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1. GENERAL INTRODUCTION TO
REGENERATIVE MEDICINE
1.1. GENERAL CLINICAL BACKGROUND
Heart failure (HF) and insulin dependent diabetes
mellitus (IDDM) pose major health threats in the
Westernized world. While pharmacotherapy and
solid organ transplantation are established
interventions, their effectiveness and utility need
improvement. Cell therapy and tissue engineering
are novel approaches that may drastically change
therapeutic options for millions of patients. This
thesis focuses on applications of both cell therapy
and tissue engineering in management of HF and
IDDM.
1.2. HF: CLINICAL DISEASE BACKGROUND
In the past 30 years, major advances in therapeutic
intervention in the developed world have resulted in
decrease by more than two-thirds of patient
mortality from acute myocardial infarction (AMI),
uncontrolled hypertension, valvular heart disease,
and congenital heart disease. Since mortality is
reduced and HF develops in 1 out of every 10 men
and 1 out of every 12 women over the age of 60
years, this results in more than 1 million
hospitalizations at a cost greater than $40 billion
annually in the USA alone (1). Cardiac disease,
frequently characterized by AMIs, is the main cause
of death in the Western hemisphere (2). It is due
primarily to insufficient blood supply to an
identifiable part of the heart as a result of vascular
narrowing. Depending on the severity and location
of the vascular injury and/or narrowing, lack of
blood supply results in death of variable sections of
myocardial tissue (infarct). If the infarct is large
and in a critical location, as in a major early
blockage of the left anterior descending artery
(LAD, also known as the “widow-maker”), the
patient is likely to die acutely. With smaller damage
or a less critical location, the infarct results in a
scar which, depending on its size and location, may
result in arrhythmias, contractile dysfunction,
and/or lead to HF (3, 4). Repair of the damaged part
of the heart muscle depends on revascularization of
the underperfused (ischemic) area, which can be
achieved clinically by percutaneous coronary
intervention (PCI), usually with, but also without
stent placement. Alternatively, novel experimental
approaches explore the application of stem cell
populations or biomaterials with pro-angiogenic
properties directly to the area of AMI. Replacement
or repair of infarcted tissue by methods involving
cell technology are being presently studied and
evaluated in order to support contractile cardiac
function and to normalize electrical conduction of
the damaged areas of the heart.
1.3. HF: PRECLINICAL MODELS
Animal models of HF are required for testing of
safety and efficacy of novel invasive therapeutic
interventions such as stem cell therapy or tissue
engineering. Since the 1970’s, many HF models
have been developed in various species, including
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mice, rats, dogs, cats, pigs, and monkeys. These
usually artificial manipulated acute models include
HF through valvular lesions such as stenosis or
regurgitation, primary dilated cardiomyopathy due
to genetic mutations in cytoskeletal, sarcolemmal,
sarcomeric, and nuclear envelope proteins,
secondary dilated cardiomyopathy due to coronary
artery disease or hypertensive heart disease and
restrictive cardiomyopathy due to underlying
systemic conditions such as sarcoidosis. Large
animal models are useful because they mimic
human physiology better than small animal models
and allow the use of clinical instrumentation. They
are employed less frequently because of the high
costs, and in case of (non-)human primates may
raise ethical issues.
An example of one such model is AMI,
produced by slow inflation of a balloon cuff placed
around the LAD, which transiently stops coronary
blood supply to the left ventricular (LV)
myocardium. An alternative method is placement of
an intraarterial balloon, which permits a less
invasive percutaneous approach but requires
radiographic imaging to visualize location of the
balloon in the coronary artery. EKG tracings,
implanted pressure recording devices, and
echocardiography are subsequently used to qualify
and quantify myocardial infarct size, location and
expansion over time during balloon inflation, and
collection of serial serum samples to confirm the
presence of evolving cardiac damage. Genetically
modified mice permit studies of the influence of cell
therapy or tissue engineering interventions on the
improvement of outcome and gain or loss of function
of specific genes in response to these interventions
(5). The disadvantage of small animal models is that
the results this obtains are not always translatable
to the human situation. The small size of the
animals also makes some technical interventions
more challenging. For example, the small animal
AMI model is complicated by unwanted variability
and difficulties in precise definition of injury since
delicate operations, such as coronary artery ligation,
are difficult in a small dynamic space (i.e. rapidly
contracting LV) (6). Ultimately, consistent animal
models are indispensable as there are no in vitro or
in vivo alternatives that can mimic a multimodal
disease such as HF in a sufficient number to yield
statistically significant results in early stages of
feasibility testing.
1.4. IDDM: CLINICAL DISEASE
BACKGROUND
IDDM or diabetes mellitus type I is a lifelong,
incapacitating disease affecting many organs. The
total number of people with IDDM is projected to
rise world-wide from 171 million in 2000 to 366
million in 2030 (7). IDDM is a chronic disorder that
results from autoimmune destruction of the insulinproducing β-cells in pancreatic islets (8). The need
for replacement of pancreatic islets either as a total
pancreas or as islet replacement in patients with
IDDM is critical for optimal continuous control of
blood sugars not possible with insulin injections
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alone, even with a pump, regardless of which pumps
or regimens are used. Optimal glucose control is
needed to avoid frequently tragic consequences of
inadequate control such as episodes of ketoacidosis,
hypoglycemic
unawareness
with
consequent
syncope and accidents, blindness, peripheral
vascular disease and neuropathy, amputations,
renal failure, cardiac disease, strokes and a
multitude of other problems associated with this
disease.
Almost
all
attempts
at
clinical
transplantation of isolated human pancreatic islets
from one donor of a single whole pancreas, and
usually two pancreases from two donors, following
Edmonton's Group protocol, have relied on
intrahepatic percutaneous injection through portal
vein access under fluoroscopic guidance (9). The
advantage of such a location is that the islets are
immediately vascularized and that released insulin
passes through the liver first. The major
disadvantage is that the transplanted islets are
immediately attacked by an overwhelming
inflammatory response resulting in up to 50% islet
loss, frequently requiring two, and even more, islet
transplantations (10). With the universal shortage
of organ donors, and the very large number of
diabetic recipients, this approach is clinically
impractical.
The
present
goal
of
islet
transplantation is to find another easily accessible
site, less injurious to islets and allowing allograft
removal in case of for instance infection, cancer or
hyperplasia. Intramuscular or subcutaneous and
even
intraperitoneal
implantation
is
most
attractive, as long as they are performed with
minimal (i.e. laparoscopic) intervention and the
integrity of the implantation site can be well
controlled and monitored for islet number and
survival. Insulin producing cells, either from
autologous, allogeneic or xenogeneic pancreases, or
derived from stem cells, in combination with tissue
engineering and carrier materials, are being
investigated by many groups around the world (11).
1.5. IDDM: PRECLINICAL MODELS
Similar to HF models, IDDM models exist in mouse,
rat, rabbit, pig, and non-human primates (reviewed
in (12, 13)). Mouse models can provide important
mechanistic insights, while pig models are generally
favored due to the similarities to human anatomy,
physiology (especially pancreatic islets), size, and, in
contrast
to
non-human
primates,
greater
availability, less cost and less ethical objection.
Several techniques have been used to induce
hyperglycemia and a diabetic phenotype: dietary
intervention,
chemical
induction,
and
pancreatectomy and, in mice, genetic modification.
Dietary intervention has led to variable and
relatively unreliable results. Since pigs do not
become diabetic spontaneously, a high caloric diet
resulting in obesity has led to variable results not
readily amenable to correction with pancreas or
islet transplant (reviewed in (13-15)). Streptozotocin
(STZ) and alloxan (ALX) are chemical agents
commonly used to induce IDDM in swine, rodents,
rabbits, and non-human primates. Both chemicals

are toxic glucose analogues that are transported
into cells via the GLUT2 transporter. ALX
generates toxic free radicals, leading to pancreatic
cell death via necrosis, whereas STZ, once it has
entered the cell, is cleaved and generates free
methylnitrosourea that induces DNA fragmentation
and necrotic cell decay. Both chemicals lead to
hyperglycemia resulting from insulin deficiency.
Among the best rodent models, there are the nonobese diabetic (NOD) mice (16) and BioBreeding
(BB) rats (17). NOD mice were developed at
Shionogi Research Laboratories in Aburahi, Japan
in the 1980's (18), and have a polygenic phenotype
to spontaneous development of IDDM as a result of
insulitis, a leukocytic infiltrate of the pancreatic
islets. BB rats are inbred rats that also
spontaneously develop IDDM, and have greatly
contributed to the research of IDDM pathogenesis
(19). Both NOD mice and BB rats also have
inherent biological problems which have led to
misconceptions and erroneous extrapolations, as
well as false expectations with regard to the efficacy
of immunotherapy (20); most recently diabetic mice
became available, which are biologically very
precisely defined and are insulin deficient as a
result of transgenic modification. Among large
animal models there are spontaneously diabetic
dogs which are difficult to obtain and pigs or
monkeys where total pancreatectomy is another
approach in the production of recipients who have
brittle diabetes and insulin deficiency (21, 22). The
latter model has many animal welfare and clinical
management issues as well as significant variability
and mortality. Ethically, more acceptable models
with a diabetic phenotype are transgenic pigs which
express the mutant insulin C94Y or transgenic pigs
which express a dominant-negative GIP receptor
(GIPRdn). Which model is best suited heavily
depends on the research question. Large animal
models are usually chosen to validate results
obtained in small animal models prior to translating
the findings to studies in humans, since large
animal models usually mimic human physiology
better than small animal models. In some
experimental settings, large animal models allow
for novel therapeutic interventions without
interference of standard of care therapy, as we have
shown in our non-human primate studies for
tolerance induction using regulatory T-cell (Treg)
therapy ((23), Appendix 3). Such studies would not
be possible in human subjects, because they would
imply abandoning immunosuppressive therapy (i.e.
standard of care) after kidney transplantation.
2. THE MEDICAL NEED
2.1. DONOR ORGANS AND DONOR ORGAN
SHORTAGES
Organ and tissue transplantations are life-saving
procedures for patients with acute and/or chronic
organ failure. Between 2000 and 2017, 509,889
patients in the USA received a solid organ allograft
(24), while 571 allogeneic islet transplants were
performed between 1999 and 2009 (25).
5
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Unfortunately, as of June 2018, in the USA alone
more than 125,000 patients are waiting for a donor
organ, while shortage of their availability is great
and on the rise. This has resulted in a very high risk
of death in all patients on the waiting lists, even
those on dialysis, and certainly much higher and
faster risk of death when liver, lung, and heart
transplantation are concerned. In addition, many
patients on the renal or pancreatic waiting lists
have reduced quality of life (QOL) in the absence of
available donor organs. In 2017, the majority of
organ transplantations in the USA included kidney
(n=19,849), liver (n=8,082), heart (n=3,244), lung
(n=2,449) and less frequently, pancreas (n=213)
(adapted
from
Organ
Procurement
and
Transplantation Network (OPTN) (24) (Figure 1).
There are two major obstacles to successful
organ transplantations. One, documented in great
detail in several registries in the USA and in
Europe such as UNOS (26), STRT (27) and
Eurotransplant (28), is the limited number of
available and appropriate (deceased or living)
donors. The other is medicine’s inability so far to
treat end-stage organ failure adequately by other
means than organ transplantation and our present
lack of knowledge and inability to successfully
transplant other than human organs, i.e.
xenotransplants.
Public
campaigns
and
governmental support and encouragement in some
countries (i.e. Spain, Belgium, and more recently,
the Netherlands) have increased awareness and
public willingness to participate in various donor
programs by an opt-out approach, i.e. one is
automatically an organ donor unless personally
stated otherwise. Despite a variety of efforts in
many countries, a major shortage of donor organs
remains.
Most transplantation candidates could
benefit from repair of donor organs or their
regeneration which would most likely involve cell
therapy or tissue engineering: (1) many heart
transplants are performed in patients with endstage HF due to multiple MIs that might be
repaired by cellular therapy; (2) many liver
transplants, especially in children, are performed
for metabolic liver deficiencies which might be
corrected with appropriate hepatocyte transplants;
(3) 25% of renal transplants are performed for endstage renal disease secondary to progressive IDDM
which might have been prevented, or treated, by
early pancreatic islet transplants.
3. A SOLUTION TO DONOR ORGAN
SHORTAGES: CELL THERAPY AND TISSUE
ENGINEERING
This thesis focuses on two possible therapies for
several end-stage organ diseases, based on cellular
transplantation and bioengineering, to complement,
and in some instances replace, the use of a limited
number of available donor organs. Beyond the scope
of this discussion is the possibility to replace human
damaged organs by xenogeneic grafts (most likely
porcine), which would rapidly decompress the
transplant waiting lists. We and others postulate
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that it may be advantageous and possible in the
near future to treat patients with end-stage organ
disease/failure, based on availability, with off-theshelf cellular products (isogenic, allogeneic, or
xenogeneic) and/or tissue engineered organs. Such
modern cell and biomaterial products and
techniques may prove to be more effective and
efficient than current approaches, in that cells
and/or artificial organs could be mass-produced and
supplied independently of donor derived organs. The
first two approaches we investigated consist of the
use of (progenitor) cell transplantation for: (1) organ
and blood vessel repair and regeneration, and (2) for
defective cell replacement in various metabolic
disorders, including IDDM. The second series of
approaches focus on various types of tissue
engineering, including use of multipotent progenitor
cells and appropriate biomaterial scaffolds with a
milieu favorable for the introduced cells to form a
structure that may partially or completely replace
the organ.
The heart, bladder, esophagus and bone (29-32) are
examples of such organs or tissues that have
already been experimentally repaired or replaced.
This innovation may become less urgent (i.e. for
heart,
kidney,
pancreas,
lung)
when
xenotransplantation based on recent progress in
genetic
engineering
of
donor
pigs
using
CRISPR/Cas9 technology advances sufficiently to
enter the clinical arena (33). Mutagenesis remains
an important problem with different methods of
genetic engineering, including CRISPR/Cas9
technology (34-36). Furthermore, an important
challenge
to
successful
cell
and
tissue
transplantation is prevention of the host immune
responses to avoid rejection of the transplanted cells
or tissues, as well as prevention of reactions to any
non-cellular biomaterial that is used. Rejection of
whole organs is more difficult to prevent than
prevention of rejection of cell and/or tissue
transplants (which are easier to manipulate in
vitro); the latter approach may therefore be more
effective and safer. To further mitigate the risk of
rejection, immunologic manipulation may be
performed in vitro prior to cell transplantation or
may be maintained in situ in direct contact with the
allografted cells in an immunomodulated scaffold.
Three-dimensional scaffolds can be chemically and
biologically
modified
with
certain
immunomodulatory proteins or other compounds
before implantation to abrogate local immune
responses, as elegantly reviewed by Singh and
Peppas (37). In another example of possible physical
modification, treatment of rat dendritic cells,
platelets, or islet allografts with ultraviolet B (UVB)
irradiation in vitro completely abrogated their
allostimulatory capacity (38). Furthermore, the use
of transplantation of cells introduced with a scaffold
may lead to improved engraftment in the target
organ, such as the pancreas or the heart, as we
suggest in our preliminary studies (Chapters 3-5,
(39-41)). Hence, the choice of cells as well as
biomaterials for the scaffold is pertinent.
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Figure 1. Solid organ transplantations including living and deceased donors in 2017. Obtained from Organ
Transplant and Procurement Network (OPTN). Total number is 33837 (24).
3.1. CELLS
3.1.1. CELL THERAPY AND THE ROLE OF
CHEMOKINES IN CELL TRANSPLANTATION
The first clinical bone marrow stem cell
transplantation was performed by a French
oncologist and immunologist, Georges Mathé, in
November 1958. His efforts extended even to
allogeneic bone marrow transplants in unrelated
human beings (42). The whole field of cell and organ
transplantation was finally honored when Edward
Donnall Thomas, an American hematologist, and
Joseph Edward Murray, an American plastic
surgeon, shared the 1990 Nobel Prize in Physiology
or Medicine for their discoveries concerning "organ
and cell transplantation in the treatment of human
disease". Back in 1957 Thomas, who has been called
the father of bone-marrow transplantation, treated
a patient with leukemia using high doses of totalbody irradiation to first eradicate the cancer, and
then infused him with marrow cells from an
identical twin (43). In 1954, Murray performed the
first successful kidney transplantation between
identical twins at the Peter Bent Brigham Hospital
(later Brigham and Women's Hospital) (44).
Since then, stem cell research, stem cell
therapy and transplantation medicine have made
enormous progress. Since 1982, characterization
and clinical use of various stem cell populations
have been standardized and improved by the
implementation of the cluster of differentiation (CD)

protocols. The CD nomenclature was intended for
the classification of monoclonal antibodies (mAbs)
generated by several different laboratories around
the world against cell surface epitopes of leukocytes,
but has been extended to characterize tissue (stem)
cells (45). Each CD epitope represents a specific cell
surface molecule, for example a chemokine receptor
on lymphocytes such as CD184, or the
hematopoietic progenitor cell marker CD34. As of
July 2018, 371 human CD epitopes have been
described and many have been characterized.
Clinical cell-transplantation trials for
tissue regeneration and/or repair have met with
mixed results. In 2000, Shapiro and colleagues at
the University of Alberta reported remarkable early
success with clinical islet transplantation implanted
into the liver using a steroid-free protocol with a
median follow up of 11.9 months (9). This
achievement has been successfully reproduced by a
few, but not all centers. Hardy and colleagues at
Columbia University Medical Center have had only
two successful clinical transplants, and their
efficacy lasted only 6 months (Chapter 5, (41)).
Similarly disparate results have been reported with
clinical bone marrow (stem) cell transplantation
trials for treatment of congestive HF following AMI.
Moderate improvement in cardiac function was
achieved in one large clinical study (TOPCARECHD trial, (46)) while no success was noted in
another (ASTAMI trial, (47)). The recent metaAnalysis of Cell-based CaRdiac stUdiEs (ACCRUE)
7
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of several bone marrow stem cell trials (ASTAMI,
Aalst, BOOST, BONAMI, CADUCEUS, FINCELL,
REGENT, REPAIR-AMI, SCAMI, SWISS-AMI,
TIME, LATE-TIME, with a total number of n=1252
concluded that this approach provided no net
benefit, in terms of clinical events or improvement
of LV function (48). These discrepant results and
uncertainties reflect differences in many variables
affecting initial cellular engraftment starting with
the number of donor cells needed. Other factors
affecting outcomes include: 1) methods of cell
preparation (e.g. use of phosphate buffered saline in
the TOPCARE-CHD trial (46) vs. saline in the
ASTAMI trial (47) to reconstitute bone marrow
cells); 2) the site of transplantation (as in islets); 3)
the type of immunosuppression or lack of it; and 4)
many other conditions that may affect survival of
cell isograft, allograft, or xenograft. Although metaanalyses may occasionally be misleading by
providing a miscalculated or false representation of
existing actual results (48), a lack of well-defined
beneficial outcomes in treatment of ischemic heart
disease strongly suggests that, at present, there is a
lack of efficacy of intramyocardial bone marrow
(stem) cell injection therapy, despite claims of some
individual studies (46, 49).
Apart from the characterization of stem
cells using CD molecules, homing of for example
CD34+ hematopoietic stem cells following systemic
administration or even local infusion to the correct
site is a prerequisite for proper function. Bone
marrow stromal tissue secretes specific proteins
called chemokines that act as attractants to infused
bone marrow stem cells (50). Amongst the
numerous cytokines implicated in stem cell homing
to the bone marrow are members of the CC, CXC
and C family of chemokines. For example, bone
marrow derived hematopoietic CD34+ progenitor
cells migrate preferably towards a stromal derived
factor 1 (SDF-1) gradient (51). Interestingly, CD4+
and CD8+ T-cells show migration patterns towards
and away from an SDF-1 gradient in an inverted Ushape-like manner, moving optimally towards an
SDF-1 concentration at 100 ng/ml (52). This effect
was reversed at lower or higher doses, both in vitro
and in vivo, indicating a pharmacodynamic doseeffect response. SDF-1, also known as CXCL-12,
needs, in order to induce an effect, to bind to a cell
surface receptor on target cells in order to perform
its function. The surface receptor on CD34+ cells for
SDF-1 is CXCR4, also known as CD184. We
illustrate above how important is the identification
of homing factors and their cell surface receptors in
influencing the functions of the transplanted cells.
Previously, it was found that SDF-1/CXCR4 plays
an essential role in embryological blood vessel
formation, and that CXCR4 deficient mice die in
utero since they are defective in vascular
development, hematopoiesis and cardiogenesis,
suggesting a role for CXCR4 in endothelial cell
biology and tissue (neo)vascularization (53).
Subsequently, several groups, including ours,
showed beneficial effects of bone marrow stem cell
infusion on cardiac neovascularization and cardiac
8

function following AMI in small animal models
(Chapters 6 and 7, appendix 1 and 2, (54-57)),
and (58-60)). In our models, manipulating
chemokine and chemokine receptor signaling using
blocking
antibodies
could
redirect
CD34+
hematopoietic progenitor cells to the infarcted
myocardium and enhance recovery of LV function
(54, 55). These findings laid the foundation for
several large clinical trials which are briefly
described below. Blocking specific cell receptors
which may have a role in stem cell migration by
using small molecules or mAbs could inhibit homing
or redirect injected cells to other tissues. For
example, AMD3100 is a small molecule that blocks
CXCR4 (CD184) which was developed to treat HIV
infection, because HIV uses CXCR4 as a co-receptor
to enter CD4+ T-cells (61). AMD3100 was later
shown to also have an effect on bone marrow
hematopoietic stem cell mobilization. This was
based on the finding that blocking of CXCR4
disables its chemoattractant effects, and this
subsequently results in a net release of CD34+ cells
from bone marrow to the circulation (62).
3.1.2. CELL THERAPY FOR CARDIAC CELL
REPLACEMENT
The following is a brief overview of cell therapy used
for treatment of heart disease, including cardiac
tissue-engineering approaches. As this is a very
dynamic field, it is not feasible in this introduction
to discuss, even briefly, every aspect of this
expanding and exciting field. Cell therapy in the
heart can be performed as cell injection or surgically
implanted cardiac constructs consisting of cells and
a biomaterial based scaffold. Figure 2 shows several
scaffolds used for cardiac repair (reprinted with
permission from (63)).
As described before, results of cell
transplantation alone as a treatment for HF vary
among different preclinical studies while few
clinical trials have reported limited efficacy (64).
Various types of cells have been used in these trials,
including bone marrow stem cells, skeletal muscle
stem cells, adipose tissue-derived cells and cardiac
stem cells. Major problems with cell engraftment
after
intra-myocardial
injections
following
myocardial injury are most likely due to a
combination of factors, including 1) the unfavorable
myocardial environment during infarction, 2)
ischemia in the area, 3) shear stress within the
myocardium due to regular or irregular contraction,
4) number and initial viability of introduced cells, 5)
lack of electrical integration of the new cells with
the host myocardium, and 6) remodeling of the area
of injury. These difficulties are only a fraction of
many others that have been previously mentioned.
A large body of work currently exists in the
experimental field of cell therapy for cardiac tissue
regeneration (i.e. without the use of biomaterial
scaffolds as a cell carrier). Based on studies as long
ago as 1961, Mauro and colleagues discovered that
the regenerative capacity of skeletal muscle resides
in satellite cells (65). In contrast to skeletal muscle,
general consensus dictates that the myocardium
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Figure 2. ECM scaffolds used for cardiac repair. With permission (63). GF=growth factor.
ECM=extracellular matrix. RGD=Arg-Gly-Asp.
lacks a regenerative stem cell system: ventricular
cardiomyocytes in the adult mammalian heart are
permanently withdrawn from the cell cycle (66, 67).
Cardiac myofiber loss due to trauma or disease is
therefore considered to be irreversible. However, in
1993, Koh and colleagues showed that murine AT-1
cardiomyocytes, a differentiated tumor line derived
from transgenic mice expressing an atrial
natriuretic factor-simian virus 40 T antigen fusion
gene, could be detected as long as 4 months
postimplantation following direct grafting into the
myocardium of syngeneic animals (68). One year
later, the same group showed that murine
embryonic stem cells could form nascent
intercalated disks between grafted cells and host
myocardium (69). Given technical and ethical issues
with embryonic stem cells, alternative cell sources
were promptly evaluated. Subsequently, a number
of intriguing observations was published showing
that 1) human cardiomyocytes may divide following
AMI (70), 2) engrafted cardiomyocytes revealed
chimerism following sex-mismatched cardiac
transplantation (71), and 3) bone marrow-derived
stem cells injected intravenously or directly into
infarcted heart tissue resulted in cardiac
regeneration (58, 59). These findings set off a frantic
search for an intra- or extracardiac stem cell source
that could be employed therapeutically in human
subjects. A wide array of potential candidates, each
with their own specific characteristics, has been
discovered over the years, among them bone
marrow-derived cells (hematopoietic CD34+ or non-

hematopoietic mesenchymal stem/progenitor cells
(MSCs/MPCs)), skeletal myoblasts, embryonic stem
cells (ESCs), induced pluripotent stem cells (iPSCs),
and endogenous cardiac stem cells (CSCs). A 2015
Cochrane review concluded that there is currently
insufficient evidence for a beneficial effect of bone
marrow cell therapy for AMI patients (72). Skeletal
myoblasts are prone to cause cardiac arrhythmias
and failed to show the expected beneficial effects in
phase-II clinical trials (73). Very few trials (because
of ethical issues) have been done with ESCs but
those have shown some promising findings in nonhuman primates (74). IPSCs which can be derived
from the same patient and subsequently
transformed into cardiac lineages still need to be
evaluated for clinical efficacy and safety.
Endogenous CSCs can be identified based on their
surface markers such as c-kit (CD117) or sca-1 (ly6A/E) (75, 76), transcription factors such as the
LIM-homeodomain transcription factor islet-1(isl-1)
(77), and their anatomical location, for example the
cardiac atrial appendage (78), or their capacity to
extrude intracellular Hoechst 33342 dye using the
Abcg2 transporter, so called side population (SP)
cells (79). Several small clinical trials using CSCs
have been performed, i.e. the SCIPIO trial, which
triggered an expression of concern in the Lancet
with respect to the integrity of the trial (80), the
CADUCEUS trial, and the ALCADIA trial
(reviewed in (81)). Larger randomized controlled
trials are required to assess efficacy and safety,
ideal cell dose, time of infusion in regard to the
9
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primary injury, and frequency and route of
administration. In spite of these hurdles, stem cell
therapy for cardiac regeneration continues to be a
highly dynamic field; a May 2018 Pubmed search on
“stem cell therapy cardiac” resulted in more than
11,000 scientific papers.
MSCs/MPCs from bone marrow are cells of
special interest. MSCs are characterized mainly by
expression of CD44, CD90 and CD106, but not
CD34, and have multilineage potential, and can
differentiate into bone, cartilage, and fat tissue
under appropriate conditions (82). MPCs are
considered a more primitive MSC with similar
multilineage potential, and are characterized by the
expression of STRO-1 and/or STRO-3 (83, 84).
In order to identify the "optimal" cell type
only limited direct comparisons have been done to
compare different effects of several cell types on
cardiac regeneration (85). Recently, three different
bone marrow-derived stem cell sources have been
evaluated following AMI, and found to have no
effect on LV ejection fraction compared to standard
treatment. However, a small but significant
reduction of infarct size was found in cell treated
groups (86). One trial sought to compare autologous
vs. allogeneic bone marrow-derived MSCs in a small
non-ischemic
chronic
HF
trial
using
transendocardial injection, and surprisingly found a
benefit of allogeneic cells compared to autologous
cells (87). Mechanistically, one could speculate that
allogeneic cells induce an immune response and
therefore affect cardiac remodeling and cardiac
function through modulation of the inflammatory
response following AMI. The observation that some
immunomodulatory paracrine factors improve
cardiac function could explain why stem cell
treatments might be effective, as we and others
have shown (Appendix 2, (57)) and (88).
3.1.3. CELL THERAPY FOR PANCREATIC
ISLET CELL REPLACEMENT
The source for the insulin-secreting cells, abundant
in the human pancreas but not easily available as a
donor organ, is another type of cells that is being
studied by many groups. The most common and the
only method used clinically is to isolate the islets
from whole human pancreases. Islets are first
depleted of adjoining acinar tissue by collagenase
digestion and gradient sedimentation to avoid
uncontrolled enzymatic secretion that may be
injurious to islets and other tissues, and are then
infused into the liver by percutaneous intraportal
technique. The whole islet provides β-cells, α-cells
and δ-cells which interact and facilitate insulin
function via internal controls. Investigators led by
Dr. Pipeleers and Dr. Roep have attempted to
reconstruct human islets for transplantation and
studied the physiology of the interaction of both
innate and adaptive auto- and allo-immunity with
hESC-derived pancreatic progenitor cells and
hESC-derived endocrine cells (89). As long as
isografts, allografts, or even xenografts are used,
whole islets will remain the source "organ". In the
future, separate cell lineages for β-, α-, and δ-cells
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may be produced from stem cells or genetically
engineered. Next, quantitative ratios of different
types of cells will need to be determined and located
with appropriate cell-to-cell contact - a prohibitive
task when using intra-portal infusion. This type of
approach
could
become
feasible
when
compartmentalized three-dimensional biomaterial
scaffolds are employed that allow spatial
organization and appropriate orientation of several
cell types through the action of various chemokines.
3.2. BIOMATERIALS AND BIOMATERIAL
SCAFFOLDS
3.2.1. BIOMATERIALS AND BIOENGINEERED
SCAFFOLDS FOR CELL TRANSPLANTATION
AND CELL ENGRAFTMENT
To improve survival of engrafted cells following
transplantation, a variety of biomaterials and
processes of tissue engineering offer potential tools
and opportunities for success. Most biomaterials
which were known in the medical and engineering
fields before tissue engineering was established,
have reentered the field and have been investigated.
Collagen, for example, has been, and continues to be
used as a biological filler material in cosmetic
surgery (90), and more recently has been used to
build engineered heart tissue grafts (EHTs) (91).
Polymerized fibrin (TISSEEL fibrin sealant or
“fibrin glue”) is used with variable results during
surgery as an adhesive compound as well as repair
of meningeal tears after head trauma (92), and of
bronchopleural fistulas (93). Fibrin glue has also
been used to achieve hemostasis after spleen (94)
and liver (95) trauma. In addition, fibrin glue as
injectable material has also been used as a carrier
to transplant myoblasts to infarcted myocardium
(96). Fibrin glue solidifies rapidly after mixing with
thrombin and calcium ions and has proven useful
for intramyocardial injections. Such fibrin glue
carriers improved cell survival and helped to
preserve cardiac function. Thus, collagen and fibrin
glue have been successfully used as matrices to
transplant cells into damaged tissues. Naturally
occurring polymers such as collagen, either
recombinant or derived from animals, and alginate
obtained from seaweed, have proven to be suitable
carriers for cell transplantation, but may induce
undesirable immunological reactions (97, 98). This
problem may be overcome by using material that is
immunologically inert or sufficiently purified to
diminish the risk of immunological rejection. Newer
materials have been engineered to mimic properties
of the extracellular matrix (ECM) through
functional customization. In developing a new
biomaterial, emphasis is placed on several
characteristics; these include 1) injectability, 2)
biocompatibility,
3)
non-immunogenicity,
4)
controllable resorption rates and 5) sufficient
porosity to support in-growth of blood vessels, i.e.
neovascularization.
Biomaterials
are
either
synthetic or of natural origin. Polylactic acid (PLA),
for example, is synthetic polyester that degrades
into lactic acid in the body, which is then easily
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metabolized, i.e. taken up by the liver where it is
oxidized to form pyruvate.
The goal of tissue engineering is to
overcome the limitations of established treatments
based on experience with organ and cell
transplantation
and
with
implantation
of
biomaterials (99). In cases of organ repair, the
three-dimensional (3D) lattice that houses
replacement cells or tissues already exists in the
extracellular spaces of the organ that is being
repaired. For example, following AMI, contractile
myocardium will be replaced by scar tissue, which
can then be regenerated or replaced by injection of
allogeneic iPSC-derived cardiomyocytes, as has been
demonstrated in non-human primates (100). This
approach does not support the creation of new
organs designed to replace the existing ones and
should be constructed from bottom up, starting with
the matrix (scaffold) and then introducing cells
which stimulate each other to align correctly.
One of the main methods used in tissue
engineering involves growing the relevant cell(s) in
vitro and then placing them on or in the threedimensional (3D) organ or tissue in vivo. Cells lack
the ability to grow in favored 3D-orientations by
themselves and thus are guided by the anatomical
shape of the environment/tissue as well as by cellto-cell communications. Without such guidance and
stimulation, most cells randomly migrate to form a
two-dimensional (2D) layer of cells, while cells like
fibroblasts may grow on top of each other creating a
hill and valley pattern. Endothelial cells will start
to form tubes, and cell mixtures in gel or fluid drops
can form aggregates with self-organization of some
cells to the outer layers while others prefer a central
position. Since 3D-configurations are required for
guidance of cell realignment, this is generally
achieved by seeding the cells onto porous matrices
known as scaffolds, to which the cells attach and
which they subsequently colonize. The porous 3D
scaffold, therefore, is a critical foundation necessary
for tissue engineering. Recently, more emphasis has
been placed on the importance of the architecture of
the matrix, and this has led to the use of the ECM
of entire organs as a 3D scaffold, by a process called
decellularization (101, 102).
3.2.2. BIOMATERIALS AND CELL TYPES
USED FOR CARDIAC TISSUE ENGINEERING
One of the emphasized problems with cell therapy
in the heart is that the dynamic contraction and
continuous mechanical shear stresses limits
retention of intramyocardially injected cells (48). In
order to improve cell retention and delivery to
repair damaged myocardium, numerous biomaterial
scaffold materials that retain cells have been
investigated. 3D scaffolds with limited adhesive
properties can be modified to enhance cell adhesion
and retention. Scaffolds employed for cardiac repair
were either engineered in vitro or in situ. In
pioneering work almost 2 decades ago, 3Dpolyglycolic acid (PGA) scaffolds were studied by
previously Massachusetts Institute of Technology's
(MIT) and now Columbia University Medical

