioreactors operated with solid or porous microcarriers in
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a serum-supplemented (5–10% fetal bovine serum albumin,
FBS) culture medium, cultivated for up to 21 days [19–30].
In order to successfully scale up microcarrier-based stirred
bioreactor processes with hMSCs, Hewitt et al. [24] and
Rafiq et al. [19] applied the suspension criterion 𝑁

𝑆1
. This

criterion that takes the high shear sensitivity [31, 32] of
hMSCs into account can be attributed to Zwietering [33] and
his studies from the late 1950s. 𝑁

𝑆1
represents the minimum

impeller speed that just fully suspends the microcarriers
at minimal shear stresses. However, it does not guarantee
a homogenous dispersion of all microcarriers throughout
a culture medium. Kaiser et al. [27] and Schirmaier et al.
[20] introduced 𝑁

𝑆1𝑢
criterion and proposed the antecedent

prediction of the fluid flow pattern and hydrodynamic forces
using Computational Fluid Dynamics (CFD) and Particle
Image Velocimetry (PIV).𝑁

𝑆1𝑢
criterion represents the lower

limit of 𝑁
𝑆1

criterion and allows for local movement of the
microcarriers along the bioreactor bottom, but with none of
the microcarriers at rest. By using𝑁

𝑆1𝑢
criterion, Schirmaier

et al. [20] have achieved the highest number (1 × 1010) of both
hASCs and EFs (41.7 within 7 days) in microcarrier-based
stirred bioreactors at the pilot scale (35 L working volume)
to date. However, as shown by Ferrari et al. [34], with bone
marrow-derived hMSCs grown in spinner flasks on dextran
microcarriers (Cytodex 1), large microcarrier-cell-aggregates
can appear, whichmay result inmass transfer limitations and,
finally, loss of stem cell properties, reduced cell growth, and
even cell death. This raises the question of whether there
is a dependence between microcarrier-cell-aggregate size,
impeller speed, shear stress, cell quantity, and cell quality.

For this reason, one aim of our study was to investi-
gate time-dependent hASC growth in spinners at different
impeller speeds (taking the suspension criteria into account)
and shear stress levels, while also taking themicrocarrier-cell-
aggregate size into account. All these investigations are based
on the previously published characterization investigations
(suspension studies, CFD simulations, and PIV measure-
ments) of our group (Kaiser et al. [27]). The second aim was
to examine whether it is possible to use 𝑁

𝑆1𝑢
criterion for

hMSCmass production processes in wave-mixed bioreactors
with one-dimensional motion. In this type of bioreactor,
mass transfer is accomplished by a propagating wave, whose
intensity can be regulated by the bioreactor’s rocking angle,
rocking rate, and filling level. The wave is induced by rocking
a fixed, surface-aerated bag [35–38] containing the medium
and microcarriers to which the cells attach. Although this
bioreactor type is well established in seed inoculum and
microcarrier-based vaccine production processes with con-
tinuous animal cell lines, there are only two publications that
describe its applicability to the expansion of hMSCs [39, 40].
Timmins et al. [39] cultivated human placental MSCs on
CultiSpher-S microcarriers and achieved EFs of up to 16.3
within 7 days under low O

2
(5%) conditions. In normoxic

conditions Akerström [40] grew nonspecified hMSCs on
Cytodex 3 microcarriers over 18 days and harvested 20 × 106
cells, corresponding to an EF of 6. We decided to work with a
BIOSTAT CultiBag RM 2L (optical version) and to adopt the
shear stress at𝑁

𝑆1𝑢
for hASCs in spinner flasks (4.9 × 10−3 to

0.18Nm−2), which required previous suspension, CFD, and
PIV investigations of the cultivation system.

2. Materials and Methods

2.1. Bioengineering Characterizations of
the BIOSTAT CultiBag RM 2L

2.1.1. Suspension Studies. The suspension experiments were
carried out with a specially developed medium from Lonza
containing 5% FBS and two different types of polystyrene-
basedmicrocarriers (Pall, USA).Three different working vol-
umes (0.5 L, 1.0 L, and 1.5 L) and microcarrier solid fractions
ranging from 0.7 to 2.1% were tested. The polystyrene-based
microcarriers consist of particles with densities between 1090
and 1150 kgm−3 (MC-1) and between 1022 and 1030 kgm−3
(MC-2) and diameters between 160 and 200 𝜇m and between
125 and 200𝜇m, respectively. The resulting nominal growth
surfaces per gram were approximately 515 cm2 and 360 cm2.
MC-1 was applied to establish an initial multiregression
model for the prediction of the suspension criteria (𝑁

𝑆1𝑢
,

𝑁
𝑆1
) in the wave-mixed system and has no significance for

the further cultivation studies described in Section 2.2.
In order to better assess the bioreactor bottom, a trans-

parent, rigid rocking platformmade of acrylic glass was used.
In addition, a mirror was placed below the rocking platform
to improve optical accessibility of the bioreactor bottom.
Suspension characteristics were investigated for different
rocking angles between 4∘ and 10∘. The rocking angle was
kept constant and the rocking rate was increased stepwise up
to a maximum of 35 rpm. 𝑁

𝑆1
criterion for the wave-mixed

bioreactor was defined as the combination of rocking rate and
rocking angle, where themicrocarriersmake contact with the
reactor bottom for no longer than 1 s. Likewise, for the stirred
bioreactors,𝑁

𝑆1𝑢
criterion was the lower limit of𝑁

𝑆1
.

2.1.2. CFD. The fluid flow inside the BIOSTAT CultiBag
RM 2L was modelled using the Fluent 15 finite volume
solver (ANSYS, Inc., USA). Due to the motion of the liquid
interface, the Volume-of-Fluid (VOF) approach was used for
the simulations. For this purpose, a set of single momentum
equations, based on the Reynolds-averaged Navier-Stokes
(RANS) equations, were solved. The interface between the
phases was tracked over time using a balance equation for the
fractional volume, which can be described for the 𝑞th phase
by the following:

𝜕

𝜕𝑡

(𝛼
𝑞
𝜌
𝑞
) + ∇ (𝛼

𝑞
𝜌
𝑞
𝑤⃗
𝑞
) = 0. (1)

The terms 𝑤⃗
𝑞
,𝛼
𝑞
, and 𝜌

𝑞
in (1) denote the fluid velocity vector,

the fluid density, and the volume fraction of the 𝑞th phase. By
assuming a shared velocity field among the phases, a single
momentum balance equation (see (2)) was solved for the
entire fluid domain:

𝜕

𝜕𝑡

(𝜌𝑤⃗) + ∇ (𝜌
𝑞
𝑤⃗𝑤⃗) = −∇𝑝 + ∇ [𝜇 (∇𝑤⃗ + ∇𝑤⃗

𝑇
)]

+ 𝜌𝑔⃗ + 𝐹⃗,

(2)
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where 𝐹⃗ defines all the volumetric forces except gravity. In (2),
the viscosity and the density are weighted mean values:

𝜌 = ∑𝛼
𝑞
𝜌
𝑞
,

𝜇 = ∑𝛼
𝑞
𝜇
𝑞

(3)

whose phase volume fractions are computed based on the
following constraint:

𝑛

∑

𝑞=1

𝛼
𝑞
= 1. (4)

A good approximation for the rocker-type motion of the
bioreactor was described by a harmonic oscillation function,
where the deflection angle (𝜑) at the time point 𝑡 can be
predicted by the following equation:

𝜑
𝑡
= 𝜑max ⋅ sin (𝜔𝑡) . (5)

This resulted in (6), which was entered into Fluent as a user-
defined function and describes the movement of the bag as a
solid body:

𝜔
𝑡
= 𝜔(𝜑max ⋅

𝜋

180

) ⋅ cos (𝜔 ⋅ 𝑡) . (6)

Turbulent flow conditions were modelled using 𝑘-𝜔 SST
model, where a set of transport equations for the turbulent
kinetic energy 𝑘, the turbulent dissipation rate 𝜀, and the
specific turbulent dissipation rate 𝜔 were solved. Detailed
information of the model is provided in [41, 42]. The volume
of the pillow-like bag was discretized into 1.5 × 106 tetrahe-
dral control volumes, guaranteeing acceptable computational
accuracy and a tolerable computational turnaround time.
The simulations were performed for three different working
volumes (0.5 L, 1.0 L, and 1.5 L) by patching the corresponding
liquid phase. Rocking rates (14–35 rpm) and rocking angles
(4–10∘) were selected based on the results of the suspension
studies. The velocity-pressure coupling and the prediction
of volume fractions were accomplished using the SIMPLE
algorithm and geo-reconstruction method provided by Flu-
ent. The time-step size was fixed at 0.005 s. Convergence was
assumed when the residuals dropped below 10−5. However,
the number of iterations per time-step was restricted to 100
in order to limit the central processing unit turnaround time.

2.1.3. PIV. PIV measurements were performed to verify the
CFD model. For this purpose, a FlowMaster PIV system
(LaVision, Germany) in conjunction with a double-pulsed
Nd:YAG laser that generated a 1mmthick laser sheetwas used
(𝜆 = 532 nm, litron lasers, UK). The fluid flow pattern in
the BIOSTAT CultiBag RM 2L was captured at two different
positions (from the side and from below). For the side
recordings, a specially constructed bag with a piece of acrylic
glass along the centreline was used. This enabled process
images to be recorded at the edges of the bag along the vertical
laser plane, which was located in the middle of the half bag.
The recordings from below were carried out for the whole
bag. For this purpose, again a transparent rocking platform

in combination with a mirror below the platform was used in
order to provide optical accessibility to the reactor bottom.
The laser sheet was horizontally positioned 1 cm above the
bag bottom. An Imager Pro X4 CCD camera (LaVision,
Germany) with a resolution of 2048 × 2048 pixels was used
to acquire images and was positioned at a 90∘ angle relative
to the laser field for the side measurements and directly on
the mirror for the bottom investigations. DaVis® 8.2 software
(LaVision, Germany) was used to control the camera, the
traverse system, the laser, image acquisition, and flow field
prediction. In order to visualise the fluid flow pattern,
rhodamine-coated fluorescent particles with a density of
1.19 kg/m−3 (LaVision) were added to the bag. A set of 800
double frame images per position were recorded in order to
obtain statistically significant results, based on an interro-
gation window of 8 × 8 pixels with an overlap of 50%. The
measurements were performed for three working volumes
(0.5 L, 1.0 L, and 1.5 L), different rocking angles (6∘ and 10∘),
and rocking rates (15 rpm, 25 rpm, and 35 rpm). Phase-locked
measurements were recorded by means of a photoelectric
barrier focused on the edge of the rocking platform. For each
experimental set, images were made during the harmonic
oscillation at momentary deflection angles of 4∘ to 10∘.

2.2. Cultivation Studies

2.2.1. Cells, Microcarriers, and Medium. Cryopreserved
hASCs (Lonza Cologne GmbH, Germany) obtained from
a single informed and consenting donor (hASCs, third
passage, population doubling level of 10) were used for
all expansions taking place under serum-reduced (5%
FBS) conditions in a specially developed medium (Lonza,
USA) on polystyrene-based microcarriers (Pall, USA). The
microcarriers (MC-2) used had densities ranging from 1090
to 1150 kgm−3, particle sizes between 125 and 212 𝜇m, and a
mean surface area of approximately 360 cm2 g−1.

2.2.2. Analytics. Off-line samples were taken daily to deter-
mine glucose, lactate, glutamine, and ammonium by biosen-
sors (enzymatic) and ion selective electrodes in the Bio-
Profile 100Plus (Nova Biomedical, USA). In addition, 4󸀠,6-
diamidino-2-phenylindole (DAPI) staining was performed
and microcarrier-cell-aggregates were measured. The aggre-
gate measurements were performed based on macroscopic
(hand camera) and microscopic pictures, which were ana-
lyzed by a user-defined MATLAB (MathWorks, Inc., USA)
script and DaVis® 8.2 software. The cell densities were mea-
sured in triplicate per sample using aNucleoCounter NC-200
(ChemoMetec, Denmark). All microcarrier-cell-aggregates
contained in the spinner flasks and the 2 L bag were washed
with TrypLE Select (Gibco by Life Technologies, USA) and
incubated for 30min at 37∘C before the hASC harvest.

Flow cytometric investigations (MACSQuant device
from Miltenyi Biotec, Germany) were always performed
after cell harvesting with microcarrier-free, purified hASCs
samples. The samples were stained with fluorochrome-con-
jugated anti-humanCD14, CD20, CD34, CD45, CD73, CD90,
and CD105 antibodies (MSC Phenotyping Kit, Miltenyi
Biotec, Germany), which represent minimal surface markers
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recommended by the International Society for CellularTher-
apy.

2.2.3. Corning Spinner Flask Cultivations. In order to inves-
tigate the influence of different impeller speeds on cell
growth and aggregate formation, six different impeller speeds
(25 rpm, 43 rpm, 𝑁

𝑆1𝑢
= 49 rpm, 𝑁

𝑆1
= 63 rpm, 90 rpm, and

120 rpm) were studied under low-serum conditions (5%)
in spinner flask (Corning, USA) experiments for MC solid
fractions of 0.01%. For each condition, two spinner flasks
(100mL culture volume) with mean microcarrier growth
surfaces of 360 cm2 were inoculated with cryopreserved
hASCs (3 × 103 cells cm−2) and cultivated for 8 days at 37∘C,
5% CO

2
, and 80% humidity (normoxic).

Before inoculation, the microcarrier suspensions were
equilibrated for 1 h, as recommended by the vendor. After
inoculation, a 4 h attachment phase was realized to support
cell attachment before the impeller was switched on. On day
4 after inoculation, 50% of the growth medium was replaced
with fresh, preheated medium. For this purpose, the MCs
with the attached cells were allowed to settle, before 50%
of the medium was replaced with fresh, preheated medium.
Cell attachment and harvest procedures were developed and
optimized by Schirmaier et al. [20].

2.2.4. BIOSTATCultiBag RM2LProof-of-Concept Cultivation.
The solid fraction of the polystyrene-based microcarriers
was adjusted to 1.43% (7’722 cm2) for the proof-of-concept
cultivation in the BIOSTATCultiBag RM 2L. Equilibration of
themicrocarriers and inoculation of the cells were performed
in two 1 L shake flasks. For this purpose, the microcarrier
suspension was incubated overnight at 37∘C, 5% CO

2,
and

80% humidity. Each of the shake flasks was inoculated with
6500 cells cm−2 of the microcarriers for the cryopreserved
hASCs. To promote cell attachment, a 20 h static attachment
phase was found to be most suitable after inoculation.
Afterwards, a portion of the microcarrier suspension (mean
growth surface = 360 cm2)was transferred into a spinner flask
as a control. The hASCs in the spinner flasks were cultivated
as described for the spinner experiments in Section 2.2.3
(impeller speed = 49 rpm𝑁

𝑆1𝑢
). The remaining microcarrier

suspension (mean growth surface = 7’362 cm2) was trans-
ferred into a BIOSTAT CultiBag RM 2L. Preheated medium
was then added to achieve a total working volume of 1.5 L.
To achieve similar shear stresses as in the spinner flask,
the BIOSTAT CultiBag RM 2L was overfilled with 500mL
medium. The rocking angle and rocking rate were set based
on the biochemical engineering investigations (𝑁

𝑆1𝑢
= 4∘ and

31 rpm; Section 3.2.1). The hASCs were cultivated for 9 days
at 37∘C, pH 7.3, and 0.05 vvm. On day 5 after inoculation,
the rocker platform was switched off and the bag was hung
up to allow the MCs with attached cells to settle down. After
approximately 15min, 50% of the culture medium could be
replaced with negligible cell and microcarrier lost.

3. Results and Discussion

3.1. Corning Spinner Flask. Figure 1(a) shows time-depend-
ent profiles of living cell densities measured in the spinner

flask runs. The impeller speed dependent growth parameters
are summarized in Table 1. Maximum living cell densities
between (0.25 ± 0.02) × 106 hASCs mL−1 and (1.25 ± 0.05)
× 106 hASCs mL−1 were found 7 days after inoculation. The
highest living cell densities were achieved at impeller speeds
of 49 rpm and 63 rpm for𝑁

𝑆1𝑢
and𝑁

𝑆1
criteria. Cell densities

at the suspension criteria were four to five times higher than
the living cell density at 120 rpm. This can be ascribed to the
twofold to threefold lower local shear stress levels and the
threefold to fivefold lower specific power inputs at 𝑁

𝑆1𝑢
and

𝑁
𝑆1
(Table 1).
During the exponential growth phase, the fastest hASC

growth (doubling time of 23.7 ± 0.1 h) was calculated for
the spinner flask cultivation at 49 rpm (𝑁

𝑆1𝑢
). The slowest

hASC growth (doubling time of 41.3 ± 0.1 h) was found at
120 rpm. In spite of lower shear stresses, the hASCs also
grew more slowly at impeller speeds below the suspension
criteria. This might have been due to insufficient mixing and
the resulting sedimentation of the microcarriers, since not all
MCs were permanently suspended. Mass transfer limitations
that impair cell growth can occur.

It can clearly be seen from Figure 1(b) that statistically
significant, higher EFs (one-way ANOVA with pairwise
comparison; Holm-Sidak method, 𝑝 < 0.05, 𝑛 = 2) were
obtained for𝑁

𝑆1𝑢
(117 ± 4.7) and𝑁

𝑆1
(97.4 ± 3.7) criteria.The

lowest EFs {(28.5 ± 5.1) and (19.4 ± 1.3)} were achieved at the
highest impeller speeds, which were up to four times lower
than those at the lower impeller speeds of 25 rpm and 43 rpm.

The growth results (cell densities, doubling times, and
EFs) support our hypothesis that operating a microcarrier-
based stirred bioreactor at the lower suspension criterion
𝑁
𝑆1𝑢

ensures maximum hMSC growth.
As is obvious from Table 2, the highest lactate production

rate was determined at 120 rpm, while the maximum living
cell density was the lowest. In contrast, the specific lactate
production rate at 49 rpm (𝑁

𝑆1𝑢
) was around 3.6 and 1.7

times lower compared to 120 rpm and 25 rpm. Furthermore,
𝑌lac/gluc indicates that the metabolization of glucose into
energy ismore efficient, whenworking at𝑁

𝑆1𝑢
criterion.After

7 days of cultivation, a decrease in the living cell density
was observed, which was independent of the cultivation
parameters. Because substrate andmetabolite limitations can
be excluded (concentrations at the end of the cultivation:
glucose/glutamine ≥ 14.8/4.0mmol L−1; lactate/ammonium
≤ 24.8/1.51mmol L−1; [43, 44]), this might be due to the size
of themicrocarrier-cell-aggregates, which impair cell growth.

Figure 2(a) clearly shows the microcarrier-cell-aggregate
development. The time-dependent profiles of the Sauter
mean diameters (𝑑

32
) are shown for all tested impeller speeds.

As expected, the highest Sauter mean diameter of up to 3.18 ±
0.42mmwas measured at the lowest impeller speed (25 rpm)
on day 8 and was significantly higher compared to the other
conditions. At this impeller speed, accumulation of larger
aggregates below the impeller was observed. These findings
are in good agreement with our previous CFD investigations
published by Kaiser et al. [27]. Due to the circulation loop
induced directly below the impeller, lower fluid velocities
occur in this region, which promote the sedimentation of
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Figure 1: Results of hASC cultivations in the Corning spinner flasks. (a) Time-dependent profiles of living cell densities. The dotted lines
represent the simulated growth characteristics of the hASCs in the exponential growth phase, based on the calculated specific growth rates.
The black arrow indicates the 50% medium exchange on day 4. (b) Comparison of maximum expansion factors calculated for day 7. A one-
way ANOVA (Holm-Sidak method, 𝑛 = 2; 𝑝 < 0.05) with pairwise comparison was performed for the maximum EFs. ns = not significant.
The error bars represent the standard deviations of the EF given by the two cases of independent spinner cultivation per condition.

larger aggregates. The Sauter mean diameter at the lowest
impeller speed was approximately seven times higher than
at the suspension criteria. Interestingly, the Sauter mean
diameter of 0.55 ± 0.06mm on day 7 at 120 rpm was not
significantly lower than those of the suspension criteria (𝑁

𝑆1𝑢
:

0.58 ± 0.07mm; 𝑁
𝑆1
: 0.47 ± 0.03mm), demonstrating that

the threefold higher specific power input had no significant
effect on the overall microcarrier-cell-aggregate size in the
spinner flasks. The results indicate that the reduction in
the living cell density might be ascribed to two main rea-
sons: (I) too high local shear stresses (0.437Nm−2) which
came along with higher lactate concentrations and (II) mass
transfer limitations due to large microcarrier-cell-aggregate
sizes (𝑑

32
> 0.6mm) or too low impeller speeds (<49 rpm).

Figures 2(b) and 2(c) illustrate DAPI staining picture of a
microcarrier-cell-aggregate sample taken from a run (day 7)
at𝑁
𝑆1𝑢

criterion.
At the end of the cultivation (days 7 and 8), themajority of

the cells were observed between the microcarriers, especially
in the bigger microcarrier-cell-aggregates (Figure 2(c)). A
reduction of cell density prevails at Sauter mean diameters
of approximately 0.6mm, which was also noted at the end of
the cultivation.

Any influence on the expression of specific surface mark-
ers (CD14, CD20, CD34, CD45, CD73, CD90, and CD105)
was, however, not discovered, either at the maximum
impeller speeds and resulting shear stress levels (maximum

specific power inputs of 3.63Wm−3 and maximum local
shear stress level of 0.437Nm−2) or at the maximum Sauter
diameters (3.2mm) that reflected the maximum micro-
carrier-cell-aggregation size. Because all flow cytometric
results were in good agreement with each other, only those
measured in samples from spinner runs at 𝑁

𝑆1𝑢
are shown

in Figure 3. The cells were highly positive (>95%) for CD73,
CD90, and CD105 surfacemarkers.The hematopoietic mark-
ers CD34 and CD45 as well as CD14 and CD20 were absent
(<2%) from all samples.

3.2. BIOSTAT CultiBag RM 2L

3.2.1. Suspension Characteristics. In general, dune-like depo-
sits of microcarriers were seen at rocking rates significantly
below𝑁

𝑆1𝑢
criterion.This effect was independent of the rock-

ing angle and can be explained by the oscillating fluid flow,
in which a type of constructive and destructive interference
takes place. As rocking rates increased the dune-like deposits
decreased, due to the higher level of mixing. Almost com-
plete suspension of the microcarriers was observed at 𝑁

𝑆1𝑢

criterion. For all of the investigated conditions,𝑁
𝑆1
criterion

was fulfilled at 2.5–8.3% higher rocking rates (approximately
1 rpm). The results indicate that the difference between 𝑁

𝑆1𝑢

and 𝑁
𝑆1

criteria in wave-mixed systems is much lower than
in stirred bioreactors (20–40%) [21, 22, 27, 45, 46]. This
phenomenon can be explained by the periodical deceleration
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Figure 2: Microcarrier-cell-aggregate formation during the cultivation of the hASCs. (a) Time-dependent profiles of the Sauter mean
diameters (𝑑

32
) for all tested impeller speeds. (b) and (c) DAPI staining picture of microcarrier-cell-aggregate sample taken from a run

at𝑁
𝑆1𝑢

suspension criterion (49 rpm, day 7). White arrow indicates that the cell growth takes place over the entire microcarrier surface and
between the microcarriers. Focal plane was set in order to see the cell growth between the microcarriers.

and acceleration of the particles in wave-mixed bioreactors.
The determined rocking rates that fulfil 𝑁

𝑆1𝑢
criterion for

rocking angles between 4 and 10∘ ranged between 12 and
26 rpm for a 0.5 Lworking volume, between 15 and 32 rpm for
1.0 L, and between 17 and 35 rpm for 1.5 L.The corresponding
rocking rates for 𝑁

𝑆1
criterion were in a comparable range.

Surprisingly, linear relationships were found between rocking
rates and rocking angles for each specific microcarrier solid
fraction. Based on amultiple regression analysis a correlation
(see (7)) for𝑁

𝑆1𝑢
criterion was found:

𝑁
𝑆1𝑢

= −2.079 ⋅ 𝜑max + 7.526 ⋅ 𝑉
𝑓
− 0.119 ⋅ 𝑚MC

+ 0.00537 ⋅ 𝐴MC + 0.0329 ⋅ 𝜌MC − 6.039

𝑅 = 0.977,

(7)

where 𝜑max [∘] defines the rocking angle, 𝑉
𝑓
[L] the work-

ing volume, 𝑚MC [g] the amount of microcarriers, 𝐴MC
[cm2 100mL−1] the specific growth surface, and 𝜌MC [kgm

−3]
the density of the microcarriers. The maximum deviation
between the predicted and the measured values was approxi-
mately 3 rpm and, therefore, was acceptable. In Figure 4,𝑁

𝑆1𝑢

criterion is shown as a contour plot for the three different
working volumes. As can be seen, the dependence of 𝑁

𝑆1𝑢

criterion on the rocking angle decreases as the working
volume rises.
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Table 1: Summary of growth parameters, CFD-predicted specific power inputs (𝑃/𝑉), and local shear stress (LSS) levels.

𝑁 [rpm] 𝑃/𝑉 [Wm−3] LSSa
[10−3Nm−2]

Total cell numbers
on day 7 [107 cells]

Living cell
density on day 7
[106 cellsmL−1]

EFs [—] 𝜇max and 𝑡
𝑑

[h−1] and [h]

25 0.21 3.21/69 8.1 ± 0.1 0.81 ± 0.01 71.4 ± 0.2 0.026 ± 0.001
26.7 ± 0.1

43 0.65 4.43/142 6.2 ± 0.6 0.62 ± 0.06 79.6 ± 3.2 0.022 ± 0.001
31.5 ± 0.2

49 0.80 4.96/187 12.5 ± 0.5 1.25 ± 0.05 117.0 ± 4.7 0.029 ± 0.001
23.7 ± 0.1

63 1.24 6.72/224 11.1 ± 0.6 1.11 ± 0.06 97.4 ± 3.7 0.028 ± 0.001
24.8 ± 0.2

90 2.24 10.22/325 3.7 ± 0.7 0.37 ± 0.07 28.5 ± 5.1 0.020 ± 0.002
34.4 ± 0.4

120 3.63 13.56/437 2.5 ± 0.2 0.25 ± 0.02 19.4 ± 1.3 0.017 ± 0.001
41.3 ± 0.1

aLSS; local shear stress given with volume-weighted mean/maximum values. LSS and 𝑃/𝑉were adapted from Kaiser et al. [27].

Table 2: Specific metabolic consumption and production rates.

𝑁 [rpm] −𝑞gluc
[pmol cell−1 d−1]

𝑞lac
[pmol cell−1 d−1]

𝑌lac/gluc
[mmolmmol−1]

𝑞NH4+

[pmol cell−1 d−1]
𝑌NH4+/gln

[mmolmmol−1]
25 −1.86 ± 0.01 4.31 ± 0.03 2.87 ± 0.01 0.259 ± 0.004 2.65 ± 0.41
43 −2.30 ± 0.20 4.39 ± 0.30 1.94 ± 0.30 0.252 ± 0.003 2.66 ± 0.29
49 −1.58 ± 0.11 2.43 ± 0.17 1.55 ± 0.11 0.090 ± 0.001 2.46 ± 0.46
63 −1.08 ± 0.23 2.92 ± 1.04 2.51 ± 0.39 0.191 ± 0.052 2.36 ± 0.49
90 −4.09 ± 0.52 7.78 ± 1.39 1.89 ± 0.10 0.596 ± 0.133 2.43 ± 0.11
120 −5.07 ± 0.19 8.82 ± 0.11 1.74 ± 0.04 0.878 ± 0.085 2.57 ± 0.05
−𝑞gluc: specific glucose consumption rate; 𝑞lac: specific lactate production rate; 𝑞NH4+ : specific ammonia production rate;𝑌lac/gluc: specific lactate yield per unit
glucose; 𝑌NH4+/gln: specific ammonia yield per unit glutamine. (𝑛 = 2).

3.2.2. Fluid Flow. For a rocking rate of 25 rpm and a rock-
ing angle of 10∘, contour plots of the CFD-predicted fluid
flow velocities along the mid bioreactor plane are shown
in Figure 5(a). Significantly higher fluid flow velocities
(0.75m s−1) occur at maximum deflection for 0.5 L working
volume. This was expected, since the motion of the free sur-
face increases at lower working volumes. A clearly dampened
fluid flow with fluid flow velocities of up to 0.55m s−1 at
maximum deflection was predicted for the higher working
volume of 1.5 L. This trend can also be seen for the volume-
weighted mean fluid flow velocities in Figure 5(b) and was
independent of the rocking rate and the rocking angle. The
maximum volume-weighted mean fluid flow velocities at
0.5 L, 25 rpm, and 10∘ were approximately 1.8 times higher
than those at 1.5 L (0.14m s−1). Furthermore, the simulation
results indicated that a change in the rocking angle has a
higher effect on the fluid flow velocities than a change in the
rocking rate. The lowest volume-weighted mean fluid flow
velocities of up to 0.05m s−1 were obtained at 31 rpm and 4∘
and corresponded to𝑁

𝑆1𝑢
criterion in the BIOSTATCultiBag

RM 2L (1.43% microcarrier solid fraction). Kaiser et al. [27]
predicted volume-weighted mean fluid flow velocities of up

to 0.06m s−1 for 𝑁
𝑆1

criterion in the spinner flask. Thus,
working at 1.5 L is preferable for the expansion of the hASCs,
when comparable flow conditions to those in spinner flasks
are desired.

3.2.3. Shear Stress and Specific Power Input. An overview
of the shear stress distributions and specific power inputs
present in the BIOSTAT CultiBag RM 2L (including working
volume, rocking angle, and rocking rate) is summarized
in Table 3. The shear stresses were calculated according
to Wollny [47], where logarithmical normal distributions
similar to those of stirred bioreactors were obtained [27, 48].
Unlike stirred bioreactors, the fluid flow behaviour in wave-
mixed systems cannot be assumed to be constant. Hence,
shear stress distributions were calculated for each deflection
angle during a single bag oscillation.

In Figure 6(a), angle-dependent profiles of volume-
weighted mean shear stresses are exemplarily presented for
three different working volumes at 10∘ and 25 rpm. The
local shear stresses follow a periodic oscillation, where the
highest values occur at maximum deflection. This comes as
no surprise, since the flowing fluid is decelerated to a lower
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Figure 3: Results of flow cytometric analysis (FACS) of hASCs at the end of the cultivation at 49 rpm (day 7).The gates of the flow cytometric
analysis were set based on isotype controls.

Table 3: Summary of predicted shear stress levels and specific power inputs in the BIOSTAT CultiBag RM 2L.

Working volume [L] Rocking angle [∘] Rocking rate [rpm] 𝑃/𝑉
a [Wm−3] MLSSb [10−3Nm−2]

0.5 4 26 20.61/40.66 5.83/664
0.5 6 22 32.52/53.55 5.44/509
0.5 6 35 156.01/262.60 5.78/597
0.5 8 18 47.71/85.79 29.61/704
0.5 10 14 93.40/149.73 20.61/885
0.5 10 25 144.10/259.76 26.40/3162
1.0 4 29 34.40/65.33 4.91/916
1.0 6 25 53.70/98.16 4.75/1194
1.0 8 20 32.14/53.35 1.09/289
1.0 10 15 81.10/123.77 5.68/1012
1.0 10 25 118.32/203.76 10.80/4042
1.5 4 31 8.92/17.69 0.49/214
1.5 6 27 17.96/32.45 0.60/256
1.5 8 22 26.56/50.04 0.74/279
1.5 10 16 68.85/105.28 3.15/909
1.5 10 25 95.02/155.46 4.86/2959
a
𝑃/𝑉: mean and maximum values of specific power input. bMLSS: maximum values of local volume-weighted mean and maximum shear stresses over one
period.
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Figure 4: 𝑁
𝑆1𝑢

criterion at the three different working volumes. The contour plots were created on the basis of the measured data and the
multiple regression model.
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Figure 5: Comparison of fluid flow in the BIOSTAT CultiBag RM 2L at three different working volumes (0.5 L, 1.0 L, and 1.5 L). (a) Contour
plots of CFD-predicted fluid flow patterns and fluid flow velocities for three different working volumes. The fluid flow patterns and the fluid
flow velocities are shown for 25 rpm and 10∘. (b) Comparison of volume-weighted mean fluid flow velocities over one period.

velocity and then it accelerates in the other direction. The
highest local shear stresses occurred at the lowest working
volume of 0.5 L, with values that were up to 6 times higher
than the local shear stresses for the 1.0 L and 1.5 L working
volumes. The lowest local shear stress values (0.214Nm−2)
were obtained at 1.5 L, 4∘, and 31 rpm for 𝑁

𝑆1
criterion

and a microcarrier solid volume fraction of 1.43%. These
maximum local shear stresses are similar to those for 𝑁

𝑆1

criterion in the spinner flask. For 10∘ and 25 rpm, the angle-
dependent specific power inputs based on the moment at the
rotational axis are illustrated as an example in Figure 6(b). In
general, the profiles of the specific power inputs correspond
well to the local shear stresses. The highest specific power
inputs appear shortly before the maximum deflection is
reached. The highest specific power input of 262Wm−3 was
determined at 0.5 L, whereas the lowest specific power input
was 17.69Wm−3 and was achieved for 1.5 L, 4∘, and 31 rpm
(𝑁
𝑆1
criterion). The power input results coincide with those

obtained by Löffelholz et al. [36] and Eibl et al. [35].

3.2.4. PIV Measurements. To validate the numerical models,
a line was set along themeasurement field after analysis of the
PIVdata (see Figure 7, contour plots of PIVdata). For 25 rpm,
10∘, and 1.0 L working volume, the CFD-predicted and PIV-
measured fluid velocities are depicted as an example for the
side (a) and the bottom view recordings (b) in Figure 7. The
measurements were performed at a momentary deflection
angle of 7∘ when lowering the bag. Only minor differences in

the mean relative deviation (𝛿
𝑟
), of less than 15%, were found

between the predicted CFD and measured PIV data:

𝛿
𝑟
=

√(1/𝑋)∑
𝑋

𝑖=1
(𝑋exp

𝑖

− 𝑋sim
𝑖

)

2

√(1/𝑋)∑
𝑋

𝑖=1
𝑋
2

exp
𝑖

.
(8)

The discrepancy between the data can be explained by the
lowest deviations in the measuring angle and by the shape of
the bag, since no fluid structure interactions were considered
in the simulations.The largest deviations occur near the edges
of the bag (see Figures 7(a) and 7(b); l/L

2
0.23–0.38). The

dampening of the fluid flow at higher working volumes was
also seen in the PIV measurements. Looking in addition at
further results (e.g., spatial characteristics of the wave), it
can be postulated that the established VOF model provides
reliable fluid flow predictions.

3.2.5. Proof-of-Concept Cultivation. The proof-of-concept
propagation of the hASCs in the BIOSTAT CultiBag RM 2L
was successful, although the EF after 9 days was approxi-
mately three times lower (6.59 ± 0.56) than that in the control
spinner (Figure 8(a)).The harvest provided 2.85 × 108 hASCs.
Akerström [40] reported a comparable EF, but over the dou-
ble cultivation time. However, the cultivation process had not
been optimized in terms of the attachment phase performed
in shake flasks and the subsequent inoculation of the cells.
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Figure 6: Angle-dependent profiles of volume-weighted mean shear stress levels (a) and specific power input (b) at 10∘ and 25 rpm and
different working volumes.
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Figure 7: Comparison of PIV-measured (symbols) and CFD-predicted fluid flow velocities (solid line) through a horizontal line for side (a)
and bottom view recordings (b). The comparison of the fluid flow velocities is given for operational parameters of 1.0 L, 25 rpm, and 10∘. The
error bars represent the standard deviation calculated over the 800 double frame images. The length coordinates were made dimensionless
by the length of the field of view. The contour plots of the PIV data were scaled from 0.0 to 0.45m s−1.
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The first microcarrier-cell-aggregates were already observed
3 days after inoculation. The diameters of the aggregates
increased during the cultivation and reached amaximum size
of approximately 6mm (only a few aggregates) at the end of
the cultivation. Figure 8(b) shows representatively a DAPI-
stained microcarrier-cell-aggregate sample at the end of the
cultivation.