Center's (CUMC) Gordana Vunjak-Novakovic’s
bioengineering group to culture neonatal rat
cardiomyocytes in a bioreactor system, and this
resulted in interconnected contracting 3D structures
(103). Around the same time, Smadar Cohen and
Jonathan Leor applied 3D-alginate scaffolds seeded
with fetal cardiomyocytes as an epicardial patch,
which led to intense neovascularization, attenuation
of LV dilatation, and improved LV function
following AMI (104).
GFP-positive mouse embryonic stem cells
suspended in Matrigel™ (a protein mixture
composed of laminin, entactin, collagen and
heparan sulfate proteoglycans which remains liquid
at 4OC but polymerizes at body temperature) were
shown to have beneficial effects on LV function after
intramyocardial injection following AMI in BALB/c
mice (105). This method prevented distortion of the
myocardium that can occur when a solid scaffold is
used since it retains the geometry of the lateral LV
wall. In other studies, injectable RGD-peptidemodified alginate that solidifies after mixing with
calcium ions was used to generate an effective solid
scaffold in situ by injecting it into infarcted
myocardium together with endothelial cells (106).
We have previously shown in our studies
that ex vivo engineered 3D cyclic RGD-peptidemodified alginate scaffolds seeded with adult
human bone marrow-derived (MPCs) enhanced the
vascular response in vivo when compared to
unmodified alginate; it was therefore not surprising
that cells carried by modified scaffolds improved LV
function of rat hearts that were infarcted (39).
MSCs/MPCs are of specific clinical interest in the
treatment of cardiac disease due to their
multipotential
differentiation
and
relatively
standardized and reliable expansion potential (82,
107). In addition, adipose tissue-derived MSC/MPCs
have also become very attractive to various
investigators due to their high availability and less
invasive harvesting procedure, and the experience
of their already successful use in clinical trials
(108).
Other previously described scaffolds
created ex vivo include engineered heart tissue
constructs (EHTs) made by mixing type I collagen
with neonatal rat cardiomyocytes which were then
preconditioned on a stretch device (91). The
resulting contractile coils were combined and
transplanted epicardially in a rat AMI model. These
EHTs formed thick cardiac muscle layers after
implantation and showed immediate electrical
coupling without inducing any arrhythmias. In
addition, these constructs not only delayed further
cardiac dilatation but also improved cardiac
function much better than that found using control
noncontractile constructs. More recent applications
of EHT’s include pre-clinical drug testing and iPSC
differentiation studies (109).
Ex vivo treatment of heart tissue by
detergents and enzymes to remove resident cells
offers the advantage of retaining the whole
myocardial extracellular architecture. This method
was used to generate contractile cardiac patches
11
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and was employed experimentally to even evaluate
cellular repopulation of complete functional hearts
(101). Recellularization of these decellularized
animal hearts with cardiac cells in vitro resulted in
contracting tissue, albeit pump function was less
effective than that found in the original heart.
An elegant method to prepare sheets of
MSCs for epicardial transplantation is use
temperature sensitive materials such as poly(Nisopropylacrylamide) (PNIPAAM) (110). This
material solidifies at body temperature, while it
loses lipophilicity at a temperature of less than
20OC. In previously described experiments in
rodents, cells grown on this material were initially
allowed to form an interconnected cell sheet in
tissue culture incubators. By lowering the
temperature, the cells were detached in the form of
an intact sheet of cells. MSC monolayer sheets
induced angiogenesis and improved cardiac function
after epicardial transplantation to infarcted areas of
mouse hearts (110). More recently, this technique
was applied to generate in vitro multilayered
constructs consisting of a combination of 12 layers
of vascular cells and cardiac cells, which were
subsequently implanted over the epigastric artery
and vein in rats to create myocardial tubes in vivo
(111). This technique was also applied to generate
pancreatic islet cell sheets composed of α- and βcells (112).
A direct comparison was made of
intramyocardial injection of (1) human skeletal
myoblast with the use of (2) human skeletal
myoblast-seeded collagen scaffold, or with the use of
(3) a fibrin-human myoblast bilayer cell sheet. The
scaffolds or sheets were placed so as to overlay the
surface of the infarcted lateral ventricular wall in
rats. The results showed enhanced recovery of
cardiac function in the groups transplanted with the
sheet of two bilayer cells when compared with the
use of myoblast injection alone (113). In this study,
the human skeletal myoblast-seeded collagen
scaffold was most effective in enhancing cardiac
angiogenesis and reducing fibrosis when compared
to human skeletal myoblast injection or to sham
operations.
A small scale feasibility open-label clinical
trial (MAGNUM) in HF patients using collagen
scaffolds carrying bone marrow-derived cell
transplants has been completed (114). It was found
that this approach, in which a collagen patch seeded
with bone marrow cells was transplanted onto the
infarcted lateral LV wall, was feasible and safe. It
also appeared to be more effective than were
intramyocardial injections of bone marrow cells. The
cell-seeded collagen matrix increased the fraction of
viable tissue in the infarct scar and supported
normalization of contractile performance in the
injured regions, thus limiting LV remodeling and
improving LV diastolic function.
The approaches which utilize tissueengineered scaffolds to transplant cells to infarcted
myocardium appear to be safe and frequently
effective in improving cardiac function in
experimental animal models of AMI. They also
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appear to be a more effective method of cell
transplantation when compared to direct injections
of isolated cells alone. Clearly, we expect that
optimal results will be achieved when appropriate
cell carrying scaffolds are combined with the
appropriate cell populations. This will require
preliminary studies in small (rats and mice) and
then large animals (pigs and non-human primates)
prior to embarking on human trials. The latter may
first focus on arterial limb reconstruction as blood
vessels are relatively simple structures when
compared to hearts and such experiments are
relatively easier to perform. Once optimal outcomes
are achieved in studies of regeneration of blood
vessels, the subsequent evaluation of repair and
alteration of more complex damaged organs such as
the heart will be safer and more effective. Ideally,
the optimal combination of materials and cell types
for each clinical application needs to be identified
and tested in appropriate animal models before
their use in well designed and supervised clinical
trials.
3.2.3. BIOMATERIALS AND CELL TYPES
USED FOR PANCREATIC TISSUE
ENGINEERING
We, and others, have investigated transplantation
of 3D islet cell scaffolds into extra-hepatic sites, by
evaluating several different materials and various
implant sites. In 1996, for example, mouse islets
were transplanted syngeneically under the kidney
capsule (a preferred but hard to access site) and
compared to subcutaneous and intraperitoneal sites
using polyvinyl alcohol (PVA) and polyglycolic acid
(PGA) scaffolds (115). These studies showed that
subcutaneous islet transplantation using PGA
polymers can improve the metabolic status and, in
some cases, even cure diabetes in STZ-diabetic mice.
In our initial studies, when RGD-modified alginate
was used for intramuscular islet transplantation in
rats, the prevascularized alginate scaffolds carrying
pancreatic islet isografts (not individual cells)
reversed permanently (120 days) hyperglycemia in
STZ-induced diabetic rats, which maintained
normoglycemia for 4 months and became diabetic
when the islet loaded scaffolds were removed (40).
Scaffold vascularization was induced by initially
implanting the modified scaffolds subcutaneously
for two weeks followed by injection of 400 islets into
or onto the prevascularised scaffolds. The
effectiveness of this approach depends on the use of
prevascularised scaffolds (2 weeks). Secondly, it
depends on employment of a site (intramuscular,
subcutaneous or intraperitoneal) that does not favor
an immediate high inflammatory reaction that
could destroy the majority of the islets as it does in
the intrahepatic location. Likewise, pancreatic islets
enmeshed in poly(glycolide-L-lactide) copolymer
fibers
(Vicryl™)
in
combination
with
collagen/laminin gel (Matrigel™) transplanted into
the epididymal fat pad of diabetic mice also led to
durable reversal of IDDM when compared to
injection of “bare” islets transplanted under the
kidney capsule (116). To achieve success by
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Figure 3. Schematic representation and in vivo application of alginate hydrogel scaffold for
prevascularization and subsequent islet implantation. Purified sodium alginate solution (poly-mannuronic
acid) was modified with cyclic RGDfK peptide (panel a.). Ca2+ was added to generate solid scaffolds in 15mm
transwells (panel b.) that mimic biological tissue, and promote islet survival and blood vessel growth.
Circular translucent RGDfK-alginate scaffolds±PDGFbb and VEGF (panel c.) were implanted between
abdominal muscles, injected with islets, and harvested 4 weeks later (panel d., black arrows indicate
scaffold embedded between muscle). Histology showed scaffold between abdominal muscle with no signs of
scar formation (panel e. Masson's trichrome stain, blue indicates connective/scar tissue). Viable islets
(brown=insulin, black arrows) were detected inside scaffold material (panel f.) (Author's personal
impression and (40, 41, 120) (Chapters 2, 4 and 5) . Scaf=scaffold. Musc=muscle. Fasc=abdominal fascia.
providing sufficient oxygen and nutrients to the
graft, this method also relied on 1) a minimally
inflammatory site, and 2) a well vascularized site.
Islets supported by an FDA-approved absorbable
composite biodegradable scaffold (Ethisorb™ Dura
Patch), when implanted onto the omentum of
diabetic Beagle dogs, reversed their IDDM and
sustained normoglycemia without the use of any
exogenous insulin in two-thirds of the test animals,
whereas none of the control animals who received
bare islet transplants without any scaffold became
normoglycemic and all required exogenous insulin
replacement (117).
In a similar study, the Ethisorb™ Dura
Patch was used to transplant allogeneic islets into
the omental pouch of diabetic cynomolgus monkeys.
The results reinforced the critical value of the
scaffolding in these experiments and reemphasized
the importance of the implantation site in a more
clinically relevant model. However, significantly
more islets were needed in the omental pouch than
were needed to achieve normoglycemia (lasting a
whole year) for intrahepatic placement as bare
islets via the portal vein (118). The outcome of these
studies may be related to the initial need for
revascularization of the omental pouch and to the
relatively poor blood supply to the implanted islets
placed in the omental site, since the scaffolds used
were not prevascularised. The lack of a high

inflammatory environment in the omental pouch in
the peritoneum as compared to the intrahepatic site
makes this approach clinically attractive and
practically feasible with minimal interventional
operation (i.e. by laparoscopy).
For this thesis, we have used porous and
non-porous 3D RGD peptide-modified alginate
scaffolds to enhance stem cell and endothelial cell
adhesion using the RGD (Arg-Gly-Asp) peptide. The
RGD sequence is an amino acid sequence that
promotes (vascular) cell adhesion and is present
throughout the extracellular matrix (119). We
describe this in detail in Chapters 3, 4 and 5.
Scaffold pre-cell transplant vascularization is
critical as it provides nutrients and oxygen to
implanted cells, removes waste products, and in
case of pancreatic islets, transports glucose to and
insulin from the graft. To provide improved neovascularity for our alginate scaffolds, we found that
cyclic RGDfK peptides can be chemically and
covalently linked to alginate to enhance adhesive
properties of 3D RGDfK-alginate scaffolds, and thus
make them particularly suitable to support blood
vessel growth and cell survival. Additional
impregnation of the RGDfK-alginate scaffolds with
vascular growth factors further improved scaffold
neovascularization in rats. Once scaffolds were
prevascularised (we used two weeks prior to
introducing pancreatic islets), we could place them
13

Chapter 1 - General introduction, aims, hypothesis and thesis outline

in the most favorable site, i.e. the site that is least
inflammatory, has readily available blood supply,
allows easy placement, and can be easily
approached both for insertion of the grafted cells
and for their removal, if that becomes necessary. An
intramuscular location was our first choice due to
its high vascularity, easy accessibility, and need for
only a minimally invasive procedure; we think that
a subcutaneous location may be equally practical.
Our own studies revealed that we could
effectively modify purified alginate with RGDpeptides, generate solid 3D-scaffolds, and safely
transplant whole islets into intramuscular 3Dscaffolds following scaffold pre-vascularization for 2
weeks (Figure 3) (40, 41, 120). Others have
developed islet-like cells (selected for β-cells, and
not including α- or δ- cells) from hESCs to reverse
hyperglycemia in diabetic severe combined
immunodeficient (SCID) mice. These cell-scaffolds
could reverse hyperglycemia for 7 weeks, when
compared to similar cells implanted under the
kidney capsule (121). In other experiments, normal
mouse islets that were cultured and maintained in
PGA 3D scaffolds and subsequently suspended in a
thermoreversible gelatin polymer (TGP) in vitro for
40 days were also able to reverse hyperglycemia
when transplanted under the kidney capsule in STZ
induced diabetic mice (122). The use of poly(lacticco-glycolic acid) (PLGA) scaffolds is an approach
that focuses on the limited availability of human
islets and on a possible method to replace them with
genetically engineered cells. iPSC technology has
also been used to generate insulin producing cells
from human skin fibroblasts (mimicking β-cells)
that respond to glucose stimulation. This could
theoretically lead to cellular isografts to treat IDDM
(123), and thus eliminate the concerns about
availability of islets and rejection of human
alloantigens of the donor. Recent studies showed
that autologous iPSCs, i.e. cells developed from the
same organism but genetically modified with
transcription factors, unfortunately also possess
immunogenic properties, albeit reportedly negligible
(124-126). Such pseudo-β cells alone may also not
function properly without collaboration with α- and
δ- cells as β-cells do in whole pancreas. Despite
these many practical and theoretical difficulties,
once cell replacement is indicated in reversal of
IDDM, the use of scaffolds as carriers should be
very useful and probably necessary.
4. CONDITIONING
Besides using various material for construction of
scaffolds, there are several conditioning protocols
for both donor cells, recipients and even scaffolds.
Ex vivo pre-transplantation treatments of donor
tissues, cells or organs and/or the pre-treatment of
recipient animals or patients, in order to improve
(stem) cell engraftment and/or donor cell or organ
allograft acceptance are challenges that are difficult
to overcome and which we will not discuss in detail.
It is, however necessary to mention some of the
concerns in preparation of the various cellular
inoculae and touch on the possible solutions. In the
14

case of cell pre-conditioning for application in
ischemic cardiac disease, a variety of cytokines and
growth factors (i.e. VEGF, angiogenin, Ang-1, HGF,
IL-18 binding protein, TNFR1/2, FGF2), prosurvival factors, genetic modification, and physical
stimuli have been used to increase overall cell
survival following transplantation (127, 128).
Since the bone marrow niche offers a
hypoxic environment, as recently shown by direct
measurements (129), hypoxic preconditioning of
bone marrow derived cells has been a well-known
strategy to enhance MSC survival. This enhanced
survival depends on the activation of the AKT
signaling survival pathway during hypoxic
conditions (130). Practically, this implies that
MSCs/MPCs should be expanded in culture in a 12% oxygen environment before they are collected for
transplantation from cell culture flasks. Genetic
modification using retroviral transduction with AKT
without preconditioning has also been shown to
improve MSC survival. Such MSCs are four times
more effective in preventing remodeling and
restoring performance of infarcted hearts compared
to mock-transfected MSCs (131).
Pancreatic islets do not proliferate in tissue
culture environments. They are subject to
significant loss during and following tissue culture
treatments due to hypoxia and nutrient deprivation
in vitro and in vivo (132). Therefore, several
approaches to enhance islet cell survival during cell
culture and after transplantation have been
studied. For instance, treatment of rodent islets
during isolation with a PKCε activator blocking
Ca2+ inflow with nifedipine improves islet viability,
since it is involved in the regulation of β-cell
survival through the activation of AKT in the
phosphoinositide 3 (PI3)-kinase dependent pathway.
Or, one can prevent ischemia-reperfusion damage
with diazoxide by opening ATP-sensitive K+
channels during islet isolation (133-135). In
addition, islet survival and graft function after
transplantation could be enhanced by reducing
CD11b+ cellular infiltration, decreasing islet
apoptosis, and enhancing islet graft function by pretransplant knockdown of intraislet IKKβ using
siRNA against pro-inflammatory cytokine-induced
NF-κB activation (136). Many other methods of
improving islet survival during isolation have been
tried and can be effectively combined under specific
conditions.
Preconditioning of the recipient and of the
donor cells or tissues has been described for heart,
lung, kidney, liver, and pancreas, mostly in the
context of ischemia and reperfusion injury (137). In
contrast to preconditioning of donor cells, tissues or
organs before transplantation, an alternative
approach to enhance graft survival is to
precondition
the
recipient.
Regarding
immunological pre-conditioning, we have recently
shown that non-myeloablative treatment with total
body irradiation, thymic irradiation, intravenous
anti-CD154 mAb, followed by cyclosporin A with
bone marrow transplantation and recipient
CD4+CD25high regulatory T-cell (Treg) intravenous
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infusion
leads
to
prolonged
hematopoietic
chimerism and kidney allograft survival in
cynomolgus macaques (23) and appendix 3. This
approach has been used successfully clinically but it
remains laborious, expensive, and is not always
effective or even completely safe due to use of
ionizing radiation (138). Alternative recipient
preconditioning approaches include targeting the
hypoxia inducible factor 1 (HIF-1) pathway, which
is activated during ischemia-reperfusion injury
where it plays an important role in cardioprotection
through
ischemic
preconditioning
(139).
Pharmacological
heart
transplant
recipient
treatment with HIF-α stabilizing prolyl hydroxylase
inhibitors decreased macrophage infiltration in the
cardiac allograft, mildly improving long-term
allograft survival (140). Although preconditioning of
the graft or of the host is promising, it is also highly
complex and additional research is needed before
such treatments can be translated into the clinic.
5. HOST RESPONSE
Both the host innate and acquired immune
responses remain major obstacles to the acceptance
of biomaterial implants. The responses are affected
by biomaterial specific variables which include 1)
the intended clinical application, 2) the source of the
raw material/tissue from which the artificial ECM is
harvested, and 3) the processing steps involved in
the manufacture of an approved scaffold with
allogeneic, xenogeneic, and/or biomaterial implants.
The responses consist of either a direct response as
in the case of foreign body responses (FBR) against
implanted (bio)materials, or an indirect response
against allogeneic cells or bioengineered tissues via
cellular immunity such as Th1/Th2 lymphocyte
responses or M1/M2 macrophage responses (141).
Chapter 2 of this thesis focuses exclusively on
generation of an immunotolerant biomaterial
(sodium alginate) that allows fabrication of
biocompatible 3D alginate scaffolds that induce
limited immune responses. Our innovative
purification technique based on PVDF membrane
filtration removes mitogenic impurities, i.e.
impurities that could lead to an activation of
immune cells, that allow generation of 3D scaffolds
from this purified material that do not induce any
foreign body responses or scar tissue formation in
vivo (120) (Chapter 2).
The FBR has been well characterized and
embodies an immune-mediated reaction that can
lead to the failure of implanted bioengineered
scaffolds or medical devices as well as discomfort for
the recipient (98). With the introduction of tissue
engineering, new facets of the foreign body response
need to be addressed. "Older" materials that have
been previously used, such as total joint or artificial
heart valve replacements, have been evaluated for
several decades and their biocompatibility is well
documented (142, 143). This also applies to host
responses to metals and surgical sutures which
have been studied in detail and are fully accepted
(144-146). Newer (hydrogel) materials such as RGDmodified alginate (39, 40) (Chapters 3-5) or self-

assembling peptide-amphiphile nanofibers (147),
that allow the fabrication of artificial 3D tissues,
have specific properties whose immunogenicity
depends on the antigenic composition and purity of
the material. Any potential contamination of these
novel materials may make them immunogenic.
Extensive purification of manufactured foreign
biomaterial which we emphasize in this thesis is
therefore critical in reduction of host responses.
Additionally, optimization of purification protocols
is sometimes needed, for example in order to
improve effectiveness and/or reduce waste, as
described in (120) (Chapter 2).
The FBR ultimately leads to fibrotic
encapsulation of implanted materials, gradual
decrease in flux of nutrients and oxygen and
eventually leads to loss of function. Broadly, the
FBR consists of 5 phases: protein adsorption, acute
inflammation, chronic inflammation, foreign body
giant cell formation, and fibrous capsule formation
(148, 149). Still, it is difficult to predict which phase
will occur first and to what extent it will occur. This
depends on many factors, some of which include the
biomaterial source and composition of the
biomaterial, its surface characteristics, and many
others which we discuss in Chapter 2. The major or
“key” cell in the FBR is the monocyte/macrophage; it
is therefore not surprising that macrophage
depletion in some animal models leads to a complete
loss of fibrotic encapsulation after biomaterial
implantation, but does not necessarily affect other
macrophage functions such as wound healing,
reactive
oxygen
species
production
and
phagocytosis. The macrophages secrete several
kinds of pro-inflammatory cytokines such as IL-1β
and IL-6, and the anti-inflammatory cytokines TGFβ1 and IL-10 that play important roles during the
FBR. Other cells that play an important role in
inducing FBR are B-cells and T-cells (150).
Recently, a role for colony stimulating factor-1
(CSF-1) and its receptor (CSF-1R) has been
identified (151). Several 3D in vitro models have
been developed to help elucidate which cells and
cytokines play major roles during the different
stages of the FBR (152, 153) in order to develop
agents that may modify or prevent the undesirable
reactions. Appropriate and effective modulation of
the FBR could improve the efficacy of biomaterial
devices. This could be accomplished, for example, by
coating biomaterial with other biocompatible
materials or coating with anti-inflammatory drugs,
i.e. non-steroidal antiinflammatory (NSAID's),
immunomodulatory biologicals and/or mAbs, such
as CTLA-4-Ig or anti-CD40, or anti-proliferative
agents such as rapamycin (154, 155) as has been
done for many years in coronary artery stents.
It must be remembered that the FBR is a
natural and useful reaction against foreign
materials such as wood splinters, where
monocytes/macrophages play an important role in
phagocytosis of infectious agents. However, the FBR
offers serious barriers to biomaterials and can lead
to biomaterial device failure in tissue engineering
applications. Systemic inhibition of the FBR
15
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however might have serious clinical side effects.
Therefore, careful modulation of the FBR is
mandatory and while this may offer a promising
strategy to further enhance the efficacy of
biomaterial applications in vivo, its natural function
in host defenses must be preserved. In some tissue
engineering applications, the natural FBR might
actually
be
useful;
the
monocyte/macrophage/fibrotic response has been
applied to generate tube-like structures to create
tissue-engineered blood vessels (TEBV's) in vivo
(156). Subcutaneous implantation of solid material
rods results in their encapsulation by fibroblasts
which then form a hollow tube consisting of
autologous cells upon removal of the rod. Such tubes
can subsequently be explanted and seeded with
endothelial cells in vitro to form blood vessel-like
structures; they provide the benefit of tissue
elasticity and non-immunogenicity that is absent
when synthetic polytetrafluoroethylene (PTFE) or
Dacron vessel grafts are used. The technical
problems that haunt this approach evolve around
successful resurfacing of such tubes permanently
with host endothelial cells to prevent thrombosis
following exposure to blood.
6. AIMS AND HYPOTHESES
This thesis derives its main focus from the
observation that direct injection of cells into tissues
results in poor survival and retention of injected
cells, while still exerting measurable outcomes. The
author hypothesized that carrier materials that
mimic the native environment of transplanted cells
may be manipulated to enhance survival and
functionality of transplanted cells. The author aims
to demonstrate 1) that biomaterial purity is of
paramount importance for its in vitro and in vivo
biological
application
in
combination
with
transplantable cells (120) (Chapter 2), 2) that
biomaterial scaffold modification with adhesion
factors is essential for survival and retention of cells
residing inside the 3D structure (39, 40) (Chapters
3-5), 3) that modified scaffolds can also be used to
transplant, stimulate neovascularization, and
protect cells from immunologic and/or infectious
injuries by binding appropriate prosurvival agents
to the scaffold, and that such scaffolds can then be
used for the treatment of HF and IDDM among
other possible pathological processes (39, 40)
(Chapters 3-5), 4) that specific chemokines and
their
receptors
are
involved
in
the
migration/homing of bone marrow derived stem
cells to the site of damaged cardiac tissue (54, 55)
(Chapters 6-7), and 5) that stem cells produce
certain chemokines and/or other paracrine factors
that could attract other cells or act locally to
regenerate damaged tissue (57) (Appendices 1-2).
Finally, in order to prevent rejection of allogeneic
cells and organs, additional studies were initiated to
elucidate the role of autologous CD4+CD25high Tregs
in kidney transplantation in monkeys following
minimal pre-conditioning (23) (Appendix 3) as a
guide for future incorporation of cells and factors
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that would stimulate donor-specific Tregs in cell
allograft recipients.
7. THESIS OUTLINE
Part I is the main part of the thesis, is divided into
Chapters 1-5, and focuses on 1) the fabrication of
an optimal starting material for (pre)clinical
applications that consists of purified sodium
alginate, that is easily manipulated in its shape,
immunocompetency and biological properties, 2)
optimal base material that is economical for large
scale clinical application, and 3) optimal base
material that is suitable for cell maintenance and
growth, and cell transplantation. Chapter 1 is the
current
chapter
which
contains
General
Introduction, Rationale, Hypothesis, Aims and
Thesis Outline. Chapter 2 describes our novel
sodium alginate purification technique based on
PVDF membrane filtration which results in a
clinically useable immunotolerant biomaterial free
of toxins or mitogens such as LPS, protein, DNA or
RNA (120). Chapter 3 focuses on alginate
modification with cyclic RGDfK-peptide and
includes the construction of a “dry” porous freezegelled/freeze-extracted cyclic RGDfK-modified 3D
scaffold that enhances stem cell and cardiac cell
survival; it also describes the experimental use of
the material in a HF model in rodents (39).
Chapters 4 and 5 describe the use of a slightly
different cyclic RGDfK-modified “wet” alginate
hydrogel scaffold and its application in an
experimental
prevascularization
model
of
pancreatic islet transplantation in STZ induced
diabetic rodents (40, 41).
Part II of the thesis, Chapters 6 and 7,
focuses on the mechanisms that support cell
mediated tissue repair, especially the role of
cytokines and chemokines and their roles in stem
cell migration and homing, as well as their effects
on
cardiac
neovascularization
and
immunomodulation. Chapter 6 summarizes the
roles of specific chemokine receptors CCR3 (CD193)
and CXCR4 (CD184) involved in CD34+ bone
marrow derived precursor cell homing to damaged
tissue following MI (54). Chapter 7 further
addresses the roles of chemokine stromal derived
factor 1 (SDF-1, also known as CXCL12) and its
surface receptor CXCR4 (CD184) on homing
mechanisms of bone marrow derived CD34+
precursor cells to ischemic myocardium (55).
Chapter 8 presents the summary,
discussion, and conclusion of this thesis, and
explores future perspectives in regenerative
medicine. Chapter 9 presents the thesis summary
in English, Chapter 10 contains a summary in
Dutch.
The thesis also contains Appendices 1-5,
whose
content
mostly
focuses
on
other
studies/projects that served as precursors,
exploration, pilot, or follow-up projects and were
performed in parallel with the experiments that
provide the foundations for this thesis. Appendix 1
describes the first application of STRO-1+ MPCs in
AMI (56). Appendix 2 describes the cytokines and