4. Summary and Conclusions

In this study, the superiority of the suspension criterion𝑁
𝑆1𝑢

for mass propagating hASCs in microcarrier-based stirred
bioreactors was shown. The highest living cell densities and
EFs of hASCs were achieved in stirred cultivation systems.
These results confirm the observations of Kaiser et al. [27],
Schirmaier et al. [20], and Jossen et al. [22].

In spinners, the lowest living cell densities were achieved
at the maximum impeller speed (120 rpm). At this impeller
speed, the maximum shear stresses were 130% higher than
those at𝑁

𝑆1𝑢
. Interestingly, the mean Sauter diameter, which

was measured to evaluate the time-dependent microcarrier-
cell-diameter, was lower than those at 25 rpm but comparable
to those at the lower suspension criterion. Independent of
the impeller speed, a decrease in the living cell densities was
observed for mean Sauter diameters of 0.6mm, even though
shear stress levels were low and substrate limitation was
excluded at the spinner scale.The reduction of the cell density
might be a result of an undersupply of the cells in the centre
of large microcarrier-cell-aggregates, although a change in
the expression profile of the specific surface markers was
not found. However, as reported for carrier-free cultivations
with hASCs, cell aggregate diameters of 0.2mm may already
be critical and reduce the cell proliferation potential [34,
49]. Consequently, subsequent microcarrier-based produc-
tions of hASCs in spinners and stirred bioreactors not only
should include extended cell quality control (differentiation
and apoptosis assays) but also should pay attention to the
number of cells in microcarrier-cell-aggregates.The question
is whether a critical microcarrier-cell-aggregate size and
number of cells in the aggregate can be defined and used
as a harvest criterion for achieving maximum cell quantity
with desired cell quality in hMSC expansions. These studies
require subsequent investigations of diffusion limitations
and examination of cell viability on the perimeter of the
aggregates versus inside the aggregates.

Such findings represent one more step towards efficient
and robust hASC mass production processes, which are also
of interest for microcarrier-based, wave-mixed bioreactors,
for which the suspension criteria were determined at the first
time. An example of such a wave-mixed bioreactor is the
BIOSTAT CultiBag RM 2L, which allowed 2.85 × 108 hASCs
to be harvested after a proof-of-concept cultivation per-
formed at 𝑁

𝑆1𝑢
conditions. Our established multiregression

model makes the rapid definition of the suspension criteria
for different working volumes possible and supports the
optimization of microcarrier-based, wave-mixed bioreactors
used for hASC cultivations. The consideration of further
microcarrier types in the regression model would even allow
hMSC expansions other than hASCs.
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Figure 8: Results from the proof-of-concept cultivation in a BIOSTAT CultiBag RM 2L. (a) Comparison of the expansion factors in the
BIOSTAT CultiBag RM 2L and the control spinner flask. The error bars represent the standard deviation. (b) DAPI staining picture of an
aggregate at the end of the cultivation in the BIOSTAT CultiBag RM 2L. White bare = 500 𝜇m.
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Umbilical cord derived mesenchymal stromal cells (UC-MSCs) are a focus for clinical translation but standardized methods for
isolation and expansion are lacking. Previously we published isolation and expansion methods for UC-MSCs which presented
challenges when considering good manufacturing practices (GMP) for clinical translation. Here, a new and more standardized
method for isolation and expansion of UC-MSCs is described. The new method eliminates dissection of blood vessels and uses
a closed-vessel dissociation following enzymatic digestion which reduces contamination risk and manipulation time. The new
method produced >10 times more cells per cm of UC than our previous method. When biographical variables were compared,
more UC-MSCs per gram were isolated after vaginal birth compared to Caesarian-section births, an unexpected result. UC-MSCs
were expanded in medium enriched with 2%, 5%, or 10% pooled human platelet lysate (HPL) eliminating the xenogeneic serum
components. When the HPL concentrations were compared, media supplemented with 10% HPL had the highest growth rate,
smallest cells, and the most viable cells at passage. UC-MSCs grown in 10% HPL had surface marker expression typical of MSCs,
high colony forming efficiency, and could undergo trilineage differentiation.The new protocol standardizes manufacturing of UC-
MSCs and enables clinical translation.

1. Introduction

The minimal criteria for defining mesenchymal stromal
cells (MSCs) were provided by the International Society of
Cellular Therapy (ISCT) MSC working group in 2006 and
updated in 2013 with guidelines for characterization of MSC
immune properties [1–4]. The physiological properties of
MSCs suggest a potential to treat diseases such as graft versus
host disease (GVHD) and Crohn’s [5–7]. In addition, there
are more than 500 clinical trials testing the safety and efficacy
of MSCs listed on ClinicalTrial.GOV [8].

In 2014, about 53% of the MSC clinical trials world-
wide used bone marrow-derived MSCs (BM-MSCs) [9].

BM-MSCs may be used as an autologous cellular product,
which is a distinct advantage over allogeneic MSC products.
However, the collection of BM is a painful, invasive proce-
dure, when compared to MSCs from umbilical cord stroma
(UC-MSCs) which is collected painlessly from tissues that are
discarded after birth. Furthermore, adult BM-MSCs have a
lower expansion potential, lower immunosuppression capa-
bility when cocultured with activated T-cells, and perhaps a
more restricted differentiation potential than UC-MSCs [10–
15].

UC-MSCs have advantages over BM-MSCs when consid-
ered as an allogeneic MSC source. These advantages include
a virtually limitless supply of starting material which is
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available for producing tissue banks for use as an allogeneic
matched product, much like umbilical cord blood banks,
the collection of umbilical cords is painless, and the cord
donors are of a consistent, young age. In vitro, UC-MSCs have
high proliferation potential, broad differentiation potential,
and improved immunemodulation properties [11, 16–18]. For
these reasons, the therapeutic potential of UC-MSCs bears
testing, and 25 clinical trials worldwide were usingUC-MSCs
as of 2014 [9].

There are “challenges” to produceMSCsmeeting require-
ments for clinical application [2, 19]. This has led to specu-
lation that MSC manufacturing capacity may not keep pace
with the number of MSC clinical studies [19, 20]. These
challenges include the lack of a standardized method for
isolating, expanding, and validating MSCs. For example,
several methods to isolate UC-MSCs from umbilical cord
stroma have been described [21] that include the tissue
explant method [22, 23], mechanical dissociation of the
cord stroma followed by enzymatic digestion [11, 23, 24],
isolation of MSCs from the entire umbilical cord including
the blood vessels [21, 22], enzymatic digestion of the tissue
immediately surrounding the umbilical blood vessels [25], or
mincing and enzymatic digestion of the stroma (Wharton’s
Jelly) without the blood vessels [24]. Several of thesemethods
require dissection of the umbilical vessels. This dissection
step increases processing time and the risk of contamination.
For this reason, the goal here was to develop an isolation
method which would decrease contamination risk and iso-
lation time and increase the yield of MSCs. In reviewing our
MSC expansion protocol, we determined that our medium
formulation containedmany ingredients and that this created
a barrier for clinical manufacturing [24]. Therefore, our
second goal was to identify a simplified medium that would
provide for robust expansion of MSCs, be xenogen-free, and
be suitable for clinical manufacturing.

2. Materials and Methods

2.1. Umbilical Cords. This research was deemed nonhuman
subjects research by the institutional review board of Kansas
State University since discarded, anonymous human tissue
with all identifying linkages broken was used (IRB #5189).
Tissue processing was performed inside a biological safety
cabinet (BSC) in a BSL2 laboratory using universal precau-
tions per Occupational Safety and Health Administration
(OHSA) recommended blood borne pathogens containment
described in 29 CFR. 1910.1030.

In a pilot study whose data is not presented here, 8
umbilical cords were used to identify optimization variables.
In the work reported here, 24 umbilical cords (11 females and
13 males) were used; umbilical cords from vaginal births or
Caesarean-section births were used.The umbilical cords were
stored in sterile tissue sample container in saline solution at
4∘C until use. In pilot work not presented here, umbilical
cords were stored for up to 5 days prior to processing to
extractMSCs; however, no parametric testing was performed
to determinewhether storage alters the quality of the product.
Here, isolations procedures were performed within 4 days
after birth. To randomize the treatment effects, we performed

no prescreening and randomly assigned cord samples (bio-
logical replicates) to each experimental variable.

2.2. Isolation Optimization Strategy. Here our previously
described protocol [24] was optimized to decrease contam-
ination risk, increase yield, and improve GMP compatibility.
For each umbilical cord (the biological unit), eight ran-
domly selected 1 cm length samples were used to test the
effect on the experimental variables identified in the pilot
work. Two to four optimization variables were evaluated
per cord using technical duplicates and the results were
averaged for each experimental variable per biological unit
for comparisons. First, we tested mechanical disruption of
the tissue using a Miltenyi GentleMACS Dissociator (#130-
093-235) using preprogrammed settings A, B, C, D, and E
(which corresponds to weakest to strongest dissociation).
Next, tissue dissociation conducted before or after enzy-
matic digestion was tested. Then, the effect of mincing the
tissue samples was compared to tissue dissociation using
the GentleMACS Dissociator. Next, the effect of filtering
using 100𝜇m cell strainers (Fisherbrand #22-363-549) and
60 𝜇m Steriflip tubes (Millipore #SCNY00060) was tested.
Lastly, the concentration of enzyme was varied to determine
the effect on yield. The technical duplicates or triplicates
were averaged for each variable per cord sample. Each
procedural optimization variable was evaluated using at least
three different cord replicates. Decision making strategy
was designed-based using process yield (more live cells) or
increasing process efficiency (reducing number of processing
steps, reducing time, or reducing contamination risk).

2.3. Final (Optimized) Isolation Method. A schematic of
the revised method is shown in Figure 1. Umbilical cords
were rinsed to remove surface blood using 37∘C DPBS
which had 1% Antibiotic-Antimycotic (Dulbecco’s Phosphate
Buffered Saline, Life Technologies #14190-250; Antibiotic-
Antimycotic, Life Technologies #15240-062). The cords were
then treated with 0.5% Betadine (Dynarex, Providone Iodine
Solution, #1416) in DPBS for 5 minutes at room temperature.
Inside the biological safety cabinet (BSC), the cord was
cut into 1 cm lengths and rinsed repeatedly with 3 volumes
of DPBS until no further surface blood could be seen.
Each 1 cm length of tissue was cut into four equal size
pieces and placed into a Miltenyi Biotech Dissociator C-Tube
(Miltenyi #130-096-334). The tissue weight was calculated by
subtracting the tare weight of the C-tube and 9mL of enzyme
solution was added. The C-tubes were placed into a Miltenyi
Dissociator, processed using program C and incubated for
3–3.5 hours at 37∘C with constant 12 rpm rotation. Follow-
ing the 3–3.5-hour incubation, the tissues were dissociated
using program B and filtered through 60 𝜇m Steriflip filter
(Millipore #SCNY00060) to remove tissue debris. The cells
were pelleted by centrifugation at 200×g for 5 minutes at
room temperature and the supernatant was discarded. The
cells were suspended in 0.5mL of growth media and 0.5mL
RBC lysing solution (Sigma’s RBC lysis solution, #R7757-
100ML) was added to remove red blood cell contamination.
The cells were mixed gently for one minute followed by
addition of 8mL of DPBS. Cells were centrifuged at 200×g
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P1 P2 P3P0 P4 P5

(a) (b) (c) (d) (e)

(g)(f)

Program C

(ii) Filtration
(iii) Centrifugation
(iv) RBC lysis procedure

(i) Incubation 3–3.5 hours 37∘C

Figure 1: A schematic of the optimized isolation method. The major steps: (a) umbilical cord selected. (b) 1 cm section prior to cutting into
4 equal pieces. (c) Cord pieces rinsed in DPBS. (d) The cord pieces inside a C-tube immersed in enzyme solution. (e) Dissociation with C-
tubes and Miltenyi Dissociator. (f) Steps following dissociation prior to plating the isolated cells. (g) The isolated cell initial plating at P0 and
subsequent expansion over multiple passages.

for 5 minutes at room temperature and the supernatant was
discarded. The cells were suspended in 1mL of media and
the number of live cells was determined using a Nexcelom
Auto 2000 Cellometer (immune cells program, low RBC)
following ViaStain AOPI (acridine orange and propidium
iodide) viability staining (Nexcelom cat. #CS2-D106-5ML).
Cells were plated at 10,000–15,000 live cells per cm2 on tissue
culture treated plastic (CytoOne 6-well plates, #CC7682-
7506).

2.4. Optimization of MSC Expansion. Our previously de-
scribed method MSC expansion medium was the standard
used for comparison. Since that medium contains more than
10 components [24], our goal was to reduce the number of
medium componentswhilemaintaining theMSC attachment
at isolation/startup and maintaining MSC expansion, CFU-
F efficiency, trilineage differentiation potential, MSC surface
marker expression, and cellular morphology similar to or
better than that standard. Here, low glucose Dulbecco’s Mod-
ified Eagle’s Medium (DMEM Life Technologies cat. #14190)
supplemented with 1% GlutaMAX (Life Technologies cat.
#35050), with 1% Antibiotic-Antimycotic, and, by volume,
with 2, 5, or 10% pooled human platelet lysate (HPL, pooled
from more than 25 outdated platelet donors, supplied by
Kansas University Medical Center diagnostic laboratory, Dr.
Lowell Tilzer, director) and 4 units/mL heparin was tested.
The cells were plated at 10–15,000 cells per cm2 in CytoOne
flat bottom tissue culture treated 6-well plates and expanded
for 5 passages. Cells were incubated and grown as a mono-
layer at 37∘C, 5% CO

2
, and 90% humidity (Nuaire AutoFlow

4950 or Heracell 150i). Once the cells reached approximately
80–90% confluence they were lifted and plated in fresh
medium. To lift the cells, the medium was removed and cells
were washed with 37∘C DPBS. The DPBS was removed and
replaced with 37∘C 0.05% trypsin-EDTA (Lifetech #25200-
056). Following a 3–5-minute incubation at 37∘C, the plates
were tapped to release cells and the enzymatic digestion was
terminated with 3 volumes of media. Cells were pelleted
at 200×g for 5 minutes at room temperature. Supernatant
was discarded and 1mL of media was used to suspend the
cells. Cells were counted using the Nexcelom Auto 2000
Cellometer and the ViaStain AOPI staining reagent using the
manufacturer’s protocol and a built-in settings. At passage,
the number of cells, percentage of live cells, cell size, and
number of hours in culture were recorded. Cells were initially
plated at a density of approximately 10,000 cells/cm2; using
this as the initial cell number and the number of cells at
harvest as the final cell number and culture time, population
doubling time was calculated using the standard formula.
At times, extra cells were frozen for later use. To freeze,
cells were cryopreserved using a 1 : 1 ratio of HPL media and
cryopreservative (Globalstem #GSM-4200) and held on ice
until transfer to a controlled rate freezing device (Mr. Frosty)
and being placed into a−80∘C freezer overnight.Thenext day,
the vials were moved to the vapor phase of liquid nitrogen for
long term storage.

2.5. CFU-F Assay. MSCs were plated at 10, 50, or 100 cells
per cm2 in duplicate in 6-well CytoOne tissue culture plates
in 2, 5, and 10% HPL enriched DMEM, as described above.
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Four cell lines were expanded 4 days in culture, prior to
fixation and methylene blue staining. Subsequent tests used
4–7 days of culture at a density of 5, 10, or 50 cells per
cm2. After the required culture period, the medium was
removed and the cells were washed with DPBS and then
fixed using 4∘C 100% methanol for 5 minutes. The cells were
washed again with DPBS, stained with 0.5% methylene blue
for 15 minutes, rinsed several times with distilled water, and
air dried. The stained colonies were counted manually at
40x final magnification. Colonies were defined as isolated
groups (clonal groups) of at least 10 cells. Colony number
was determined by averaging the number of colonies in
the technical replicates at each plating density for a given
expansion period. Colony forming efficiency was calculated
by dividing the number of plated cells by the number of
colonies.

2.6. Differentiation. Differentiation of MSCs was induced
by replacing the expansion medium with MSC differenti-
ation medium (StemPro, Life Technologies #s A10070-01,
A10071-01, and A10072-01 for adipogenic, chondrogenic, and
osteogenic differentiation) and following the manufacturer’s
protocol. After about 21 days of differentiation, the differ-
entiation medium was removed; the MSCs were washed
with DPBS, fixed with 4% paraformaldehyde for 10min, and
stained with Oil Red for analysis of adipose cells, Safranin O
for chondrogenic cells, or Alizarin Red S for osteogenic cells.
Micrographs were taken using an Evos FL Auto microscope
(Life Technologies).

2.7. Flow Cytometry. The BD human MSCs flow cytome-
try characterization kit was used for positive and negative
surface marker staining (#562245). Using the manufacturer’s
recommended protocol, MSC samples were stained with
four fluorochromes together including positive and negative
staining cocktails. The positive marker cocktail stained for
CD90, CD105, and CD73 (defined as >97% positive staining).
The negative cocktail (all antibodies were stained using a
single fluorochrome, PE) stained for CD34, CD45, CD11b,
CD19, and HLA-DR (defined as <2% positive staining). A
CD44 labeled PE antibody was used as positive control for
the negative cocktail to set the compensation and gating of
the negative cocktail. For each flow cytometry run, fluores-
cence minus one controls for each fluorochrome and isotype
controls for each antibody were used for compensation and
nonspecific fluorescence analysis. Samples were washed with
1% BSA solution before and after staining. A FACScalibur
(BD Biosciences) was used for flow cytometry and analysis
was conducted using FCS software. Negative staining gate of
the isotype control was set at 1% positive staining.

2.8. Statistics. After confirmation that ANOVA assumptions
of normality and homogeneity of variance weremet, ANOVA
was used to evaluate significant differences between opti-
mization variables. If the assumptions were violated, the
dataset was transformed mathematically and again tested
to see if it met ANOVA assumptions. Hypothesis testing
was two tailed (e.g., mean 1 ̸= mean 2). After running

ANOVA and finding significant main effect(s) or interaction
terms, post hoc means testing of planned comparisons was
conducted using either the Bonferroni correction or Holm-
Sidak method. Significance was set at 𝑝 < 0.05. Data is
presented as average (mean) plus/minus one standard error.
In one case, in order to pass the normality test (Shapiro-Wilk)
an “outlier” was removed. After the outlier was removed, the
dataset passed the normality test and ANOVA determined
that there was a significant effect of HPL concentration.
SigmaPlot v.12.5 (Systat software) was used for statistics and
making of the graphs. The graphs created in SigmaPlot were
saved as EPS files and moved into a vector-based graphics
package (Adobe InDesign or Adobe Illustrator CS6) for
editing and rendering.

3. Results

3.1. Umbilical Cords. Umbilical cord from Caesarean-section
delivery (𝑛 = 17) and “normal” vaginal delivery (𝑛 = 7)
were used in this research. The biographic data of each cord
is shown in Table 1.

3.2. IsolationMethod Comparison. Note that theMSC expan-
sion comparisonwas considered for passages 1–5, and passage
0 was considered part of the isolation of MSCs. Results
obtained from our previously described method (historical
data from 27 umbilical cords [24]) and our optimizedmethod
were compared. As shown in Figure 2, the optimizedmethod
yielded on average 10 times more MSCs per cm length than
the original method and yielded MSCs in 100% of the UC
samples. Note that in pilot work where we were identifying
variables to optimize, we did fail to isolateMSCs in two cases.
But even in these cases, MSCs were isolated from the same
UC in different samples (e.g., in no cases did we suspect
that the UC did not contain viable MSCs). While we did not
test for bacterial, viral, or fungal contamination, no break in
sterility was apparent here (e.g., no frank contamination was
observed and no cultures were discarded due to contamina-
tion). Live cells per cm of length or per gram were compared
in Table 1; there was a trend for the coefficient of variation
to be less for live cells per gram. The optimized method uses
a closed processing system for tissue disruption and takes a
total of 4 hours of work time plus a 3-hour enzyme extraction
step to isolate the umbilical cordMSCs.MSC attachment was
observed within 24 hours of the isolation and proliferation
was observed in all three HPL media enrichment conditions.
As shown in Figure 2(c), during the isolation phase (P0)
UC-MSCs grew more quickly when plated in 5% or 10%
HPL enriched DMEM than UC-MSCs plated in 2% HPL
enriched DMEM. It is possible that UC-MSCs grown in 5
or 10% HPL enriched DMEM attached more quickly than
those grown in 2% HPL enriched DMEM in P0. The growth
rate difference for 2%HPL enriched mediumwas statistically
different (slower) at P0 then later passages (see Figures 2(c)
and 3(a)) and was significantly different (slower) than 5 and
10% HPL enriched media at isolation and during expansion.

3.3. MSC Expansion Comparison. Note that the MSC expan-
sion comparisonwas considered for passages 1–5, and passage
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Figure 2: Effect of various experimental variables on UC-MSCs isolation. (a)The newmethods average cell number per cm of umbilical cord
isolated, compared to the old cell number isolated per cm (∗∗means 𝑝 < 0.001). (b) Comparing different experimental variables. Significant
difference observed in Caesarean-section delivery versus vaginal delivery (∗ means 𝑝 < 0.05). (c) Population doubling time for passage 0
(initial isolation) or passage 1 (first passage of expansion phase). ∗ represents 𝑝 < 0.05 for 2% hpl media compared to 5% and 10% media.
† represents 𝑝 < 0.05 for the passages (P0 compared to the P1).

0 was considered part of the isolation of MSCs. UC-MSCs
were expanded for passages 1–5 here. UC-MSCs were evalu-
ated in 3 different growth conditions: DMEM supplemented
with 2% HPL, 5% HPL, or 10% HPL. A two-way ANOVA
(main effects HPL level and expansion over time) found a
significant main effect (HPL concentration) on attachment
and expansion. In post hoc testing, we found significantly
more cells—about 30% more were obtained when cells were
expanded in 10% HPL enriched DMEM medium compared
to 5% HPL enriched medium (9.4 × 105 ± 6.2 × 104 cells
per cm2 versus 6.6 × 105 ± 3.8 × 104 for 5% HPL enriched
medium (Figure 3(b)). Similarly, post hoc testing showed
significantly shorter population doubling times when MSCs
were expanded in 10% HPL (32.4 ± 2.5 hours), compared
to 40.7 ± 4.1 hours for 5% HPL and 100.9 ± 14.8 hours
for 2% HPL enriched medium (shown in Figure 3(c)). As
shown in Figure 3(d), MSCs grown in 10% HPL enriched
DMEM averaged 17% smaller than those grown in 2% HPL
(14.7 ± 0.2 𝜇m versus 17.6 ± 0.4 𝜇m) and 10% smaller than
cell grown in 5% HPL enriched medium (on average over

5 passages, 16.1 ± 0.3 𝜇m). The trends in MSC size across
HPL medium conditions became noticeable after the second
passage (Figure 3(e)). HPL medium enrichment affected the
viability of the cells noted at passage (see Figure 3(c)). Subtle
but significant differences were found in viability at passage
between the three medium conditions: MSCs in expanded
in DMEM supplemented with 10% HPL had higher viability
than those grown in DMEM supplemented with 2% HPL
(92.2 ± 0.9% versus 84.9 ± 1.7%) and 5% HPL supplemented
medium had significantly greater viability than 2% HPL
medium (90.4 ± 0.9%; see Figure 3(c)).

The theoretical cell yield was calculated assuming the
entire umbilical cord was isolated and expanded in each
medium condition to passage 5. As shown in Figure 3(f), it
was estimated that the total yield might exceed 1012 MSCs
(a trillion cells) at passage 5 for UC-MSCs expanded in 10%
HPL supplemented medium and exceed 1011 MSCs for UC-
MSCs expanded in medium supplemented with 5% HPL
(Figure 3(f)).
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Figure 3: Effect of HPL concentration on expansion. (a–d) UC-MSC (𝑛 = 6) expansion results combined for passages 1–5. (a) Population
doubling times for the 3 media conditions. (b) Number of cells counted at passage for each media condition. (c) Cell viability at passage
for each media condition. (d) The average size of the cell for each media condition at passage. (e) Cell size over 5 passages for each media
condition. (f) The theoretical yield if an entire umbilical cord was isolated and grown to confluence at each passage. ∗ means 𝑝 < 0.05 and
∗∗means 𝑝 < 0.001.
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3.4. Evaluation of UC-MSC Characteristics. Sex of the donor
had no effect on number of MSCs isolated (Figure 2(b)),
or the estimated number of MSCs obtained after expansion
(data not shown). In contrast, a significant increase in the
number of cells isolated was found for UC-MSCs isolated
from normal vaginal delivery compared to those collected
following Caesarean-section delivery (see Figure 2(b)).

3.5. Colony Forming Unit-Fibroblast (CFU-F) Data is Pre-
sented as a Normalized Unit: Colony Forming Efficiency (CFE;
CFE=Number of Plated Cells Divided byNumber of Colonies).
As shown in Figure 4(e), the concentration of HPL supple-
mentation had no effect on CFE at 10 cells/cm2 (100 cells
per well of a 6-well plate) after 4 days of culture. In contrast,
when plated at a density of 50 cells per cm2 and 4 days of
expansion in culture, 10% HPL supplementation resulted in
an increased colony forming efficiency compared to 2 and
5% HPL: 2–4 MSCs were needed to form a colony when
plated inmedium supplemented with 10%HPL (Figure 4(e)).
As seen in Figure 4(e) and as previously reported [26, 27],
plating density affects colony forming efficiency and higher
efficiency is found at lower plating density. Therefore we
determine whether higher efficiency would be found at
plating density below 10 cells/cm2 after plating in HPL. The
highest colony forming efficiency was found when MSCs
were plated at 5 cells/cm2 for 6 days (50 cells per well of
a six-well plate); in medium supplemented with 10% HPL:
on average one out of two MSCs formed a colony (see
Supplemental Figure 1 in Supplementary Material available
online at http://dx.doi.org/10.1155/2016/6810980).

3.6. Differentiation. MSCs isolated and expanded using the
optimized method undergo differentiation to the three mes-
enchymal lineages, bone, cartilage, and fat after exposure
to differentiation medium conditions for 3 weeks. Figure 4
shows MSCs differentiated to fat and chondrogenic and
osteogenic lineages following closed isolation method and
expansion to passage 5 in 10% HPL supplemented DMEM.
Exposure to adipogenic differentiation medium resulted in
formation of lipid droplets in MSCs that stained with Oil
Red (Figure 4(a)). Exposure to osteogenic differentiation
conditions resulted in calcium deposits formed within MSCs
which stained with Alizarin Red S (Figure 4(b)). Cartilage-
like tissue formation was observed in clusters of cells after
exposure to differentiation medium as indicated by gly-
cosaminoglycan staining by Safranin O for chondrogenic
cells (Figure 4(c)).

3.7. Flow Cytometry. Flow cytometry was used to analyze the
surface marker expression in 5 MSC lines following isolation
using the closed processing protocol and expansion using
the 10% HPL supplemented DMEM for 5 passages. High
expression (>95% positive) for surface markers CD73, CD90,
CD105, and CD44 was observed (Figure 5 for representative
results, Supplemental Table 1 for all flow cytometry data). Low
surface maker expression (<0.5% positive) was observed for
CD34, CD45, CD11b, CD19, and HLA-DRT (Supplemental
Table 1). To evaluate the effect of freezing and thawing

MSCs on surface marker expression, four MSCs lines were
evaluated before and after a freeze/thaw cycle. No significant
differences were found in surface marker expression between
frozen/thawed and never frozen MSCs in surface marker
expression (Supplemental Table 2).

4. Discussion

The acceleration of stem cell and regenerative medicine
clinical trials, and MSC trials in particular, has produced
a renewed effort to standardize production and character-
ization of MSCs in GMP-compliant SOPs. Umbilical cord
MSCs have a number of advantages which suggest that they
might be an important source for allogeneicMSCs for cellular
therapy, and, as indicated by trends in MSC clinical trials
worldwide, this MSC source is a needed one.

In order to develop an SOP for GMP production of UC-
MSCs, we identified limitations in our previously described
method for UC-MSC isolation and expansion that repre-
sented barriers for GMP production. First, our previous
isolation method required a lengthy dissection step and the
opening of the umbilical cord and manually removing the
vessels prior to mincing the Wharton’s jelly was time con-
suming and increased contamination risk. Here, we sought
to reduce processing time and reduce contamination risks.
We reasoned that a standardizedmethod for liberatingMSCs
from the Wharton’s jelly may produce a more homogenous
product. Second, the previously describedUC-MSCmedium,
which was originally described by Catherine Verfaillie’s lab
for expansion of MAPCs, is complicated with more than
10 components and it contained 2% FBS, a xenogeneic
product [28]. We sought to identify a simplified medium
that could be free of xenogeneic materials and contain
fewer components. We tested human platelet lysate (HPL)
enriched medium. Previous work indicated that HPL could
be produced in a GMP-compliant format and has been
reported to produce good expansion of MSCs [29–31]. Here,
we found that 5 or 10% HPL enrichment vastly improved
MSC expansion in the P0 (initial isolation). Furthermore,
we found robust expansion over passages 1–5. Therefore, use
of HPL-enriched medium eliminated two barriers to GMP-
compliant manufacturing of UC-MSCs. However, using a
pooled human blood product is not without certain risks,
they have been somewhat mitigated (discussed below). Due
to the sample to sample variability, pooling of platelet lysate
is essential to produce a uniform product [32]. For example,
human pathogens that escape screening by the providers
may contaminate HPL samples. One possible way to address
this risk would be to inactivate pathogens in HPL [33].
We did not inactivate pathogens in our pooled HPL, but
the repeated freeze-thaw process followed by the filtration
through a 0.2 um filter should remove all potential bacteria
and parasites. While gamma irradiation is something that
may be considered to lower viral risk, the blood products used
were obtained from a blood bank for clinical use and thus had
met all existing blood screening safety measures.

Here, 1 cm sections of cord were used to optimize the
protocol. The one cm length sections of umbilical cord
provided enough cells for isolation and expansion, and many
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Figure 4: Differentiation and colony forming unit fibroblast (CFU-F) results for the characterization of UC-MSCs. (a) After adipogenic
differentiation, MSCs were stained with Oil Red which binds to lipid droplets (20x objective magnification; scale bar = 200 micrometers).
(b) After osteogenic differentiation, MSCs were stained with Alizarin Red S which binds to calcium deposits. (c) After chondrogenic
differentiation, MSCs stained with Safranin O which binds to glycosaminoglycans in cartilage ((b) and (c) at 10x objective magnification;
scale bar = 400 micrometers). (d) UC-MSCs in normal growth conditions (control) phase contrast micrograph at 4x objective magnification.
(e) CFU-F efficiency was calculated by dividing the number of plated cells by the number of CFU-F colonies observed. Panel (e) shows colony
forming efficiency versus human pooled platelet lysate (HPL) concentration in medium (2, 5, or 10% HPL) after plating at 5 (black bars) or
10 (gray bars) cells per cm2 and 4 days in culture.
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Figure 5: Histograms of flow cytometry; blue solid filled overlay represents the test sample; red diagonal line filled overlay represents the
isotype control. For each histogram the negative gate (red bar) was set for inclusion of 99% of the isotype. Percentages shown in histograms
are for the test samples. (a–c) All are markers in the positive cocktail, CD90, CD105, and CD73. The positive gate percentages shown in blue
for each sample. (d)The negative cocktail, with CD44 included as a positive control (unfilled overlay) positive percentage in black. (e) CD44
marker included outside of the positive cocktail.
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technical replicates were available from one cord which
allows multiple experimental variables to be examined in
each cord (the biological variable). We assumed that a
randomly selected, one cm length of cord would adequately
represent the umbilical cord (e.g., that cellular distribution
and umbilical cord extracellular matrix are homogenous).
This assumption was not validated by us, nor do we know
of any investigation that supports or denies this assumption.
Umbilical cords display tremendous biological variation in
density (weight per unit length), diameter, and physical
mechanical properties perhaps due to the amount of extracel-
lular matrix surrounding the vessels (see Table 1). The gram
per cm measurements vary within each technical replicate
from a single cord and between different umbilical cords,
too.This indicates the importance for multiple biological and
technical replicates when performing optimization testing
using umbilical cords. The number of cells varied consid-
erably between each umbilical cord as did the density and
amount of extracellular matrix. Thus the biological variation
limits the ability to manufacture a standard cellular therapy
product. For example, does the physiology of MSCs vary
between umbilical cords and how canwe optimize the clinical
effect of MSCs? We have assumed that the cells isolated
after an initial passage are similar in physiology, but this
assumption will require more assaying to confirm.

Several protocols for isolation of MSCs from different
parts of the umbilical cord have been published [26, 34, 35].
These protocols require dissection of different portions of
the umbilical cord and a variety of methods to enrich MSCs
from the primary isolation population. This contributes to
variation in the number of cells in the primary isolation and
their ability to undergo expansion in culture. We did not
observe frank differences in the population of MSCs isolated
following their extraction from Wharton’s jelly versus those
isolates following disruption of the entire 1 cm cord fragment.
We found that extraction of the entire 1 cm length using the
methods outlined here gave a>10-fold increase in the number
of input cells for the primary culture.We attribute the reduced
manipulation of the tissues (elaborate dissection negatively
affects the attachment and expansion) and the more efficient
removal of red blood cell contamination (blood negatively
affects the viability, attachment, and expansion of MSCs) to
the improved extraction and expansion efficiency.

Previously we used “cord length” measurement for com-
parisons of yield between cords. Here, we tracked both
length and weight to determine whether either proved to
be a better predictor of cell yield in initial isolation. The
variation between umbilical cords for both length and weight
is represented in Table 1. As seen in Table 1, weight was
a more reliable measurement compared to cord length.
Additional work is needed to determine differences between
the predicted total cell yield from an umbilical cord and the
estimated value. We have not processed cells from an entire
umbilical cord and therefore cannot confirm the accuracy of
these estimates. Our current method is readily scaled up, and
so this information is forthcoming.

The increase in cell numbers from the optimized protocol
may be attributed to the faster processing and reduced dis-
section when isolating the MSCs. By not removing the blood

vessels, the optimized method is a significant departure from
our previously described method. Therefore, this casts into
doubtwhether the same cell population has been isolated, and
whether theMSCs obtained using the optimizedmethods are
similar or different from those obtained using the previous
methods. As mentioned in Section 1, several different meth-
ods for obtaining MSCs from the umbilical cord have been
described, and it is unclear whether each isolates the same
cells. Our data does not directly address this question, but
we demonstrate here that following evaluation of 5 umbilical
cord MSC isolates; the cells isolated from the optimized
methods conform to ISCT criteria for MSCs [4].

As far as we know this paper is the first to demonstrate
a difference betweenMSC isolation efficiency from umbilical
cords derived from vaginal births versus Caesarean-section
births. Vaginal birth umbilical cords had more cells per
after isolation by approximately 41% (Figure 2(b)). Prior to
observation, we preferred to use Caesarean-section umbilical
cords for MSC isolation because we assumed that surgi-
cal collection would have a reduced contamination risk
compared to cord collected following the passage through
the birth canal. During this study we found no differences
in contamination from either vaginal birth or Caesarean-
section umbilical cords. Similar to our observations about
MSCs from vaginal versus Caesarean-section cords, the
volume of umbilical cord blood collected is decreased by
vaginal birth over Caesarean-section birth [36, 37]. We did
not see a sex difference between the number of cells isolated
or MSC expansion rate or number. Enzymatic digestion
using a high concentration of digestive enzymes tended to
have higher yield at isolation (Figure 2(b)). Visually, higher
concentration of enzyme samples appeared to have less debris
when compared at initial plating compared to lower enzyme
concentration.

After the initial plating of cells during the isolation
protocol, there is a delay in cell attachment. Attachment to
the substrate is a defining characteristic of MSCs and appears
to be necessary for MSCs expansion. We noted that after
the isolation of MSCs, in passages 1–5, MSCs attach and
begin to expand within 24 hours of plating. In contrast, the
time to reach the confluence for the isolation and initial
passage is significantly impacted by delays in attachment.
Here, we included the P0 data with the isolation ofMSCs and
considered passages 1 through 5 for the expansion phase of
MSC characterization. We noticed a trend that when there
was a higher viability at the initial isolation, the cells attached
better and expanded more rapidly. In our prior work, cell
viability was not recorded at the initial isolation. Here, the use
of the Nexcelom and ViaStain AOPI viability assay provided
a quantitative method and gave more consistent results than
trypan blue and manual counting using the haemocytometer
(which is how we counted cells, previously). Automated cell
counting lends itself to optimization and producing SOPs.