Chapter 1 - General introduction, aims, hypothesis and thesis outline

chemokines that STRO-3+ MPCs secrete, and their
effects on cardiac remodeling following AMI (57).
Appendix 3 describes the application of regulatory
T-cell (Treg) therapy in the prevention of organ
rejection in a kidney transplantation model in
cynomolgus macaques, and was performed as a
foundation for primate transplantation research at
the Columbia Center for Translational Immunology
(CCTI; http://www.cumc.columbia.edu/ccti/) (23).
Appendix 4 is a valorization addendum that
describes the cell/scaffold applications in this thesis
for commercial purposes in a provisional patent
application
(157).
Appendix
5
contains
acknowledgements, financial support, curriculum
vitae, list of publications and awards, followed by
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1. ABSTRACT
Sodium alginate is an effective biomaterial for tissue engineering applications. Nonpurified alginate is contaminated with protein, lipopolysaccharide, DNA, and RNA,
which could elicit adverse immunological reactions. We developed a purification protocol
to generate biocompatible alginate based on (a) activated charcoal treatment, (b) use of
hydrophobic membrane filtration (we used hydrophobic polyvinylidene difluoride
membranes to remove organic contaminants), (c) dialysis, and finally (d) ethanol
precipitation. Using this approach, we could omit pre-treatment with chloroform and
significantly reduce the quantities of reagents used. Purification resulted in reduction of
residual protein by 70% down to 0.315mg/g, DNA by 62% down to 1.28μg/g, and RNA by
61% down to less than 10μg/g, respectively. Lipopolysaccharide levels were reduced by
>90% to less than 125EU/g. Purified alginate did not induce splenocyte proliferation in
vitro. Three-dimensional scaffolds generated from purified alginate did not elicit a
significant foreign body reaction, fibrotic overgrowth, or macrophage infiltration 4 weeks
after implantation. This study describes a simplified and economical alginate
purification method that results in alginate purity, which meets clinically useful
criteria.
2. INTRODUCTION
Sodium alginate is a naturally occurring
polysaccharide extracted from marine plants (algae
kelp) (1). It has been widely used for cell
encapsulation and tissue engineering applications
(2-8). Our group has recently described the use of a
pro-angiogenic 3D alginate scaffold that was prevascularized for 2 weeks under the abdominal
rodent rectus muscles, and subsequently used
successfully as a carrier for pancreatic islets
isografts in an extrahepatic, easily accessible site
(9).
It is well known that non-purified sodium
alginate is contaminated with various proteins,
lipopolysaccharide (LPS), DNA, and RNA, each of
which is capable of inducing host immune responses
following implantation (10). Since impurities can
induce fibrotic overgrowth that interferes with the
diffusion of nutrients and oxygen (11), the use of
alginate scaffolds or capsules has not yet achieved
clinical application. The production of cytokines by
attracted inflammatory cells leads to destruction of
transplanted cells residing within the alginate
matrix (12), and pancreatic islet viability has been
shown to be directly related to the purity of the
alginate used for implantation (13).
To minimize immune responses that
interfere with the clinical usefulness of alginate
scaffolds, several methods for alginate purification
have been tested previously (14, 15). Industrial
purification methods suffer from inefficiencies such
as the need to use large quantities of organic
solvents and/or time consuming extraction steps,
and/or use of potentially harmful chemicals such as
chloroform (16-18). Previous studies purified
alginate with activated charcoal followed by dialysis
and ethanol precipitation to remove gross
contamination (19). These methods resulted in
preparations which were still unacceptable due to
the remaining levels of residual LPS and protein
contamination that would continue to elicit
immunological reactions (14).
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To avoid the above pitfalls, we therefore
evaluated materials that specifically bind organic
contaminants without binding alginate. Several
bioactive resins and filter membranes are known
that meet these requirements (20), for example,
aldehyde-based (21) or anhydride-based (22)
chemistry. Unfortunately, these materials need to
be activated using hazardous chemicals such as
cyanuric chloride. Moreover, reactive aldehyde or
anhydride groups on these materials are rapidly
deactivated in water, making them less suitable for
large volume treatment of aqueous solutions.
Polyvinylidene difluoride (PVDF) does not
suffer
from
the
previously
mentioned
disadvantages. PVDF is a hydrophobic polymer with
high affinity for proteins via both hydrophobic and
electrostatic interactions (23, 24). Hydrophobic
PVDF membranes such as Immobilon-P (Millipore,
Temecula, CA) have already been used for protein
and LPS analyses (25, 26). These membranes have
a thickness of 100–130μm, a pore size of 0.45μm,
and bind 100–200μg of protein per square
centimeter. We hypothesized that the use of a
membrane filtration step would enhance the
removal of contaminants from alginate by
specifically binding residual contaminants. Using
our optimal PVDF-based protocol, we could
effectively increase the removal of protein, LPS,
DNA, and RNA to levels that are clinically
acceptable, while omitting pre-treatment with
chloroform, which can be toxic to the cells. We could
also significantly reduce the total quantities of
reagents used compared with methods described
earlier (17).
3. MATERIALS
Ultrapure water for dialysis was obtained from a
Hydro Picopure (Millipore, Temecula, CA)
purification system. Low viscosity alginate (MW
<35kD) obtained from brown algae which consists of
straight-chain, hydrophilic, colloidal, and polyuronic
acid, which is composed primarily of anhydro-β-D-
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mannuronic and α-L-guluronic acid residues with
1→4 linkage (A0682) and a viscosity of 4–12cP, 1%
at 25°C, activated charcoal (C9157), monosodium
phosphate
monohydrate
(71507),
disodium
phosphate heptahydrate (431478), hydrochloric acid
(H1758), and sodium hydroxide (S8045) were all
purchased from Sigma-Aldrich (St Louis, MO).
Molecular biology grade water (Hyclone SH30538),
neutralized carbon (C170), 50,000 MWCO dialysis
tubing (Spectra/Por7, Spectrum Laboratories, Inc.,
Rancho Dominguez, CA, part # 132130), 35mm
standard closures (Spectrum Laboratories, Inc.,
Rancho Dominguez, CA, part # 132736), 90mm
Büchner funnel filter setup (Kontes Ultraware,
Kimble-Chase, Vineland, NJ), micro-BCA kit (part #
23235), and molecular biology grade ethanol 100%
(BP2818-4) were purchased from Thermo Fisher
Scientific (Fairlawn, NJ). Hydrophobic Immobilon P
membranes (IPVH 00010) with 0.45μm pore size,
90mm glass membrane pre-filters (type AP15), and
0.45μm Stericup filter flasks (SCHVU05RE) were
purchased from Millipore (Temecula, CA). Alpha
minimum essential medium (MEM), fetal calf serum
(FCS), and L-glutamine (GlutaMax®) were
purchased from Invitrogen/Gibco (Carlsbad, CA).
Primocin was purchased from Invivogen (San Diego,
CA).
Glassware was cleaned and detoxified by
24h treatment with 0.5% hypochlorite followed by
washing and baking for at least 120min at 240°C.
LPS was measured using the Pyrosate kit according
to the manufacturer’s instructions (Cape Cod Inc.,
East Falmouth, MA). DNA and RNA were
determined using the Qubit Quantitation Platform
(Invitrogen, Carlsbad, CA). Spectrophotometric
absorption was measured on a Shimadzu UV1700
PharmaSpec (Shimadzu Scientific Instruments,
Somerset, NJ). Controls used for purification
efficiency consisted of non-purified alginate (SigmaAldrich 0682) and pharmaceutical grade alginates;
low viscosity, high mannuronic acid Pronova UP
LVM (approx. MW 75–200kD, apparent viscosity
20–200cP), and low viscosity, high guluronic acid,
Pronova UP LVG (approx. MW 75–200kD, apparent
viscosity 20–200cP) (batch numbers FP-106-1 and
FP-305-01, respectively, both were obtained from
FMC Biopolymer/Novamatrix, Sandvika, Norway).
Lyophilization was achieved using a BOC/Edwards
8 vacuum pump and cold trap (Tewkbury, MA) at
0.2torr. pHs were determined using a digital pH
meter (Accumet AB15+, Cole-Parmer, Vernon Hills,
IL) calibrated with commercially available buffers
(Thermo Fisher Scientific, Fairlawn, NJ).
4. METHODS
4.1. ALGINATE PURIFICATION PROTOCOL
(Chart 1)
We investigated several conditions to optimize
removal of mitogens and pyrogens by filtration. We
employed a minimum pH of 5.5 due to precipitation
of alginate at lower pHs, which would result in
unacceptable filtration rates. To determine the
influence of ionic strength on degree of filtration

and purification, we used sodium phosphate buffer
concentrations of 10mM and 50mM. In total, we
produced 17 batches of purified alginate.
Comparisons of residual organic contaminants are
shown within the final most optimized batch.
4.1.1 CHARCOAL TREATMENT
After dissolving 1.5% alginate (w/w) in purified
water without or with either 10mM or 50mM
sodium phosphate, 1.5% neutralized carbon was
added to the solution and pH was adjusted to 5.5
using 37% hydrochloric acid at room temperature.
The solution was subsequently stirred for 20h at
50°C to prevent potential microbial growth and was
then filtered through a glass pre-filter to remove
charcoal and any particulate matter prior to
collection in a 2L depyrogenized Erlenmeyer flask.
Following filtration, 1.5% of acidic activated
charcoal was added to the suspension while stirring
and pH adjusted at 5.5 at room temperature,
followed by an additional 20h of stirring at 50°C. A
second filtration step through a glass pre-filter to
remove charcoal resulted in a filtrate with a
yellowish gray color.
4.1.2. HYDROPHOBIC PVDF TREATMENT
Sheets (90mm×90mm) of PVDF were cut prior to
their use in the 90mm Büchner funnel setup.
Membrane filters were immersed in methanol for
15s to remove air, washed in ultrapure H2O and
kept in sterile phosphate buffer solution at pH 5.5.
Filtration was performed using a Büchner funnel
setup and two alternating Erlenmeyer vacuum
flasks. Prior to filtration, the pH of alginate solution
was adjusted to 5.5. Using the in-house vacuum
system in a laminar flow hood, the complete volume
of alginate solution was filtered, the membrane
filter was then replaced with a fresh filter and this
step was repeated 20 times using a total of 20 filter
membranes for 1L of alginate solution. The price
per single PVDF sheet used in this protocol was
between US$3 and US$4.
4.1.3. DIALYSIS
After filtration, alginate solution was sterile filtered
using 0.45μm Stericup filter flasks (Millipore,
Temacula, CA). Filtered solution was transferred to
pre-washed dialysis tubes (50,000 MWCO), closed
with double clamps on each side, and dialyzed for
48h against ultrapure H2O (1:100 volume) with one
change of water after 24h at room temperature.
Following dialysis, the resulting purified solution
was collected in 50mL conical tubes (part # 352070,
BD Biosciences, Franklin Lakes, NJ), frozen at
−20°C, lyophilized at 0.2torr, and redissolved in
ultrapure H2O at 2% weight/volume prior to use.
4.1.4. ETHANOL PRECIPITATION
To precipitate 20mL alginate solution in 50mL
conical tubes, we used equal volumes of 100%
ethanol and 2% alginate solution. After adding
20mL ethanol, the solution was vortexed for 1 min
at 3000rpm and subsequently spun at 4000rpm for
30min. Supernatants were removed and pellets
27
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Chart 1. Flow chart showing step-wise purification of raw alginate. Complete description is found in the
‘‘Materials’’ and ‘‘Methods’’ sections.
dried at 0.2torr. After drying, pellets were
redissolved at 2% in ultrapure H2O and sterile
filtered using 0.45μm Stericup filter flasks
(Millipore, Temacula, CA) before analyzing the
product for purity.
4.2. DETERMINATION OF ALGINATE PURITY
AND IMMUNOGENICITY
4.2.1. PROTEIN QUANTIFICATION
In preparation for protein assay, alginate solutions
were diluted 1:10 to 0.2% inultra-pure water,
followed by 60min incubation with BCA reagent
according to the manufacturer’s instructions.
Protein concentrations were compared with
standard curves obtained with bovine serum
albumin included in the BCA kit. Absorption was
read in 200μL plastic cuvettes at 562nm. Resulting
protein content was converted to milligrams of
protein per gram of dry alginate. Measurements
were performed in triplicate.
4.2.2. LPS QUANTIFICATION
LPS levels were determined using the Pyrosate kit,
which is based on the limulus amoebocyte lysate
(LAL) assay. This kit has a sensitivity of 0.25EU
LPS/mL. Alginate solutions were tested at 2% and
0.2% weight/volume ultrapure H2O after filtration
through 0.45μm syringe filters (Millex-HV, 33mm
28

diameter, Millipore, Temecula, CA). In brief,
according to the manufacturer’s instructions, 0.5mL
LAL reagent water and 0.5ml alginate solution were
added to sample tubes, mixed, and dissolved,
followed by transfer of 0.25mL of each solution to
the positive control tubes in duplicate. All tubes
were incubated at 37°C for the time specified by the
manufacturer. Formation of a clot was determined
by visual inspection and inversion of tubes; test was
considered valid if sample and positive controls
showed clot formation and all negative controls
absence of clots.
4.2.3. DNA AND RNA QUANTIFICATION
DNA and RNA concentrations in alginate solutions
were determined using the Qubit Quant-iT
quantitation system using the Qubit Fluorometer
(Q32857) with the Quant-iT dsDNA HS (Q32854)
and RNA HS (Q32852) assays (Invitrogen,
Carlsbad, CA). In brief, non-purified and purified
alginate (Sigma-Aldrich 0682) and Pronova LVM
and LVG solutions were diluted to 0.2% in working
solution as provided by the manufacturer. DNA and
RNA
concentrations
were
determined
fluorometrically according to the manufacturer’s
instructions. Results are presented in micrograms
DNA or RNA per gram dry alginate.
4.2.4. ASSAY FOR IMMUNOGENIC ACTIVITY
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Rat splenocyte proliferation was used as an
indicator for alginate immunogenicity, based on a
modified protocol as previously described (17).
Briefly, rat spleens were removed under sterile
conditions
and
collected
in
alpha
MEM
supplemented culture medium containing 10% fetal
calf serum (FCS), 2mM L-glutamine, and 100μg/mL
Primocin, minced and passed through a 100μm cell
strainer (part # 352360, BD Biosciences, Franklin
Lakes, NJ) into 50mL conical tubes. In all, 105
splenocytes were incubated in 200μL alpha MEM
and 10% FCS including various alginate solutions in
96-well flat bottom tissue culture plates (part #
353072, BD Biosciences, Franklin Lakes, NJ).
Splenocyte proliferation was serially measured at
48h after incubation at 37°C and 5% CO2. WST-1
(20μL) (Roche Applied Science, Indianapolis, IN)
was added 2h prior to reading at 450–650nm in a
Vmax kinetic microplate reader (Molecular Devices,
Sunnyvale, CA) to determine light absorption which
directly correlates with the number of metabolically
active cells in the culture. Obtained values were
corrected for background absorbance, which was
determined by measuring absorption in the medium
without the presence of alginate or cells.
4.2.5. ALGINATE VISCOSITY
Following purification, alginate viscosity may
increase to unpractical levels after processing due to
excessive removal of short chain alginate molecules
(14). Viscosity of purified alginate solution was
measured using a stress controlled MCR 501
rheometer (Anton Paar GmbH, Graz, Austria) at
25°C using a maximum of 41 increasing shear rates
at minimum torque of 1.0 × 10−7nM at 2.5% and
1.2% w/w solutions. Measurements were done in
triplicate and compared with previously reported
data (14).
4.3. ALGINATE BIOCOMPATIBILITY IN VIVO
4.3.1. IMPLANTATION OF ALGINATE
SCAFFOLDS
All animal studies were reviewed and approved by
the Columbia University Institutional Animal Care
and Use Committee (IACUC). Male Lewis rats were
obtained from Harlan Sprague Dawley, Inc.
(Indianapolis, IN) and weighed between 200g and
250g. Three-dimensional scaffolds were fabricated
by adding 400μL alginate to a 4.2cm2 cell culture
insert with transparent 0.4μm polyethylene
terephthalate membranes (part # 353090, BD
Falcon, BD Biosciences, Franklin Lakes, NJ).
Transparent membranes were found to generate
optimal scaffolds with even surfaces. Loaded inserts
were placed in six-well tissue culture plates (part #
353046, BD Falcon, BD Biosciences, Franklin
Lakes, NJ) and 3mL of 4.3% calcium gluconate was
added to each bottom well. Plates were maintained
at 4°C for 24h to solidify the alginate by diffusion of
calcium ions through the insert membrane.
Following solidification, scaffolds were removed
from the culture inserts and washed 3 times in 3mL
of sterile ultrapure water to remove excess calcium

gluconate and to keep them moist in sterile
ultrapure water until implantation. Scaffolds were
inserted between abdominal muscle layers of Lewis
rats (n=5) following anaesthesia with isoflurane gas
(1–5%). After shaving and sterilizing the rat’s
ventral surface, skin was incised in the midline and
the underlying muscle was then carefully dissected
just lateral to the midline down to the ventral fascia
over the peritoneum. By blunt dissection, a pocket
was created within the rectus muscle. The pocket
was made large enough to accommodate a scaffold
~10mm in diameter. The pocket and skin were
closed in separate layers after successful scaffold
implantation. Four weeks after implantation, the
animals were euthanized by exsanguation and the
rectus muscles containing scaffolds were harvested.
Tissues were fixed in 4% paraformaldehyde in PBS
for 24h, transferred to 70% ethanol and sectioned.
Sections (5μm) were stained with hematoxylin/eosin
for general histological analyses, and Masson’s
trichrome for collagen and fibrosis. We examined all
sections for the well described foreign body reaction,
which consists of fusion of macrophages to
multinucleated giant cells in response to
immunogenic material (27). We quantitated
numbers of multinucleated giant cells as number of
cells per high power field (400× magnification)
under a light microscope (Olympus BX41, Center
Valley, PA) in five serial sections per animal. As a
positive control for multinucleated giant cell
formation, we used biodegradable polyglycolic acid
sutures (VICRYL®, Ethicon, Somerville, NJ) made
from polyglycolic acid (PGA), a biodegradable
material, which is known to induce a significant
giant cell reaction (28). Suture material was placed
at a different site at the time of scaffold
implantation in the abdominal rectus muscle and
that tissue was harvested at the same time as
scaffold explantation to use as comparison control
for the quantification of macrophage and giant cell
reaction in the alginate scaffold material.
4.4. STATISTICAL ANALYSES
Student’s t-test (unequal variance, two-tailed) was
used to compare the results. A p value <0.05 was
considered to be statistically significant. Results are
presented as means±standard error of the mean
(SEM).
5. RESULTS
To prepare 3–4g of purified alginate from 15g of
non-purified alginate, we used a total volume of
105L of water, mostly due to alginate dialysis steps
against water 1:100. We further used a total volume
of 500mL of ethanol and 500mL of methanol, a
significant reduction when compared with other
methods such as that of Klöck et al (17, 29).
Following purification, aforementioned methods
yielded 1–2g of purified alginate from 18g raw
starting material.
5.1. QUANTIFICATION OF RESIDUAL
ALGINATE CONTAMINATION
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Figure 1. Quantitative evaluation of protein contamination in several different sodium alginate
preparations. Results are presented in milligrams of protein per gram of dried alginate ±SEM. Micro-BCA
assay sensitivity is 0.5μg/mL. *p<0.05. NonPurAlg: non purified Sigma A0682 alginate; PVDFAlgUnb:
PVDF purified Sigma A0682 alginate in unbuffered solution; PVDFAlg50: PVDF purified Sigma A0682
alginate in 50mM phosphate buffer; UPLVM: Novamatrix Ultrapure low viscosity mannuronic acid;
UPLVG: Novamatrix Ultrapure low viscosity guluronic acid; PVDFAlg10: PVDF purified Sigma A0682
alginate in 10mM phosphate buffer.
After purification of low molecular weight alginate
(Sigma-Aldrich 0682) using our customized method,
protein, DNA, RNA, and LPS contents were
determined as described above. Controls included
non-purified alginate and ultrapure LVM and LVG
alginates (FMC Biopolymer/Novamatrix, Sandvika,
Norway).
5.1.1. PROTEIN CONTAMINATION
We found filtration through hydrophobic PVDF
membranes in 10mM phosphate buffer at pH 5.5
(PVDFAlg10) to be optimal. As determined by the
micro-BCA method, we could reduce protein
contamination from 10.8±0.2mg/g found in nonpurified alginate to 3.15±0.1mg/g following
filtration, a 72% reduction (p<0.05) (Figure 1). This
reduction was significantly less than when filtration
was performed in unbuffered alginate solution
(PVDFAlgUnb) or in 50mM phosphate buffer
(PVDFAlg50). Control alginates Pronova Ultrapure
LVM (UPLVM) and LVG (UPLVG) alginates both
contained 4.9±0.1mg/g protein, a 38% difference as
compared with the alginate we purified (p<0.05).
These results are summarized in Figure 1.
5.1.2. DNA AND RNA CONTAMINATION
Residual DNA and RNA contamination were
determined after optimizing protein purification
using PVDF membrane filtration. Non-purified
alginate
(Sigma-Aldrich
0682)
contained
3.39±0.02μgDNA per gram of dry alginate and
32.48±2.78μg of RNA per gram of dry alginate.
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Following purification, the residual amount of DNA
was reduced to 1.28±0.01μg DNA per gram of dry
alginate, a reduction by 62% (p <0.01) (Figure 2).
RNA content was too low following filtration to be
detected using the Qubit system, which indicates
that there was less than 10μg RNA per gram of dry
alginate, a reduction by at least 69% (Figure 3).
Pronova LVM and LVG alginates contained less
than 0.25μg DNA per gram of dry alginate and less
than 10μg RNA per gram of dry alginate as shown
in Figures 2 and 3.
5.1.3. LPS
The commercial Pyrosate assay to detect LPS has a
detection level of 0.25EU/mL. PVDF purified
alginate (Sigma-Aldrich 0682) and control alginates
(Pronova UP LVM and UP LVG) at both 2% and
0.2% dilution did not induce gel clot formation,
indicating LPS levels of <125EU/g dry alginate.
Testing of non-purified alginate (Sigma-Aldrich
0682) resulted in gel clot formation at both 2% and
0.2% concentration, indicating that there was LPS
contamination of >125EU/g dry unpurified alginate,
and that there was at least a 90% reduction of LPS
levels after PVDF purification.
5.1.4. VISCOSITY
Purified alginate displayed a mean viscosity of
328±55.6cP at 2.5% w/w solution and 32±2.4cP at
1.2% w/w solution (Figure 4). These values
correspond to previously reported pre- and postpurification
viscosities
and
are
within
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Figure 2. DNA content was determined using the Qubit quantitation system. The amount of DNA is
represented in micrograms of DNA per gram of dry alginate ±SEM. dsDNA assay sensitivity is 0.2-100ng
per sample. *p<0.01. NonPurAlg: non purified Sigma A0682 alginate; UPLVM: Novamatrix Ultrapure low
viscosity mannuronic acid; UPLVG: Novamatrix Ultrapure low viscosity guluronic acid; PVDFAlg10: PVDF
purified Sigma A0682 alginate in 10mM phosphate buffer.
range of the optimal viscosity of 200cP at 2.0%–2.5%
for post-processing (i.e. alginate bead formation)
procedures (14).

in arbitrary absorbance units corrected for
background absorbance by unstimulated cells at
450–650nm (Figure 5).

5.2. SPLENOCYTE PROLIFERATION IN
VITRO
Stimulation with different alginate samples at 0.2%
concentration of rat splenocyte proliferation after
48h
of
incubation
was
determined
by
spectrophotometric assay of colored product in the
Roche assay using WST-1 (Figure 5). Non-purified
low molecular weight alginate (Sigma-Aldrich 0682)
induced the highest degree of proliferation. The
control alginates (Pronova Ultrapure LVM and
Ultrapure LVG) induced a significantly lower
degree of proliferation than non-purified alginate,
but significantly higher than baseline, which was
determined
by
unstimulated
splenocyte
proliferation in growth medium alone. Alginate
purified by our newly described protocol did not
induce proliferation above that found at
unstimulated baseline. This result is consistent
with the observation that alginates with a high
mannuronic acid ratio (i.e. Pronova Ultrapure LVM)
are reportedly more immunogenic than alginates
with a high guluronic acid ratio (i.e. Pronova
Ultrapure LVG) (29). However, since Sigma-Aldrich
0682 contains primarily mannuronic acid residues
without induction of proliferation, it is possible that
residual
protein
contamination
or
other
contaminants may be more important for
stimulation of immunogenicity of alginates than the
composition of alginate itself. Results are presented

5.3. IMMUNE RESPONSE IN VIVO
To determine biocompatibility, purified alginate
(Sigma-Aldrich 0682) scaffolds were implanted
between the rectus muscles of male Lewis rats
(n=5). Scaffolds were well tolerated throughout the
duration of all the experiments. One month
following implantation, scaffold material was easily
recovered with little evidence of adhesion or
scarring. Histologically, fibrotic overgrowth as
determined by blue staining using Masson’s
trichrome was limited when compared with fibrous
overgrowth in the area of PGA suture material
(Figure 6). Inflammatory reactions, as quantified by
the number of multinucleated giant cells, were
minimal, and significantly fewer than the number
found at the site of PGA sutures (p <0.05) (Figure
7). We did not implant unpurified alginate scaffolds
as controls due to expected adverse reactions based
on level of impurities and significant splenocyte
proliferation in vitro, which could cause
unnecessary distress in vivo.
6. DISCUSSION
We developed a practical and economical alginate
purification protocol aimed at reducing residual
protein and LPS contamination, which are typically
found in many alginate preparations following
various published purification protocols (14). Our
method drastically reduced the quantities of organic
31
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Figure 3. RNA content was determined using the Qubit quantitation system. The amount of RNA is
represented in micrograms of RNA per gram of dry alginate ±SEM. RNA assay sensitivity is 5–100ng per
sample. *p<0.01. NonPurAlg: non purified Sigma A0682 alginate; UPLVM: Novamatrix Ultrapure low
viscosity mannuronic acid; UPLVG: Novamatrix Ultrapure low viscosity guluronic acid; PVDFAlg10: PVDF
purified Sigma A0682 alginate in 10mM phosphate buffer.
reagents needed for the purification while being
able to provide high levels of alginate purity. The
only inorganic component that we employed was
sodium phosphate in water (Flow chart 1).
We report here a novel alginate purification
protocol, which leads to much less residual organic
contamination of the final product when compared
with either commercially available ultrapure
alginates (i.e. Pronova UPLVM and UPLVG) or
alginates purified by other existing purification
protocols (14). Our protocol is based on the high
affinity of hydrophobic PVDF for organic materials
under specific buffer conditions. PVDF binds
organic molecules through both hydrophobic and
electrostatic interactions; we found that an alginate
solution of low ionic strength, which is slightly
acidic (10mM sodium phosphate buffer at pH 5.5)
could optimally bind and therefore remove organic
contaminants under flow-through conditions.
Overall, approximately 70%–80% of alginate was
lost, mostly due to charcoal treatment and ethanol
precipitation, both of which are generally used for
removal of gross organic contamination from nonpurified alginates and therefore considered
unavoidable loss.
In devising this protocol, we reasoned that
serial filtration through protein binding membranes
would
gradually
reduce
residual
organic
contaminants. We evaluated a range of conditions,
such as pH and ionic strength of the alginate
solution prior to settling on the optimal one for
filtration. Alginate’s pKa is approximately 3.2,
depending on the proportion of mannuronic and
guluronic acid residues. We found that a pH of 5.5
in 10mM phosphate buffer was optimal when
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combined with filtration through hydrophobic PVDF
membranes. We also tested activated membranes
based on aldehyde chemistry (Pall Ultrabind,
66544, Pall Corporation, Ann Arbor, MI) or
anhydride chemistry (Pall Immunodyne ABC,
NBCHI3R, Pall Corporation, Ann Arbor, MI), which
covalently bind organic molecules via amino groups
at neutral or basic pHs. However, we were not able
to achieve efficient removal of proteins using the
latter membranes. It is possible that these activated
membranes need longer exposure to proteincontaining solution or that proteins prefer to remain
bound to alginate under the conditions necessary to
optimally bind protein with the filters, i.e. pH 8–9.
A more important disadvantage of such membranes
is their high sensitivity to aqueous and humid
environments, which rapidly inactivate the
membrane’s active protein binding groups. In
contrast, hydrophobic PVDF membranes are highly
stable, have low cost (approximately US$ 0.04–US$
0.05 per cm2), and can be easily stored in a standard
laboratory environment. The influence of ionic
strength and pH in our purification method was
striking. Using an aqueous unbuffered alginate
solution at pH 5.5 or 50mM phosphate buffer at pH
5.5 or 8.0, protein removal was not efficient.
Hydrophobic PVDF interacts with organic molecules
under a wide range of conditions through both
hydrophobic and electrostatic interactions (24). The
exact kinetics of these interactions are not known,
however contaminating proteins may carry a
different charge, which may favor binding to
hydrophobic PVDF when compared with alginate
placed in low ionic strength buffers. Of note,
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Figure 4. Alginate viscosity was measured using a rotational rheometer at two dilutions in triplicate ±
SEM. Minimum torque is 1nNm.
residual DNA, while significantly reduced,
remained higher compared with Pronova alginates.
DNA is known to elicit immune responses and may
warrant additional purification steps. Histologically,
we compared purified alginate scaffolds to PGA
suture material and found significantly more
scarring and giant cells around PGA compared with
alginate. Foreign body giant cell formation is the
end-stage response of the inflammatory and wound
healing
process
following
implantation
of
biomaterials. Little fibrosis and low numbers of
giant cells could implicate low immunogenicity or
active suppression of an inflammatory response by
alginate. We quantified average number of giant
cells per high power field at 4 weeks. To get a better
understanding of the regenerative process, multiple
time point measurements may be desirable.
In 1994, Klöck et al. developed an alginate
purification
process
based
on
free
flow
electrophoresis (FFE) (17). A comparable approach
was performed more recently, by using size
exclusion chromatography (SEC) (30). These
methods resulted in highly purified alginate
preparations, with residual protein contamination
of only 0.05% of dry alginate weight, significantly
less than 0.3% that is obtained with the chemical
extraction protocol of Klöck et al. or the membrane
filtration protocol described here. However, by
adding a final dialysis step against saline instead of
water in addition to the chemical extraction method
of Klöck et al., Menard et al. recently showed that
they could reduce protein contamination to 0.05%
without the use of FFE or SEC. This
accomplishment was probably due to reduction of
electrostatic interaction between proteins and
alginate in saline during dialysis (30). The addition

of dialysis in saline instead of dialysis in water to
step 7 (Flow chart 1) of our purification protocol
should achieve a similarly high purity of alginate,
using significantly lower volumes and number of
organic reagents making the process more useful
and practical.
Previously used methods such as FFE or SEC have
been already shown to result in a product
contaminated by residual protein that is responsible
for immunogenicity of alginate. However, for large
scale application, the disadvantages of such
purification methods is high cost of equipment and
that these procedures are highly labor-intensive.
Whether alginate purity achieved regarding
residual protein contamination using current
methods is clinically acceptable remains to be
determined in further trials, as there are no
regulatory limits for residual protein contamination
due to the number of variables involved, i.e. quality
and quantity of contamination leaves it up to the
manufacturer to determine safety. With regards to
residual LPS, the Food and Drug Administration
(FDA) accepts levels <5EU/kg for solutions or
implantable devices to be used clinically. With a
residual level of <125EU/g dry alginate following
PVDF purification and potentially much lower, a
quantity of 5EU/kg in a 80kg human would allow
implantation of at least 3.2g purified alginate before
pyretic effects would ensue. At 2% w/w alginate
solution, this would allow a volume of 160ml, which
is more than sufficient to generate relatively large
size scaffolds for clinical use. For large scale clinical
tissue-engineering applications, a combination of
relatively high purity non-immunogenic alginate
together with minimal systemic or local
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Figure 5. Splenocyte proliferation in the presence of different alginate preparations was determined by
spectrophotometric assay ± SEM. **p=not significant; *p <0.05. NonPurAlg: non purified Sigma A0682
alginate; UPLVM: Novamatrix Ultrapure low viscosity mannuronic acid; UPLVG: Novamatrix Ultrapure
low viscosity guluronic acid; PVDFAlg10: PVDF purified Sigma A0682 alginate in 10mM phosphate buffer.
immunosuppression appears more desirable than
the use of ultrahigh purity alginate, which comes
with
considerable
cost
and
questionable
immunologic value. Application of hydrophobic
PVDF-based filtration would allow for significant up
scaling of the alginate purification process by using
reactors with large surface PVDF membranes or
porous PVDF columns. Reconstitution of PVDF by
elution of organic contaminants with sodium
dodecyl sulfate (SDS) (23) would allow reuse of
equipment for repeatable purifications.
Other polysaccharide biomaterials like chitosan or
xanthan gum may also benefit from PVDF
purification. However, several physical and
chemical conditions apply to make the process
useful. Polymer solutions should be aqueous and
viscosity low enough for sufficient flow through.
Buffer conditions should enhance affinity of organic
contaminants for PVDF, while preventing the
binding of polymers. The high chemical stability of
PVDF membranes permits their use under different
experimental conditions with appropriate polymers
and buffers.

development of large scale clinical tissue
engineering trials will require standards for
alginate purity that should be environmentally,
economically, and biologically acceptable. We hereby
describe a novel method of alginate preparation and
purification based on PVDF membrane filtration
that addresses these issues. The use of PVDF
membrane filtration is an economical solution,
which reduces waste and results in alginate with
clinically acceptable purity levels while remaining
non-immunogenic. With recent advances in
regenerative medicine and tissue engineering,
clinically useful and affordable biomaterials are
desperately needed and will become of paramount
importance for successful clinical progress.