When considering the production of a public bank of
cord samples, freezing the primary isolates at P0 → P1 is
likely to be a necessity. Others have reported this affects cells
surface marker expression or viability [38]. For that reason,
we evaluated surface marker expression in never frozen
cells and in cells subjected to a freeze/thaw cycle. The flow
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cytometry analysis did not show a difference in surface
marker expression between fresh cells (e.g., those never
frozen) and cells frozen and thawed cells for four umbilical
cord MSCs lines. Future testing is needed to confirm that
these results stand up with a larger sample size. Clinical trials
will require the freezing of cells for use, the use of fresh
cells in clinical trials is not feasible when considering the
rigorous quality control and release testing that must be done
to determine if these cells meet the standards for clinical use.

Here, human platelet lysate enriched media at three dif-
ferent concentrations (2%, 5%, and 10%) was used to analyze
the effect on the initial isolation (P0) and growth of the
MSCs for passages 1–5. We evaluated MSCs through passage
5 to characterize expansion potential. We observed that P0
to P1 expansion exhibited the highest amount of variation
in growth rate (see Figures 2(c) and 3(a)). Results from six
umbilical cords did not show a difference between passages
1–5 for population doubling time, number of cells at passage,
and viability at passage (data not shown). However, the three
media conditions did affect these variables. Enrichment with
2% HPL enriched medium was significantly different than
5% and 10% HPL enriched media for population doubling,
cell size, cell numbers, and viability. Enrichment with 2%
HPL had slower population doubling, fewer cells at passage,
larger cells, and a lower percentage of viable cells at passage.
We observed a trend associated with better results for these
measurements as HPL enrichment in the medium increased.
For this reason we chose 10% as the new standard media
condition to be used to grow the UC-MSCs. Cell size for
the UC-MSCs was a variable we did not expect to vary
significantly between the different media conditions, but we
observed a significant difference in cell size with higher
HPL concentration. We noticed a trend for cell size to
initially increase after the first passage and then decrease
over subsequent passages in all media conditions (Figures
3(d)-3(e)). We cannot explain this observation. Further work
is needed to assess whether cell size is affected by passage,
since we have previously observed that senescent cells are
larger, and because we would expect an increase in cellular
senescence with passage. If the contrary is true, for example,
the fact that more rapidly dividing cells are smaller, then the
cell size data could support our conclusion that 10% HPL
is the optimal growth condition for the UC-MSCs. Previous
work had indicated that smallerMSCs with a rapidly dividing
phenotype could be identified by plating at a density of 3
cells per cm2 [39]. Here, we did not evaluate the effect of
plating density on proliferation. Future work should evaluate
the interaction between plating density and 10% HPL media
to optimize manufacturing efficiency.

MSC characterization was done by assessing cell surface
markers with flow cytometry, CFU-F, and differentiation
capacity. All five cell lines we analyzed with flow cytometry
had high levels of the surfacemarkers known to be associated
with MSCs. The high percentage of positive cells (>95%) is
comparable to the previously published method [24]. These
results suggest a homogenous cell population was isolated
even though the blood vessels were not removed for the
isolation step. Differentiation ability was assessed in the same
five cell lines and all display trilineage differentiation capacity.

The capacity for adipogenic differentiation was analyzed by
Oil Red O staining for lipid droplet accumulation within
the differentiated cells cytoplasm. Analysis showed multiple
lipid droplets forming within a large number of the cells
(Figure 4(a)). Cell death did occur during the time to differ-
entiate, leading to space between the adipogenic cells in the
figure. Osteogenic differentiation was stained with Alizarin
Red S to analyze calcium deposit formation. Staining was
observed in calcium deposits on the cells and within the cells
as seen in Figure 4(b). Chondrogenic differentiated cells were
stained with Safranin O to assess if cartilaginous associated
with glycosaminoglycan. This differentiation yielded circular
colonies, often remaining adhered to the plate and they
robustly stained for SafraninO.Typically histological sections
of microcolonies are used to assess chondrogenic lineage
differentiation. Our results indicate this is not necessary
when small colonies of cell remain adherent (Figure 4(c)).
Although the results are not quantified, the quality of the
staining and duplication between multiple lines provides
good evidence that MSCs isolated and expanded by the new
method have robust trilineage differentiation potential.

Colony forming unit fibroblast (CFU-F) efficiency ana-
lyzed self-renewal potential of UC-MSCs. Compared to
previous research for UC-MSCs expanded in 21% oxygen,
fewer cells were needed to form a colony using the method
described here, suggesting a higher colony forming efficiency
[27]. We considered the 10 cells per cm2 a more reliable
measure for the effect of HPL concentration due to difficulty
counting cells at 50 cells per cm2. The fast growth rate for
the 10% HPL enriched medium made our previous CFU-
F protocols unreliable because the plates grew too fast. We
tested growth conditions for measuring colony forming effi-
ciency by analyzing days from plating versus colony counts.
We found the number of cells to form colonies decreasedwith
each day of growth; the exception was 50 cells per cm2 which
increased. The highest CFU-F efficiency was for 5 cells per
cm2 cells grown for 6 days. We determined using both 10 and
50 cells per cm2 yield consistent data for CFU-F. The self-
renewal data (colony forming efficiency) is important when
estimating the expansion potential of a MSC line. Higher
CFU-F efficiencies are associated with MSC lines displaying
a more robust growth potential. Determining the method
for analyzing CFU-Fs in these fast growing cells allows for
analysis of growth potential for future research using UC-
MSCs.

Here we provide a new, optimized method to isolate and
expand UC-MSCs.When compared to our previous method,
an increase in total MSC yield at the initial isolation of more
than 10 times was obtained, and less time is needed to isolate
MSCs from the umbilical cord. Additionally, this method
reduces the overall expansion by reducing the amount of
population doubling needed to meet our production target
of 2–10 billion cells per batch. The method uses closed
system for initial isolation with minimal dissection of the
cord and, thus, reduces contamination risk, while simul-
taneously reducing processing time. The method uses a
simplified (5 component), xenogen-free medium that can
be upgraded to GMP-compliant components for scale-up.
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Characterization of MSCs produced using this optimized
processing protocol and simplified medium included in
vitro expansion, colony forming efficiency, and trilineage
differentiation to osteogenic, chondrogenic, and adipogenic
lineages, and surface marker expression by flow cytometry
indicates that MSCs were produced by this method. Further
work is needed to confirm that MSCs isolated and expanded
using this method will perform in vivo as a cellular therapy.
We are developing an in vivo model to test the potency
of MSCs which may serve as suitable assay to compare
the potency of various manipulations such as “priming” or
licensing of MSCs. Taken together, this work will speed
clinical translation of UC-MSCs by providing the basis of
chemistry and manufacturing controls (CMC) portion of an
investigation of new drug application (IND).

5. Conclusion

The methods we developed for isolation and expansion of
UC-MSCs address some challenges to translation to clinical
use. We report an increased MSC yield for vaginal births
compared to Caesarean-section births. The new isolation
method provides the necessary cell yield for banking and
uses a closed system that can be easily scaled up and
expansion media supplemented with 10% HPL had the best
growth rate. These results provide improvements which may
support GMP manufacturing of UC-MSCs. To complete the
validation of this newmethod, functional testing for immune
modulation or regenerative potential testing is needed.
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Recent studies have demonstrated that the umbilical cord (UC) is an excellent source of mesenchymal stromal cells (MSCs).
However, current protocols for extracting and culturing UC-MSCs do not meet current good manufacturing practice (cGMP)
standards, in part due to the use of xenogeneic reagents. To support the development of a cGMP-compliant method, we have
examined an enzyme-free isolation method utilizing tissue homogenization (t-H) followed by culture in human platelet lysate (PL)
supplementedmedia.The yield and viability of cells after t-Hwere comparable to those obtained after collagenase digestion (Col-D).
Importantly, kinetic analysis of cultured cells showed logarithmic growth over 10 tested passages, although the rate of cell division
was lower for t-H as compared to Col-D. This slower growth of t-H-derived cells was also reflected in their longer population
doubling time. Interestingly, there was no difference in the expression of mesenchymal markers and trilineage differentiation
potential of cells generated using eithermethod. Finally, t-H-derived cells had greater clonogenic potential compared to Col-D/FBS
but not Col-D/PL and were able to maintain CFU-F capacity through P7. This bench scale study demonstrates the possibility of
generating therapeutic doses of good quality UC-MSCs within a reasonable length of time using t-H and PL.

1. Introduction

A number of studies have highlighted the potential of
mesenchymal stromal cells (MSCs) in tissue regeneration,
immune regulation, and potentiation of ex vivo expansion of
hematopoietic stem cells (HSCs) [1–4]. Clinical applications
of MSCs are mainly attributed to their low immunogenicity
and ability to home to sites of pathology, differentiate into
various cell types, and secrete multiple bioactive molecules
capable of modulating growth of other cells like HSCs and
immune cells. Traditionally, MSCs have been harvested from
adult sources including bone marrow (BM) and adipose
tissue. Because of the invasive cell harvest procedure and
the inverse relationship between adult age and MSC growth

potential [5, 6], there is a pressing need for developing
alternative sources for these cells. In this regard, perinatal
tissues, especially placenta and umbilical cord (UC), have
become attractive sources of MSCs.

MSCs can be successfully isolated from all UC samples.
In vitro expanded UC-MSCs exhibit cell surface markers,
differentiation capability, and immune regulatory properties
comparable to those of BM-MSCs [7–9], with the added
advantage of having a higher proliferation/expansion poten-
tial (greater numbers of passages to senescence) [8–10]. Such
features reflect the relatively primitive nature of the UC-
MSCs compared to their adult counterpart. Additionally,UC-
derived cells have not been exposed to viruses and toxins
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and may contain less genetic abnormalities than adult tissue-
derived MSCs.

UC-MSCs have been identified and isolated from various
anatomic compartments especially from UC perivascular
regions and Wharton’s jelly (WJ) matrix [8, 11, 12]. In the
absence of a discernible demarcation between MSC regions
within the UC, it is difficult to establish the region-specificity
of isolated cells. Although few relevant studies have demon-
strated variation in the differentiation potential between
MSCs isolated from different UC regions, no significant
differences were reported in growth kinetics and phenotype
amongst different isolates [11]. Due to the absence of any clear
cut regional delineation, many investigators have chosen to
obtain cells from the entire length of the UC, which would
offer better cell yield for further manipulation.

Basic methods for the generation of UC-MSC include
tissue explants or collagenase-based enzymatic tissue diges-
tion (Col-D) followed by cell culture in the presence of
fetal bovine serum (FBS) to support adhesion and expansion
of MSCs. Explant cultures allow migration of cells out of
tissue and growth of adherent cells which reliably produce
MSCs; however, initial culture takes much longer to reach
confluence as compared to Col-D, and explant growth may
not represent cells from all regions of the cord.

To generate UC-MSCs for potential clinical purposes,
a current good manufacturing practices- (cGMP-) com-
pliant production method needs to be developed which
can be reliably performed in the absence of enzymes and
FBS. The use of enzymes and FBS may complicate the
cGMP process development depending on the source of the
enzyme and batch-to-batch variations associated with both
bioproducts [13]. While some alternatives to FBS have now
been developed (e.g., human serum, platelet lysate (PL),
and chemically defined media supplements), [14] there is
a lack of nonenzymatic methods for cellular extraction. In
this study, an enzyme-free, simple cell isolation method
consisting of rapid UC tissue homogenization (t-H) using
a GentleMACS Dissociator (Miltenyi Biotec) was evaluated.
Additionally, growth of isolated cells and generation ofMSCs
were assessed in the presence of PL with the aim to support
the development of a cGMP-compliant protocol for cell
isolation and expansion.

2. Materials and Methods

2.1. Samples

2.1.1. Umbilical Cord Tissue. This study was reviewed and
approved by the SSM Health Institutional Review Board
(IRB). Umbilical cords (𝑛 = 10) were obtained after vaginal
or cesarean deliveries, drained of blood, and clamped at either
end. All cords were transported in sterile phosphate buffered
saline (PBS) and processed within 24 hours of collection.

2.1.2. Bone Marrow. BM-mononuclear cell (BM-MNC) sam-
ples (𝑛 = 3) were purchased from StemCell Technologies Inc.
and thawed as per the manufacturer’s guidelines.

2.2. Isolation of MSCs from the Umbilical Cord. Each cord
(between 12 and 30 cm long) was divided into 2 cm segments
and processed to extract cells using tissue homogenization or
collagenase digestion.

2.2.1. Tissue Homogenization (t-H). A representative 2 cm
segment was further minced, rinsed with PBS, and placed
into a MACS C-tube (Miltenyi Biotec). Prewarmed basal
media (low dextrose alpha MEM, Life Technologies) was
added to a final volume of 10mL and the tissue was homog-
enized with the GentleMACS Dissociator (Miltenyi Biotec).
Contents of the C-tube were transferred to a new 50mL
falcon tube, diluted with 3 volumes of basal media, and then
filtered through a 100 𝜇m strainer.

2.2.2. Collagenase Digestion (Col-D). For enzymatic diges-
tion, the 2 cm minced tissue was rinsed with PBS, placed
into a tube containing 20mL collagenase I (2.5mg/mL, Life
Technologies), and incubated for 2 hours at 37∘C with gentle
mixing every 10min. At this enzyme concentration, a 2-hour
incubation time yielded the highest recovery of viable cells
(data not shown). At the end of the digestion period, the
sample was diluted with basal media to a volume of 50mL,
and the supernatant transferred to a new tube through a
100 𝜇m strainer.

t-H and Col-D samples were centrifuged, and cell pellets
were washed twice and resuspended in basal culture media.
Isolated cells from each method were assessed microscopi-
cally (using a hemocytometer) for count and viability using
trypan blue (Life Technologies).

2.3. Culture and Expansion of Isolated UC-MSCs. Initially
isolated cells representing passage zero (P0) were plated
in multiple T25 flasks at a density of 1 × 107 viable
cells/flask in complete media (alpha MEM with 1% peni-
cillin/streptomycin/neomycin and 1% amphotericin B) sup-
plemented with heat inactivated 20% FBS (HyClone) or 10%
human pooled cGMP-grade PL (Compass Biomedical). After
3 days, media containing nonadherent cells was removed
and adherent cells were allowed to grow in fresh media with
half media changes performed every 3-4 days. Once cells
reached 80–90% confluence, adherent cells were trypsinized
using TrypLE (Life Technologies), counted, and replated as
passage 1 (P1) at a density of 2,000 viable cells/cm2 in culture
media supplemented with either FBS or PL. Cultures were
continued for 10 passages unless cells showed consistent slow
growth or signs of senescence. At the end of each passage,
harvested cells were evaluated for count, viability, population
doublings (PD) [9], population doubling time (PDT) [2], and
cumulative count per cm of UC tissue. Different aliquots of
cells from various passages were cryopreserved or prepared
for cell characterization as described below.

2.4. Generation of MSCs from the Bone Marrow. BM-MNCs
were plated at an average of 2.5 × 106 cells per well (6-well
dish) and cultured in complete alpha MEM supplemented
with either 20% FBS or 10% PL. Growth kinetics, MSC
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phenotype, and differentiation potential were compared to
UC-MSCs.

2.5. Cryopreservation. Cells were cryopreserved in a Xeno-
free freezing solution containing 50% alpha MEM, 30%
human AB serum (Corning), and 20% Cryosure-Dex40
(WAK-Chemie). Following trypsinization of adherent cells,
2 × 106 cells were aliquoted, pelleted, and resuspended in
1mL of cryopreservation media. Cells were transferred into
cryovials and passively frozen using Mr. Frosty freezing
container (ThermoFisher) overnight at −80∘C before being
relocated to vapor liquid nitrogen storage.

2.6. Colony Forming Units-Fibroblasts (CFU-F) Assay. At
selected passages (1, 3, 5, and 7), 100 cells were plated in
triplicate wells of a 6-well plate in corresponding media
(containing FBS or PL) with half media changes performed
every 3-4 days. After 10–12 days, the plates were stained with
0.5% crystal violet and the number of individual colonies
(>50 cells) were counted [15].

2.7. Immunophenotyping of Cultured MSCs. At selected pas-
sages (2, 3, 5, 7, and 10), immunophenotyping was performed
by flow cytometry using the MSC phenotyping kit (Miltenyi
Biotec). The kit consists of two cocktails of antibodies: a phe-
notyping (FITC-CD90, PE-CD105, APC-CD73, and PerCP-
CD34/CD45/CD14/CD20) and an isotype control cocktail.
In separate tubes, 0.5–1.0 × 106 cells were suspended in
staining buffer containing 1% FBS in PBS and incubated for
10min at 4∘C with either phenotyping or isotype control
antibodies. Cells were then washed and resuspended in
the staining buffer. Cells were also stained with PerCP-
CD31 (R&D Systems) and APC-CD146 (Miltenyi Biotec)
antibodies, along with their isotype controls (R&D Systems
and BD Biosciences, resp.), in a similar manner. Data was
acquired on the Accuri C6 cytometer (Becton Dickinson)
and at least 150,000 events were collected for each marker.
Analysis was performed using the BD C6 Accuri software
(BD Biosciences) to determine percentage of cells expressing
specific markers.

2.8. Assessment of Trilineage Differentiation Potential. UC-
MSCs and BM-MSCs were assessed for their ability to
differentiate into osteogenic, adipogenic, and chondrogenic
cells using commercially available differentiation kits (Life
Technologies). Briefly, for osteogenic and adipogenic differ-
entiation, cells from passage 3 were plated at a density of 1.5 ×
104 cells per well (24-well plate), in their respective prolifera-
tion media. After 24 hours, differentiation was induced while
control wells were continued in culture without induction.
Cultures were monitored for differentiation and assayed after
21 days by Alizarin Red staining for osteogenesis or 14 days
by Oil Red O staining for adipogenesis.

For chondrogenic differentiation, a micromass culture
assay was performed following the manufacturer’s instruc-
tions. After 18–21 days, chondrogenic pellets were fixed,
paraffin-embedded, sectioned, and stained with Alcian Blue
to assess chondrogenic differentiation. All photomicrographs

were taken using the 10x objective of a Zeiss Axio Observer
A1 inverted microscope and images were captured using the
AxioVision (version 4.8.2) software (Zeiss).