6.1. CONCLUSIONS
Because of its versatile nature and inertness (nonimmunogenicity), purified alginate remains one of
the most attractive biomaterials for experimental
applications in clinical tissue engineering. The
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Figure 6. Scaffold histology 1 month after implantation. Scaffolds (Scaf) were implanted between
abdominal muscle layers (Musc) of male Lewis rats (n=5). H&E shows histological characteristics with
cellular invasion into scaffold material (panels a and c) and PGA (panel e). Masson’s trichrome shows little
fibrosis (blue) around scaffold material (panels b and d) compared with PGA/VICRYL® (Vic) (panel f), and
significantly fewer giant cell phagocytic activity (arrows). This indicates scaffold material did not induce an
immunological foreign body response. (a and b at 40×, c and d at 100×, e and f at 200×). We omitted
implantation of unpurified scaffolds since in vitro experiments had already shown a significant proliferative
response.
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Figure 7. Quantification of giant cell numbers per high power field (400× magnification) in proximity to
scaffold material or polyglycolic/VICRYL® sutures (positive control). Results are presented as number of
cells ± SEM. *p <0.05. PVDFAlg10: PVDF purified Sigma A0682 alginate in 10mM phosphate buffer.
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1. ABSTRACT
Cell implantation for tissue repair is a promising new therapeutic strategy. Although
direct injection of cells into tissue is appealing, cell viability and retention are not very
good. Cell engraftment and survival following implantation are dependent on a
sufficient supply of oxygen and nutrients through functional microcirculation as well as
a suitable local microenvironment for implanted cells. In this study, we describe the
development of a porous, biocompatible, three-dimensional (3D) alginate scaffold
covalently modified with the synthetic cyclic RGDfK (Arg-Gly-Asp-D-Phe-Lys) peptide.
Cyclic RGDfK peptide is protease resistant, highly stable in aqueous solutions, and has
high affinity for cellular integrins. Cyclic RGDfK-modified alginate scaffolds were
generated using a novel silicone sheet sandwich technique in combination with freezegelation, resulting in highly porous nonimmunogenic scaffolds that promoted both
human and rodent cell survival in vitro, and neoangiogenesis in vivo. Two months
following implantation in abdominal rectus muscles in rats, cyclic RGDfK-modified
scaffolds were fully populated by host cells, especially microvasculature without an overt
immune response or fibrosis, whereas unmodified control scaffolds did not show cell
ingrowth. Importantly, modified scaffolds that were seeded with human mesenchymal
precursor cells and were patched to the epicardial surface of infarcted myocardium
induced myocardial neoangiogenesis and significantly improved cardiac function. In
summary, purified cyclic RGDfK peptide-modified 3D alginate scaffolds are
biocompatible and nonimmunogenic, enhance cell viability, promote angiogenesis, and
may be used as a means to deliver cells to myocardial infarct areas to improve
neovascularization and cardiac function.
2. INTRODUCTION
Cell therapy is emerging as a promising strategy for
tissue repair in a variety of diseases, including
heart disease (reviewed in (1)). Cells can be (1)
delivered directly into damaged tissue by injection
(2) at orthotopic (heart and liver) or heterotopic
sites (parathyroids and islets), (2) administered
intravenously
(3),
in
combination
with
biocompatible materials (4), or (3) prepared for
implantation following in vitro culture, for example
by using cell sheet monolayers (5) or biodegradable
scaffolds (6).
Direct cell delivery by injection is an
attractive method due to its minimally invasive
character. This approach, however, has been
frequently hampered by a lack of long-term cell
survival due to insufficient cell oxygenation, lack of
sufficient nutrients, and inadequacy of a suitable
microenvironment, which usually consists of
neighboring cells and the extracellular matrix
(ECM), or stem-cell niche (7, 8). It is also suspected
that delivery of cellular inoculate by needle injection
may lead to an uneven cell distribution or formation
of cell “islands” within tissue, further complicating
both nutrient and oxygen delivery to individual
cells, thereby interfering with therapeutic effects
(9).
Numerous experimental tissue engineering
approaches to tissue repair and regeneration have
been previously attempted with mixed success.
These have included for example, grafting of
monolayered or multilayered cell sheets cultured ex
vivo (5) or cell-seeded scaffolds (10) in animal
models of tissue degenerative diseases. Clinically, a
bioengineered stem cell-seeded trachea was
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successfully implanted in a patient with tracheal
cancer (11). The application of various tissue
engineering methods generally led to more efficient
and better repair of damaged tissue when compared
to direct needle injection-based therapies (12).
Biomaterial carriers have a variety of
biological properties, which are either beneficial or
potentially harmful to viable cells. Several have
been previously used in (pre)clinical applications.
Some of these include, for example, PGA (13) and
collagen and hyaluronic acid (14). We chose alginate
as a basic biomaterial because it has several
advantages over those previously mentioned: it is
plant derived, and therefore avoids the risk of
pathogen (i.e., prion) transfer, it is biologically inert
when sufficiently purified, and readily available in
large quantities. Purified unmodified alginate has
already been approved previously for several clinical
applications, especially for wound dressing (15).
Recent studies showed that intracoronary
alginate injection was safe and prevented left
ventricular (LV) enlargement after myocardial
infarction (MI) in swine (16), and clinical trials are
being conducted to investigate effects of an aqueous
mixture of sodium alginate and calcium gluconate
for the prevention of remodeling of the ventricle and
congestive
heart
failure
after
acute
MI
(ClinicalTrials.gov No. NCT01226563). Another
advantage of alginate is its carboxyl groups, which
permit covalent (i.e., irreversible) modifications
with biologically active peptides that contain free
amino groups, by carbodiimide crosslinking.
We previously developed an alginate
purification protocol that results in a highly
purified, biocompatible poly-mannuronic acid
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containing alginate (17). Alginate purification for
cell transplantation application is of paramount
importance for survival of transplanted cells, since
raw alginate is contaminated with mitogens such as
proteins, DNA, RNA, and lipopolysaccharides.
To enhance the biologically functional
properties of alginate, we hypothesized that
modification of purified alginate with covalently
attached cyclic RGDfK (Arg-Gly-Asp-D-Phe-Lys)
peptides will lead to more effective cell survival
compared to controls, since cyclic RGDfK peptides
are protease resistant and stable in aqueous
solution (18). RGD is an abundant peptide sequence
found in the ECM as part of vitronectin, fibronectin,
and collagen (19). The RGD peptide sequence binds
to cell surface integrins αvβ3 and α5β1, where it
signals into the cell, thereby promoting cell
adhesion and formation of cell viability factors (20).
More specifically, cyclic RGDfK is a
synthetic RGD peptide that has been shown to
enhance cell adhesion and cell survival after
covalent immobilization on two-dimensional (2D)
surfaces (21). Therefore, we hypothesized that a
purified three-dimensional (3D) alginate scaffold
dressed with cyclic RGDfK peptide would enhance
cell retention and survival within the scaffold.
3. EXPERIMENTAL SECTION
3.1. MATERIALS
Solutions were prepared using purified
water from an in-house Hydro Picopure (Millipore,
Temecula, CA) purification system. Molecular
biology grade ddH2O (No. SH30529.02), EDC (1ethyl-3-[3-dimethylaminopropyl]
carbodiimide
hydrochloride,
No.
22980),
sulfo-NHS
(Nhydroxysulfosuccinimide,
No.
24510),
hydroxylamine (No. 26103), MES buffer (No.
28390), dialysis membranes (3.5kDa membrane,
SnakeSkin, No. 88244), EDTA (No. 17892), and
TrypLE Select (No. 12604013) were purchased from
Thermo Scientific (Rockford, IL). All glassware was
cleaned and detoxified by 24-h treatment with 0.5%
hypochlorite followed by washing and baking for at
least 120min at 240°C. Pyrex® glass plates
(100×15mm) were purchased from Corning (New
York, NY; No. 3160-101).
Low molecular weight (MW) sodium
alginate (No. A0682) obtained from brown algae
consisting of straight-chain, hydrophilic, colloidal
polyuronic acid, which is composed primarily of
anhydro-β-d-mannuronic acid residues with 1→4
linkage, calcium chloride (No. C2661), bovine serum
albumin (BSA; cell culture grade, No. A9418),
collagenase (≥125 collagen digestion U/mg, No.
C5138), gelatin type A (No. G9136), and DNase I
(grade II, from bovine pancreas, No. 10104159001)
were purchased from Sigma-Aldrich (St. Louis,
MO).
Cyclic RGDfK peptide (No. PCI-3661-PI)
and cyclic RADfK (negative control peptide; No.
PCI-3883-PI) were purchased from Peptides
International, Inc. (Louisville, KY). Nonreinforced
vulcanized gloss/gloss silicone sheets (hardness 40

durometer, thickness 750μm) were purchased from
Specialty Manufacturing, Inc. (Saginaw, MI). Ten
millimeters Acu-Punch skin punchers were
purchased from Acuderm, Inc. (Fort Lauderdale,
FL). Alpha minimum essential medium (α-MEM),
fetal calf serum (FCS), l-glutamine (GlutaMax®),
and recombinant human vascular endothelial
growth factor (VEGF-A, No. PHG0145) were
purchased from Invitrogen (Carlsbad, CA). Human
platelet-derived growth factor-bb (PDGF-BB No.
GF018) was purchased from Chemicon/Millipore
(Billerica, MA).
Human mesenchymal precursor cells
(hMPCs) were a kind gift of Mesoblast, Ltd. (New
York, NY). Primocin was purchased from InvivoGen
(San Diego, CA). Osteogenic, chondrogenic, and
adipogenic MSC differentiation kits (Nos. PT-3002,
PT-3003, PT-3004) were purchased from Lonza
(Walkersville, MD). WST-1 was purchased from
Roche Applied Science (Indianapolis, IN). Factor
VIII-related antigen monoclonal antibodies (mAb;
No. A0082) were purchased from Dako (Carpinteria,
CA). Rat α-smooth muscle actin (αSMA) mAb was
purchased from Biogenex (Fremont, CA). mAb
against CD163/ED-2, a rat macrophage marker, was
purchased from Santa Cruz Biotechnology (Dallas,
TX). The Vectastain ABC kit was purchased from
Vector Laboratories (Burlingame, CA).
3.1.1. SODIUM ALGINATE PURIFICATION
We previously described our alginate purification
protocol in detail (17). In brief, 1.5% sodium
alginate solution was treated with activated
charcoal before serial polyvinylidene difluoride
(PVDF) membrane filtration in 10mM phosphate
buffer at pH 5.5, followed by dialysis and ethanol
precipitation. Resulting precipitate was freeze-dried
and redissolved in molecular biology grade ddH2O
at 2% w/w before further processing.
3.2. STUDY 1: EX VIVO STUDIES
3.2.1. CYCLIC RGDfK PEPTIDE
CONJUGATION, FABRICATION, AND
CHARACTERIZATION OF CYCLIC RGDfKMODIFIED ALGINATE SCAFFOLDS
We applied carbodiimide chemistry based on EDC
and sulfo-NHS in MES buffer using a modified
protocol as previously described (22, 23) (Fig. 1a).
Cyclic RGD peptide RGDfK and negative control
peptide cyclic RADfK were covalently attached to
alginate according to protocol with slight
modifications. Cyclic RADfK peptide differs from
cyclic RGDfK peptide, in that one glycine (G) is
replaced with alanine (A), abolishing its effects
through lack of binding capacity to integrin
receptors on cell surfaces (24).
Briefly, 8.82, 17.65, and 35.30mM peptide
(equivalent to 5, 10, and 20mg cyclic RGDfK) per
gram
alginate
(estimated
MW
alginate=194D/mannuronic acid residue) in a 1%
solution was incubated for 20h at room temperature
with EDC and sulfo-NHS to achieve theoretical
activation of 10% of total mannuronic acid
41
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monomers. The reaction was subsequently
quenched with hydroxylamine and the solution was
dialyzed for 5 days against decreasing NaCl
concentrations; it was then lyophilized at 0.2torr,
redissolved in molecular biology grade ddH2O at 2%
w/w, and sterile filtered.
3.2.2. CELL ADHESION TO 2D CYCLIC
RGDfK-MODIFIED ALGINATE SCAFFOLDS
To determine covalent cyclic RGDfK modification,
solid 2D scaffolds were produced as previously
described. In brief, cyclic RGDfK-modified alginate
was placed in cell culture insert top wells and
allowed to solidify with 100mM CaCl2 in bottom
wells at 4°C overnight. Following solidification,
scaffolds were washed thrice in molecular biology
grade ddH2O to remove excess CaCl2 and placed in a
full medium consisting of α-MEM supplemented
with 10% FCS, 0.5% BSA, 0.1μM ascorbic acid,
0.05μM 2-mercaptoethanol, and 0.2% Primocin. For
each batch of cyclic RGDfK-modified alginate,
50,000 hMPCs were seeded on 2D scaffold surface
and allowed to adhere for 24-48 h in a humidified
incubator at 37°C, 5% CO2. The degree of adhesion
was compared to that found in controls using
unmodified alginate scaffolds (Fig. 1e, f).
3.2.3. FABRICATION OF 3D FREEZE-GELLED
CYCLIC RGDfK ALGINATE SCAFFOLDS
Rectangular strips (15×40mm) of silicone sheeting
(0.75mm thickness) were cut. Three circular wells
with a diameter of 10mm were punched in each
strip (Fig. 2a.i). Circular silicone sheets (90mm
diameter) (Fig. 2a.ii) were cut out and transferred to
sterile glass petri dishes (100×15mm) (Fig. 2a.iii).
Punched silicone strips were placed on silicone
sheets, while assuring that no air remained between
sheets. Subsequently, 56μL cyclic RGDfK alginate
solution per well was cast in the circular wells and
carefully layered with a third rectangular silicone
strip (15×40mm), making sure that the alginate
solution remained sandwiched between the silicone
layers in the wells.
Alginate-containing
plates
were
subsequently frozen at −20°C overnight. Then,
25mL 1.1% CaCl2 in 70% ethanol/molecular biology
grade ddH2O solution precooled at −20°C was added
to the petri dishes, and top strips were removed.
This exposed frozen alginate scaffolds to
ethanol/molecular biology grade ddH2O and the
plates were placed back at −20°C for at least 4h. By
using this freeze-gelation approach as previously
described (25), we were able to generate highly
porous scaffolds, without the use of lyophilization,
by simultaneous liquefaction of the frozen cyclic
RGDfK alginate solution, while solidifying it by
binding calcium ions.
Following freeze-gelation, plates were
warmed to room temperature and sterilely washed
thrice in molecular biology grade ddH2O; 10mm
diameter circular scaffolds were removed from the
plate, air dried, and stored dry at −20°C until
further use.
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3.2.4. SCANNING ELECTRON MICROSCOPY
Scaffolds were dehydrated through an
ethanol gradient, then dried using a Bal-Tec Critical
Point Dryer (Bal-Tec, Balzers, Liechtenstein),
sputter-coated with 15nm of Gold-Palladium with a
Cressington Manual Sputter Coater (Cressington,
Watford, United Kingdom), and imaged with a
Hitachi 4700 scanning electron microscope (Hitachi
Medical Systems, Twinsburg, OH) (Fig. 2b–d).
3.2.5. CELL CULTURE
hMPCs were isolated from whole human
bone marrow by magnetic bead separation using a
novel mAb against STRO-3 as previously described
(26). This antibody isolates an hMPC population
expressing Stro-1, CD44, CD90, and CD106 by flow
cytometric analysis. First, we confirmed the ability
of these cells to differentiate into osteoblasts,
adipocytes, and mature chondrocytes according to
the manufacturer's instructions (27), followed by
staining with Alizarin Red S, Oil Red O, and Alcian
Blue, respectively.
Next, hMPCs were allowed to proliferate in
T75 flasks with the full medium. For passage or cell
usage, cells were lifted from flasks after incubation
with 0.1% collagenase for 30min followed by TrypLe
Select treatment for 5min, and resuspended in
phosphate-buffered saline (PBS) with 10% FCS and
DNase I (1mg/mL) to prevent cell clumping. Passage
2–5 hMPCs were used for all studies. Neonatal rat
cardiomyocyte and neonatal rat cardiac fibroblast
viability in vitro were assessed in separate
experiments (Supplementary Data; Supplementary
Data
are
available
online
at
www.liebertpub.com/tea).
3.2.6. SCAFFOLD SEEDING
Dry scaffolds were placed in 35mm tissue culturetreated dishes (Fig. 2b). Cells were suspended at
107/mL followed by application of 1×106 cells
(100μL) in the full medium directly onto the dry
scaffold (Fig. 2c). Due to highly porous and
hydroscopic nature of scaffolds, cells were quickly
absorbed and retained inside the scaffold pores.
2.9mL of full medium was subsequently added to
each scaffold containing dish and they were placed
on a shaker for 30min at 20rpm to complete seeding.
Dishes with scaffolds were subsequently transferred
to a humidified incubator at 37°C and 5% CO2 until
further use (Fig. 2d).
3.2.7. VIABILITY STUDIES
Scaffolds seeded with hMPCs were cultured in full
α-MEM and maintained for 7 days at 37°C and 5%
CO2. The medium was replaced daily. After culture,
scaffolds were removed from the medium and placed
in citrate/EDTA buffer to liquefy alginate by Ca2+
chelation and permit collection of cells for viability
studies. Removal of calcium by chelation through
the citrate/EDTA buffer resulted in rapid
degradation of the calcium alginate 3D structure.
Subsequently, cells were washed in 1 mL
PBS/10% FCS solution. After washing, cells were
resuspended in collagenase 0.1% solution for 30min
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at 37°C followed by treatment in TrypLe Selekt
(Invitrogen) to facilitate cell disaggregation. Cells
were then washed in 1 mL DNase I (1mg/mL)
supplemented with 10% FCS. Cell viability was
assessed by counting live and dead cells using
trypan blue exclusion (28). Studies were done thrice
in duplicate. Additional viability studies using
rodent cells were conducted (Supplementary Data).
3.3. STUDY 2: SCAFFOLDS IMPLANTED INTO
THE ABDOMINAL MUSCLES
3.3.1. INTRAMUSCULAR IN VIVO
APPLICATION OF CYCLIC RGDfKMODIFIED ALGINATE SCAFOLDS
Proof-of-concept studies were performed by
intramuscular scaffold implantation as previously
described (6). All animal studies were reviewed and
approved by the Columbia University Institutional
Animal Care and Use Committee (IACUC).
Male Lewis rats weighing between 200 and
250g were obtained from Harlan Sprague Dawley,
Inc. (Indianapolis, IN). Rats were anesthetized with
isoflurane and after incising the abdominal skin,
the rectus muscle was dissected to the peritoneum.
A newly created pocket accommodated a 10mm
scaffold. Based on our previous studies (6), scaffolds
were pretreated with recombinant VEGF-A
100ng/mL and recombinant PDGF-BB 100ng/mL to
induce a vascular response and then implanted in
the newly created space before reapproximating the
muscle over the space and closing the incision in
separate layers.
Sixty days after implantation, muscle plus
scaffolds were harvested in toto and fixed in 2%
paraformaldehyde for further analyses. In some
animals, muscle was sectioned through the scaffold
to optically inspect scaffold material at the time of
harvest. Paraffin tissue sections were stained with
Gill's hematoxylin/eosin (H&E) and factor VIIIrelated antigen mAb, diluted 1 in 200, according to
the manufacturer's instructions, to examine
vascularity of the tissue. Vessels within five
separate high-power fields at 400× magnification
were counted.
3.4. STUDY 3: SCAFFOLDS TO REPAIR MI
3.4.1. EPICARDIAL IN VIVO APPLICATION
OF CYCLIC RGDfK-MODIFIED ALGINATE
SCAFFOLDS
Epicardial scaffold implantation was performed as
previously described (29). Rowett (rnu/rnu) athymic
nude rats (225–250g; Harlan Sprague Dawley, Inc.)
were used according to an IACUC-approved
protocol. Rats were anesthetized with inhaled
isoflurane (2–3%), endotracheally intubated, and
mechanically ventilated. The heart was exposed
through a left thoracotomy. Following opening of
the pericardium, the left anterior descending artery
(LAD) was ligated with 7–0 Prolene (Ethicon,
Somerville, NJ) suture 2–3mm below the edge of the
left atrium, and 48h later, an engineered scaffold
was placed onto the epicardial surface of the

infarcted area. The pericardium was not closed
thereafter.
Three types of engineered scaffolds were
implanted: (1) cyclic RGDfK-modified scaffolds
without hMPCs (n = 11); (2) cyclic RGDfK-modified
scaffolds with 1×106 hMPCs (n = 14); and (3) cyclic
RGDfK-modified scaffolds with 3×106 hMPCs
(n = 6). We did not use unmodified scaffolds in in
vivo heart failure studies, since hMPC viability in
such scaffolds was shown to be limited. We further
opted to not pretreat epicardial hMPC-seeded
scaffolds with VEGF-A/PDGF-BB, as we did in the
intramuscular studies, since our data showed that
hMPCs secrete several proangiogenic factors such
as VEGF and MCP-1 that induce vasculogenesis in
infarcted myocardium (26). Seven days after
scaffold implantation, hearts were harvested,
sectioned at the mid-LAD level, imaged, and fixed in
2% paraformaldehyde for further histological
analyses.
3.4.2. EFFECTS OF SCAFFOLD
IMPLANTATION ON LV FUNCTION
Rats were scanned in a parasternal short-axis view
under inhaled isoflurane (2%) anaesthesia, with 2D
and M-mode echocardiographic imaging using a
Sonos 5500 System (Philips Medical Systems,
Framingham, MA) and a broadband high-frequency
(12MHz) transducer (S12). Left ventricular
fractional shortening (LVFS) was used to assess
cardiac
function
based
on
its
reported
reproducibility and lower variability compared to
other cardiac parameters following MI using LAD
ligation in rats (30, 31).
LVFS was calculated using the formula
LVFS (%) = (LV diastolic diameter [LVDd]−LV
systolic
diameter
[LVDs])/LVDd×100.
The
maximum and minimum values of LVDd and LVDs
in one cardiac cycle were obtained after tracing the
endocardial
LV
border.
To
address
echocardiographic data variability, interquartile
range (IQR) analysis was performed. Outliers were
defined as observations that fall below Q1−1.5×IQR
or above Q3+1.5×IQR.
3.5. TISSUE ANALYSES
3.5.1. HISTOLOGICAL ANALYSES
Sections were stained with mAbs directed against
rat factor VIII-like protein, rat αSMA, and
CD163/ED-2, a rat macrophage marker. Arterioles
were differentiated from large capillaries by the
presence of a smooth muscle layer, identified by
staining with a mAb against αSMA. Staining was
performed using immunoperoxidase, an avidin–
biotin blocking kit, a rat-absorbed biotinylated antimouse IgG, and a peroxidase conjugate. Histological
sections from three or four animals per group were
analyzed by a blinded investigator at 40×
magnification by image processing (using 24–48
fields of view) to determine (1) factor VIII—positive
vessels (n = 4 animals per group) and (2) αSMApositive vessels (n = 4 animals per group).

43

Chapter 3 - RGDfK-peptide modified alginate scaffold for cell transplantation.

Figure 1. Schematic reaction scheme of covalent coupling of alginate –COOH groups (a.A) to cyclic RGDfK
peptide -NH3+ groups (a.B) to yield cyclic RGDfK coupled alginate (a.C). Sulfo-NHS intermediary activation
of alginate was used to increase efficiency of coupling reaction (adapted from Hermanson (23)). hMPC
adhesion to tissue culture plates and subsequent differentiation into osteoblasts, adipocytes, and mature
chondrocytes was shown by Alizarin Red (b), Oil Red O (c), and Alcian Blue (d) stains, respectively. Cyclic
RGDfK incorporation was evaluated using 2D cell adhesion assays with hMPCs. Unmodified alginate
showed no cell adhesion (e), with rounded cells on the alginate surface. Modified alginate showed cell
adhesion with a nerve cell-like phenotype (f) comparable to tissue culture plate-adherent hMPCs (d). 2D,
two dimensional; hMPC, human mesenchymal precursor cell; NHS, N-hydroxysulfosuccinimide; RGDfK,
Arg-Gly-Asp-D-Phe-Lys.
3.6. STATISTICAL ANALYSIS
Groups were compared by Student's t-test or
Welch's analysis of variance with Bonferroni
correction, as indicated in figure legends. A p-value
<0.05 was considered statistically significant. Bar
graphs represent mean value±standard error of the
mean (SEM) or, in case of box plots for
44

echocardiographic
analysis,
medians
with
IQRs±minimum and maximum values. Calculations
were performed using Microsoft Excel with the Real
Statistics Add-In (www.real-statistics.com).
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Figure 2. One hundred millimeter glass dishes (a.ii) were used with a 90mm bottom layer of silicone
sheeting (a.iii). Three silicone strips (a.i) with 3×10mm circular wells each were layered on primary sheet
(a.iii). Resulting wells were filled with modified alginate solution (56µL) before freezing at -20°C. Following
freeze-gelation, scaffold seeding and culture are shown in (b–d). Black arrowheads indicate scaffolds in
wells. Scanning electron microscopy images show sponge-like scaffold following freeze-gelation in (e)
(magnification 1×) and scaffold surface (f) (magnification 1000×). Note the highly porous structure of freezegelled scaffold without need for lyophilization. hMPC-seeded light microscopic scaffolds are shown in (g)
(40×) and (h) (200×). hMPC viability data (i) inside scaffolds following 1 week culture in vitro are shown.
Cyclic RGDfK modification of alginate significantly enhanced hMPC viability compared to control (cyclic
RADfK-modified or RADfK-unmodified scaffolds) at 20mg/g. Student’s t-test, two-way, equal variance. Bars
represent mean±SEM. *p<0.05. SEM, standard error of the mean.
4. RESULTS
4.1. ALGINATE PURIFICATION
We used a novel purification protocol based on a
modified protocol by Prokop and Wang with
additional
steps
to
improve
removal
of
contaminants (32). The approach was based on our
in-house developed protocol using hydrophobic
PVDF membrane filtration. This method increased
the final purity of poly-mannuronic acid threefold to
fivefold compared to commercially available
pharmaceutical grade poly-mannuronic/guluronic
acid (17).
4.2.
CHARACTERIZATION
OF
STRO-3
SELECTED, CULTURE EXPANDED HMPCS
hMPCs were immunoselected from fresh bone
marrow aspirates as previously described (26). Flow
cytometric analysis of passage 5 hMPCs indicated
that ∼95% of the population was positive for the

Stro-1 antigen, which has been shown to be an
important marker of clonogenic bone marrow
stroma. Stro-1-positive hMPCs coexpressed a
number of common MSC surface markers, namely
CD13, CD29, CD44, CD90, and CD146, but were
negative for the endothelial precursor marker,
CD34, were plastic adherent, and displayed a
fibroblastic morphology, which was retained
following multiple passages (up to 5) (data not
shown). These cells were confirmed to be clonogenic
in fibroblastic colony-forming unit assays. Moreover,
culture-expanded hMPCs were multipotent, as
evidenced by their ability to differentiate along
osteogenic, adipogenic, and chondrogenic lineages in
the presence of previously defined inductive stimuli
(Fig. 1b–d). The isolated hMPCs secreted several
chemokines and growth factors, notably IL-6, MCP1, and VEGF (data not shown).
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Figure 3. Alginate scaffolds with and without cyclic RGDfK peptide modification. Note virtual absence of
cellularization of unmodified scaffold (a) (H&E, 40×). Note scaffold cellularization throughout scaffold
material of cyclic RGDfK modified scaffold (b) (H&E, 40×). Note vascularization and functional blood vessels
filled with erythrocytes inside cyclic RGDfK modified scaffolds (arrows, c) (H&E, 200×). Cyclic RGDfK
modified scaffold plus PDGF-BB and VEGF-A showed abundant vessel formation inside scaffold by von
Willebrand factor-like protein staining (arrows, d) (40×). H&E, hematoxylin/eosin; PDGF-BB, plateletderived growth factor-bb; VEGF, vascular endothelial growth factor.
4.3. CYCLIC RGDfK CONJUGATION AND
EFFECT ON HMPC ADHESION
Following covalent cyclic RGDfK modification, 2D
cyclic RGDfK-modified scaffolds were produced and
then evaluated for hMPC adhesion as determined
by cell spreading. The spreading of hMPCs seeded
on cyclic RGDfK-modified alginate scaffolds (Fig. 1f)
was comparable to spreading on 2D tissue culture
plates (Fig. 1b–d). Unmodified scaffolds did not
show any hMPC adhesion, but instead, hMPCs
rounded up indicating no adhesion (Fig. 1e).
4.4. FREEZE-GELATION AND SCAFFOLD
STRUCTURE
Scanning electron microscopy photographs of the
highly porous structure of scaffolds produced using
freeze-gelation are shown in Figure 2e and f. Figure
2e shows 1× magnification, whereas Figure 2f shows
1000× magnification. As opposed to lyophilization,
freeze-gelation did not result in the formation of an
impenetrable surface, thus allowing retention of the
highly porous structure throughout the scaffold
(images not shown). Pore sizes ranged between 40
and 100μm, as estimated using scanning electron
microscopy imaging.
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4.5. EX VIVO STUDIES
4.5.1. HMPC RETENTION AND VIABILITY
USING 3D FREEZE-GELLED SCAFFOLD
Interestingly, retention of cells inside scaffolds was
significantly higher in cyclic RGDfK-modified
scaffolds than in unmodified scaffolds (data not
shown). Figure 2g and h show light microscopic
images of hMPCs seeded inside cyclic RGDfKmodified scaffolds at 40× and 200× modification,
respectively. After seeding, there was a significant
difference in cell viability between those being
placed on the cyclic RGDfK-modified scaffolds and
those being placed on unmodified scaffolds (Fig. 2i
and Supplementary Fig. S1).
Furthermore, the higher the cyclic RGDfK
concentration, the higher the cell viability or cell
number (Supplementary Fig. S1 and Fig. 2i). For
hMPCs, 20mg/g cyclic RGDfK was associated with
38.3%±2.7% viable cells versus 17.9%±2.1% and
14.1%±1.1% at 20mg/g negative control cRADfK
peptide and 0mg/g cyclic RGDfK after 7 days of
culture, respectively (p<0.05) (Fig. 2i). Additional
data can be found in the Supplementary Data.
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Figure 4. Scaffold application to epicardial surface. Scaffolds–cells were applied 48 h following MI through
thoracotomy (a). Scaffolds sufficiently adhered to myocardial surface without sutures (b, d, arrows) and
remained in place for the duration of the study (c, arrow). Hearts were harvested for histology 1 week after
transplantation (c, d). Masson’s trichrome staining for fibrosis (e) showed Scaf cellularization with minimal
fibrosis in the scaffold, but significant fibrosis in the myocardium (blue). (f) Shows CD163/ED-2 staining for
rat macrophages. There was no evidence of foreign body reaction against the scaffold material at 1 week
following implantation. LVw, left ventricular wall; MI, myocardial infarction; Scaf, scaffold.
4.6. IN VIVO STUDIES
4.6.1. SCAFFOLD IMPLANTED INTO THE
ABDOMINAL MUSCLES
Preliminary safety studies showed that all animals
tolerated intramuscular scaffold implantation.
There were no clinical signs of distress or
infection/inflammation in general or at the
implantation
site.
Sixty
days
following
implantation, abdominal tissues were harvested.
Scaffolds could be identified optically in situ. H&E
sections showed no scaffold cellularization of
unmodified scaffolds (Fig. 3a). Scaffolds modified
with cyclic RGDfK or cyclic RGDfK+100ng VEGF-

A+100ng PDGF-BB showed robust cellularization
and vascularization (Fig. 3b, c), which was
confirmed by factor VIII-like protein staining (Fig.
3d).
4.6.2. EPICARDIAL SCAFFOLD
IMPLANTATION IN RATS WITH MI
Epicardial scaffolds were also well tolerated.
Scaffolds remained in situ for 7 days (Fig. 4a–d).
Following explantation, tissue analyses showed
minimal scaffold fibrosis (Fig. 4e) and no
CD163+/ED-2 macrophage or fibroblast infiltration
(Fig. 4f), indicating absence of foreign body

47

Chapter 3 - RGDfK-peptide modified alginate scaffold for cell transplantation.