2.9. Statistics. All data in this study is expressed as mean ±
SD. Analysis was performed using GraphPad Prism (version
5.0) software using a two-tailed Student’s 𝑡-test. Statistical
significance was set at 𝑝 < 0.05.

3. Results

3.1. Isolation of UC-MSCs: t-H versus Col-D. In order to
disrupt the UC matrix and release the stromal cells, simple
t-H using the GentleMACS Dissociator was performed on
10 different UC samples. When compared to the standard
method of Col-D, the t-H-based isolation method had a
shorter processing time (approximately 3 hours versus 1
hour). Neither the cell number per cm of tissue nor cell via-
bility was significantly different using both isolationmethods.
Viable cell count/cmwas 2.04±1.57×107 versus 2.69±2.51×
10
7 and cell viability was 95.44 ± 5.17% versus 96.98 ± 5.86%

for t-H versus Col-D, respectively.
Freshly isolated cells, for three samples, were screened

for expression of MSC surface markers. As reported in other
tissue sources [16], a very small fraction of isolated cells
(<2%), regardless of the isolation method, were positive for
CD90, CD105, and CD73 markers (data not shown).

Cells released by both methods were compared for their
ability to form MSCs in media supplemented with FBS and
PL. Both methods generated an adherent monolayer with
fibroblast-like morphology (Figure 1), characteristic of MSCs
grown on a plastic culture surface. However, the time to reach
80–90% confluent growth varied among different culture
conditions. Cultures of Col-D/FBS or PL reached 80–90%
confluent growth within a relatively short time (8.88 ± 3.44
days) when compared to cultures of t-H/PL (18.13 ± 6.83
days). Additionally, adherent cells at different passages were
verified for MSC identity by flow cytometry using a panel of
surface markers suggested for definingMSCs [17] (see results
in Section 3.4).

Under t-H/FBS culture conditions, majority of cases
showed very slow growth and failure of expansion beyond P5
(data not shown); therefore, this condition (t-H/FBS) was less
than adequate for UC-MSC production and it was excluded
from our analysis.

3.2. GrowthCharacteristics andExpansionPotential of Isolated
Cells. In order to generate clinically relevant numbers of
MSCs for therapeutic applications, it is imperative that cells
have the potential of logarithmic growth and the ability to
significantly expand in culture. Adherent cells generated from
the above experiments were trypsinized (P1), seeded at the
same density, and evaluated for growth kinetics, PD, and PDT
over another 9 passages (P2–P10). For a more informative
evaluation, growth of UC-MSCs was compared to the growth
of BM-MSCs. In line with previous reports [2, 18, 19],
successful logarithmic growth of MSCs was observed over
tested 10 passages in all cultures of Col-D samples in FBS and
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(a) (b)

Figure 1: Umbilical cord MSCs are plastic-adherent with fibroblast-like morphology. Representative phase-contrast images of cultured cells
generated using (a) collagenase digestion or (b) homogenization of umbilical cord tissue.

Table 1: Population doubling time for early and late passages.

Culture condition
Doubling time

(hours)
P1–P3

Doubling time
(hours)
P7–P9

Homogenization (PL) 41.43 ± 14.68 71.91 ± 31.70
Collagenase (PL) 30.38 ± 2.70 43.64 ± 10.14
Collagenase (FBS) 38.97 ± 6.35 44.48 ± 6.14

PL. However, 8 out of 10 t-H/PL cultures showed successful
logarithmic growth through P10 while a very slow growth
was observed beyond P7 in cultures of the other 2 samples.
As shown in Figure 2(a), the respective kinetic data of all
successful cultures demonstrated logarithmic cell growth
of UC-MSCs and high expansion potential. Indeed, UC-
MSCs could expand through P10 without loss of proliferative
activity unlike BM-MSCs where cells showed diminished
replicative capacity beyond passage 5 (Figure 2(b)). This
agrees with previous studies [2, 7, 20] suggesting superior
proliferative potential of UC-MSCs versus BM-MSCs.

At the end of each passage, we calculated cumulative
cell number that could theoretically be generated starting
with one cm of UC. By the end of P10, calculated cell
numbers exceeded 1 × 1015 MSCs/cm under all culture
conditions (Col-D/FBS, Col-D/PL, and t-H/PL). However,
the cell number attained at P10 in Col-D/PL cultures (6.9
× 1020) was significantly higher than t-H/PL cultures (5.34
× 1019) corresponding to cumulative PD of 45.60 and 29.25,
respectively (Figure 3). This relatively slower growth of cells
from t-H was also reflected by longer mean PDT estimated
for early (P1–P3) and late (P7–P9) passages (Table 1). As
expected, under all culture conditions, the PDT increased
for late passages indicating a reduction in the proliferative
potential of cultured MSCs.

Given the above growth kinetics data, we also analyzed
the number of passages and time needed to generate one
billion cells from one centimeter of cord tissue. In this regard,
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Figure 2: Cultured MSCs demonstrate logarithmic growth poten-
tial. Each graph depicts logarithmic growth potential and the
theoretical number of cells that can be obtained using different
isolation methods and culture conditions over several passages for
(a) umbilical cord (𝑛 = 8), and (b) bone marrow (𝑛 = 3). Equal
numbers of cells were plated for each condition and fold changes
were determined after each passage (P2–P10) to determine the
theoretical cell number that could be obtained starting with 50,000
cells from P1. Error bars denote mean ± SD.
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Figure 3: UC-MSCs continue to expand robustly in culture at the
end of 10 passages. Cumulative population doublings achieved over
the duration of culture demonstrate the replicative capacity of UC-
MSCs generated using Col-D or t-H. Error bars denote mean ± SD.

using either t-H or Col-D and culture in PL, over a billion
cells could be generated over 3 passages; however, the time
to achieve this expansion varied between isolation methods
(33.27 ± 7.00 days for t-H versus 22.27 ± 4.00 days for
Col-D). This data is in agreement with the observation that
Col-D cultures reach their first passage faster and once in
culture have a shorter PDT. Collectively, this data suggests
that although Col-D generates UC-MSCs faster, it is feasible
to generate therapeutic doses of such cells using a cGMP-
compliant protocol of t-H/PL within a reasonable length of
time. Based on data obtained from the 8 cord samples using
t-H/PL, a theoretical yield of 3.0 × 1010 UC-MSCs can be
generated within approximately 1 month from a single cord
of thirty cm length. This yield would allow treatment of
forty patients (based on average patient weight of 70 kg and
infusion of double doses each dose of 5 million cells/kg) in a
phase-I clinical trial.

3.3. CFU-F Contents of MSC Preparations. The ability of
MSCs to form colonies is considered an important parameter
for judging the quality of cultured cells [21]. As the passage
number increases, clonogenic potential of cells is expected to
decrease [22]. Hence, we evaluated the clonogenic potential
of MSCs generated using t-H and Col-D. In agreement with
established biological characteristics of MSCs, the number of
CFU-F colonies for all conditions decreased with increasing
passages (Figures 4(a) and 4(b)). The CFU-F content was
higher in cultures supplemented with PL compared to FBS,
and UC-MSCs had superior colony forming contents as
compared to BM-derived MSCs (Figure 4(b)). Importantly,
t-H/PL cultures had a greater colony forming capacity com-
pared to the conventional culture conditions of Col-D/FBS.
This indicates that cells generated under cGMP-compliant
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Figure 4: Umbilical cord MSCs possess robust self-renewal capa-
bility. Graphical representation of mean CFU-F content of MSCs, at
different passages, generated by plating 100 cells per well from (a)
umbilical cord and (b) bone marrow. Error bars denote mean ± SD.

conditions have a good self-renewal capacity when compared
with currently used conventional protocols.

3.4. Phenotypic Characterization and Multilineage Differen-
tiation Potential of UC-MSCs. To demonstrate that cultures
established fromUCcells isolated by bothmethods areMSCs,
cells were evaluated by flow cytometry in reference to criteria
set forth by the ISCT [17]. In general, more than 80% of
cells were found to express mesenchymal markers (CD73,
CD90, and CD105) (Figure 5) and were negative (<1%)
for hematopoietic (CD45, CD34), monocyte (CD14), B cell
(CD20), and endothelial (CD34, CD31) markers. Moreover,
UC-MSCs were evaluated for a recently identified pheno-
type of pericyte-like MSCs (CD146+CD31−CD34−CD45−)
[23]. This population represented >75% of UC-MSCs. For
both isolation methods, all mesenchymal markers were
maintained over long-term culture and did not show any
significant change over 10 passages. Additionally, these cells
exhibited trilineage mesodermal differentiation (adipogenic,
chondrogenic, and osteogenic) potential, a characteristic
feature ofMSCs (Figure 6). In our analysis, the differentiation
potential of UC-MSCs evaluated at P3 appeared comparable
in all tested samples irrespective of the isolation method
and culture conditions. BM-MSCs were used as a positive
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Figure 5: Umbilical cord MSCs express characteristic mesenchymal cell surface markers by flow cytometry. (a) Representative histograms
from passage 3 demonstrate expression of mesenchymal markers (CD90, CD105, CD73, and CD146) in cultured UC-MSCs. Histograms
show antibodies with their respective isotype controls. (b) Bar graph demonstrates the mean expression of different mesenchymal markers
by cultured MSCs derived from umbilical cord (𝑛 = 8). CD45, CD34, CD14, CD20, and CD31 are not shown since expression levels were less
than 2%. Bone marrow MSCs were used as controls for cell marker expression. Each bar represents mean ± SD.

control for all differentiation experiments. In agreement with
previous reports, the ability of UC-MSCs to differentiate into
adipocytes was extremely low when compared to BM-MSCs
[20, 24].

4. Discussion

Traditionally, isolation of UC stromal cells has been achieved
using explant cultures or through collagenase digestion of
intracellular fibers. Several methodological variations have
been reported (reviewed in [25]) ranging from removal of
blood vessels to keeping them intact, using a combination of
enzymatic digestion and explant cultures, employing collage-
nase alone or a combination of collagenase, hyaluronidase,
and trypsin. While enzymatic digestion results in a more
uniform release of cells, it has the drawbacks of longer initial
processing time (anywhere from 3 to 18 hours), lack of

a standard method, and being non-cGMP-compliant since
the reagents are obtained from nonhuman sources making
it difficult to obtain clinical-grade material. Alternatively,
the explant cultures have shorter processing times but they
suffer from the nonuniformity of cellmigration and improper
adherence of tissue fragments to the culture dish resulting
in variability in the quantity and quality of cells obtained
in culture [26]. Given the compartmental heterogeneity of
stem cell distribution within the UC tissue [19], differential
cell release may impact the “stemness” or differentiation
capability of the generatedMSCs [9].Therefore, we sought to
evaluate, at bench scale, a method that would result in the fast
and uniform release of cells with the added advantage of using
Xeno-free reagents to support the development of a cGMP-
compliant protocol.

Previous reports have indicated that collagen is amenable
to simple mechanical disruption [27, 28]. Based on this
observation, we hypothesized that viable cells could be
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Figure 6: Umbilical cord MSCs exhibit trilineage differentiation potential. Representative images from passage 3 demonstrate (a) osteogenic
differentiation using Alizarin Red staining, (b) adipogenic differentiation using Oil Red O, and (c) chondrogenic differentiation using Alcian
Blue staining of chondrogenic pellets generated via micromass cultures. Bone marrowMSCs were used as positive control for demonstrating
trilineage differentiation.

potentially released from the UC tissue using simple t-H in
a prewarmed buffer. Therefore, we used the GentleMACS
Dissociator to achieve rapid, uniform, and mild disruption
of the UC matrix to release the stromal cells. To simplify
the protocol and achieve better isolation yield from various
tissue compartments, we chose not to strip blood vessels

and amnion prior to cord homogenization. This minimal
processing did not impact the purity of MSCs generated, as
evidenced by the extremely low percentage of endothelial
(CD31) and hematopoietic (CD45) cells in our cultures.
Our protocol is based on simply cutting and mincing the
entire cord into small pieces, washing to remove blood clots,
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and homogenizing the tissue for uniform release of cells.
Furthermore, to develop and characterize a cGMP-compliant
method for generation of MSCs, cell growth and expansion
were tested in human PL, an accepted cGMP-compliant alter-
native to FBS [9, 29, 30]. In this study, we have demonstrated
the possibility of producing large numbers of viable UC-
MSCs using simple t-H and expansion in PL-supplemented
media. Herein, we have furthered the observations on not
only the feasibility but the superiority of pooled PL as a cGMP
growth supplement for culturing MSCs [14, 29, 30]. In all
cultures, irrespective of cell source and isolation method, PL
promoted better growth of MSC when compared to FBS.

The method described here has several advantages
including uniform release of cells, shorter processing time,
and the absence of any enzyme of bacterial origin. The
MSCs generated using t-H demonstrated exponential growth
potential, excellent clonogenic capacity, and characteristic
mesenchymal phenotype. Although the t-H- derived cells
were slower growing when compared to Col-D, they main-
tained good CFU-F potential even at later passages (through
P7). This is in contrast to reports demonstrating diminished
or absent clonogenic capacity (beyond passage 5) of cells
generated using explant cultures [9]. Furthermore, for clinical
purposes, the proposed optimal time for harvesting cells is
before passage 5 or 30 population doublings [31]. Using t-
H, we can theoretically achieve clinically relevant number of
cells in three passages and less than 10 population doublings
from one cord, making this method feasible for clinical
development.While the collagenase-basedmethod generated
more MSCs per cm of the cord in a shorter duration of time,
there was no significant difference in terms of cellular phe-
notype and differentiation potential of the cells derived using
t-H. Given the regulatory hurdles associated with the use of
reagents of animal origin, tissue homogenization followed by
growth in PL represents a simple and practical alternative
to the currently used protocols. Our isolation/expansion
technique utilizes GMP compatible reagents and could be
further adapted into a fully GMP compliant method where
other requirements shall be fulfilled such as selection of
clinically eligible donors screened for infectious diseases and
the assurance of product safety indicated by the absence of
bacterial/fungal and mycoplasma contamination, acceptable
endotoxin levels, and evidence of the lack of tumorigenicity.

Finally, we have cryopreserved cells from different iso-
lation and culture conditions (t-H/PL, Col-D/PL, and Col-
D/FBS) at various passages to generate a master bank of
research cells for future studies. As mentioned in the Meth-
ods, Xeno-free reagents were used for cryopreservation so
as to make this protocol cGMP-compatible at every step of
the process. Initial findings after direct thaw of cells frozen
for more than six months showed cell recovery and viability
above 80%. In parallel, no apparent change in growth kinetic
and colony formation potential was observed after thaw (data
not shown). Future studies might aim toward extensive char-
acterization of cryostored cells for stability, differentiation
potential to nonmesodermal cell types, and assessment for
clinically relevant indications like immunosuppression and
hematopoietic support capability.

5. Conclusions

This study describes a bench-scale, nonenzymatic, cGMP-
compatible method using whole cord tissue homogenization
followed by growth in platelet lysate as an alternative to
the currently used methods for generating UC-MSCs. Using
this approach, clinically relevant numbers of cells, which
are clonogenic, fulfil the standard criteria of MSC marker
expression and mesodermal trilineage differential potential
can be efficiently obtained for therapeutic applications.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This project was funded by the St. Louis Cord Blood Bank
and SSM Cardinal Glennon Children’s Hospital. The authors
would like to thank the staff of the St. Louis Cord Blood Bank
for their support during these studies.

References

[1] A. Sorrentino, M. Ferracin, G. Castelli et al., “Isolation and
characterization of CD146+ multipotent mesenchymal stromal
cells,” Experimental Hematology, vol. 36, no. 8, pp. 1035–1046,
2008.

[2] L.-L. Lu, Y.-J. Liu, S.-G. Yang et al., “Isolation and charac-
terization of human umbilical cord mesenchymal stem cells
with hematopoiesis-supportive function and other potentials,”
Haematologica, vol. 91, no. 8, pp. 1017–1026, 2006.

[3] K. Johnson, S. Zhu, M. S. Tremblay et al., “A stem cell-based
approach to cartilage repair,” Science, vol. 336, no. 6082, pp. 717–
721, 2012.

[4] R. Sarugaser, L. Hanoun, A. Keating, W. L. Stanford, and J.
E. Davies, “Human mesenchymal stem cells self-renew and
differentiate according to a deterministic hierarchy,” PLoS ONE,
vol. 4, no. 8, Article ID e6498, 2009.

[5] K. Stenderup, J. Justesen, C. Clausen, and M. Kassem, “Aging
is associated with decreased maximal life span and accelerated
senescence of bone marrow stromal cells,” Bone, vol. 33, no. 6,
pp. 919–926, 2003.

[6] S. M. Mueller and J. Glowacki, “Age-related decline in the
osteogenic potential of human bone marrow cells cultured
in three-dimensional collagen sponges,” Journal of Cellular
Biochemistry, vol. 82, no. 4, pp. 583–590, 2001.

[7] D. Baksh, R. Yao, and R. S. Tuan, “Comparison of proliferative
and multilineage differentiation potential of human mesenchy-
mal stem cells derived from umbilical cord and bone marrow,”
STEM CELLS, vol. 25, no. 6, pp. 1384–1392, 2007.
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Stress urinary incontinence (SUI) is a common urinary system disease that mostly affects women. Current treatments still do not
solve the critical problem of urethral sphincter dysfunction. In recent years, there have been major developments in techniques to
obtain, culture, and characterize autologous stem cells as well as many studies describing their applications for the treatment of SUI.
In this paper, we review recent publications and clinical trials investigating the applications of several stem cell types as potential
treatments for SUI and the underlying challenges of such therapy.

1. Introduction

Stress urinary incontinence (SUI) is a common urogenital
disease, defined as the involuntary leakage of urine in the
absence of a detrusor contraction, generally due to the
weakness of the urethral sphincter and pelvic floor [1].
More than 200 million people worldwide suffered from SUI,
which seriously affects the quality of life of patients [2]. As
a disease whose prevalence is related to advancing age, it
affects more women than men with an approximate ratio of
3 : 1 [3]. For women, both pregnancy and vaginal birth are
associated with an increased risk of the levator ani muscle
defects. Pregnancy and delivery decrease the expression of
hypoxia inducible factor-1 and vascular endothelial growth
factor [4], which may inhibit the angiogenic response and
tissue repair of pelvic floor after childbirth. Likewise, SUI
can also affect men and is primarily caused by urethral
sphincteric deficiency after radical prostatectomy [5]. At
present, several treatments for SUI are available, of which
bulking agent injection and Tension-Free Vaginal Tape are
the most common and effective therapeutic methods. The
various injectable bulking agents applied for the treatment
of SUI patients include bovine collagen, carbon beads,
silicone, and polyacrylamide hydrogel. However, an ideal

periurethral injectable agent for treating SUI has not been
found so far. Adverse effects have been reported with all
these bulking agents, for example, immunological rejection,
sterile abscess formation, foreign-body granuloma, bladder
outlet obstruction, and even pulmonary embolism [6, 7]. In
addition, due to degradation of bulking agents, their efficacy
gradually declines over a period of months or years. Surgery,
including sling procedures and bladder neck suspensions,
is more efficacious to control the voiding. It is previously
reported that the procedures have a 5-year cure rate of
more than 80% [8]; however, this procedure has a series of
side effects including urinary retention, bladder perforation
and hematoma formation. Meanwhile, some patients are
not suitable to surgical treatment for contraindication. Most
important of all, although the sling procedure and bulking
agent injection can enhance the pelvic floor muscles, the
urethral sphincter deficiency still remains. Therefore, the key
to treating SUI is to improve the mechanism of urethral
sphincter insufficiency.

One approach would be the use of stem cells. Stem cells
can be easily isolated in high quality and large quantities in
vitro and have the potential to develop into any cell type
especially during phases of early life and growth. In some
organs, stem cells constitute a repair mechanism that is able
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Figure 1: The protocol of stem cell therapy for SUI animal models. In most studies that investigate stem cells as potential treatment for SUI,
the following criteria need to be established. (a)The polyphyletic stem cells have plasticity to differentiate into functional cells and proliferate
in vitro. Myogenic differentiation is demonstrated with the expression of desmin and a-skeletal muscle actin by immunostaining. (b) They
migrate to the damaged external urethral sphincter through periurethral injection. (c) Treatment effects of stem cell transplantation were
evaluated through urodynamic testing and morphologic changes of the urethra and frozen urethra sections were submitted to pathology and
immunohistochemistry assessment before and after transplantation.

to replenish cells whenever damage or injury occurs.They are
unspecialized cells characterized by a self-renewal property
where each daughter cell can either remain undifferentiated
or become specialized with a defined function. In addi-
tion, provided the appropriate environment and conditions,
stem cells can be induced to differentiate into a specific
cell-like or tissue-like phenotype with a specifically deter-
mined function. Additionally, stem cells are known to have
antiapoptotic, antiscarring, and neovascularization effects.
Moreover, autologous stem cell transplantation eliminates
the risk of immunological rejection. Thus, with their mul-
tidifferentiation potential, the stem cells can be induced to
differentiate into myoblast to solve the problem of urethral
sphincter dysfunction. Here, we summarize relevant progress
of stem cell therapy research for SUI and discuss the potential
challenges in this paper.

2. Stem Cell Transplantation for
the Treatment of SUI

Based on the rapid progress in stem cell biology, stem cells
derived from skeletal muscle, adipose tissue, bone marrow,
and urine have been used in animal model and preclinical
researches for the treatment of SUI in recent years. Most of
current papers about stem cell therapy for SUI are focused on
animal experiments and follow similar protocols (Figure 1).
Furthermore, relevant clinical research was also reported and
has showed certain efficacy for the treatment of SUI.

2.1. Muscle-Derived Stem Cells (MDSCs) Implantation. Con-
sidering that the etiology of SUI is the weakness or dys-
function of urethral sphincter, improving sphincter function
may benefit SUI patients. As the name implies, MDSCs are
considered to be the predecessor of satellite cells and are
not restricted to mesenchymal or myogenic lineages. They
have been shown to differentiate into muscle and bone and
aid in cartilage healing [9]. Because the source is rich in
muscle tissue, MDSCs are easy to obtain in large quantities
under local anesthesia. MDSCs are initially isolated from
autologous skeletal muscle biopsies and then expanded in
vitro and injected into the urethral sphincter. In previous

studies, autologous muscle-derived cells have successfully
integrated in urethra tissue and partly restored sphincter
function in short term [10–13]. However, the potential of
muscle-derived cell proliferation is relatively poor, it was
often required repeated cell injections to provide enough
cells. Furthermore, treatment effect is significantly decreased
with time. For the past few years, more studies about MDSCs
implantation for treatment of SUI have been reported. Lee
et al. [14] reported injection of MDSC into the denervated
rats can improve sphincter function, leading to a long term
(12 weeks) increase in leak point pressure (LPP) and closing
pressure (CP) compared to bovine collagen-injected (LPP:
40.2 ± 7.0 versus 27.8 ± 3.2 cmH

2
O and CP: 30.0 ± 7.6

versus 21.8 ± 1.9 cmH
2
O). Carr et al. [15] reported 1-year

follow-up on eight cases of female SUI patients (42–65 years
of age) who were treated with MDSCs injections under
local anesthesia. Five out of the 8 women (62.5%) showed
improvement of SUI symptoms, and one achieved total
continence. Besides, Wang et al. [16] showed that inhibiting
the fibroblast differentiation of MDSCs induced by TGF-𝛽1
could improve the MDSCs-mediated repairing of urethral
sphincter function. Xu et al. [17] confirmed the MDSCs-
based injection therapies in urethral sphincter restoration can
be promoted when combined with biodegradable fibrin glue
in a pudendal nerve-transected rat. Compared with MDSCs
injection alone, MDSCs plus fibrin glue improved LPP and
increased the numbers of surviving MDSCs (109 ± 19 versus
82 ± 11/hpf, 𝑃 = 0.026) andmuscle/collagen ratio (0.40 ± 0.02
versus 0.34 ± 0.02, 𝑃 = 0.044) at the injection sites.

However, MDSCs often differentiate quickly without
stimulation before they can be implanted and expanded in
vivo [18]. For another, the biopsy procedure is painful and
requires large muscle biopsies to obtain sufficient MDSCs.
Cell Harvesting procedures, if not performed properly, may
increase the risk of infection in patients.

2.2. Adipose-Derived Stem Cells (ADSCs) Implantation. Cur-
rently, ADSCs are the most common stem cell type used in
autoplastic transplantation. ADSCs possess more advantages
in the clinical application, including sufficient adipose tissue,
which can be easily and abundantly obtained by a common
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surgical procedure and patients have a very high tolerance
for repeated sampling. Adipose tissue contains high content
of ADSCs, with approximately 15 million ADSCs that can be
obtained per gram of adipose tissue and have the ability to
proliferate rapidly even in low serum medium. Our group
successfully isolated ADSCs from inguinal adipose tissue of
rats and induced differentiation of ADSCs into myoblasts
with 5-Aza in vitro. Subsequently, the induced ADSCs were
injected into the posterior urethral muscularis of rat models
with SUI and follow-up analysis showed that ADSCs can be
used to treat SUI [19]. Recently, there has been a significant
increase in experimental studies about autologous ADSCs
transplantation for treatment of SUI. Shi et al. [20] combined
ADSCs with silk fibroin microspheres to treat SUI caused
by severe intrinsic sphincter deficiency with encouraging
results. Injection of silk fibroinmicrospheres alone only esca-
lated leak point pressures and lumen area in short term (<4
weeks), while the treatment which included ADSCs restored
urethral sphincter structure and function in long term (12
weeks after injection). Lin et al. [21] found that implantation
of ADSCs through urethral/intravenous injection signifi-
cantly decreased abnormal voiding rate of SUI rat model
compared to control group (33.3% versus 80%). This was
accompanied by increased elastin content and smoothmuscle
content. There was no significant difference in treatment
efficacy between the two methods. Kuismanen et al. [22] first
described the treatments of autologous ASCs in combination
with collagen gel for five female patients with SUI in a
pilot study. The mixture of ADSCs and collagen gel was
injected transurethrally into the urethral sphincters through
a cystoscope. Three out of five patients displayed a negative
cough test with full bladder filled with 500mL of saline and
2 out of 5 patients experienced improvement of symptoms
in 12-month follow-up. Zhao et al. [23] used a combination
of autologous ADSCs and controlled-release nerve growth
factor for treatment of SUI rat by periurethral injection.
This treatment enhanced urethral muscle layer distributions,
increased the neuronal density of urethra, improved abdom-
inal leak point pressure, and reduced urethral perfusion
pressure in SUI rats. Most recently, Silwal Gautam et al. [24]
reported that autologous ADSCs injected into cryoinjured
rabbit urethras could reconstruct skeletal and smoothmuscle
areas in the cell-implanted regions. Compared to the cell-free
control group, leak point pressure of the cell-implanted group
was significantly higher at 14 days after implantation.

ADSCs therapy may have a role not only in the treatment
of female SUI, but also in restoring continence in men after
radical prostatectomy. Yamamoto et al. [25] provide evidence
suggesting that periurethral injection of the autologous
ADSCs is a safe and feasible treatment modality for three
men (age from 69 to 77 years) with moderate SUI after
radical prostatectomy and holmium laser enucleation of
the prostate. The bulking effect and increased blood flow
were detected at the site of ADSCs injection and persisted
during the entire follow-up period (three months), which
indicated that the patients experienced excellent short-term
outcomes undergoing this cell therapy. However, there are
only minimal published studies using stem cell therapy for
the treatment of male SUI, and further studies are needed

with longer follow-up periods and larger numbers of patients
[26]. In brief, the results above indicate the regenerative
potential of ADSCs for the treatment of SUI.

2.3. Bone Marrow-Derived Mesenchymal Stem Cell (BMSCs)
Implantation. BMSCs develop in the bone marrow stromal
fraction and are capable of self-renewing and differentiating
into several cellular types. They were first described in 1966
as bone forming progenitor cells and have been exploited
for 50 years, most recently in tissue engineering. BMSCs
are relatively easy to obtain at enough density for therapy.
Additionally, they are adherent by nature which makes them
easy to grow and expand in culture [27, 28]. As the first stem
cells to be described, BMSCs have the capacity to induce
urethral sphincter regeneration under special conditions.
Data from animalmodels of SUI showed that injected BMSCs
can differentiate into muscle cells and restore resistance of
urination. Corcos et al. [29] found that periurethral injection
of BMSCs in an animal model of SUI restored the damaged
external urethral sphincter and significantly improved val-
salva leak point pressure. Gunetti et al. [30] also showed that
BMSCs can survive for more than 4 months in absence of
immunosuppression and migrated into the muscle among
fibers and towards neuromuscular endplates. Kinebuchi et
al. [31] transplanted autologous BMSCs into injured rat
urethral sphincters to evaluate the functional and histological
recovery. Although the leak point pressure outcome showed
no significant difference between the BMDSCs and cell-free
medium groups during the following 13 weeks, transplanted
cells survived and successfully differentiated into skeletal
muscle cells, smoothmuscle cells and peripheral nerve cells as
these were detected by immunohistochemical staining. Kim
et al. [32] reported his findings of an animal study which
utilized autologous BMSCs to treat female SUI.The cells were
cultured to differentiate into muscle lineage cells in vitro and
then injected into the denervated external urethral sphincter
in female rats. Both, the leak point pressure and the closing
pressure recovered at fourweeks after the injection of BMSCs,
and the injected BMSCs expressed a strong immunoreactivity
for muscle-specific markers. Moreover, a recent study con-
firmed that BMSCs act via their secretome which is collected
from cell culture and was shown facilitate recovery of elastic
fiber density and pudendal nerve fascicles in this dual muscle
and nerve injury SUI model [33]. Nevertheless, similar to
MDSCs, the process of autologous bone marrow extraction
is painful. Invasive procedures require the collection of many
bone marrow samples under anesthesia to obtain enough
BMSCs, so it is with an attendant risk of complications.

2.4. Urine Derived StemCells (USCs) Implantation. USCs can
be easily harvested from human voiding urine and expanded
in vitro as they do not require enzyme digestion to maintain
cell growth. USCs can be repeatedly obtained from urine
samples at any patient age, which could easily meet the
requirements of cells number and patients are well-tolerated.
In addition, it is reported that urine has acute cytotoxicity
to damage the survival of the transplanted bone marrow-
derived mesenchymal stem cells in vivo [35], while USCs
derived from urine have greater ability to resist the toxicity
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of urine than other stem cell types. Statistics show that up
to 75% of fresh USCs can be safely maintained in urine for
24 hours while retaining their original stem cell properties
[36]. Thus, USCs may be the most promising cell sources
for stem cell-based therapies. Currently, to the best of our
knowledge, the experimental study of USCs to treat urinary
incontinence is rare. Wu et al. [37] isolated urine derived
stem cells from 31 urine samples from 6 healthy individuals
with ages ranging from 3 to 27 years. The urine derived stem
cells were transfected with an adenoviral vector containing
the mouse VEGF gene and injected subcutaneously into
athymic mice with a collagen-I gel. The results indicated that
more nerve fibers and vascular endothelial growth factor
were present in transfected urine derived stem cells and
vascular endothelial growth factor overexpression enhanced
myogenic differentiation of urine derived stem cells. Liu
et al. [38] synthesized microbeads of alginate containing
growth factors VEGF, IGF-1, FGF-1, PDGF, HGF, and NGF,
which were embedded with USCs in the collagen gel type
1 (2mg/mL) and injected subcutaneously into nude mice.
The growth factors can be released from the microbeads
to prolong grafted stem cell survival, promote angiogenesis
and nerve regeneration, and stimulate myogenic lineage cell
growth in vivo. VEGF-expressing USCs and collagen-I gel
injectionmight indicate the potential to restore continence by
muscle regeneration and restoration in the clinic application.

3. Tissue-Engineered Suburethral Sling

Another way to treat SUI is tissue engineered suburethral
sling. It is used to support the hyperactive urethra and bladder
neck and narrow proximal urethra. It is shown to be an effec-
tive therapy for SUI.However, thematerial of existing subure-
thral sling lacks ideal compliance and contractility (including
excessively lax or stiff). It simply relies on mechanical action
to improve urethral resistance. In addition, there may be
postimplantation weakening due to scaffold degradation in
vivo [39]. Thus, it is difficult to obtain satisfactory curative
effect in the long term.The ideal sling material would be safe
and durable, would lack antigenicity, and most importantly
would be a functional replacement to an impaired conti-
nence mechanism. A better effect and fewer complications
could be achieved by tissue-engineered suburethral sling
made of a degradable material loaded with therapeutic stem
cells. Incorporating stem cells into the suburethral sling
has obvious advantages, not only to enhance mechanical
strength of the sling after implantation but also to promote
regeneration of ligament/sphincter surrounding the urethra.
Cannon et al. [34] showed that incorporating MDSCs into
small intestinal submucosa (SIS) slings does not adversely
alter the advantageous mechanical properties of the SIS sling
in a rat model of SUI. Implanted MDSCs could migrate
into and distribute throughout the SIS and form differenti-
atedmyotube structures.Meanwhile, spontaneous contractile
activity is observed in MDSCs/SIS constructs by 4 and 8
weeks in culture. MDSCs transplantation reduces the SIS
biological resorption in the body and provides the basis for
future functional studies of tissue engineered sling materials
with long duration (Figure 2). Zou et al. [40] seeded BMSCs

Muscle biopsy

Mixed culture MDSCs

Figure 2: The model of MDSC/SIS Sling therapy for SUI (from
[34]). MDSCs were firstly obtained from gastrocnemius muscle
and subsequently seeded on a SIS scaffold. The MDSC/SIS Sling
was cocultured for 2 weeks in vitro. Finally, the tissue-engineered
suburethral sling was placed to repair a damaged urethral sphincter
of SUI rat model via a midline transabdominal approach.

into degradable silk scaffolds and implanted them in a SUI rat
model. The result showed that both scaffolds with and with-
out BMSCs improved leak point pressure, but only scaffolds
with BMSCs led to ligament-like tissue formation over time,
which suggested potential long-term function. Most recently,
Roman et al. [18] combined ADSCs with thermo-annealed
poly-L-lactic acid scaffolds to develop a tissue engineered
repairing material. The biodegradable scaffolds with ADSCs
produced more key extracellular matrix proteins than oral
fibroblasts under the same conditions, which improved the
ultimate tensile strength and strain of the scaffolds, thus
possessing good application prospect for SUI. Subsequently,
Roman Regueros et al. [41] further reported the short-
term observation about the acute host response after 7 days
of implantation. The result showed good integration into
host tissues with extensive host cell penetration (ADSCs),
new blood vessel formation, and new collagen deposition
throughout the full thickness of the samples. There was obvi-
ous difference between cell-containing and cell-free scaffolds.
Consequently, surgical replantation of suburethral slings
combined with patient’s stem cells has great promise to pro-
vide better long-term efficiency for SUI patients. However,
the “ideal” biomechanical properties require further testing
in vivo.