Figure 5. Numbers of erythrocyte filled blood vessels in infarct zone, border zone, and scaffold shown in (a).
Blood vessels in the border zone of the MI showed significantly increased numbers in animals treated with
scaffolds+1×106 hMPCs compared to animals that were treated with scaffolds only or with scaffolds+3×106
hMPCs. (b, c) Show scaffold on epicardial surface using Masson’s trichrome (b) and αSMA staining (c) at
40×. (d) Shows Masson’s trichrome stain with erythrocyte-filled arterioles (arrows; blue is interstitial
connective tissue) inside scaffold at 400×; (e) shows αSMA-positive vasculature (brown) inside scaffold at
400× (arrows). Scaf designates scaffold. LVw/I is left ventricular wall with infarction. Welch’s ANOVA. Bars
represent means±SEM. *p<0.05. αSMA, α-smooth muscle actin; ANOVA, analysis of variance.
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responses. Scaffolds seeded with 1×106hMPCs
showed significantly more vascularization at the
infarct border zone (Fig. 5) than scaffolds without
cells.
Surprisingly, scaffolds seeded with a higher
dose of hMPCs (3×106) did not show increased
vascularization, but rather a trend to decreased
vascularization at either border or infarct zone,
perhaps on the basis of cell “crowding,” resulting in
lesser viability due to lack of nutrients when using a
higher concentration of cells per scaffold (Fig. 5a).
4.6.3. EPICARDIAL SCAFFOLDS AND
EFFECT ON CARDIAC FUNCTION
Following epicardial scaffold application in the
1×106 hMPC group, we found a slight, but
significant positive effect of 4.7% on LVFS when day
0 (scaffold implantation) means were compared to
means on day 7 (Fig. 6a, white diamonds). No effect
on LVFS was observed in the group with unseeded
scaffolds, nor in the group with scaffolds seeded
with 3×106 hMPCs, compared to saline injection.
Data for each individual animal are shown (Fig. 6b–
e) and summarized in Figure 6a.
When comparing medians on day 0 versus
7, decrease in fractional shortening was −22.58% in
saline control group, −24.54% in scaffold without
cells group, −11.79% in 1×106 hMPC group, and
−17.14% in 3×106 hMPC group (Fig. 6a, white lines).
For medians, IQR assessment was
performed to address outlier and variability in the
LVFS change data. For all groups, data fell between
Q1 − 1.5×IQR and Q3+1.5×IQR (ranges −71.8% to
19.2% for saline, −80.2% to 57.2% for control
scaffold, −101.0% to 106.4% for 1×106 hMPC group,
and −64.6% to 25.0% for 3×106 hMPC group).
5. DISCUSSION
We used a patented method for sodium alginate
purification, which resulted in the production of
nonimmunogenic material (17). The purified
alginate could be covalently modified with cyclic
RGDfK peptides and we were able to produce 3D
scaffolds of this material. Scaffolds produced from
cyclic RGDfK peptide-modified alginate significantly
improved cell viability of a variety of cells, when
compared with unmodified or negative control cyclic
RADfK-modified alginate. Moreover, hMPC-seeded
cyclic RGDfK peptide-modified scaffolds showed
robust cellularization and neovascularization upon
implantation in the abdominal wall or pericardially.
No adverse immune response was observed.
In the heart, our results show that implantation of
cyclic RGDfK-modified alginate scaffolds seeded
with 1×106 hMPCs resulted in a mean 4.7% increase
in LVFS compared to saline controls (Fig. 6a, white
diamonds). Regarding median changes, fractional
shortening decreased ∼50% less in the 1×106 hMPC
scaffold-treated group compared to saline control or
scaffold without cells groups: −22.58% in saline
control group, −24.54% for scaffold without cells
group, −11.79% for 1×106 hMPC scaffold group, and
−17.14% in 3×106 hMPC scaffold group (Fig. 6a,
white lines). These results suggest a protective

effect of epicardial application of hMPC-seeded
cyclic RGDfK-modified alginate scaffolds on
deterioration of cardiac function following acute MI.
Of note, we did not test unmodified
scaffolds in MI studies, since our preliminary data
showed that unmodified scaffolds did not become
vascularized and exerted a deleterious effect on
hMPC viability. The enhanced in vitro viability of
cells in cyclic RGDfK peptide-modified alginate is
likely due to enhanced stability of cyclic RGDfK
peptide, which is less susceptible to proteolytic
degradation than linear Gly-Arg-Gly-Asp-Ser-Pro
(GRGDSP) peptide (18). This would make cyclic
RGDfK peptide more readily available to bind to
cellular integrins on the cell surface.
In addition, cyclic RGDfK peptides bind to
cellular integrin receptors with high affinity (21),
which may further enhance signaling to maintain
cell survival. Further optimization of cell survival
with these peptide modifications, for instance by
spacing the cyclic RGDfK moieties (33) or using
multivalent cyclic RGDfK derivatives (34), may be
required.
Cell death inside scaffolds may contribute
to deleterious effects on tissue regeneration and
therefore be counterproductive (35). Since scaffolds
are generally not vascularized at the time of
implantation, oxygen and nutrients to cells seeded
inside scaffolds are initially delivered by diffusion.
Cyclic RGDfK modification may enhance vessel
growth by recruiting endothelial cells into scaffolds
and promoting endothelial cell adhesion and
proliferation. A preexisting vascular network, either
by implanting a vascular growth factor containing
scaffold before introducing cells or grown ex vivo
using bioreactors, would be more desirable, may
decrease cell death, and enhance regenerative
effects (36, 37). This is suggested by our studies
with islet cell transplantation where the modified
scaffolds were implanted between the abdominal
rectus muscle and subsequently injected with
pancreatic β-cells after a prevascularization period
of 2 weeks (6).
Scaffolds seeded with 1×106 hMPCs
increased blood vessel formation in the border zone
of the myocardial infarct and augmented cardiac
function. The functional improvement of cardiac
function upon treatment with a variety of bone
marrow-derived precursor cells has generally been
attributed to paracrine stimulation and stimulated
neovascularization (38). Surprisingly, this effect
was not observed using scaffolds with the higher
dose of 3×106 hMPCs. This finding may be
explained by “overcrowding” of cells, which is
related to levels of paracrine factors (i.e., cytokines)
that hMPCs secrete, such as IL-6 and MCP-1.
Clinical dose escalation trials using direct
intramyocardial mesenchymal stem cell injection
have found similar dose-dependent effects (39).
Local excess cytokine concentrations may be toxic to
cardiomyocytes and abolish the beneficial effects of
transplanted cells. Alternatively, a high number of
cells inside scaffolds may lead to accelerated cell
death in vivo due to an initial lack of oxygen and
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Figure 6. LVFS by echocardiography showed significant increase in cardiac function 1 week following
epicardial application of cyclic RGDfK scaffolds seeded with 1*106 hMPCs (d) compared to saline injection
(b). This effect was not observed using scaffolds without cells (c) or scaffolds seeded with 3×106hMPCs
(e).Mean (white diamonds) and median change in LVFS (white horizontal lines) are summarized in (a). For
means, white error bars show SEM. Black bars represent IQR, black whiskers represent minimum and
maximum values. Horizontal white lines inside bars show medians. Welch’s ANOVA with Bonferroni
correction. *p=0.047. cRGDfK, cyclic RGDfK; IQR, interquartile range; LVFS, left ventricular fractional
shortening.
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nutrients, abrogating their beneficial effects. The
efficacy of cell delivery in scaffolds can be
maximized since cell dose can be controlled to a
greater extent and cell loss by a lower extent
compared to direct cell injection (40).
Limitations
to
echocardiographic
assessment of rat hearts following MI are well
known (31). Variability in measurements of ejection
fraction in rats without MI in different studies have
been reported to be 60%, 75%, and 91%, and the
corresponding values for LVFS were 48%, 41%, and
56%. We used LVFS due to its reported lower
variability compared to other parameters such as
stroke volume or cardiac output; however, more
advanced techniques such as magnetic resonance
imaging may yield more accurate results (41).
One animal's fractional shortening in the
1×106 hMPC group normalized from 32.7% on day 0
to 57.4% on day 7, a 75.9% increase (Fig. 6d). We
deemed this change to be plausible; another animal
showed an increase in LVFS from 17.1% to 29.3%, a
71.0% increase; hence, we included the data point as
part of the primary data of overall LVFS change,
which was within the Q3+1.5×IQR range of 106.4
(Fig. 6a). Of note, the animal's LVFS (i.e., infarct
size) on day 0 did not differ significantly from the
other animals' “LVFS,” which is relevant in this
setting since initial degree of functional impairment
of infarcted myocardium has been shown to affect
functional outcome following intramyocardial cell
transplantation (42).
Grubbs' outlier detection test (43) showed
that both overall primary and normalized LVFS
change data did not contain statistically significant
outliers (not shown). It would need to be established
whether animals in the 1×106 hMPC group were
either good responders, for instance due to genetic
polymorphisms, or whether other causes (i.e., data
variability) are responsible for the results. Given
the relatively low data base numbers, additional
animal studies would add to robustness of the data
and increased statistical validity.
Many natural and synthetic materials are
being evaluated in combination with a number of
growth factors and/or cell types for clinical
applications in cardiac tissue engineering and cell
transplantation (44). This study sought to evaluate
an economical, practical, and clinically feasible
scaffold material that promotes cell survival
without provoking adverse immunological reactions.
Cyclic RGDfK-modified alginate is such a
biomaterial that meets these properties.
Estimated material retail costs to produce
1 cyclic RGDfK-modified alginate scaffold suitable
for clinical use (size 100×0.75mm using 2% cyclic
RGDfK-modified alginate) would be approximately
US$1500, excluding cells and cell culture materials.
Financial modeling would be needed to calculate
whether this is an acceptable price in addition to
standard treatments. It would add to the costs of
direct cell injection by percutaneous coronary
intervention (PCI) or coronary artery bypass
grafting. Depending on effectiveness and efficacy,
and assuming scaffolds would not need replacement

frequently, scaffold treatment could
alternative cost-effective approach.

offer

an

6. CONCLUSION
Purified cyclic RGDfK peptide-modified 3D alginate
scaffolds are biocompatible and nonimmunogenic,
enhance cell viability, promote angiogenesis, and
may be used as a means to deliver cells to
myocardial
infarct
areas
to
improve
neovascularization and cardiac function.
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Supplementary figure S1. Neonatal rat cardiac myocyte (a) and neonatal rat cardiac fibroblast (b)
viability inside scaffolds after 7 days of culture depend on cRGDfK concentrations used for alginate
modification in a dose-dependent manner. Alginate scaffolds modified with 10mg/g cyclic RGDfK and
pretreated with gelatin significantly increased neonatal rat cardiac myocyte viability compared to scaffolds
modified with 5mg/g cyclic RGDfK peptide or 5mg/g cyclic negative control RADfK peptide, or no peptide
modification. Neonatal rat cardiac fibroblast viability increased in both 5 and 10mg/g modified scaffolds
compared to no peptide control scaffolds. Bars represent means±SEM. *p<0.05. RGDfK, Arg-Gly-Asp-d-PheLys; SEM, standard error of the mean.
8. SUPPLEMENTARY DATA
8.1. EXPERIMENTAL SECTION
8.1.1. EX VIVO CELL VIABILITY INSIDE
SCAFFOLDS
For additional viability studies, neonatal rat
cardiomyocytes and neonatal cardiac fibroblasts
were isolated from 1-to 3-day-old neonatal SpragueDawley rats and cultured in Dulbecco’s modified
Eagle’s medium: nutrient mixture F-12 medium
with 5% horse serum for 7 days at 37°C and 5% CO2
as previously described until use 25. For rat
cardiomyocytes, scaffolds were precoated with
gelatin 0.1% in molecular biology grade ddH2O for 4
h. Cells were suspended at 107/mL followed by
application of 1×106 cells/100µL) in full medium per
dry scaffold.
8.2. RESULTS
8.2.1. EX VIVO VIABILITY INSIDE
SCAFFOLDS
The increase in percentage of live cells was also
dependent on the dose of cyclic RGDfK (Arg-GlyAsp-d-Phe-Lys). After 7 days in culture, the
dependence of cyclic RGDfK concentration (no
peptide vs. 10 mg/g) on cell viability was 2-fold for
rat cardiac fibroblasts (45%±14.9% vs. 77.4%±2.2%
viable) and 10-fold for rat neonatal cardiomyocytes
(2.1%±1.2% vs. 28.9%±4.2% viable)
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1. ABSTRACT
Background: Since the hepatic portal system may not be the optimal site for islet
transplantation, several extrahepatic sites have been studied. Here we examine an
intramuscular transplantation site, bioengineered to better support islet
neovascularization, engraftment, and survival, and demonstrate that at this novel site,
grafted beta cell mass may be quantitated in a real time non-invasive manner by PET
imaging. Methods: Streptozotocin induced rats were pretreated intramuscularly with a
biocompatible angiogenic scaffold received syngeneic islet transplants 2 weeks later. The
recipients were monitored serially by blood glucose and glucose tolerance measurements
and by PET imaging of the transplant site with [11C]-dihydrotetrabenazine. Parallel
histopathologic evaluation of the grafts was done using insulin staining and evaluation
of microvasularity. Results: Reversal of hyperglycemia by islet transplantation was
most successful in recipients pretreated with bioscaffolds containing angiogenic factors
as compared to those who received no bioscaffolds or bioscaffolds not treated with
angiogenic factors. PET imaging with [11C]-dihydrotetrabenazine, insulin staining and
microvascular density patterns were consistent with islet survival, increased levels of
angiogenesis, and with reversal of hyperglycemia. Conclusions: Induction of increased
neovascularization at an intramuscular site significantly improves islet transplant
engraftment and survival compared to controls. The use of a non hepatic transplant site
may avoid intrahepatic complications and permit the use of PET imaging to measure
and follow transplanted beta-cell mass in real time. These findings have important
implications for effective islet implantation outside of the liver, and offer promising
possibilities for improving islet survival, monitoring, and even prevention of islet loss.
Keywords: Islet transplantation, Imaging, Bioengineering.
2. INTRODUCTION
Although
the
application
of
steroid-free
immunosuppression protocols and improvements in
islet isolation and dosing, developed by the
Edmonton group resulted in a great resurgence of
optimism for clinical islet transplantation (1), the
long term clinical outcomes have been disappointing
since insulin independence at one year of 100% fell
to less than 10% at five years (2).
The current standard for clinical islet
transplant is intraportal infusion of purified islets
from one to three donor pancreata (3). Multiple sites
for transplantation have been explored, including
the kidney capsule, splenic capsule, omentum,
testes, and peritoneal cavity, but the intraportal site
remains most popular as it presents the least
invasive alternative and produces normoglycemia
with the fewest number of transplanted islets (4, 5).
Problems with the intraportal site, however,
indicate that it is far from optimal. Intraportal
islets are subject to substantially higher
concentrations of toxic immunosuppressants (6, 7),
activation of complement and coagulation cascades the so-called instant blood-mediated inflammatory
reaction (IBMIR) (8), and exposure to inflammatory
mediators released during activation of alloimmune
rejection pathways (9). These problems complicate
the already inefficient islet engraftment process (10)
and suggest that new more efficient sites and
methods for islet allografting are needed.
In this report we tested intramuscular islet
implantation using a highly purified biocompatible
alginate scaffold to form a microenvironment
conducive to islet survival. Besides offering
56

malleability and freedom from many of the
conditions that imperil intraportal islets, the
intramuscular site offers other advantages. First,
the intraportal embolization procedure itself carries
significant risk of perihepatic hematoma, portal
branch thrombosis and hemorrhage (2, 11).
Comparatively, an intramuscular implantation
would be less invasive. Second, once infused,
intraportal islets are accessible only by systemic
therapy. In contrast, local interventions could
potentially be made in the clinic at an
intramuscular site.
Finally, monitoring islet grafts after
infusion remains a problem. Metabolic tests only
detect graft dysfunction when substantial islet mass
has already been lost, after which graft-saving
intervention is no longer possible. Attempts to
develop other markers for early detection of
rejection
have
been
unsuccessful
(12).
Intramuscular implantation offers the opportunity
to biopsy allografts or, alternatively, allow use of a
beta cell imaging technique which relies on PET
detection of a [11C]-dihydrotetrabenazine (DTBZ)
radioligand bound to vesicular monoamine
transporter type 2 (VMAT2), a biomarker of beta
cell mass (BCM) (13, 14). This technique shows
promise for in situ islet imaging in man (15) but has
never been tested in an extrapancreatic site.
Therefore we tested the feasibility of this approach
in our model of intramuscular islet transplantation.
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Group
1

Group
a

2

Gel + VEGF/
PDGF
Gel

3

Sham

4

No surgery

5

No islets

Day -14
Day -4
Implantation of bioscaffold containing STZ
RGD peptide, VEGF and PDGF
Bioscaffold containing RGD peptide, no
VEGF, no PDGF
Intramuscular space opened and closed
surgically without any scaffold
implantation
No pretreatment surgery was
performed
No pretreatment surgery was
performed and no islets were
transplanted

Day 0
Islet transplant

STZ

Islet transplant

STZ

Islet transplant

STZ

Islet transplant

STZ

No islet transplant

Table 1. Experimental grouping as per pretransplantation procedures. aGel: alginate scaffold with cyclic
arginine-glycine-aspartic acid RGD peptide; RGD: repeated arginine-glycine-aspartic acid peptide motif; Tx:
transplant; VEGF: vascular endothelial-derived growth factor; PDGF: platelet-derived growth factor; STZ:
streptozotocin.
3. MATERIALS AND METHODS
3.1. ANIMALS AND STUDY DESIGN
All animal studies were reviewed and approved by
the Columbia University Institutional Animal Care
and Use Committee. Male Lewis rats were obtained
from Harlan Sprague Dawley, Inc (Indianapolis,
Indiana) weighing between 200g and 250g and
served as islet donors and transplant recipients in
this study. Briefly, rats were divided into 5 groups
of 12 rats each depending on the treatment they
would receive (Table 1). Two weeks prior to
scheduled transplantation (transplant day -14),
groups one and two underwent surgery for
implantation of scaffolds and group three
underwent a sham operation. Four days prior to
transplantation (day -4), all animals were rendered
chemically diabetic with streptozotocin (STZ, Sigma
Aldrich, St. Louis, Missouri) at a dose of 50mg/kg
via the penile vein under isoflurane anaesthesia.
Animals were considered diabetic if blood glucose
values were greater than 300mg/dL for three
consecutive days. Finally, on day 0, animals were
transplanted with syngeneic islets unto the
submuscular scaffold.
The principle outcome measure used in
these studies was the four-hour fasting blood
glucose levels. These measurements were performed
throughout the post transplant period day +5 to day
+60. Islet implantation success was defined as
reversal of diabetes with fasting glucose < 110mg/dL
on day +5 through +60. Islet implantation success
rate was defined as the percentage of animals in
each group who could maintain a fasting blood
glucose
<110mg/dL
throughout
the
post
transplantation period. Statistical significance of
the differences in blood glucose levels among the
different treatment groups was determined by a
repeated measure ANOVA with Tukey's HSD posthoc testing using the blood glucose measurements
obtained during the two month post transplant
window.

3.2. SCAFFOLD PREPARATION AND
IMPLANTATION
Three-dimensional scaffolds were prepared from
purified low molecular weight alginate (Sigma,
0682, St. Louis, Mo). High M Alginate was purified
using a modified protocol based on charcoal
extraction, serial filtration, dialysis, and alcohol
precipitation (16). Subsequently, alginate was
modified with 2mg cyclic RGDfK peptide per gram
alginate using sulfo-NHS and EDC cross-linker
according to a modified protocol (17). Cyclic RGDfK
(f=D-phenylalanine) is a synthetic, protease
resistant, αVβ3 and α5β1 integrin selective peptide
(18). Resulting cRGDfK-alginate was re-dissolved at
2% in sterile distilled water. To generate scaffolds,
400μl cRGDfK-alginate was loaded in a 4.2cm2 cell
culture insert (0.4μm pores, pore density of
1.6×106/cm, polyethylene terephthalate membrane)
(BD number 353090, BD Falcon, BD Biosciences,
New Jersey, USA). Loaded inserts were placed in 6well tissue culture plates and 3ml of 4.3% calcium
gluconate was added to each bottom well. Plates
were placed at 4°Celsius for 24hours to solidify
cRGDfK-alginate by diffusion of calcium ions
through
the
insert
membrane.
Following
solidification, scaffolds were washed 3 times in 3ml
sterile distilled water to remove excess calcium
gluconate and kept moist in sterile distilled water
until implantation.
Growth factor enriched scaffolds were
prepared following the same protocol, with the
addition of 100ng/ml recombinant human VEGF165
(PHG0145, Invitrogen, Carlsbad, USA) and 100
ng/ml recombinant human PDGF-BB (P3201, Sigma
Aldrich, St Louis, USA) to cRGDfK alginate,
calcium gluconate and sterile distilled water
solutions.
On day -14, animals in groups 1, 2, and 3
were given isoflurane gas anesthesia and after
opening the skin the muscle was dissected to the
peritoneum. A newly created pocket accommodated
a 10mm scaffold. Scaffold was then implanted in
57
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animals in groups one and two before closing the
pocket and skin in separate layers. Animals in
group three (sham) were closed without scaffold
implantation.
3.3. ISLET ISOLATION
On transplant day 0, fresh islets were isolated from
Lewis donor rats using collagenase digestion and
Ficoll separation, as previously described (19).
3.4. ISLET YIELD AND VIABILITY
Islet yield was quantified by hand counting of a
dithizone-stained islet isolate (19). Islet viability
was assessed with double staining with SYTO
13/Ethidium bromide (EB) as previously described
(20).
3.5. INSULIN STIMULATION INDEX
Retrospectively, islet quality was confirmed with
insulin stimulation index as previously described by
Eizirik et al (21). Briefly, 200 isolated, hand-picked
islets were washed twice with low-glucose (1.7mM)
media (no glucose added RPMI 1640 w/o phenol red,
supplemented with 0.1% BSA and glucose). From
those, 5 groups of 20 islets measuring 100 to 150μM
in diameter were placed in separate 6ml
polypropylene tubes. Next, islets were sequentially
pre-incubated with low-glucose media (1.67mM),
incubated with low-glucose media, and incubated
with high-glucose media (16.7mM). After each
incubation (1hr), the media was removed from the
islets and frozen for ELISA analysis.
3.6. ISLET IMPLANTATION
After isolation, approximately 2400 islets were
resuspended from the final centrifugation pellets
into volumes of approximately 0.4-0.5mL of HBSS.
High islet quality was confirmed before each
injection by measurement of viability (>90%) and
retrospectively
by
examination
of
insulin
stimulation indices (all greater than 4). After
anaesthesia with isofluorane, the midline skin of
study animals was dissected away from the
abdominal musculature and in animals in groups 1
and 2, scaffolds were identified by sight and
palpation. Islets with approximate purity of 90%
were injected onto scaffolds in an intramuscular
wheal via an 18-gauge needle. Animals from groups
3 and 4, which had not been pre-implanted with
scaffolds, had islets injected intramuscularly in a
similar fashion. Group 5, as a control, received no
islets.
3.7. GRAFT MONITORING: METABOLIC
FUNCTION AND HISTOLOGIC
EXAMINATION
Transplanted animals were weighed biweekly and
were monitored with daily blood glucose
measurements (four-hour fasting) over the first two
weeks after transplantation followed by bi-weekly
measurements thereafter. Six out of twelve animals
from each treatment group were sacrificed on
transplant day 0 for histopathologic examinations of
the scaffolds and neovascularization. Sections were
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obtained through the scaffold for animals in groups
1 and 2 and through muscle for animals in groups 3,
4 and 5. Paraffin tissue sections were stained with
Gill's hematoxilin/eosin (H&E) and factor VIII
related antigen (A0082, Dako, USA) 1 in 200 using
the Vectastain ABC kit (Vector Laboratories, USA)
according to the manufacturer's instructions in
order to examine vascularity of the tissue. Vessels
within five separate high-power fields at 400×
magnification were counted.
3.8. INSULIN STAINING
From the remaining six animals in each group,
tissue samples were obtained in a similar fashion at
two months after transplantation. Those samples
were additionally stained for insulin (I2018, Dako,
USA) 1 in 1000 using the ABC kit to demonstrate
the presence of islets.
3.9. IPGTT
Intraperitoneal glucose tolerance testing (IPGTT)
was conducted on study rats two months after
transplantation and prior to removal of the scaffolds
after which fasting blood glusoce levels were
repeated. Glucose boluses of 1g glucose/kg body
weight were administered to unanesthetized
animals, and blood glucose was measured at 0, 30,
60, 90, and 120 minutes after injection. Area under
the curve (AUC) for glucose excursion was
calculated by the trapezoidal rule for comparisons of
the extent of diabetes.
3.10. BETA CELL IMAGING
For
BCM
imaging
of
islet
transplants,
stereochemically
resolved
(+)-9-O-desmethyl-αdihydrotetrabenazine precursor of [11C]DTBZ was
obtained from MonomerChem Laboratories (RTP,
NC). (+)-α-[11C]-DTBZ was synthesized by [11C]
methylation of the appropriate precursor and the
product purified by HPLC (22). The purity of [11C]DTBZ preparations varied from 98.5 to 99.9% of the
desired (+) product. Specific activities of carbon-11
labeled radiotracers were >2000mCi/μmol at time of
injection.
Prior to gel implantation and STZ
treatment, two control rodents were imaged using a
Concorde microPET-R4 (Siemens, CTI Molecular
Imaging, Knoxville, TN, USA). Four additional
rodents were imaged 2-4 weeks after STZ treatment
followed with islets transplant, two of them
pretreated
with
VEGF/PDGF-BB
scaffold
implantation and remaining two pretreated with a
sham operation. PET scanning and image
reconstruction was performed as previously
described (23). Region of interest analysis was
performed
with
PMOD
software
(Zurich,
Switzerland). Regions of interest were placed using
coronal, transverse, and sagittal reconstructions.
Reconstructed PET images were used to identify
and measure the time course of radioligand activity
within each region of interest.
The concentration of VMAT2, as biomarker
of BCM, in the region of interest was estimated by
calculation of a distribution volume ratio (DVR)
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using the Logan reference region method (24) and
PMOD software. In previous studies we identified
the kidney cortex as an appropriate VMAT2 free
reference regions to which ligand uptake in the
pancreas could be compared (14, 23, 25). For islet
transplants to the intramuscular space, we found
that the kidney cortex overestimated non specific
binding in the muscle and substituted a ROI
contralateral to the islet transplant within the
abdominal muscle wall.
4. RESULTS
4.1. RESTORATION OF NORMOGLYCEMIA
AND ISLET IMPLANTATION SUCCESS
The goal of islet transplantation is not only the
survival of islets in a new environment but also
resumption of function and restoration of
normoglycemia in otherwise hyperglycemic and
diabetic animals. Measurements of fasting blood
glucose levels were performed throughout the post
transplant period and are presented in Figure 1A.
The islet implantation success was defined as
fasting glucose <110mg/dL on day +5 through +60
post implantation. Islet implantation success rate
was defined as the percentage of animals in each
group with fasting blood glucose <110mg/dL (N=6)
(Figure 1B). That correction of hyperglycemia was
associated with islet transplantation was confirmed
by the observation that when the scaffolds were
removed on day 60, all animals reverted to
hyperglycemia. As all recipients received syngeneic
grafts, not allografts, there was some improvement
in hyperglycemia in animals that received the
syngeneic grafts without a scaffold or a nonmodulated scaffold, but not in sham operated or
untransplanted controls. Successful reversal was
achieved in all animals (6/6) transplanted with
islets into the fully enriched scaffold (group 1: gel +
VEGF/PDGF) but in partial reversal in only 50%
(3/6) of animals with the same scaffold but without
VEGF or PDGF (Gel alone, group 2); and partial
reversal in only 33% (2/6) of animals that received
syngeneic islet grafts without surgical pretreatment
(group 4). All control animals (sham operated –
group 3; or not transplanted – group 5) remained
fully hyperglycemic (p<0.05) as expected.
As a more sensitive metric of restoration of
islet mass and function, we measured the glucose
excursions following glucose challenge by IPGTT
(Figure 2A). Calculation of area under the curve
(AUC) of blood glucose excursion showed that the
AUC
was
significantly
lower
for
the
gel+VEGF/PDGF group than for the other groups
(2-4 fold) (Figure 2B). Animals in the
gel+VEGF/PDGF group also gained weight
significantly better than animals in the other
groups. This confirms that islet function and overall
anabolic control were better in Group 1 animals
(p<0.05) (Figure 3C).
4.2. DEVELOPMENT OF FIBROVASCULAR
TISSUE AND ROBUST VASCULATURE AT
THE IMPLANTATION “BED”

We hypothesized that success of islet engraftment
and their functional capacity depends on proper
neovascularization at the time of implantation and
afterwards.
Therefore,
we
evaluated
the
development of the vascular bed in the transplant
site just before islet implantation. Scaffolds were
surgically removed and evaluated for vessel
development 2 weeks after their implantation, just
before islet transplantation would have occurred.
Figure 3, Top and Middle rows, shows hemotoxylin
and eosin stained tissue containing fibrovascular
tissue penetrating scaffolds placed between
muscular layers. Preserved tissue was then stained
for factor VIII related antigen, which is specific for
endothelial cells and identifies blood vessels (Figure
4A). The number of capillaries stained with factor
VIII related antigen per high power field was
significantly higher in the gel+VEGF/PDGF group
compared to the other groups by 2-5 fold, p<0.05
(Figure 4B). These histopathologic results, along
with functional success, confirm the significance of
neovascularization within the implantation “bed.”
4.3. CONFIRMATION OF THE PRESENCE
AND FUNCTION OF ISLETS 2 MONTHS
AFTER IMPLANTATION
To confirm the role of the grafted islets in glucose
control, on day 60 after transplantation, all tissue
and scaffolds were removed and the normoglycemic
animals promptly became hyperglycemic and
diabetic. When the tissue was stained for insulin
(Figure 3, bottom row) cells staining positively for
insulin are seen within the scaffold, especially in
proximity to vessels at the scaffold-muscle interface
which suggests preferential islet engraftment in
proximity to the blood vessels. We did not evaluate
the direct neovascularization of the beta cells in this
study.
4.4. VISUALIZATION OF THE IMPLANTED
ISLETS BY PET
Since vesicular monoamine transporter type 2
(VMAT2) has been proposed as a biomarker for beta
cells as it is highly expressed relative to other cells
in the pancreas (13) we used PET imaging to
quantitate VMAT2 at islet transplant site. This
method, effective for imaging rodent beta cells in
situ (14), cannot be applied to islets infused into the
liver because liver and bile are routes of DTBZ
excretion and have a high background signal
(Figure 5).
Following
intramuscular
islet
transplantation, PET scans with [11C]-DTBZ
demonstrated that the transplanted and viable beta
cell mass can be visualized and quantified.
Successful transplantation, defined by restoration of
normoglycemia, was visualized in rodents in the
gel+VEGF/PDGF group (Figure 5- A2, B2, C2). As a
measure of VMAT2 density in tissue and by
inference, beta cell mass, we calculated a
distribution volume ratio (DVR), which is a linear
function of VMAT2 target availability. The DVR
presented in Panel D, was higher for the rodent
from gel+VEGF/PDGF group (D2) in the islet
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Figure 1. Blood Glucose Levels in Transplanted Rodents. (A) Figure presents mean fasting serum glucose
level in animals within the 60 days follow-up. Mean fasting glucose level oscillates below 110mg/dL for
animals from group 1 (gel + VEGF/PDGF), whereas in other groups it was statistically higher, ANOVA,
p<0.05. As an additional control, removal of the scaffolds in normoglycemic animals from the gel +
VEGF/PDGF group on day +60 led to prompt return of diabetes and hyperglycemia. Error bars represent
S.E.M. (B) Islet grafting success rate. Number of animals out of six total achieving euglycemia following
syngeneic islet transplantation is shown on the Y axis. Euglycemia was defined as four-hour fasting glucose
< 110mg/dL on post-transplant days +5 through +60. The statistical significance of the differences in
grafting success rate among the different treatment groups is shown and was determined by ANOVA using
the blood glucose measurements obtained in the 55 day post-transplant window.
transplant site in comparison to the control shown
in D1. In contrast, transplanted islets in the
animals in the sham group, which remained
hyperglycemic due to unsuccessful transplant, were
not visible on any intramuscular plane (Figure 5A3) while the DVR (D3) in the region of interest,
was much lower than for viable islets (D2), and as
low as the corresponding region in controls without
islets (D1).
Imaging results were correlated to the
islets' ability to maintain normoglycemia (Figure 5
A2 vs A3). The native pancreas in animals treated
with STZ had lower tracer binding, as revealed by
the time-activity curves and calculation of the
distribution volume ratios relative to the control
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animal prior to treatment with STZ (Figure 5- C2
and C3 versus control C1 and D2 and D3 versus
control D1). These measurements additionally
suggest that reversal of hyperglycemia was not due
to residual beta cell mass in the native pancreas of
the rodent with islet transplanted into the scaffold
and confirm STZ induced impairment of native
pancreas in animals with a functional islet
transplant which is critical in maintenance of
normoglycemia.
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Figure 2. Restoration of glucose metabolism following islet transplantation; IPGTT testing and weight
measurements. Panels A and B, Animals with islets transplanted into scaffolds containing vascular growth
factors (Gel+VEGF/PDGF) had a smaller glucose excursion in GIPTT than animals in other four groups.
Area under the curve was 2-4 times smaller than in other groups (ANOVA, p<0.05). The areas under the
curve were determined using the trapezoid rule. Panel C, Body weight after Islet Tx. Rodents in the
Gel+VEGF/PDGF group gained significantly more weight (p<0.01) than other groups as determined by
repeated measure ANOVA and Tukey's post-hoc analysis.