4. The Challenges of Stem Cells in the
Treatment of Stress Urinary Incontinence

Although stem cell therapy has been reported with encour-
aging results in the preclinical experiments and had great
potential for therapeutic applications of SUI, there are still
many challenges in clinical treatment of SUI (Figure 3). The
life span of implanted stem cells is relatively short and cell
death can be observed within the first week, most probably
due to ischemia, inflammation, or apoptosis due to detach-
ment from the extracellular matrix [42]. Meanwhile, the size
and function of bioengineered muscle also decline with age
[43]. In addition, results of EdU-staining also showed that
only a small fraction of the transplanted ADSCs might have
differentiated into smoothmuscle cells and themajority of the
transplanted ADSCs remain undifferentiated [21]. Evidence
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Figure 3: The challenges of stem cells in the treatment of stress
urinary incontinence. There are many challenges for stem cells in
clinical treatment of SUI, the following facts were shown: (a) an
important step to determine the optimal dose and delivery route
of stem cells transplantation; (b) how to maintain or promote the
ability of proliferation and differentiation of implanted stem cells; (c)
the injected stem cells’ tendency to gather around the injection site
and how to form a uniform cell distribution after stem cell injection;
(d) stem cells implantation having the risk of neoplastic transforma-
tion and how to avoid the possible abnormal differentiation, even
neoplastic transformation, after stem cells injection; (e) peripheral
nerve regeneration after stem cell transplantation; (f) better animal
models that mirror the chronic process of SUI which should be used
in preclinical experiments.

shows that the inclusion of cytokines and growth factors
are able to enhance the ability of stem cell proliferation and
differentiation, such as transforming growth factor beta1 [44],
vascular endothelial growth factor [45], and basic fibroblast
growth factor [46]. Hence, it would be efficient to deliver
growth factors to the transplantation site or directly along
with stem cells to enhance their differentiation. However,
such studies have not been extensively conducted in vivo.
Additional studies are needed to further examine the condi-
tions required to better maintain and promote proliferation
and differentiation of stem cells after transplantation. One
challenge for stem cell therapies is the need for large amount
of cells to be transplanted with numbers ranging from 0.5
× 106 to 128 × 106 cells and the appropriate dose of cells is
yet to be determined. Current results of stem cell therapy
for SUI may not be as reproducible as hoped, the overall
success rates (complete continence) ranging from 12 to 79%
and improvement rates (quality of life and/or pad test) from
13 to 66% in short-term follow-up [12, 15, 47]. In 3 to 12
months’ follow-up, almost all injected cells gathered around
the injection site; only a small number of cells were regularly
distributed along the normal muscle fiber tissue. Therefore,
more studies are needed to achieve a more uniform cell
distribution. In the past, experimental results have shown
that stem cells transplantation had increased the risk of
neoplastic transformation in vivo [48–50]. Moreover, stem
cells may promote cancer metastasis through regulating
epithelial-mesenchymal transition, including breast cancer

[51] and pancreatic cancer [52]. Although the great majority
of stem cells have been induced into myogenic cells before
urethral injection, how to avoid the possible abnormal
differentiation and even malignant transformation in vivo
remains unresolved. Additional studies should be carried out
for assurance of the long-term safety before stem cells can
be used as therapy tools for SUI. Nerve density of urethral
tissue declines with age, with a sevenfold age-related loss of
nerve density in these same striated urogenital sphincters
directly correlated with the loss in striated muscle density
in the same tissues [53]. Furthermore, reduced nerve density
throughout the striated urogenital sphincter correlates with
fewer muscle cells [53]. However, at present, most studies
of stem cells therapy for SUI focused on the reconstruction
of urethral sphincter and vessel, neglecting peripheral nerve
regeneration. More studies are needed to investigate the
possible applications of tissue-engineered urethra along with
applications to improve distribution of nerve tissue and
implanted muscles. Undoubtedly, an ideal animal model for
SUI could provide further insight. The formation of SUI is
a chronic process that is experienced over years or decades
with the urethral sphincter degeneration, while almost all
of animal models of SUI mentioned above in the review
were established by completely transection of the bilateral
pudendal nerve or the vaginal balloon dilatation, which
cannot truly simulate the pathophysiology of most of SUI
patients. Pauwels et al. [54] established a chronic rat model
of SUI with surgical transposition of the urethra to a vertical
position. All of the rats leaked urine continuously during the
entire study period in the urethral transposition group, while
spontaneous recovery of continence (within 1-2 weeks) was
seen mostly in the vaginal dilatation group and repetition of
the dilatation is needed.Therefore, in order to further comply
with clinical practice, more chronic animal models of SUI
should be used in preclinical experiments in the future.

5. Conclusions

The ultimate goal has always been clinical application of
this technology. The published data show that stem cell
transplantation as a therapy for SUI has great promise, with
some currently used in clinical trials. However, there is
still lack of efficient SUI treatments. Additional information
is needed from preclinical studies to determine optimal
timing and route of stem cell administration.Moreover,many
fundamental questions related to the optimal type of stem
cells, animal model, implanted stem cells location, stem cells
dose, and the long-term safety and efficacy require further
examination.
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and H. Uludağ, “Effect of basic fibroblast growth factor in
mouse embryonic stem cell culture and osteogenic differenti-
ation,” Journal of Tissue Engineering and Regenerative Medicine,
vol. 7, no. 5, pp. 371–382, 2013.

[47] R. Boissier and G. Karsenty, “Cellular therapy and urinary
incontinence,” Progres en Urologie, vol. 22, no. 8, pp. 454–461,
2012.

[48] W. Zhu, W. Xu, R. Jiang et al., “Mesenchymal stem cells derived
from bone marrow favor tumor cell growth in vivo,” Experi-
mental and Molecular Pathology, vol. 80, no. 3, pp. 267–274,
2006.

[49] J. M. Yu, E. S. Jun, Y. C. Bae, and J. S. Jung, “Mesenchymal
stem cells derived from human adipose tissues favor tumor cell
growth in vivo,” Stem Cells and Development, vol. 17, no. 3, pp.
463–473, 2008.

[50] G. V. Røsland, A. Svendsen, A. Torsvik et al., “Long-term cul-
tures of bone marrow-derived human mesenchymal stem cells
frequently undergo spontaneous malignant transformation,”
Cancer Research, vol. 69, no. 13, pp. 5331–5339, 2009.

[51] F. T.Martin, R.M.Dwyer, J. Kelly et al., “Potential role ofmesen-
chymal stem cells (MSCs) in the breast tumour microenvi-
ronment: stimulation of epithelial to mesenchymal transition
(EMT),” Breast Cancer Research and Treatment, vol. 124, no. 2,
pp. 317–326, 2010.

[52] A. Kabashima-Niibe, H. Higuchi, H. Takaishi et al., “Mesenchy-
mal stem cells regulate epithelial-mesenchymal transition and
tumor progression of pancreatic cancer cells,” Cancer Science,
vol. 104, no. 2, pp. 157–164, 2013.

[53] M. Pandit, J. O. L. DeLancey, J. A. Ashton-Miller, J. Iyengar,
M. U. A. Blaivas, and D. Perucchini, “Quantification of intra-
muscular nerves within the female striated urogenital sphincter
muscle,” Obstetrics and Gynecology, vol. 95, no. 6, pp. 797–800,
2000.

[54] E. Pauwels, S. De Wachter, and J.-J. Wyndaele, “Evaluation of
different techniques to create chronic urinary incontinence in
the rat,” BJU International, vol. 103, no. 6, pp. 782–786, 2009.



Clinical Study
Stem Cell Mobilization with G-CSF versus Cyclophosphamide
plus G-CSF in Mexican Children

José Eugenio Vázquez Meraz,1 José Arellano-Galindo,2 Armando Martínez Avalos,3

Emma Mendoza-García,4 and Elva Jiménez-Hernández5

1Banco de Sangre, Hospital General de Ecatepec las Américas, Simón Bolivar esq. Libertadores de América Fracc. las Américas,
55076 Ecatepec de Morelos, MEX, Mexico
2Area de Virologı́a, Laboratorio de Microbiologı́a y Enfermedades Infecciosas, Hospital Infantil de México Federico Gómez, Mexico
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Fifty-six aphaereses were performed in 23 pediatric patients with malignant hematological and solid tumors, following three
different protocols for PBPC mobilization and distributed as follows: A: seventeen mobilized with 4 g/m2 of cyclophosphamide
(CFA) and 10 𝜇g/kg/day of granulocyte colony stimulating factor (G-CSF), B: nineteen with CFA + G-CSF, and C: twenty only with
G-CSF when the WBC count exceeded 10 × 109/L. The average number of MNC/kg body weight (BW)/aphaeresis was 0.4 × 108
(0.1–1.4), 2.25 × 108 (0.56–6.28), and 1.02 × 108 (0.34–2.5) whereas the average number of CD34+ cells/kg BW/aphaeresis was 0.18
× 106/kg (0.09–0.34), 1.04 × 106 (0.19–9.3), and 0.59 × 106 (0.17–0.87) and the count of CFU/kg BW/aphaeresis was 1.11 × 105 (0.31–
2.12), 1.16 × 105 (0.64–2.97), and 1.12 × 105 (0.3–6.63) in groups A, B, and C, respectively.The collection was better in group B versus
group A (𝑝 = 0.007 and 𝑝 = 0.05, resp.) and in group C versus group A (𝑝 = 0.08 and 𝑝 = 0.05, resp.). The collection of PBPCs
was more effective in the group mobilized with CFM + G-CSF when the WBC exceeded 10 × 103/𝜇L in terms of MNC and CD34+
cells and there was no toxicity of the chemotherapy.

1. Introduction

With the discovery that peripheral blood progenitor cells
(PBPC) could be obtained by aphaeresis, several reports
have shown that these stem cells can be used to reconstitute
hematopoiesis, after myeloablative therapy in cancer patients
[1–3]. Chemotherapy increases the amount of PBPC 20–
50 times [4, 5]. Therefore high dose of cyclophosphamide
(CFA) has been frequently used to mobilize PBPC [6–10].
Hematopoietic growth factors such as G-CSF and GM-CSF
used after chemotherapy increase the efficacy of stem cells
mobilization even more. However, G-CSF in combination
with chemotherapy must be administrated during 8–12 days
compared with only 4 to 6 days when it is applied without
chemotherapy [11–16].

There is not enough experience in children to establish
the optimal method for PBPC mobilization, as it could be
done with hematopoietic growth factors either alone or in
combinationwith chemotherapy.We determined the number
of mononuclear cells (MNC), CD34+ cells, and colony form-
ing units (CFU) in the leukapheresis products of pediatric
patients with malignant hematological diseases and solid
tumors, following three different protocols for stem cells
mobilization.

2. Patients and Methods

The study included twenty-three pediatric patients with
malignant hematological diseases and solid tumors.Themain
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Table 1: Clinical characteristics of the patients.

Number Age
(years) Sex Weight

(Kg.) Diagnosis

1 3 M 15 WT S-IV 1∘CR
2 10 F 39 LMA-M2 2∘CR
3 16 M 38 HD S-IVB 2∘CR
4 7 F 22 LMA-M1 1∘CR
5 3 F 15 LAL-L1 t(9,22) 1∘CR
6 3 M 17 LAL-L1 t(4:11) 1∘CR
7 9 F 32 LAL-L1 t(9,22) 1∘CR
8 12 M 32 HD S-IVB 2∘CR
9 16 M 55 LAL-L2 t(9,22) 1∘CR
10 11 M 56 LMA-M4 1∘CR
11 16 M 43 LAL-L1 t(9:22) 2∘CR
12 2 M 13 NBL S-IV 3∘CR
13 8 F 29 LAL-L2 t(9,22) 1∘CR
14 8 M 26 LMA-M4 1∘CR
15 9 F 22 WT S-IV 3∘CR
16 4 M 21 LAL-L1 t(9,22) 1∘CR
17 6 M 25 LMA-M2 2∘CR
18 5 F 22 WT S-IV 2∘CR
19 7 F 21 LMA-M1 2∘CR
20 10 M 38 LAL-L1 t(9,22) 1∘CR
21 8 M 25 LAL-L1 t(9,22) 1∘CR
22 13 M 31 HD S-IVB 2∘CR
23 6 F 26 LAL-L1 t(9,22) 1∘CR
HD: Hodgkin disease, WT: Wilms’ tumor, LMA: myeloblastic acute
leukemia, LAL: lymphoblastic acute leukemia, NBL: neuroblastoma, CR:
complete remission, and S: stage.

characteristics of the patients are shown in Table 1. Parent’s
consent of the study was obtained in all cases.

2.1. PBPC Mobilization. The patients were divided into
three groups: group A was assigned to high dose (4 g/m2)
of cyclophosphamide (CFA) and (10 𝜇g/kg/day) of G-CSF
applied subcutaneously, and the aphaeresis procedures were
started when the white blood cell count (WBC) exceeded 1.0
× 109/L. Group B was subjected to the same regimen (CFM +
G-CSF), but the WBC was >10 × 109/L at the time of starting
the cell collection,and group C was treated subcutaneously
with G-CSF alone for 4 days and the aphaeresis was started at
day 5.

2.2. PBPC Collection. Collections were performed by place-
ment of a double lumen dialysis catheter with a Baxter Fenwal
CS 3000 plus machine using large volume leukapheresis
(LVL) (200mL/kg). The inlet flow was 30–50mL/min. The
target number of MNC and CD34+ cells was 4 × 108/kg and
2 × 108/kg, respectively. A minimum of 1 × 106/kg CD34+
cells and 2 × 108/kg of MNC were considered sufficient
though.When the yield of a single aphaeresis was considered
insufficient, the process was continued daily until the CD34+

cells and MNC target dose were achieved. The final products
were frozen and stored in liquid nitrogen at −196∘C.

2.3. Aphaeresis Products. The obtained product of MNC was
processed by CoulterMaxM, and the number of CD34+ cells
was determined by flow cytometry in a FACSCalibur by using
the ProCount software (Becton Dickinson).

2.4. Cell Cultures. The cell cultures were prepared inMethoc-
ult GF H4434 (Stem Cell Technology Inc, Vancouver, BC),
contained 1 × 105MNCs per mL, and were incubated at 37∘C,
in presence of CO

2
, and the colony forming units (CFUs)

were determined on day 14 by using an inverted microscope
as described previously [3].

2.5. Statistical Analysis. Not normally distributed data are
presented as median and range. Differences were compared
using the nonparametrical Kruskal-Wallis test.The Stata soft-
ware program (Stata Corporation, College Station, TX, USA)
was used for statistical analysis.

3. Results

3.1. Patient’s Characteristics. Twenty-three children were
included in the study. Seven patients were assigned to group
A, eight to groupB, and eight to groupC. Seventeen, nineteen,
and twenty leukaphereses were performed in each group,
respectively. Patients characteristics are shown in Table 1.

The average number of days of G-CSF administrationwas
6.1 (4–8) in group A, 11.8 (10–15) in group B, and 5.7 (5–7)
in group C. The average of MNC in the aphaeresis products
was 0.4 × 108/kg (0.1–1.4) in group A, 2.25 × 108 (0.56–6.28)
in group B, and 1.02 × 108 (0.34–2.5) in group C. The mean
number of CD34+ cells was 0.18 × 106/kg BW (0.09–0.34) in
groupA, 1.04 × 106 (0.19–9.3) in group B, and 0.59 × 106 (0.17–
0.87) in group C. The mean count of CFU/kg BW was 1.11 ×
105 (0.31–2.12) in group A, 1.16 × 105 (0.64–2.97) in group B,
and 1.12 × 105 (0.3–6.63) in group C (Table 2).

Thedifferences between the three groupswere statistically
significant for the number of MNC/kg BW (𝑝 = 0.007) and
CD34+ cells/kg (𝑝 = 0.05) in group B versus group A and
for CD34+ cells in the group C versus group A (𝑝 = 0.05).
The UFC × 105/kg BW was similar in the different groups
(Table 3).

In the group treated with chemotherapy, patients were
hospitalized due to severe neutropenia (<0.5 × 109/L), but no
one required antibiotic or platelet transfusion.

4. Discussion

Mobilized peripheral blood is now the main hematopoietic
progenitor cell source for cellular support following mye-
loablative chemotherapy. PBPC transplantation results in
a more rapid hematopoietic recovery than bone marrow
cell transplantation, mainly due to the larger number of
hematopoietic progenitor cells infused. G-CSF alone or com-
bined with chemotherapy is commonly used in mobilization
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Table 2: PBPC results by group.

Group A
CFA + G-CSF

WBC > 1.0 × 109/L
Mean and range

Group B
CFA + G-CSF

WBC > 10 × 109/L
Mean and range

Group C
G-CSF alone

Mean and range

Days of G-CSF 6.1 (4–8) 11.8 (10–15) 5.7 (5–7)
MNC × 108/kg 0.4 (0.1–1.4) 2.25 (0.56–6.28) 1.02 (0.34–2.5)
CD34+ × 106/kg 0.18 (0.09–0.34) 1.04 (0.19–9.3) 0.59 (0.17–0.87)
CFU × 105/kg 1.11 (0.31–2.12) 1.16 (0.64–2.97) 1.12 (0.3–6.63)
WBC: white blood cells; MNC: mononuclear cells; CFU: colony forming units.

Table 3: Statistical analysis using the nonparametrical Kruskal-
Wallis test.

MNC × 108/kg CD34+ cells × 106/kg UFC × 105/kg
A versus B 0.007 0.055 0.297
A versus C 0.082 0.055 0.526
B versus C 0.248 0.172 0.833

protocols and it appears to be able to achieve adequate
progenitor cell yields for single transplants in most patients
and [17] observed that the combination of myelosuppres-
sive chemotherapy and G-CSF can mobilize better PBPC
than chemotherapy alone and the administration of these
cytokines in combination with chemotherapymay reduce the
blood volume processed by leukapheresis. Additionally the
optimal procedure for PBPC mobilization in children has
not yet been determined because data on the engraftment
are not enough [17–19]. Clinical collection of PBPC by
leukapheresis has been more difficult to perform in a child
than in an adult, especially after receiving an extensive
therapy for theirmalignancies [20–22]. It has been shown that
heavy and prolonged cytotoxic treatments seem to exhaust
the mobilizable stem cell pool; therefore PBPC should be
collected as early as possible after diagnosis [17, 23].

In order to optimize mobilization and to obtain a larger
number of CD34+ cells, we simultaneously administered
CFA + G-CSF or only G-CSF. Our results demonstrated that
the number ofCD34+ cells collectedwas similar for all groups
(Table 2). The difference in obtained results was statistically
significant when we compared group B (CFA + G-CSFWBC
> 10 × 103/𝜇L) and group A (CFA + G-CSF WBC > 1.0
× 103/𝜇L) (𝑝 = 0.05) and also for group C (G-CSF) and
group A (𝑝 = 0.05), but it was not statistically significant
for group B versus group C. This suggests that the efficacy of
G-CSF is similar in the presence or absence of CFA, when
the leucocytes count exceeded 10 × 109/L; findings similar to
ours were reported by Costa et al. [17]. The difference in the
amount of UFC was not statistically significant between the
studied groups.

The main limitations of chemotherapy mobilizations are
neutropenia, sepsis, and bleeding diathesis and the unpre-
dictability of starting time for collection procedure [24–27].
In our group of patients with CFA, there have been no serious
complications, but patients did require more days of G-CSF
application.

From the present data, we conclude that PBPC mobiliza-
tion with CFM + G-CSF when the WBC is >10 × 109/L has a
similar efficacy in comparison with mobilization using only
G-CSF, and the last one has less adverse effects.
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