61

Chapter 4 - Islet grafting and imaging in a bioengineered intramuscular space.

Figure 3. Histology of the tissue containing the scaffold on day 0, just before islet transplant. Top and
middle row. The development of the vascular bed in the transplant site was evaluated microscopically just
before islet implantation in our experimental animals. Scaffolds were surgically removed and tissues
removed for preparation of paraffin sections. Hemotoxylin and eosin stained tissue containing fibrovascular
tissue penetrating scaffolds placed between muscular layers (Figures labelled Gel and Gel+VEGF/PDGF) is
shown with the grey arrows. Normal muscular tissue anatomy was seen in Figures labeled “No surgery” and
“Sham” slides. Magnification 400×. Bottom row. Sections of the rectus muscle with the scaffold containing
RGD peptide, VEGF and PDGF 60 days after islet transplantation was examined by H&E and insulin
staining. Islets staining positive for insulin (shown by black arrows) were found within the scaffolds
containing VEGF and PDGF in animals which reverted from hyperglycemia after islet transplantation
providing another proof for successful islets implantation and function. The majority of the islet were found
in the proximity of the border between muscle and the VEGF/PDGF, the same location were rich
vascularization was found (Figure 4).
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Figure 4. Evaluation of the vascularization within the tissue based on histology and staining for factor VIII
related antigen. Panel A. Tissue containing scaffold was surgically removed 2 weeks after the implantation
just before islet injection. In order to identify endothelium in blood vessels histological were stained for
factor VIII related antigen. Panel B. The average number of capillaries stained positively was quantified per
high power field (magnification 400×) and was significantly (2-5 fold) higher in the gel+VEGF/PDGF group
compared to the other groups as determined by a repeated measure ANOVA and Tukey's post-hoc analysis
(p<0.01). The error bars represent the standard error of the mean.
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Figure 5. Imaging of native pancreas and islet transplants with [11C]-DTBZ. Rodents were imaged prior to
or following islet transplantation to the intramuscular space. Dynamic PET data obtained from each scan
was reconstructed and representative abdominal coronal plane images from transplanted animals are
shown. Display ranges of images are not equivalent. A Panels are abdominal images from: (A1)- control
rodent from group 5, prior to STZ treatment, no islet tx; (A2)- rodent from group 1 STZ pretreated, with
implanted scaffold containing VEGF and PDGFa, and islet isograft; (A3)- rodent from sham group (3)
treated with STZ and an islet isograft. A plane of liver, an organ of [11C]-DTBZ catabolism, is shown with
the letter “L” on A1, and the islet tissue isograft, distributed around the gel insert is visualized by PET
scans with [11C]-DTBZ and marked by a white arrow labeled with the letters “iTx” on A2. B Panels are more
dorsal abdominal coronal planes showing the native pancreas, indicated by a white arrow or the letter “P”
(B1), from the same series of rodents shown in A Panels: (B1) animal from Group 5, prior to STZ treatment;
(B2) animal from Gel+VEGF/PDGF group (Group 1); (B3) rodent after islet transplant from sham group
(Group 3). C Panels show the time activity curves of [11C]-DTBZ uptake in Liver, Kidney (the native
pancreas reference region), native pancreas, islet transplant (iTx) and muscle wall and ipsilateral (to
pancreas) muscle wall (iTx reference regions)from the same series of animal that in Panel A and B: (C1)group 5, (C2)- group 1, (C3)- group 3 animals. D Panel shows quantitation of VMAT2 density in the islet
tissue transplanted to intramuscular space of the abdominal wall (iTx) as well as that measured in the
native pancreas for the rodents imaged in Panels A, B, and C. Measurements are expressed as distribution
volume ratios (DVR). Blood glucose concentrations on the day of imaging are shown in the last column.
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5. DISCUSSION
Our use of synthetic scaffolds and an intramuscular
islet transplantation site is not without precedent.
Weber et al (26) and Axen et al (27) validated the
potential use of the intramuscular site over twentyfive years ago. Subsequent studies, however,
showed poor function attributable to inadequate
vascularization as well as dispersal of the
intramuscular grafts (28, 29). To address these
problems, we impregnated scaffolds with growth
and anti-anoikosis factors. Specifically, we used
vascular endothelial-derived growth factor (VEGF)
and platelet-derived growth factor (PDGF) in
combination to promote ingrowth of functionally
sound vessels (30). In addition to these, we
covalently
modified
alginate
with
cyclic
extracellular matrix signaling molecule modeled
after the repeated arginine-glycine-aspartic acid
peptide motif (RGD) recognized in fibronectin
molecules (cyclic-RGD). This peptide has been
shown to enhance cellular adhesion and prevent
transmembrane apoptotic signaling via integrins
(31-33).
Synthetic scaffolds have been successfully used as
transplanted-cell carriers that maintain cell
viability and function (34). When scaffolds are
prepared from highly purified polysaccharides like
alginate, they are endotoxin, pathogen and mitogen
free allowing for long-term cell survival in the
absence of acute or chronic foreign body reactions
(FBR). Alginate capsules have been widely used as
inert material for encapsulated islet protection from
inflammatory and immunological response of the
body after implantation (35, 36).
The alginate used for the preparation of three
dimensional scaffolds in the current study consists
of cRGDfK-modified poly-mannuronic acid chains
cross-linked with Ca2+ for solidification. Polymannuronic acid was used due to its favorable
physical properties such as low viscosity and high
biocompatibility after sufficient purification (35).
Physical stability of cross-linked alginate, such as
that used in capsules or scaffolds, depends on many
different factors such as mannuronic acid and
guluronic ratio, cation used for cross-linking (i.e.
Ca2+, Ba2+), local pH, presence of a protective polyL-lysine layer and local concentration of cation
chelators (37). Thus, alginate capsules, stabilized
with poly-L-lysine, can be stable in vivo for periods
longer than 1 year after intraperitoneal
implantation (38).
In contrast, we observed degradation of the
scaffold over the follow-up period. We believe that
Ca2+ leeches out of the scaffold or is actively
absorbed by invading vasculature, leading to
changes in three dimensional structures. Stability of
cross-linked alginate can be altered by modifying
aforementioned factors. In the current system,
degradability is a desired property that promotes
further in growth of blood vessels creating the
fibrovascular tissue “bed” for transplanted islets
which permits improved supply of oxygen and
nutrients compared to unmodified muscle. Scaffold
degradation could also be due to the use of cRGDfK-

modified alginate in combination with vascular
growth factors. After implantation of the modified
scaffold, fibrovascular tissue is stimulated by locally
released vascular growth factors which penetrate
the space within the scaffold leading to
neovascularization. Although we did not measure
the persistence of the slowly released angiogenic
factors in this study, it is probable that their
persistence is not necessary, once they trigger the
use of local host growth factors in the area. This
process is additionally enhanced by the presence of
the cRGDfK peptide supporting adherence and
migration of endothelial cells. Increase in
neovascularization may additionally enhance Ca2+
resorption and scaffold disintegration which permits
further penetration by new endothelial cells (Figure
3). Islets infused into such milieu may be offered
more optimal conditions for engraftment. Although
we did not identify directly neovascularization of
the transplanted islets, after 2 months we found
islets lodged in proximity of the vessels and
predominantly at the border of the scaffold,
surrounding
muscular
tissue
where
the
concentration of the vessels was the highest.
The selection of anti-anoikis peptides and
growth factors in our scaffolds was based on a group
of
findings
from
the
cell
therapy
and
transplantation literature. Growth factors such as
basic fibroblast growth factor (bFGF), VEGF and
platelet derived growth factor (PDGF), when
gradually released from synthetic scaffolds,
synergistically enhance neovascularization of the
transplant site thereby improving engraftment of
the cells (39-42). This approach has been effective in
vivo for transplants of hepatocytes, myocytes, and
stem cells within subcutaneous and intramuscular
sites (42-44).
Other groups have successfully utilized
similar approaches in induction of angiogenesis (29,
35). Inoue et al (45, 46) and Weir et al (47) used
bFGF and VEGF respectively to improve
neovascularization for use with devices. In our
system, VEGF165 and PDGF-BB were integrated
with cRGDfK-modified alginate via electrostatic
interaction during the solidification phase. In our
experiments we used the initial concentration of
vascular growth factors (both 100ng/ml) based on
physiologically active concentrations (1-10ng/ml)
and the gradual release gradient. These growth
factors not only stimulate development of new
vessels but also augment the islets' own vasculature
(35, 42).
It has been shown in vitro that
extracellular signaling with arginine-glycineaspartic acid (RGD) peptides efficiently prevents
apoptosis of islets after isolation from the pancreas
(48). Scaffolds synthesized with RGD peptide also
provide extracellular signaling necessary for proper
angiogenesis (39). Linear GRGDSP peptides are less
stable and prone to proteolytic degradation.
Therefore, we used a protease resistant cyclic
RGDfK peptide in all scaffolds to enhance islet
survival.

65

Chapter 4 - Islet grafting and imaging in a bioengineered intramuscular space.

Since in our study we used an
intramuscular space which is already abundant in a
rich blood supply, the addition of the slowly released
factors
synergistically
potentiated
neovascularization. Histologic examination at the
time of transplantation showed a 6-fold increase in
vascularity of the tissue surrounding VEGF/PDGFenriched scaffolds as compared to controls. Islets
transplanted onto such neovascularized scaffolds
were most effective in converting the animals to
normoglycemia.
At the same time as we tested the
feasibility of bioengineering an extrahepatic site for
islet transplantation, we also evaluated if this
approach allowed application of a non invasive beta
cell imaging method which we developed for
evaluation of islets in-situ (14, 15, 23, 25). Our
results suggest that, while there is a need for
further optimization of the “bioengineering” phases
of the protocol, the use of an extrahepatic site has
the potential to overcome many of the shortcomings
of intrahepatic islet transplantation. In the current
study we purposely used a relatively high number of
islets to reverse hyperglycemia because we wished
to also test the beta cell imaging protocol. The
parameters which need to be optimized in the future
will include the concentration of vascular growth
factors, size and density of the scaffold, timing of
the islet injection after scaffold implantation, and
determination of the lowest number of islets needed
to restore normoglycemia as compared to that
needed for the intraportal route.
The selection of an intramuscular space and use of a
bioscaffold for islet implantation may have
additional advantages. Future clinical applications
of this approach might include monitoring of the
transplanted BCM in real time using PET imaging
with quantitation of VMAT2, which may permit
modulation of immunosupression and early
diagnosis of allograft rejection. Allogeneic islet
transplantation, at least in the near term, will
continue to be hampered by the shortage of donor
tissue and allograft rejection. It has been
demonstrated that adult beta cells have some selfrenewal potential (49). Scaffolds such as those
employed in our study might be useful depots for
cocktails of beta cell specific growth factors. Lastly,
these scaffolds seem to be ideal locations for
delivery of targeted immune intervention, such as
co-stimulatory blockade or antisense RNA. Here
only a small region will be affected and might
preempt the need for traditional high-dose systemic
immunosuppression.
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1. ABSTRACT
Some of us (MAH) have known Dr. Eric Rose when he was a resident, a fellow in
cardiothoracic surgery, the director of heart transplantation program, the director of
Cardiothoracic Division, and finally as Valentine and Johnson and Johnson Professor
and Chairman of Department of Surgery at Columbia University for the last 15 years.
Having this long relationship with Dr. Rose, I was not sure where or how to begin this
tribute to my former resident, colleague, collaborator, and eventually director. It was as
an innovative and courageous Chairman that Dr. Rose had a major impact on me when
he appointed me as a Residency Program Director and through his remarkable interest
and support of educational changes led to a rebirth and growth of the surgical residency
at Columbia NY Presbyterian Hospital to one of the leading programs in the country.
But the greatest inspiration that Dr. Rose brought to the Department of Surgery was his
fearless and relentless support of ventures into the unknown. When faced with heart
transplantation as a junior faculty member, he went on to lay the foundation for the
largest heart transplant program in the world; when challenged by development and
lack of acceptance of Left Ventricular Assist Devices, he guided their approval following
appropriate multi-institutional studies which led to their adoption as standard of care.
His influence extended to the support of a Pancreatic Islet Transplantation Program,
originally inspired by his predecessor and mentor, Dr. Keith Reemtsma. Doctor Rose
invested and encouraged both the clinical and experimental development of this
program under my guidance as part of his dedication to innovation.
2. CLINICAL ISLET TRANSPLANTATION
Following the remarkable early success of
Edmonton’s group with steroid free protocol for
clinical pancreatic islet transplantation, 10 other
units, including ours, attempted to duplicate this
effort with the support of NIH. With Dr. Rose’s
support, and of colleagues in other departments,
The Regional Columbia Pancreatic Islet Center
joined the initial NIH Consortium (1). Our success
was limited to only two successful clinical
transplants, and this treatment lasted only 6
months. As we learned that others who
transplanted more patients had limited success in
having their recipients stay off insulin for more
than 4 to 5 years (2) we returned to experimental
work on development of a site for islet implantation
other than intrahepatic to avoid early islet
destruction by an inflammatory storm, poor
engraftment, and possible intense exposure to
higher toxic levels of immunosuppressive drugs in
the liver. Our experiments focused again (3) on the
intramuscular route of islet implantation, but this
time using preconditioning of the recipients with
three dimensional alginate scaffolds modified with
vascular endothelial-derived growth factor (VEGF)
and platelet-derived growth factor (PDGF-BB) in
combination to promote ingrowth of functionally
sound vessels (4). In addition to these, we modified
alginate with cyclic extracellular matrix signaling
molecule arginine-glycine-aspartic acid peptide
motif (RGD) which has been shown to enhance
cellular adhesion and prevent transmembrane
apoptotic signaling via integrins (5-7). The intent
was to improve islet engraftment through avoidance
low level of neovascularization. The choice of
intramuscular site mimicked that of parathyroid
autotransplantation and we felt was safer and more
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easily monitored without biopsies. It also offered the
possibility of eventual local immunosuppression
either
with
co-stimulatory
blockade
with
monoclonal antibodies attached to the scaffold or
with the use of immature dendritic cells cotransplanted with the islets (8-10).
The aims of the initial experiments was to
separately study the efficacy of islet isografts with
the use of scaffolds and on development of new
methods of monitoring pancreatic islet survival
using PET scanning techniques with available
ligands. We then combined the experiments since
such monitoring is best done intramuscularly and is
not practical when the islets are in the liver because
of the overwhelming background noise from the
ligand.
The
preliminary
transplantation
experiments using pancreatic islet isografts (2400
islets/recipient) into streptozotocin induced diabetic
Lewis rat recipient primarily addressed the issues
of neovascularization and engraftment at an
intramuscular site. The islets were >90% pure. The
relatively newer methods, published elsewhere (1113) and modified by us, submitted elsewhere for
publication (14), included priming of the alginate
scaffolds with VGEF, PDGF, and with RGD prior to
intramuscular implantation in the abdominal wall
of each diabetic recipient of two scaffolds, either
modified or unmodified (controls) 14 days before
islet transplantation. This was to permit the area to
be neovascularized before islet transplantation on
day 0.
Detailed analysis of neovascularization at
the transplant site just before islet implantation
and at 2 weeks after their implantation with
immunostaining revealed fibrovascular tissue
penetrating scaffolds and a significantly higher
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Figure 1. Blood Glucose Levels in Transplanted Rodents (A) Figure presents mean fasting serum glucose
level in animals within the 60 days follow-up. Mean fasting glucose level oscillates below 110 mg/dL for
animals from group 1 (gel+VEGF/PDGF), whereas in other groups it was statistically higher, ANOVA,
p<0.05. As an additional control, removal of the scaffolds in normoglycemic animals from the
gel+VEGF/PDGF group on day +60 led to prompt return of diabetes and hyperglycemia. Error bars
represent S.E.M. (B) Islet grafting success rate. Number of animals out of six total achieving euglycemia
following syngeneic islet transplantation is shown on the Y axis. Euglycemia was defined as four-hour
fasting glucose <110 mg/dL on post-transplant days +5 through +60. The statistical significance of the
differences in grafting success rate among the different treatment groups is shown and was determined by
ANOVA using the blood glucose measurements obtained in the 55 day post-transplant window.
number of capillaries stained with factor VIII
related antigen per high power field in the scaffold
containing VEGF/PDGF group compared to the
other groups by 2–5 fold, p<0.05. Islet isograft
survival for more than 2 months, as measured by
normalized FBS and weekly GTT, was striking
(100%)
in
the
neovascularized
groups
preconditioned with modified scaffolds as compared
to controls, some of which (20–40%) maintained
improved, but not normalized blood glucose, since
the islets were isografts and therefore were not
rejected. When scaffolds were removed at 2 months,
the animals reverted to being fully diabetic again

(Figure 1). The details of these experiments,
including the methodology, immunopathology, and
results have been submitted for publication
elsewhere (14). Due to our expanding activities in
clinical islet transplantation we, under the
leadership of one of the co-authors (P.H.), also
turned our attention to the issue of non-invasive
monitoring of islet function after transplantation or
after the onset of diabetes. Currently, islet
allografts are monitored by metabolic measures
which only detect graft dysfunction after substantial
islet mass has already been lost (15) The noninvasive beta cell imaging technique that we
71
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Figure 2. Representative coronal plane of abdomen of Lewis rats transplanted with allogeneic islets. Rats
were imaged (90min) dynamically with 250µCi [11C]-DTBZ and a Concorde microPET scanner. The large
high uptake area in the top center of the figure is a plane of the liver, an organ of [11C]-DTBZ catabolism.
Radioligand uptake in the form of a ring corresponds to the location of the transplanted islets. Following
imaging, the presence of insulin staining cells in this location was confirmed by preparing paraffin
embedded sections of the tissue and insulin staining by immunohistochemistry. Scaf=scaffold.
Blad=bladder.
recently developed relies on the use of PET with
[11C]-dihydrotetrabenazine (DTBZ) as means to
quantitate vesicular monoamine transporter type 2
(VMAT2). VMAT2 is highly expressed relative to
other cells in the beta cells of pancreas as it is
located closely to insulin vesicles. This method
cannot be applied to islets infused into the liver
because liver and bile are routes of DTBZ excretion
and have a high background signal. This approach
originated by using gene profiling of purified human
islets which grew out of our islet transplantation
program (16).
Following islet transplantation to the
intramuscular space, the PET scans with [11C]DTBZ demonstrated that the transplanted and
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viable beta cell mass can be visualized and
quantified. The transplanted islets were visualized
in animals that had gel+VEGF/PDGF/RGD modified
scaffolds and that were normoglycemic, while those
in the sham operated controls were not visible. It
was interesting to also note that the native
pancreas in STZ-treated animals had lower tracer
binding
that
confirms
that
reversal
of
hyperglycemia was not due to residual beta cell
mass in the native pancreas. This approach has now
been used in humans and is detailed in previous
publications (17, 18).
We have here briefly described the most
recent experimental studies on islet transplantation
performed in our laboratory, based on our
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unsuccessful attempts at long term or permanent
reversal of diabetes mellitus in patients, where Dr.
Rose played an important catalytic role. In line with
his major interest in translational research, the
studies that we have described have a great
translational
potential
both
for
cellular
transplantation and for development of a tool for
diagnosis of disease progression or prevention in
diabetes mellitus and of pancreatic islet allograft
survival following transplantation.
3. FUNDING
Supported in part by: NIH T32 HL 007854, NIH
NIDDK 5RO1 DK63567-03.
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1. ABSTRACT
Objective: Hematopoietic progenitor cells are able to induce neovascularization of
ischemic myocardium, inhibit apoptosis, and prevent heart failure. They express
functional CC chemokine-binding receptor 3 (CCR3) and CXC chemokine-binding
receptor 4 (CXCR4); however, the role of those receptors in migration of progenitor cells
into the ischemic myocardium is unknown. Methods: Myocardial infarction was
surgically induced in athymic nude rats, and human bone marrow–derived CD34+ cells
or saline was injected into the tail vein. Cell chemotaxis was studied in vitro using
chemotaxis chambers with or without concomitant stimulation with eotaxin or stromal
cell–derived factor-1. Cell migration into ischemic myocardium was evaluated by
immunohistochemistry. CCR3 and CXCR4 antibodies or local injections of stromal cell–
derived factor-1 were used to investigate the role of chemokine expression in the
migration capacity of the injected cells. Morphologic analysis included evaluation of
apoptosis and capillary density in the ischemic myocardium. Results: Ischemic rat
myocardium demonstrated induced messenger RNA expression for the CCR3-binding
chemokines eotaxin, RANTES (regulated on activation, normal T expressed and
secreted), and monocyte chemotactic protein-3, but not the CXCR4-binding chemokine
stromal cell–derived factor-1. Migration of human angioblasts to ischemic rat
myocardium was inhibited by a blocking anti-CCR3 monoclonal antibody, but not by a
blocking anti-CXCR4 monoclonal antibody, which instead inhibited migration to bone
marrow. Finally, intramyocardial injection of stromal cell–derived factor-1 redirected
migration of human angioblasts to ischemic rat hearts, resulting in augmented
neovascularization, enhanced cardiomyocyte survival, and functional cardiac recovery.
Conclusions: CCR3-dependent chemokine interactions regulate endogenous migration
of CD34+ progenitors from bone marrow to ischemic but not to normal myocardium.
Manipulating CXCR4-dependent interactions could enhance the efficacy of cell therapy
after myocardial infarction.
2. INTRODUCTION
In normal adult animals, CD34+ hematopoietic
progenitors continuously migrate between the bone
marrow and the intravascular compartment (1).
Bone marrow homing and retention of CD34+
hematopoietic progenitors in adult mammals are
processes controlled by a number of adhesive
interactions (2, 3), including those between the CXC
chemokine stromal cell–derived factor-1 (SDF-1),
which is constitutively produced by bone marrow
stromal cells, and its receptor, CXCR4 (4, 5).
Disruption
of
bone
marrow
SDF-1/CXCR4
interactions (6), as occurs after activation of
neutrophil proteases by systemic administration of
granulocyte-colony stimulating factor (G-CSF),
results in transient egress of hematopoietic
progenitors from the bone marrow into the
peripheral circulation, a phenomenon termed
mobilization (7). These observations form the basis
of clinical protocols enabling large scale harvesting
of bone marrow CD34+ progenitors for autologous
stem cell transplantation in certain hematologic
disorders.
Bone marrow–derived CD34+ progenitors
are capable of giving rise to cells of
nonhematopoietic lineage, including hepatocytes (8),
epithelial cells (9), and endothelial cells (10). We
(10) have reported that G-CSF–mobilized human
adult bone marrow elements contain CD34+
progenitors with phenotypic and functional
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characteristics of embryonic angioblasts that, when
transplanted into animal models of acute
myocardial
infarction,
home
to
ischemic
myocardium, induce neovascularization, and result
in improved cardiac outcome. Similar results have
been obtained with autologous bone marrow cells in
humans with acute myocardial ischemia (11, 12).
Collectively, these studies suggest that a general
mechanism by which endogenous repair of damaged
tissues occurs is redirected migration of CD34+
progenitors from the bone marrow to sites of acute
injury, including the heart.
In adult mice, bone marrow progenitors
capable of hematopoietic reconstitution have been
reported to constitutively express several chemokine
receptors, including CXC chemokine-binding
receptor 4 (CXCR4) and CC chemokine-binding
receptor 3 (CCR3), but to demonstrate restricted
chemotactic responses only to SDF-1 (13). In
contrast, human CD34+ bone marrow and cord blood
cells, which contain both hematopoietic and
nonhematopoietic progenitors, demonstrate robust
chemotactic responses to diverse chemokines in
addition to SDF-1, including migration to
nonhematopoietic sites in response to the CCR3binding CC chemokine eotaxin (14, 15). In this
study, we investigated the nature of the endogenous
chemotactic
signals
provided
by
ischemic
myocardium that result in migration of human bone
marrow–derived angioblasts to the heart to identify
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strategies to enhance cell migration into the
ischemic myocardium.
3. METHODS
3.1. PURIFICATION AND
CHARACTERIZATION OF CYTOKINE
MOBILIZED HUMAN CD34+ CELLS
Single-donor leukopheresis products were obtained
from humans treated with recombinant G-CSF
10μg/kg
(Amgen,
Thousand
Oaks,
Calif)
subcutaneously daily for 4 days after approval by
the ethical committee of Columbia University.
Mononuclear cells were separated by Ficoll–
Hypaque, and highly purified CD34+ cells (>98%
positive) were obtained using magnetic beads coated
with anti-CD34 monoclonal antibody (mAb)
(Miltenyi Biotech, Auburn, Calif). Purified CD34
cells were stained with fluorescein-conjugated mAbs
against CD34 and CD117 (Becton Dickinson,
Franklin Lakes, NJ), AC133 (Miltenyi Biotech),
CD54 (Immunotech, Fullerton, Calif), CD62E
(BioSource, Inc, Worcester, Mass), vascular
endothelial growth factor receptor-2 (VEGFR-2),
Tie-2, von Willebrand factor, endothelial nitric oxide
synthase, CXCR1, CXCR2, and CXCR4 (all Santa
Cruz Biotech, Santa Cruz, Calif), and analyzed by
four-parameter fluorescence using FACScan (Becton
Dickinson). Cells positively selected for CD34
expression were also stained with phycoerythrinconjugated anti-CD117 mAb (Becton Dickinson) and
sorted for bright and dim fluorescence using a
Facstar
Plus
(Becton
Dickinson)
and
a
phycoerythrin filter.
3.2. INDIUM-111 LABELING OF BONE
MARROW-DERIVED CD34+ PROGENITORS
G-CSF–mobilized cells were immunoselected for
CD34+ expression and resuspended in medium
containing 20μCi of 111In 8-oxyquinoline (oxine) per
108 cells as described before (16). After washing,
2×106 111In 8-oxyquinoline (oxine) labeled CD34+
cells were infused intravenously into the nude rats
24h after myocardial infarction or into noninfarcted
animals. Twenty-four hours later, animals were
humanely killed and organs were harvested.
Indium-111 counts in each tissue were measured
with a gamma spectrometer and calibrated as
desintegration per minute per gram tissue using the
counter efficiency. Postlabeling viability exceeded
80% and preliminary experiments demonstrated
adequate cell tracking.
3.3. CHEMOTAXIS OF HUMAN BONE
MARROW DERIVED HEMATOPOIETIC
PROGENITORS
Highly purified CD34+CD117+ cells (>98% purity)
were plated in 48-well chemotaxis chambers fitted
with membranes (8-μm pores) (Neuro-Probe, Inc,
Gaithersburg, Md). After incubation for 2h at 37°C,
chambers were inverted and cells were cultured for
3h in medium containing eotaxin or SDF-1 at
concentrations of 0.2, 1.0, and 5.0μg/mL. Stem cell
factor (SCF) was used as negative control in

chemotaxis assays at 0.1μg/mL, a biologically active
concentration that induced 2-fold proliferation of
CD34+CD117bright cells after culture for 96h. The
membranes were fixed with methanol and stained
with Leukostat (Fischer Scientific, Pittsburgh, Pa).
Chemotaxis was calculated by counting migrating
cells in 10 high-power fields.
3.4. ANIMALS, SURGICAL PROCEDURES,
AND INJECTION OF HUMAN CELLS
Rowett (rnu/rnu) athymic nude rats (Harlan
Sprague Dawley, Inc, Indianapolis, Ind) were used
in studies approved by the Columbia University
Institute for Animal Care and Use Committee. After
anesthesia, a left thoracotomy was performed, the
pericardium was opened, and the left anterior
descending (LAD) coronary artery was ligated.
Sham-operated rats had a similar surgical
procedure without having a suture placed around
the coronary artery. For studies on cellular
migration, 2.0×106 DiI-labeled CD34+ cells obtained
from a single donor after G-CSF mobilization were
injected into the tail vein 48h after LAD ligation in
the presence or absence of mAbs with known
inhibitory activity against CCR3 (100μg), CXCR4
(200μg), CD34 (100μg), or isotype control antibodies.
Inhibiting antibodies were injected in the ischemic
area using 3 to 5 injections. Control animals
received saline after LAD ligation, and 2.0×l06
CD34+ human cells were also injected into the tail
vein of sham-operated or LAD-ligated rats receiving
three intramyocardial injections of 1.0μg/mL
eotaxin, SDF-1, VEGF, SCF, or saline.
3.5. QUANTITATION OF CELLULAR
MIGRATION INTO TISSUES
After intravenous injection of human cells,
quantitative analysis of the proportion of human
cells in rat bone marrow and heart was performed
by assessment of both DiI fluorescence and
expression of major histocompatibility complex
(MHC) class I proteins in rats humanely killed 2
days after injection. Single cell suspension of rat
bone marrow was stained with fluoresceinconjugated mAbs against human CD34 and MHC
class I beta2 microglobulin (Accurate Chemical &
Scientific Corporation, Meriden, Conn) and
analyzed by multiparameter fluorescence using
FACScan (Becton Dickinson,), as described
previously (17). The proportion of human cells in rat
heart tissue was expressed as the number of DiIpositive cells per high-power field (minimum 5 fields
examined per sample) and as the proportion of cells
staining positive for human MHC class I β2
microglobulin (Accurate Chemical & Scientific
Corporation). Cardiac tissue was stained by
immunoperoxidase
technique
using
an
Avidin/Biotin Blocking Kit, a rat-absorbed
biotinylated antimouse immunoglobulin G, and a
peroxidase–conjugate (all Vector Laboratories,
Burlingame, Calif). The human origin of the
detected cells was confirmed by staining against the
human–mitochondrial epitope S-100 (S1-61; Santa
Cruz Biotech).
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3.6. MEASUREMENT OF RAT MYOCARDIAL
CHEMOKINE MESSENGER RNA (MRNA)
EXPRESSION
Total RNA was isolated from heart tissues of 3
normal and 12 LAD-ligated rats using the
RNAqueous kit from Ambion (Austin, Tex) and was
converted to complementary DNA with SuperScript
First Strand Synthesis System for RT-PCR from
Invitrogen (Carlsbad, Calif). Reverse-transcriptase
polymerase chain reaction was used to quantify
myocardial expression of rat eotaxin, regulated on
activation, normal T expressed and secreted
(RANTES), monocyte chemotactic protein-3 (MCP3), and SDF-1 mRNA at baseline, and at 6, 12, 24,
and 48h after LAD ligation after normalizing for rat
RNA content using rat ribosomal protein L32
(RPL32) mRNA expression. Primer sequences for
rat
SDF-1
alpha
were
5′CTGTTGTGCTTACTTGTTTAAGGCTTTGTC-3′ for
forward primer and 5′-GACGCCAAGGTCGTCGGT3′ for reverse primer. For rat ribosomal protein L32,
primers were 5′-CCCTTCGGCCTCTGGTGAAGC-3′
for
forward
primer
and
5′GAACACAAAAACAGGCACACAAGCCATC-3′
for
reverse primer. Primer sequences for rat MCP-3 5′TTTCACCGTGCACGTGTGGG-3′
for
forward
primer and 5′-GTCTTCAGGGCTTTGGAGTTG-3′
for reverse primer. Primer sequences for rat
RANTES were 5′-ACCTGCCTCCCCATATGGCT-3′
for
forward
primer
and
5′GTATTCTTGAACCCACTTCTTC-3′
for
reverse
primer. Primer sequences for rat eotaxin were 5′TTCTATTCCTGCTGCTCA-3′ for forward primer
and 5′-CCTGGACCCACTTTTTCT-3′ for reverse
primer. PCR was performed with the GeneAmp
PCR System 9700 (ABI, Foster City, Calif).
Amplification was for 1min at 94 cycles, 27 cycles
(RPL32) or 32 cycles (SDF-1, RANTES, MCP-3)
with 30 seconds at 94 cycles and 1 minute at 68
cycles, followed by 5min at 68 cycles. PCR products
were analyzed on agarose gel stained with ethidium
bromide. Reverse-transcriptase polymerase chain
reaction products were scanned and quantified by
UN-SCAN-IT software from Silk Scientific Inc
(Orem, Utah). Values of eotaxin, RANTES, MCP-3,
and SDF-1 expression were calculated relative to
the values of RPL32 expression. Data were
expressed as the means obtained from three
independent rats for each time point.
3.7. QUANTITATION OF CAPILLARY
DENSITY
To quantitate capillary density and species origin of
the capillaries, we stained additional sections with
mAbs directed against rat or human CD31 (AbD
Serotec, Oxford, United Kingdom, and Research
Diagnostics, Inc, Flanders, NJ, respectively), factor
VIII (Dako, Carpinteria, Calif), and rat or human
MHC class I (Accurate & Scientific Corporation), as
described before (17).
3.8. MEASUREMENT OF MYOCYTE
APOPTOSIS BY DNA END LABELING OF
PARAFFIN TISSUES
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For in situ detection of apoptosis at the single cell
level, we used the terminal deoxynucleotidyl
transferase–mediated dUTP nick end labeling
method of DNA end labeling mediated by
dexynucleotidyl transferase (Boehringer Mannheim,
Mannheim, Germany), as previously described (17).
3.9. QUANTIFICATION OF INFARCT SIZE
A Masson trichrome stain was performed to
evaluate
collagen
content.
This
enabled
measurement of the size of the myocardial scar
using a digital image analyzer. Infarct area was
measured with a planimeter digital image analyzer
and expressed as a percentage of the total
ventricular circumference.
3.10. ANALYSES OF MYOCARDIAL
FUNCTION
Echocardiographic studies were performed with a
high-frequency linear array transducer (SONOS
5500, Hewlett Packard, Andover, MA). Twodimensional images were obtained at midpapillary
and apical levels. End-diastolic (EDV) and endsystolic (ESV) left ventricular volumes were
obtained by biplane area–length method, and
percent left ventricular ejection fraction was
calculated as ([EDV − ESV]/EDV)×100.
3.11. 18-FLUORO-2-DEOXY-D-GLUCOSE
(FDG) POSITRON EMISSION TOMOGRAPHY
Imaging studies were performed in rats using a
Concorde R4 μPET small animal positron emission
tomography imaging system after administration of
FDG as described in a previous publication (17).
4. RESULTS
4.1. G-CSF MOBILIZED HUMAN BONE
MARROW ANGIOBLASTS SELECTIVELY
MIGRATE TO ISCHEMIC MYOCARDIUM IN
VIVO
In the absence of ischemia, the majority of
intravenously injected human cells were trapped in
the rat liver, spleen, and lungs, with only 3.2%
migrating to the nonischemic heart. In contrast,
after LAD ligation, 23% of the intravenously
injected human cells were present in the heart 24h
after injection (P<0.01). Moreover, the heart was the
only rat organ demonstrating a significant increase
in migration of human cells after acute myocardial
ischemia, with 7.1-fold increase in the indium-111
desintegration per minute count relative to
nonischemic myocardium (P<0.01) (Figure 1). A
detailed examination of cell migration to the heart
revealed that 69.1% and 25.4% of the cells were
detected at the infarction area and the periinfarct
zone, respectively. Detection of injected cells at
nonischemic myocardium accounted for less than
5%.
4.2. G-CSF MOBILIZED HUMAN BONE
MARROW ANGIOBLASTS EXPRESS CCR
AND CXCR4 CHEMOKINE RECEPTORS
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To identify potential chemokine receptor–ligand
interactions involved in chemotaxis of G-CSF–
mobilized angioblasts to the ischemic myocardium,
we examined the CD34+CD117bright human
angioblasts for surface expression of chemokine
receptors, specifically the CCR3, which binds the
CC chemokines eotaxin, RANTES, and MCP-3, and
the CXCR4, which binds the CXC chemokine SDF-1.
Shown in Figure 2, A, is CD117 expression on GCSF–mobilized human CD34+ cells, identifying the
dual staining CD117bright population previously
shown to contain the angioblast fraction. The
CD34+CD117bright population expressed both CCR3
and CXCR4 receptors.
4.3. LIGATION OF CCR3 AND CXCR4
CHEMOKINE RECEPTORS INDUCES IN
VITRO MIGRATION OF G-CSF-MOBILIZED
HUMAN BONE MARROW ANGIOBLASTS
To examine the functional activity of CCR3 and
CXCR4 receptors on the angioblasts, we measured
in vitro chemotaxis of CD34+CD117bright human
bone marrow cells after triggering these receptors
with their specific ligands, respectively, eotaxin and
SDF-1. As shown in Figure 2, B, human angioblasts
demonstrated significant in vitro chemotactic
responses to both eotaxin and SDF-1. In contrast,
SCF, used as a negative control, was not
chemotactic for this cellular population at a
biologically active concentration, which induced 2fold proliferation of CD34+CD117bright cells after
culture for 96h.
4.4. ACUTE MYOCARDIAL ISCHEMIA IS
ASSOCIATED WITH INCREASED MRNA
EXPRESSION OF CCR3-BINDING
CHEMOKINES BUT NOT CXCR4-BINDING
CHEMOKINES
Next, we examined rat myocardial tissue at various
time-points after LAD ligation to determine
whether there was induced mRNA expression of the
CCR3-binding CC chemokines eotaxin, RANTES,
and MCP-3, and of the CXCR4-binding CXC
chemokine SDF-1. As shown in Figure 3, A, after
LAD ligation, rat myocardium demonstrated a timedependent increase in eotaxin mRNA expression,
with 3-fold induction above baseline being seen at
12h, and elevated levels returning to normal by 48h
(P<0.001). Induced expression of RANTES and
MCP-3 mRNA was also noted, with maximal levels
by 12h (Figure 3, B and C; both P < .01). In contrast,
by 12h after acute myocardial ischemia, SDF-1
mRNA expression in the heart decreased by a mean
of 43% (P < .01; Figure 3, D).
4.5. CCR3-BINDING CHEMOKINES
REGULATE MIGRATION OF HUMAN CD34+
PROGENITORS TO ISCHEMIC
MYOCARDIUM WHEREAS CXCR4 BINDING
REGULATES MIGRATION TO BONE
MARROW
We next sought to directly demonstrate that
interactions between myocardial CCR3-binding
chemokines and CCR3 receptors on human CD34+

progenitors contributed to myocardial homing of
bone marrow angioblasts in LAD-ligated rats.
As shown in Figure 4, A, co-administration
of a blocking mAb against CCR3 reduced
myocardial trafficking of intravenously injected
human bone marrow–derived CD34+ progenitors at
48h by a mean of 60% relative to isotype control
antibodies (P<0.01). In contrast, mAbs directed to
other surface receptors present on these cells, such
as CD34 or VEGF-R, as well as against CXCR4, did
not inhibit migration to the ischemic myocardium.
Moreover, anti-CXCR4 mAb inhibited migration of
human CD34+ progenitors to rat bone marrow by a
mean of 80% (P<0.01), whereas isotype control
antibodies were without effect (Figure 4, B).
4.6. MANIPULATING CCR3- AND CXCR4DEPENDENT INTERACTIONS INCREASES
MIGRATION OF HUMAN CD34+
PROGENITORS TO MYOCARDIAL TISSUE
To definitively prove that CCR3-dependent
interactions could redirect human CD34+ bone
marrow progenitors to the heart in vivo, we injected
human recombinant eotaxin at 1.0μg/mL into
noninfarcted rat hearts concomitantly with
intravenous injection of human angioblasts. As
shown in Figure 4, C, this resulted in 2.3-fold
increases in myocardial infiltration by human
CD34+ progenitors at 48h (P<0.01), whereas SCF
and VEGF, used as negative controls, had little
effect. Intramyocardial injection of SDF-1 of
1.0μg/mL was also effective, inducing a 2.5-fold
increase in angioblast chemotaxis to normal rat
hearts (P<0.01). However, no increase in myocardial
neovascularization was observed at 2 weeks after
eotaxin or SDF-1 injection (data not shown),
suggesting that additional factors produced under
ischemic conditions are necessary for angioblast
differentiation into mature hematopoietic cells and
subsequent new blood vessel formation.
4.7. INTRAMYOCARDIAL SDF-1 AUGMENTS
NEOVASCULARIZATION, PROTECTS
AGAINST CARDIOMYOCYTE APOPTOSIS,
AND INDUCES FUNCTIONAL RECOVERY
We finally examined whether increasing myocardial
expression of SDF-1 could result in increased
angioblast homing to the ischemic heart and
augment angioblast-dependent neovascularization
and cardiomyocyte survival after acute ischemia. As
shown in Figure 5, A and B, co-administration of
intramyocardial SDF-1 induced 2-fold greater
myocardial
neovascularization
accompanying
intravenous angioblast injection (P<0.01) and
induced 76% further reduction in cardiomyocyte
apoptosis (P<0.01). Moreover, co-administration of
intramyocardial SDF-1 together with intravenous
angioblasts resulted in an almost 3-fold greater
improvement in left ventricular ejection fraction as
compared with intravenous injection of angioblasts
alone (Figure 5, C; P<0.01). Quantification of the
infarct size showed a 32% reduction in animals
treated with both local SDF-1 application and
injection of CD34+ cells, as compared with a 19%
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Figure 1. G-CSF mobilized human bone marrow CD34+ progenitors selectively migrate to ischemic
myocardium in vivo. A, Detection of indium 111–labeled human bone marrow CD34+ progenitors at
different organs. B, Fluorescence microscopy shows positive cell engraftment in the infarct area as detected
by DiI fluorescence (the side panel represents a negative control). C, Verification of cell engraftment by
detection of MHC class I β-2 microglobulin in the ischemic area by means of immunohistochemistry (the
side panel represents a negative control). D, The human origin of the cells was confirmed by staining
against the human mitochondrial epitope S-100.
reduction detected after single CD34+ cell injections
(P=0.031). In addition, myocardial perfusion studies
using FDG uptake showed a significantly improved
tissue perfusion after combined treatment as
compared with CD34+ cell administration alone
(P=0.004) (Figure 6).
5. DISCUSSION
Chemokine receptor–ligand interactions play a
major role in leukocyte traffic and recruitment to
sites of tissue damage or inflammation (18, 19). In
this study, we have shown that human CD34+ bone
marrow progenitors, which include CD117bright
angioblasts or hematopoietic progenitor cells, use
two alternative chemokine receptor–ligand pairs to
migrate to bone marrow or ischemic myocardium.
The site of directed migration was primarily
dependent on the specificity of locally induced
chemokines, rather than alterations in chemokine
receptor expression. Migration to the bone marrow
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was CXCR4-dependent in response to constitutive
expression of the CXCR4-binding chemokine SDF-1
at this site. In contrast, migration to ischemic rat
myocardium was CCR3- but not CXCR4-dependent,
in response to induced mRNA expression of the
CCR3-binding chemokines eotaxin, RANTES, and
MCP-3, but not SDF-1. However, intramyocardial
injection of SDF-1 redirected migration of human
angioblasts to ischemic rat hearts, resulting in
augmented
neovascularizarion,
enhanced
cardiomyocyte survival, and functional cardiac
recovery. These results demonstrate the feasibility
of
manipulating
chemokine
receptor–ligand
interactions for therapy of cardiovascular disease
and suggest that augmenting CXCR4-dependent
interactions at extrahematopoietic sites could
provide a general paradigm for enhancing hypoxic
or ischemic tissue repair by bone marrow–derived
hematopoietic progenitors. Our study elaborated on
the role of CCR3- and CXCR4-mediated
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Figure 2. G-CSF mobilized human bone marrow–derived angioblasts express chemokine receptors CCR3
and CXCR4, and demonstrate in vitro chemotactic responses to their ligands, eotaxin and SDF-1. A, Fourparameter flow cytometric phenotypic characterization of GCSF–mobilized bone marrow–derived cells
obtained by leukopharesis from a representative human donor adult. Only live cells were analyzed, as
defined by 7-AAD staining. For each marker used, open areas represent background log fluorescence
relative to isotype control antibody. The angioblast fraction has previously been characterized to reside in
the minor CD34+ population expressing CD117 brightly. The CD34+CD117bright angioblast subset expresses
CXCR4 and CCR3. The injected CD34+ cells had a purity of greater than 98%; 90% to 95% co-expressed the
hematopoietic lineage marker CD45, 60% to 80% co-expressed the SCF receptor CD117, and less than 1%
co-expressed the monocyte/macrophage lineage marker CD14. B, Results of in vitro chemotaxis of human
angioblasts in response to various conditions using a 48-well chemotaxis chamber (Neuro Probe, Inc,
Gaithersburg, Md). Chemotaxis is defined as the number of migrating cells per high-power field after
examination of 10 high-power fields per condition tested. Chemotaxis is increased in response to eotaxin
and SDF-1 (both P<0.01), but not SCF (results are expressed as mean±SEM of 3 separate experiments).
chemoattraction in the early phase after acute
myocardial infarction, and data on the midterm and
long-term cell survival in ischemic myocardium
were not included.
Homing and retention of hematopoietic
progenitors in mammalian bone marrow are
processes controlled by a number of adhesive
interactions
between
stromal
cells
and
hematopoietic progenitors (2, 3). Binding of SDF-1
to its ligand, CXCR4, results in augmented
interactions between integrin receptor–ligand pairs,
including very late antigen-4 and vascular cell
adhesion molecule (VCAM-1)/CD106 (18), which
serve to tether and retain very late antigen-4
expressing progenitors to VCAM-1/CD106 positive

stromal cells in the bone marrow. Systemic
treatment with G-CSF induces activation of
neutrophil precursors in the bone marrow and their
subsequent secretion of neutrophil proteases, which
directly cleave the N-terminal regions of SDF-1 and
CXCR4, as well as VCAM-1 (6, 7). Inasmuch as this
results in egress of hematopoietic progenitors from
the bone marrow into the peripheral circulation, GCSF administration may facilitate myocardial
migration of CD34+CD117bright angioblasts in
response to CCR3-binding chemokines induced in
the ischemic heart.
Eotaxin is principally produced by smooth
muscle cells and fibroblasts in subendothelial tissue
locations (20), and its expression is typically
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Figure 3. Increased myocardial mRNA expression of CCR3-binding chemokines, but not CXCR4-binding
chemokines, after acute ischemia. A to D, Chemokine mRNA expression in rat myocardial tissue examined
at various time-points after LAD ligation relative to constitutive expression of RPL32 to determine whether
there was induced mRNA expression of the CCR3-binding CC chemokines eotaxin, RANTES, and MCP-3,
and of the CXCR4-binding CXC chemokine SDF-1. Induced expression of eotaxin, RANTES, and MCP-3
mRNA was noted, with maximal mRNA levels by 6 to 12h (all P<0.01). In contrast, by 12h after acute
myocardial ischemia, SDF-1 mRNA expression decreased by a mean of 43% in cardiac tissue (P <.01)
(results are expressed as mean±SEM of 3 separate experiments).
associated with the recruitment of eosinophils and
basophils
to
inflamed
tissues
and
their
accumulation
during
certain
inflammatory
processes, such as allergy and asthma (21). The
eotaxin receptor, CCR3, is expressed on eosinophils,
basophils, mast cells, and the Th2 subset of T cells,
and also binds the chemokines RANTES and MCP-3
with high affinity, but not other CC or CXC
chemokines (22-24). Increased levels of eotaxin in
autoimmune myocardial inflammation and during
rejection episodes of transplanted heart confirm its
crucial role as chemoattractant in myocardial tissue
(25, 26).
These observations suggest that CCR3-dependent
chemokine interactions direct migration of bone
marrow–derived leukocyte progenitors away from
the marrow to distal sites of tissue damage and
inflammation. In support of these conclusions,
CCR3-deficient mice demonstrate altered migration
of eosinophils and mast cells, respectively, to the
intestine and lungs (24). Our results extend these
observations
to
migration
of
human
CD34+CD117bright bone marrow progenitors to the
site of myocardial ischemia where expression of
eotaxin, RANTES, and MCP-3 mRNA was induced.
Moreover, since hypoxia is a stimulus for induction
of eotaxin mRNA (27), we hypothesize that CCR3directed chemotaxis of human CD34+CD117bright
angioblasts
or
hematopoietic
progenitors
contributes to neovascularization of hypoxic or
damaged tissues throughout the body.
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Constitutive expression of CCR3 has also
been reported by human and mouse bone marrow
progenitors as well as dendritic cells (14, 15).
However, whereas CD34+ eosinophil and dendritic
bone marrow–derived progenitors demonstrate
CCR3-dependent chemotactic responses (23-25),
mouse hematopoietic stem cells that home to the
bone marrow and recapitulate hematopoiesis do not
(13).
SDF-1, a biologically active chemotactic
factor for human endothelial progenitors (28),
augmented
angioblast-dependent
myocardial
chemotaxis,
neovascularization,
cardiomyocyte
survival, and functional cardiac recovery when
directly injected into the ischemic myocardium.
Together with results from adult humans in whom
SDF-1 expression at extrahematopoietic sites is
accompanied by aberrant neovascularization (28),
our data demonstrate that SDF-1 expression at sites
outside the bone marrow can play a major role in
induction of tissue neovascularization by bone
marrow–derived hematopoietic progenitors. These
conclusions are supported by recent studies using
SDF-1 in an animal model of reduced hind limb
perfusion (29) and in genetically engineered skeletal
myoblasts implanted into ischemic myocardium
(30).
Together, our results suggest that
redirected migration of CD34+ progenitors from the
bone marrow to sites of acute injury may represent
a general mechanism by which endogenous repair of
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Figure 4. CCR3-binding chemokines regulate migration of human CD34+ progenitors to ischemic
myocardium, whereas CXCR4-binding regulates migration to bone marrow. A, Migration of human
angioblasts to ischemic rat myocardium at 2 days after intravenous injection is inhibited by antihuman
CCR3 mAb (P<0.01), but not by mAbs against CXCR4, Flk-1, or isotype control (results are expressed as
mean±SEM of 3 separate experiments). B, the proportion of human CD34+CD117bright angioblasts in rat
bone marrow at 2 days after intravenous injection is significantly decreased by co-administration of antiCXCR4 mAb (results are expressed as mean±SEM of bone marrow studies in 3 animals at each time point).
c, Intracardiac injection of eotaxin or SDF-1 at 1 mg/mL significantly increases in vivo chemotaxis of DiIlabeled human angioblasts (98% CD34+ purity) into nonischemic rat myocardium in comparison with
injection of saline or (SCF, both P<0.01 (results are expressed as mean±SEM of 3 separate experiments).
Below are shown representative examples of DiI fluorescence microscopy in nonischemic rat hearts after
intravenous angioblast administration accompanied by intracardiac injection with eotaxin or SDF-1.
damaged tissues occurs, and that the specificity of
the migratory pattern is governed by the induced
chemokine profile in a given injured tissue.
Moreover, our results suggest that it may be
possible to selectively activate CXCR4- or CCR3dependent chemotactic pathways to direct migration
of CD34+ progenitors to sites of tissue ischemia or
damage and induce therapeutic neovascularization
for tissue repair. The effect of this combined
approach using autologous cells injections in
immunocompetent hosts is required to address the
question of clinical applicability.
6. ABBREVIATIONS AND ACRONYMS
CCR3
CXCR4
FDG

CC chemokine-binding receptor 3
CXC chemokine-binding receptor 4
18F-fluoro-2-deoxy-D-glucose

G-CSF
LAD
Mab
MCP-3
MHC
RANTES
RPL32
SCF
SDF-1
VCAM-1
VEGF
VEGFR-2

Granulocyte-colony
stimulating
factor
Left anterior descending coronary
artery
Monoclonal antibody
Monocyte chemotactic protein-3
Major histocompatibility complex
Regulated on activation, normal T
expressed and secreted
Ribosomal protein L32
Stem cell factor
Stromal cell–derived factor-1
Vascular cell adhesion molecule
Vascular endothelial growth factor
Vascular endothelial growth factor
receptor-2
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Figure 5. Intramyocardial injection of SDF-1 increases angioblast chemotaxis to ischemic myocardium,
augmenting neovascularization, cardiomyocyte survival, and functional cardiac recovery. Intracardiac
injection of SDF-1 into infarcted rat hearts in combination with intravenously-injected CD34+ human bone
marrow cells resulted in a further 2-fold increase in capillary numbers (A), in a further reduction in
cardiomyocyte apoptosis of 76% (B), and in a further reduction in infarct size (C) as compared with
intravenously-injected angioblasts alone (all P<0.001). The results of vascular density are expressed as
mean±SEM of 3 separate experiments. Large diameter vessels include vessels built by more than 6 nuclei
and with a diameter greater than 20 mm. Representative staining against factor VIII and Masson trichrome
stain shows increased vasculary density and reduced infarct scar, respectively, in treated animals (i) as
compared with controls (ii). (D). Intracardiac co-administration of SDF-1 results in 4-fold greater
improvement in left ventricular ejection fraction, determined by echocardiography, compared with
intravenous injection of CD34+ human bone marrow cells alone (P<0.01). Results are expressed as
mean±SEM of 3 separate experiments.
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Figure 6. Emission tomography shows that intracardiac administration of SDF-1 results in an almost 2fold increase of FDG uptake in animals treated with local administration of SDF-1 and injection of CD34+
cells, as compared with animals subjected to injection of CD34+ cells alone (P<0.01).
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1. ABSTRACT
Objectives: Although adequate numbers of hematopoietic progenitor cells reside in the
human bone marrow, the extent of endogenous neovascularization after myocardial
infarction remains insufficient. The aim of this study was to identify the role of the CXC
chemokine receptor 4/stromal cell–derived factor 1 axis in the mobilization and homing
of hematopoietic progenitor cells in the ischemic heart. Methods: Human bone marrow–
derived hematopoietic progenitor cells or saline were injected systemically into athymic
nude rats 48 hours after myocardial infarction. Myocardial and bone marrow expression
of stromal cell–derived factor 1 and chemotaxis of hematopoietic progenitor cells were
measured in vitro in the presence or absence of stromal cell–derived factor 1. The role of
the CXC chemokine receptor 4/stromal cell–derived factor 1 axis was investigated by
means of antibody blockade or systemic administration of granulocyte colonystimulating factor. Morphologic analysis included measurement of the infarct area,
capillary density, and apoptosis, whereas left ventricular function was measured by
means of echocardiographic analysis. Results: Expression of postinfarct stromal cell–
derived factor 1 was increased by 67% in the bone marrow and decreased by 43% in
myocardium. Disruption of bone marrow stromal cell–derived factor 1/CXC chemokine
receptor 4 interactions by antibody blockade resulted in a redirection of human
hematopoietic progenitor cells from the bone marrow to the ischemic heart and
augmented neovascularization and cardiomyocyte survival. Similarly, systemic
administration of granulocyte colony-stimulating factor to block CXC chemokine
receptor 4/stromal cell–derived factor 1 interaction resulted in increased mobilization
and homing of hematopoietic progenitor cells to the ischemic heart, which translated to
augmented myocardial neovascularization, prevention of apoptosis, and improved
cardiac function. Conclusions: Bone marrow stromal cell–derived factor 1 upregulation
after myocardial ischemia prevents mobilization of endogenous hematopoietic progenitor
cells. We provide evidence that disruption of stromal cell–derived factor 1/CXC
chemokine receptor 4 interactions allows redirection of hematopoietic progenitor cells to
ischemic myocardium and enhances recovery of left ventricular function.
2. INTRODUCTION
Although development of neovascularization is an
integral component of the remodeling process after
myocardial infarction (MI) (1), it is insufficient to
keep pace with the tissue growth required for
contractile compensation and is unable to support
the greater demands of the hypertrophied but viable
myocardium. Transplantation of ex vivo isolated
hematopoietic progenitor cells (HPCs) after acute
ischemia results in myocardial neovascularization,
enhanced myocardial perfusion, and improved
functional recovery in both animal models and
human subjects (2-5). A combination of mechanisms
enabling egress or migration of HPCs from the bone
marrow to the heart and transplantation of HPCs in
the myocardium might improve the results of
cardiac neovascularization after MI.
Homing and retention of HPCs in
mammalian bone marrow are controlled by
interactions
between
stromal
cells
and
hematopoietic progenitors (6, 7). The CXC
chemokine stromal cell–derived factor 1 (SDF-1),
which is constitutively produced by bone marrow
stromal cells, appears to be essential for homing
and engraftment of HPCs (8, 9). Systemic treatment
with granulocyte colony-stimulating factor (G-CSF)
results in transient egress of HPCs from the bone
marrow into the peripheral circulation (10, 11). This
88

phenomenon, termed bone marrow mobilization, is
due to G-CSF–mediated induction and activation of
neutrophil precursors in the bone marrow and their
subsequent secretion of neutrophil proteases, which
directly cleave the N-terminal regions of SDF-1 and
CXC chemokine receptor 4 (CXCR4) (12, 13), as well
as the N-terminal regions of vascular cell adhesion
molecule 1 (14).
We
have
previously
shown
that
manipulating
CCR3and
CXCR4-dependent
interactions increases migration of human CD34+
progenitors to myocardial tissue. In the present
study we tested whether in vivo disruption of
CXCR4/SDF-1 interactions could redirect migration
of human bone marrow–derived HPCs to ischemic
myocardial tissue and whether this intervention has
any influence on cardiac recovery.
3. MATERIALS AND METHODS
3.1. PURIFICATION AND
CHARACTERIZATION OF G-CSF-MOBILIZED
HUMAN CD34+ CELLS
Cell isolation, purification, and characterization
have been described elsewhere (15). Briefly, singledonor leukapheresis products were obtained from
human subjects treated with recombinant G-CSF
(10μg/kg;
Amgen,
Thousand
Oaks,
Calif)
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administered subcutaneously daily for 4
Mononuclear cells were separated by using
Hypaque, and highly purified CD34+ cells
positive) were obtained by using magnetic
coated with anti-CD34 monoclonal antibody
Miltenyi Biotech, Auburn, Calif).

days.
Ficoll(>98%
beads
(mAb;

3.2. CHEMOTAXIS OF HUMAN BONE
MARROW-DERIVED HPCS
Highly purified CD34+CD117bright cells were plated
in 48-well chemotaxis chambers fitted with
membranes
(8-μm
pores;
Neuro
Probe,
Gaithersburg, Md). After incubation for 2 hours at
37°C, cells were cultured for 3 hours in medium
containing SDF-1α/β, vascular endothelial growth
factor (VEGF), and stem cell factor (SCF), all at a
concentration of 1.0μg/mL. Chemotaxis was
calculated by counting migrating cells in 10 highpower fields.
3.3. MYOCARDIAL INFARCTION AND CELL
INJECTIONS
Rowett (rnu/rnu) athymic nude rats (Harlan
Sprague–Dawley, Indianapolis, Ind) were used in
studies approved by the Columbia University
Institute for Animal Care and Use Committee.
Permanent surgical ligation of the left anterior
descending coronary artery (LAD) and injection of
human cells have been described previously (15).
For studies on cellular migration, saline or 2.0×106
DiI-labeled CD34+ cells obtained from a single donor
after G-CSF mobilization were injected into the tail
vein 48 hours after LAD ligation in the presence or
absence of mAbs against human CXCR4 and CD34
(ImmunoLaboratories, Takasaki, Japan) and rat
SDF-1 (R&D Systems, Minneapolis, Minn) or
isotype controls (n=6–10). Quantitation of cell
homing was performed by means of assessment of
DiI fluorescence in myocardium and flow cytometric
and
reverse
transcriptase–polymerase
chain
reaction (RT–PCR) analysis of HLA class I–positive
cells in the bone marrow. The results were
confirmed by means of immunohistochemistry
staining against the human mitochondrial epitope
S-100 (S1-61; Santa Cruz Biotechnology, Santa
Cruz, Calif), which is not expressed in rat tissues.
3.4. DISRUPTION OF BONE MARROW
CXCR4/SDF-1 INTERACTIONS
To investigate the effect of the CXCR4/SDF-1
pathway on retention of HPCs in the bone marrow
and on homing to the myocardium, antibody
blockade of human CXCR4 or rat SDF-1 or systemic
administration of G-CSF was used (Figure E1).
3.5. MEASUREMENT OF RAT MYOCARDIAL
AND BONE MARROW SDF-1 MRNA
EXPRESSION
RT–PCR was used to quantify myocardial
expression of rat SDF-1 mRNA at baseline and at 6,
12, 24, and 48 hours after MI by using the following
primer
sequences:
rat
SDF-1
α,
5′CTGTTGTGCTTACTTGTTTAAGGCTTTGTC-3′
(forward
primer)
and
5′-

GACGCCAAGGTCGTCGGT-3′ (reverse primer); rat
ribosomal
protein
L32
(RPL32),
5′CCCTTCGGCCTCTGGTGAAGC-3′
(forward
primer)
and
5′GAACACAAAAACAGGCACACAAGCCATC-3′
(reverse primer). Polymerase chain reaction (PCR)
was performed with the GeneAmp PCR System
9700 (Applied Biosystems, Foster City, Calif). PCR
products were analyzed on agarose gel stained with
ethidium bromide. RT–PCR products were
quantified by using UN-SCAN-IT software from
Silk Scientific, Inc (Orem, Utah). Values of SDF-1
expression were calculated relative to the values of
RPL32 expression. Data were expressed as the
means obtained from 3 independent rats for each
time point.
3.6. MEASUREMENT OF INFARCT SIZE AND
CAPILLARY DENSITY AND
QUANTIFICATION OF APOPTOSIS
Masson trichrome stain was used to quantify the
size of the MI, as described previously (15).
Quantification of capillary density was performed
by means of antibody staining against rat or human
CD31 (Serotec, Kidlington, United Kingdom, and
Research Diagnostics, Flanders, NJ, respectively),
factor VIII (Dako, Carpinteria, Calif), and rat or
human major histocompatibility complex (MHC)
class I (Accurate Chemicals, Westbury, NY), as
described previously. For in situ detection of
apoptosis at the single-cell level, we used the
TUNEL method of DNA end-labeling mediated by
deoxynucleotidyl transferase (Roche Diagnostics,
Mannheim, Germany), as previously described (16).
All histological studies were performed at 2 and 15
weeks after MI by a pathologist blinded to the study
group.
3.7. ECHOCARDIOGRAPHIC ANALYSIS OF
MYOCARDIAL FUNCTION
Transthoracic echocardiographic analysis was
performed by using a high-frequency liner array
transducer (SONOS 5500; Hewlett Packard,
Andover, Mass). Two-dimensional images were
obtained at the midpapillary and apical levels. Enddiastolic (EDV) and end-systolic (ESV) left
ventricular volumes were obtained by using the
biplane area–length method, and percentage of left
ventricular ejection fraction was calculated as
follows: [(EDV − ESV)/EDV]×100.
3.8. STATISTICAL ANALYSIS
Statistical analysis was performed with SPSS 17
software (SPSS, Inc, Chicago, Ill). Continuous
variables are presented as means±standard
deviations. Group means were compared by using
the Student’s test and 1-way analysis of variance
with the post-hoc Bonferroni correction. For further
information regarding the study methodology, see
the online-only “Materials and Methods.”

89

Chapter 7 - Downregulation of the CXC chemokine receptor 4/stromal cell-derived factor 1.

Figure 1. Stromal cell–derived factor 1 (SDF-1) expression is increased in bone marrow after acute
myocardial ischemia and induces chemotaxis of hematopoietic progenitor cells. A, Time-dependent changes
in SDF-1 mRNA expression relative to that of a constitutively expressed control gene in rat myocardium
and bone marrow after myocardial infarction (MI; means±standard errors of the mean). B, Four-parameter
flow cytometric phenotypic characterization of granulocyte colony-stimulating factor–mobilized bone
marrow–derived cells obtained by means of leukapheresis from a representative adult human donor. Only
live cells were analyzed, as defined by 7-aminoactinomycin D staining (vitality>90%). For each marker used,
open areas represent background log fluorescence relative to isotype control antibody. The angioblast
fraction has previously been characterized to reside in the minor CD34+ population expressing CD117
brightly. The CD34+CD117bright angioblast subset expresses CXC chemokine receptor 4 (CXCR4) but not flk.
The injected CD34+ cells had a purity of greater than 98%. Ninety percent to 95% coexpressed the
hematopoietic lineage marker CD45, 60% to 80% coexpressed the stem cell factor receptor CD117, and less
than 1% coexpressed the monocyte/macrophage lineage marker CD14. C, In vitro chemotaxis of human
hematopoietic progenitor cells (mean±standard error of the mean). VEGF, Vascular endothelial growth
factor; SCF, stem cell factor.
4. RESULTS
4.1. MYOCARDIAL AND BONE MARROW SDF1 EXPRESSION AFTER ACUTE MI
Although the ratio of SDF-1 mRNA expression
relative to that of a constitutively expressed control
gene was similar in the myocardium and bone
marrow of normal rats, by 12h after MI, this ratio
decreased by a mean of 43% in cardiac tissue and
increased by a mean of 67% in the bone marrow,
representing a 2.3-fold net increase in the bone
marrow/cardiac SDF-1 mRNA expression ratio
(P<0.01). These changes persisted for at least 48
hours after LAD ligation (Figure 1).
4.2. SDF-1 INDUCES IN VITRO CHEMOTAXIS
OF BONE MARROW HPCS
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After mobilization by G-CSF, CD34+CD117bright cells
constitutively expressed the SDF-1 CXCR4, as well
as the VEGF-binding receptor Flk-1 (Figure 1, B).
To examine whether SDF-1 was a chemoattractant
for CD34+CD117bright cells, positively selected CD34+
cells were cultured in RPMI medium for 12h before
in vitro chemotactic assays to reacquire CXCR4
epitopes that were lost after G-CSF treatment and
were necessary for conferring SDF-1 affinity.
Although SDF-1 induced significant in vitro
chemotaxis of CD34+CD117bright cells, neither VEGF
nor SCF induced greater chemotaxis than medium
alone (Figure 1, C). The concentrations of both
VEGF and SCF used were sufficient to induce a
more than 2-fold increase in proliferation of HPCs
in culture for 96 hours.
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Figure 2. Induced expression of stromal cell–derived factor 1 (SDF-1) increases bone marrow retention of
hematopoietic progenitor cells, and disrupting CXC chemokine receptor 4 (CXCR4)/SDF-1 interactions
redirects them to ischemic myocardium. A, Detection of human cells in rat bone marrow 2 days after
intravenous injection. LAD, Left anterior descending coronary artery. B, Bone marrow retention of
hematopoietic progenitor cells after coadministration of monoclonal antibodies against CXCR4 or SDF-1
(mean±standard error of the mean). C, Coadministration of anti-CXCR4 or anti–SDF-1 monoclonal antibody
significantly increased migration of hematopoietic progenitors to ischemic myocardium, whereas anti-CD34
monoclonal antibody had no effect (mean±standard error of the mean).
4.3. POST-MI SDF-1 EXPRESSION IN THE
BONE MARROW RESULTS IN INCREASED
RETENTION OF HPCS
CD34+CD117bright human HPCs were cultured in
RPMI medium for 12h before in vivo use to
reacquire CXCR4 epitopes lost after G-CSF
treatment (data not shown). Two days after
intravenous injection of cultured cells, bone marrow
from LAD-ligated rats contained 5-fold higher levels
of human CD34+CD117bright cells compared with
bone marrow from control subjects 2 days after
intravenous injection of cultured cells (P<0.01;
Figure 2, A) . Coadministration of mAbs against
either human CXCR4 or rat SDF-1 significantly
reduced migration of intravenously administered
human HPCs to ischemic rat bone marrow
compared with anti-CD34 control antibody (both
P<0.01; Figure 2, B). Together, these results
indicate that the increased expression of SDF-1 in

bone marrow of ischemic rats directly augments
HPC retention at this site. Comparative studies on
detection of DiI and MHC class I positive cells
revealed no difference between the 2 detection
methods (Table E1).
4.4. DISRUPTION OF BONE MARROW
CXCR4/SDF-1 INTERACTIONS REDIRECTS
HUMAN HPCS FROM THE BONE MARROW
TO THE ISCHEMIC HEART
Next
we
investigated
whether
disrupting
CXCR4/SDF-1 interactions could reduce HPC
retention in the bone marrow and increase homing
to the myocardium in rats with acute MI.
Myocardial trafficking of human HPCs increased by
24% and 17%, respectively, after coadministration
of mAbs against either human CXCR4 or rat SDF-1,
respectively
(both
P<0.01;
Figure
2,
C).
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Figure 3. Disruption of CXC chemokine receptor 4 (CXCR4)/stromal cell–derived factor 1 interactions after
acute myocardial ischemia redirects migration of human hematopoietic progenitors to the ischemic heart
and induces neovascularization. A, Relationship between the number of human hematopoietic progenitors
injected intravenously (103, 105, and 105 plus anti-CXCR4 monoclonal antibody) and development of rat
peri-infarct neovascularization at 2 weeks defined as the mean number of capillaries/highpower field.
Results are expressed as the mean±standard error of the mean of at least 15 high-power fields (n=3). B,
Myocardial infarct bed 2 weeks after left anterior descending coronary artery ligation from representative
animals in each group stained with Masson’s trichrome (upper panel) or immunoperoxidase after binding of
CD31 monoclonal antibody (lower panel). The infarct zones of rats receiving either 103 or 105 angioblasts
show myocardial scars composed of paucicellular, dense fibrous tissue stained blue by trichrome (×400). In
contrast, the infarct zones of rats injected with 105 hematopoietic progenitors plus anti-CXCR4 mAb show
significant increase in cellularity of granulation tissue, minimal matrix deposition and fibrosis, and
numerous medium-sized capillaries of human origin.
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Figure 4. Disruption of CXC chemokine receptor 4 (CXCR4)/stromal cell–derived factor 1 (SDF-1)
interactions after acute myocardial ischemia prevents cardiomyocyte apoptosis and improves cardiac
function. A, Reduction of cardiomyocyte apoptosis at the peri-infarct rim in rats receiving 105 hematopoietic
progenitors (HPCs) together with anti-CXCR4 monoclonal antibody in comparison with rats receiving 103 or
105 HPCs alone (mean±standard error of the mean, n=3, P<0.01). B and C, Relationship between the
number of hematopoietic progenitors injected intravenously (103, 105, and 105 plus anti-CXCR4 mAb) and
improvement in left ventricular ejection fraction at 15 weeks (B) and mean reduction in left ventricular endsystolic area (C; mean±standard error of the mean, both P<0.001).
4.5. DISRUPTION OF BONE MARROW
CXCR4/SDF-1 INTERACTIONS AUGMENTS
CARDIAC NEOVASCULARIZATION AFTER
ACUTE ISCHEMIA
Two days after LAD ligation, animals received
2×106 human HPCs reconstituted with varying
proportions of CD34+CD117bright angioblasts (103,
105, and 105 plus anti-CXCR4 mAb). The group
receiving 105 HPCs plus anti-CXCR4 mAb
demonstrated greater numbers of capillaries
compared with the other 2 groups (16.4±1.86 vs
10.25±1.43 and 11.19±1.01, respectively; P<0.01;
Figure 3, A). Induction of neovascularization was
accompanied by a significant increase in the
cellularity of granulation tissue and minimal matrix
deposition and fibrosis (Figure 3, B).

4.6. DISRUPTION OF BONE MARROW
CXCR4/SDF-1 INTERACTIONS AUGMENTS
CARDIOMYOCYTE
SURVIVAL
AND
FUNCTIONAL RECOVERY AFTER ACUTE
ISCHEMIA
Rats receiving 105 HPCs plus anti-CXCR4 mAb
demonstrated a significant reduction in the number
of apoptotic myocytes at the peri-infarct region
compared with that seen in the groups receiving
either 103 or 105 HPCs alone (both P<0.001), but in
the groups receiving 103 or 105 HPCs, abundant
numbers of apoptotic cells in the peri-infarct region
were observed (Figure 4, A). On the contrary, no
improvement in these parameters was observed in
the groups receiving 103 or 105 HPCs in comparison
with those seen in rats receiving saline alone.
Animals receiving 105 HPCs plus anti-CXCR4 mAb
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Figure 5. Granulocyte colony-stimulating factor (G-CSF) administration after acute myocardial ischemia
induces neovascularization, prevents cardiomyocyte apoptosis, and improves cardiac function. A, Detection
of human hematopoietic progenitor cells (HPCs; arrows) stained positive for human MHC class I b2microglobulin at the peri-infarct region after G-CSF treatment. B, Increase in total blood vessel count at the
peri-infarct region 2 weeks after administration of human G-CSF (P<0.01, mean±standard error of the
mean, n=3). C, Quantitative analysis of cardiomyocyte apoptosis at the peri-infarct region 2 weeks after
treatment (mean±standard error of the mean, P<0.01). Arrows show cells with apoptotic nuclei. D, changes
in ejection fraction between 2 days and 2 weeks after myocardial infarction in G-CSF–treated animals and
saline-treated control animals (mean±standard error of the mean, P<0.01).
demonstrated a significant improvement in left
ventricular ejection fraction (22%±2%, P<0.001;
Figure 4, B) and a reduction left ventricular endsystolic diameter (24%±4%, P<0.001; Figure 4, C;
see also Table E2).
4.7. SYSTEMIC ADMINISTRATION OF G-CSF
TO DISRUPT BONE MARROW CXCR4/SDF-1
94

INTERACTIONS RESULTS IN
MOBILIZATION AND HOMING OF HPCS TO
ISCHEMIC MYOCARDIUM
To investigate whether disruption of bone marrow
CXCR4/SDF-1 interactions provides a general
paradigm for improving cardiac outcome after acute
infarction,
LAD-ligated
rats
were
treated
systemically with G-CSF. G-CSF administration
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induced a 2- to 3-fold increase in circulating
neutrophil and monocyte/macrophage lineage cell
numbers,
indicating
successful
mobilization.
Histologic examination of heart tissue from ischemic
rats treated with G-CSF at 10μg/kg for 4 days
starting 48h after LAD ligation revealed a high
infiltration grade of polymorphonuclear leukocytes
and cells of the macrophage lineage in the periinfarct region. In addition, numerous CD117+
mononuclear cells were detected in the peri-infarct
regions of animals treated with G-CSF (Figure 5, A).
This indicated myocardial homing of HPCs after GCSF mobilization. G-CSF administration resulted in
a 3.5-fold increase in total blood vessel count in the
peri-infarct region (13.85±1.79 vs 3.96±0.69, P<0.01;
Figure 5, B), in a 36%±16% reduction in
cardiomyocyte apoptosis at the peri-infarct region
(P<0.01; Figure 5, C), and in an improvement in left
ventricular ejection fraction (Figure 5, D), all
compared with corresponding measurements in rats
treated with saline.
5. DISCUSSION
Binding of the CXC chemokine SDF-1 to its ligand,
CXCR4, is essential for homing and retention of
HPCs in mammalian bone marrow (9, 10). Our
results indicate that the increase in bone marrow
SDF-1 expression observed after MI serves to
prevent mobilization of HPCs, which could
otherwise induce neovascularization of the
myocardium and improve outcome (3-5). Disrupting
bone marrow CXCR4/SDF-1 interactions resulted in
enhanced myocardial neovascularization, decreased
apoptosis levels, and improved myocardial function.
Cellular activation, chemotaxis, and bone
marrow retention are mediated by the N-terminus
of SDF-1, which binds to CXCR4 (17). These
activities are lost on exposure to dipeptidyl
peptidase IV (CD26) (18), neutrophil cathepsin G
(19), and elastase (20), as well as tissue
metalloproteinases,
including
matrix
metalloproteinases 2 and 9 (21), all of which cleave
the N-terminal residues to generate a truncated and
nonfunctional chemokines (22). SDF-1–mediated
redirection of stem cell migration is based on a low
to high SDF-1 gradient. Given the fact that HPCs
can secrete high concentrations of SDF-1, one could
argue that the beneficial effects of bone marrow
stem cell–based therapy could be associated with a
change in the SDF-1 gradient (23). Moreover, cell
therapy was found to increase the number of stem
cells in the remodeled myocardium and significantly
improved cardiac function (24). The finding of a
concomitant increase in CD34+, CD117+, and STRO1+ cells in the myocardium, resulting in more
capillary density, improved cardiac function, and a
decrease in infarct size, is consistent with our
results (25). The decrease in myocardial SDF-1
production after the first peak can theoretically be
explained by increased and sustained myocardial
apoptosis, which affects cell-secreting function.
The rationale of SDF-1 pretreatment of the
ischemic area is based on the indispensable
improvement of the myocardial matrix to augment

the potential of cardiac regeneration (26). In our
hands intramyocardial injections of SDF-1 in cases
of acute myocardial ischemia induced a 2-fold
greater
myocardial
neovascularization.
Accompanying intravenous angioblast injection
induced 76% further reduction in cardiomyocyte
apoptosis and resulted in a 3-fold greater
improvement of left ventricular ejection fraction
compared with injections of HPCs alone (15). Other
authors have used a local delivery approach either
by means of direct injection of SDF-1 in the
ischemic area (27, 28) or by implanting an SDF-1–
seeded patch for controlled SDF-1 release in the
neighboring myocardium (29). Both techniques led
to less cell death and increased homing of
transplanted cell angiogenesis within the hypoxic
tissue, ultimately leading to reduced scarring and
improved cardiac function. Explanations of the
observed effects of SDF-1 include increased
phosphorylation of Akt and upregulation of VEGF
in response to SDF-1. Other authors used injections
of transfected cells with ex vivo delivered SDF-1 to
prove the same concept. Likewise, SDF-1–
expressing cell transplantation augmented stem
and progenitor cell migration to the heart, activated
cell
survival
signaling,
and
enhanced
angiomyogenesis (30, 31).
Although an SDF-1 gradient to enable
homing of mobilized HPCs is a crucial step in
myocardial regeneration, this is not sufficient in the
absence of myocardial injury (31, 32). Our ability to
redirect migration of human bone marrow–derived
CD117bright cells to ischemic myocardium through
disruption of CXCR4/SDF-1 interactions after either
administration of G-CSF or specific mAbs provides
further evidence that bone marrow SDF-1 is a
biologically active chemotactic factor for this cell
lineage (16).
Consistent with our results is the
observation that subcutaneous injections of G-CSF
in patients with acute MI led to increased
mobilization of HPCs into the ischemic myocardium
(33). However, the functional activity of the
endothelial progenitor cells, as assessed based on
the migratory response to VEGF and SDF-1, as well
as the surface expression of the functionally active
CXCR4 receptor 6H8, were significantly reduced
after G-CSF treatment. Because cells mobilized by
G-CSF lose N-terminal residues on CXCR4
molecules, which are absolutely necessary for SDFmediated chemotaxis (13), and because we observed
reduced SDF-1 expression in the ischemic heart
relative to that seen in nonischemic control hearts,
it is likely that homing of G-CSF–mobilized HPCs to
the ischemic heart was due to local production of
chemotactic factors other than SDF-1. In this regard
we have recently shown that myocardial expression
of the interleukin 8 (IL-8)/Gro chemokine family is
significantly induced after acute ischemia and that
interactions between IL-8/Gro and CXCR1/2 on GCSF–mobilized HPCs play a major role in their
homing to the ischemic heart (34). These results are
supported by recent clinical trials using G-CSF for
treatment of patients with acute MI; demonstrating
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no effect of G-CSF on functional improvement might
support this assumption (35). Whether this G-CSF
mobilization–induced impairment of functional
capacities of HPCs indeed leads to an attenuation of
improvement in cardiac function in patients after
cell therapy remains to be elucidated. The use of
other mobilizing substances, which lack a negative
influence on the migratory capacity of circulating
HPCs, might be a preferred option for future
treatment of ischemic disease.
Although we have found that IL-8/Gro-α
mRNA and protein expression increases by more
than 8- to 10-fold within 12 hours of acute
myocardial ischemia in rats, these levels return to
baseline by 2 weeks. The transient nature of these
myocardial chemotactic signals suggest that
strategies to disrupt CXCR4/SDF-1 interactions
might not, by themselves, be effective for
myocardial homing of bone marrow HPCs at times
more remote from the acute ischemic event.
CXCR4/SDF-1 interactions in the ischemic
myocardium appear to be complicated because this
axis is influenced by production of a variety of
chemokines, which change over time after MI (36).
Upregulation of both chemokines in cases of acute
ischemia explains why transplantation of SDF-1– or
CXCR-4–overexpressing mesenchymal cells could
enhance mesenchymal cell therapy (37, 38).
However, the upregulation of SDF-1 and CXCR4 is
not a simultaneous process. A multivariate analysis
of the Reinfusion of Enriched Progenitor Cells and
Infarct Remodeling in Acute Myocardial Infarction
(REPAIR-AMI) trial (39) showed that when
magnitude of SDF-1 migration was included as a
variable, treatment time after MI was no longer a
predictor of response to therapy. These data suggest
that the bone marrow alters its responsiveness to
SDF-1 over time, indicating that bone marrow stem
cells might be more responsive to SDF-1 4 to 7 days
after MI than at baseline. One strategy would
include a temporal alignment of SDF-1 and
cardiomyocyte CXCR4 expression, whereas a second
strategy would take into consideration secretion of
other chemokines. Other growth factors, such as
fibroblast growth factor 2, can lead to synergistic
upregulation of CXCR4 in the setting of hypoxia
(40). An additional improvement of the matrix
milieu has
also
been
suggested because
upregulation of matrix metalloproteinases has been
found to enhance the ability of transplanted or
mobilized cells to generate new myocytes (41).
Additionally, as described in a previous study,
increased homing of progenitors into the ischemic
myocardium might imply the involvement of
alternate mechanisms, such as IL-8/Gro-CXCR1/2
(16) which have not been addressed in this study.
Another study limitation is the artificial
environment of xenogeneic cell transplantation in
nude rats. Although the model used is a widely
accepted in investigational studies of cardiac
regeneration, extrapolation of the results in
endogenous or autologous cells might be limited.
We provide evidence that bone marrow
SDF-1 upregulation after MI is a negative
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regulatory factor for mobilization of HPCs and
prevents their homing in ischemic myocardium.
Because disruption of bone marrow CXCR4–SDF-1
interactions
resulted
in
increased
neovascularization, our results suggest a general
paradigm by which myocardial recovery can be
enhanced after acute ischemia. The use of
additional cell therapeutic techniques should only
be considered under the prism of concomitant
improvement of the extracellular environment to
which the cells are expected to adhere and
proliferate. Myocardial cell-specific disruption of
CXCR4/SDF-1 interactions could prove helpful in
improvement of the extracellular milieu and
enhance the results of cell transplantation (40).
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Figure E1. A-D. Workflow of experiments to investigate CXCR4/SDF-1 interactions after myocardial
infarction and transplantation of G-CSF–mobilized hematopoietic progenitors. CXCR4, CXC chemokine
receptor 4; SDF-1, stromal cell–derived factor 1; G-CSF, granulocyte colony-stimulating factor; HPC,
hematopoietic progenitor cell.
7. E-MATERIALS AND METHODS
7.1. QUANTITATION OF CELLULAR
MIGRATION INTO TISSUES
After intravenous injection of human cells,
quantitative analysis of the proportion of human
cells in rat bone marrow and heart tissue was
performed by means assessment of both DiI
fluorescence and expression of MHC class I
proteins. A single-cell suspension of rat bone
marrow was stained with fluorescein-conjugated
mAbs against human CD34 and MHC class I β2microglobulin (Accurate Chemicals, New Haven,
Conn) and analyzed by means of multiparameter
fluorescence with FACScan (Becton Dickinson,
Mountain View, Calif), as described previously (16).
The proportion of human cells in rat heart tissue
was expressed as the number of DiI-positive cells
per high-power field (minimum of 5 fields examined
per sample) and as the proportion of cells staining

positive for human MHC class I b2-microglobulin.
Staining of cardiac tissue was performed by using
an
immunoperoxidase
technique
with
an
Avidin/Biotin Blocking Kit, a rat-absorbed
biotinylated anti-mouse IgG, and a peroxidase
conjugate (all Vector Laboratories, Burlingame,
Calif). The human origin of the detected cells was
confirmed by staining against the human
mitochondrial epitope S-100 (S1-61, Santa Cruz
Biotechnology).
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1. GENERAL DISCUSSION AND FUTURE
PERSPECTIVES
Cardiovascular disease (CVD) and subsequent heart
failure (HF), and type I diabetes mellitus (IDDM),
and its complications, are two major health threats
to an ageing Western population (1, 2). Cell and
(structural) tissue loss due to ischemia and/or
autoimmunity are the main reasons for these
events. Therefore, cell and/or tissue engineering,
regeneration, and replacement offer novel treatment
options to reverse or even cure CVD, HF, and
IDDM. The research described in this thesis was
designed to better understand the functions that
various
approaches
which
utilize
cell
transplantation and tissue engineering can play in
tissue degenerative diseases such as CVD/HF or
IDDM. We plan to discuss in this section the main
conclusions and implications of our findings, and
future perspectives for this novel area of
investigations.
This thesis consists of two parts; the first
part emphasizes the role of biomaterials and
bioengineering upon which effective stem cell and βcell transplantation relies, while the second part
focuses on the application and mechanisms of
hematopoietic stem cells in cardiac tissue repair
without the use of biomaterials. The studies on
cardiac repair provide a deeper analysis into the
homing mechanisms that could influence stem cell
mediated regeneration.
The main findings of this thesis which are
outlined in greater detail in corresponding chapters
are:
a.
Raw sodium alginate derived from brown
seaweed can be highly purified using specific buffer
conditions in combination with hydrophobic
polyvinylidene
difluoride
(PVDF)
membrane
filtration. The resulting alginate surpasses purity in
terms of protein content and immunogenicity,
compared to commercially available “ultra pure”
alginates (Chapter 2) and Table 1. Table 1
summarizes the results of alginate purification by
PVDF membrane filtration, and compares relative
efficiencies of contamination removal by application
of different purification processes used by different
commercial parties.
b.
Custom purified alginate can be covalently
(i.e. irreversibly) modified with synthetic cyclic
RGDfK peptides, which bind to specific cell surface
receptors (i.e. integrins) on the outside of cell
membranes. Such modified alginate can be
subsequently used in downstream applications, as
in fabrication of either hydrogel or solid 3Dscaffolds. Such 3D-scaffolds when seeded with
different cell types were shown to enhance STRO-1+
mesenchymal precursor cell (MPC) adhesion and
their survival; they could therefore be used to
transplant MPCs to create new blood vessels and to
improve cardiac function in HF (Chapter 3). By
carrying pancreatic β –cells, such 3D-scaffolds could
also successfully treat IDDM (Chapters 4 & 5), in
experimental animal models.
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c.
The “homing” of hematopoietic stem cells to
damaged tissues (i.e. infarcted myocardial tissue) is
mediated by specific pathways that play a role in
cytokine/chemokine signaling, i.e. eotaxin/CCL11,
RANTES/CCL5, MCP3/CCL7 and their receptor
CD193 (CCR3), and SDF-1/CXCL12 and its receptor
CD184 (CXCR4). Modulation of these chemokinereceptor axes by blocking antibodies against CD193,
CD184, or SDF-1, by local cardiac administration of
eotaxin or SDF-1, or systemic administration of GCSF, can redirect stem cells to other locations (i.e.
damaged organs) following tissue injury and
thereby exert a reparative effect (Chapters 6 and
7).
2. ALGINATE BASED BIOMATERIALS AS A
VERSATILE TOOL IN TISSUE ENGINEERING
APPLICATIONS TO TREATMENT OF HF AND
IDDM (CHAPTERS 2, 3, 4 & 5)
Sodium alginate, mainly derived from brown
seaweed, offers a wide range of applications,
starting as beer foam stability enhancer and
extending to its use as acid reflux inhibitor and 3Dprinter ink material (3-5). The usefulness of sodium
alginate as a material useful in cell transplantation
for pancreatic islets was shown in 1980 by Lim and
Sun in their search for methods to safely
encapsulate
islets
to
protect
them
from
immunological reactions (6). The islets in this case
were encapsulated in small spheres with a semipermeable
alginate-poly-L-lysine-alginate
membrane that permitted diffusion of glucose and
insulin but prevented entry of immune cells into the
sphere. Unfortunately, the stability of such spheres
remains limited in vivo and since there is no
neovasculature following transplantation, the islets
are initially dependent only on diffusion of nutrients
and oxygen for their survival, and on glucose and
catecholamines for their function.
To complicate the matters, we have shown
that seaweed derived sodium alginate is heavily
contaminated with several biological components
such as protein, DNA, RNA and endotoxin, each of
which could elicit an unwanted immune response to
the material itself which can then act almost as an
adjuvant in the reaction of the enclosed or carried
cells. To avoid this problem, we were able to remove
almost all contamination by implementing a newly
developed
purification
protocol
based
on
hydrophobic PVDF membrane filtration at pH 5.5
(7). The resulting purified sodium alginate could
then be used in further downstream applications,
such as 1) covalent (i.e. irreversible binding)
modification with bioactive peptides, 2) generation
of biocompatible 3D scaffolds as cell carriers, and for
3) neovascularization, in vivo or potentiating growth
of new vascular networks (as described in chapters
2, 3, 4 & 5).
3. MODIFICATION OF ALGINATE USING
ARG-GLY-ASP (RGD), OTHER PEPTIDES
AND PROTEINS, AND ITS APPLICATIONS IN
TISSUE ENGINEERING (CHAPTERS 2 & 3)
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Sigma-Aldrich
unpurified
sodium
alginate
(Sigma0682,
LVM)

Commercial
Ultrapure
alginate
NovaMatrix LVM

Commercial
Ultrapure
alginate
NovaMatrix LVG

Custom purified
alginate
Sondermeijer
(Sigma-Aldrich
0682, LVM)

Protein (per
gram dry
11mg
5mg
5mg
3mg
alginate)
DNA (per gram
3µg
<0.25µg
< 0.25µg
1µg
dry alginate)
RNA (per gram
32µg
<10µg
<10 µg
<10 µg
dry alginate)
Endotoxin (per
gram dry
>125EU
<125EU
<125EU
<125EU
alginate)
Immune
activation
+++
+
++
(compared to
baseline)
Organic
Chloroform,
Chloroform,
solvents used
N/A
ethanol, ethyl
ethanol, ethyl
Ethanol
for
ether, butanol
ether, butanol
purification
Inorganic
Sodium hydroxide,
Sodium hydroxide,
sodium citrate,
sodium citrate,
solvents used
Sodium phosphate
N/A
acetic acid, EDTA,
acetic acid, EDTA,
for
EGTA
EGTA
purification
Table 1. Comparison of several commercially available alginates before and after purification. LVM = low
viscosity mannuronic acid. LVG = low viscosity guluronic acid. EDTA= ethylenediaminetetraacetic acid.
EGTA=egtazic acid. The far right column shows results of our novel purification protocol applied in chapter
2. Relative efficiencies of purification of different sodium alginate products are shown, represented as
residual contamination following purification of protein, DNA, RNA and endotoxin content,
immunogenicity, and solvents (i.e. waste) used for purification.
Legend:
= low efficiency,
= intermediate efficiency,
= high efficiency
Sodium alginate's main advantage lies in its
saccharide monomers, each containing carboxyl (COOH) groups, which are readily available to react
with amino (-NH2) groups using various crosslinkers (8-11) in aqueous solution. When the
polysaccharide becomes solid in aqueous solutions
following addition of divalent ions (i.e. Ca2+, Ba2+),
the level of rigidity of the Ca2+-or Ba2+-alginate
matrix can be controlled based on the
amount/concentration of added divalent ions (Figure
1).
There are many different sodium alginate
formulations. Sodium alginate generally consists of
mannuronic or guluronic acid monomers (12). The
molecular weight (MW) of monomers is 194D (13).
Sodium alginate polymers can reach lengths with
masses over 250kD, which results in high viscosity
at 1-2% w/w aqueous solution (14); sodium
alginate's viscosity in aqueous solution therefore
can vary and is dependent on the ratio of guluronic
to mannuronic acid monomers which can be
manipulated, and on the polymer chain length (13).
Heating sodium alginate in aqueous solutions,
and/or ionizing irradiation, can result in chain
breakdown and result in lower viscosities in
solution (15). To minimize alginate's effects on cells
and their immunological properties, variation of
viscosity can be beneficial (16). For mesenchymal

stem cells (MSCs) or STRO-1+/STRO-3+ MPCs,
which are purified MSCs using the proprietary antiSTRO-1 or anti-STRO-3 mAb (17, 18) and
considered to be more primitive MSCs, and
pancreatic islets, optimal viscosities are determined
by the consistency of the alginate solution (in case of
islet encapsulation (19)) or scaffold rigidity (in case
of 3D scaffolds (20)).
For the studies on which this thesis is
based, we were able to generate purified alginate
that
surpasses
commercially
available
pharmaceutical grade alginate formulations (Figure
1). Our approach was based on filtration through
hydrophobic PVDF membranes (7). Subsequently,
we managed to modify the purified alginate with
the cyclic RGDfK peptide using carbodiimide and
sulfo-NHS crosslinking in aqueous solution (10, 11).
This peptide has been previously used as an antiangiogenic agent, in the setting of blood vessel
growth inhibition in malignancies. It inhibits
angiogenesis by acting as an antagonist of
endothelial cell adhesion by blocking αVβ3 and α5β1,
which are two main integrin receptors on
endothelial cells (21). In contrast, it is also used as a
radioactive imaging agent in tissues that are
actively undergoing vascular remodeling (i.e.
malignant tumor tissue or metastases) by
specifically binding to proliferating endothelial cells,
105

Chapter 8 - General discussion and future perspectives.

Figure 1. Schematic representation of calcium-RGD-alginate scaffold generation, including cell loading.
Step 1 shows the mixing of aqueous RGD-alginate (up to 2%w/w, depending on viscosity and chain length)
with divalent ions (Ca2+, Ba2+, typically ~1%w/w) in aqueous solution. Step 2 shows the arrangement of
RGD-alginate chains with divalent ions in the hypothetical “tilted egg-box” conformation (25). Step 3 shows
addition of hMPCs expressing integrin receptors (i.e. αVβ3) which attach with high specificity to immobilized
RGD in the 3D RGD-alginate matrix. Note that in aqueous solutions such as used in hydrogels and
chapters 2, 4 and 5, ratios of alginate/RGD-alginate:Ca2+:H2O (i.e. 2:1:98) are not shown to scale. In solid
lyophilized RGD-alginate scaffold applications, such as used in chapter 3, densities of RGD-alginate and
Ca2+ would be higher (25).
in order to visualize tumor blood vessel proliferation
(22). Conversely, the immobilization of cyclic
RGDfK peptide on alginate polymers chains, as we
have done, creates a solid substrate for endothelial
cells and other cells with integrin receptors such as
MSCs/MPCs to adhere and to spread, therefore
enhancing survival and preventing "anoikis", i.e.
programmed cell death after detachment, of RGDalginate bound cells (23).
Thus, RGD-peptides have been used in
many other therapeutic applications (24). RGDpeptides in solution have been mostly used as
blockers of cell adhesion, which could be useful in
anti-proliferative/anti-cancer/anti-metastasis
therapy. Radiolabeled RGDfK peptides have been
used for PET-imaging studies, mostly in oncology,
since solid tumors express high levels of integrins
such as αVβ3 and α5β1 at high levels (26).
4. OPTIMIZATION OF ALGINATE
MODIFICATION USING CROSS-LINKER
TECHNOLOGY (CHAPTER 3, 4 & 5)
As mentioned before, the attractiveness of sodium
alginate is its modifiable carboxy (-COOH)-groups.
These groups can be “activated” so as to react with
other activated groups such as amino (NH2-)-groups,
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SH-groups, or others. We used (1-ethyl-3-(3dimethylaminopropyl)carbodiimide hydrochloride)
(EDC) and N-hydroxysulfosuccinimide (sulfo-NHS)
chemistry to covalently attach RGD peptides to
sodium alginate (27). EDC/sulfo-NHS is a
combination of zero-length cross-linkers, which
implies that they will not introduce any spacer
molecules between the two molecules that are
coupled (in this case alginate and RGDfK peptide)
(9). Other cross-linkers introduce spacer arm atoms
that may provide enhanced access of integrins to
coupled RGDfK peptides. Other known cross-linkers
are homo-bifunctional cross- linker reagents that
have the same reactive group at both ends of the
spacer arm, i.e. NH2-NH2 reactive (28); while
hetero-bifunctional cross-linkers have different
reactive groups on each end of a spacer arm, i.e. SH-NH2 reactive (29). Cross-linker chemistry is
commonly used in several areas and is therefore an
important tool in this field. It has been used in 1)
conjugation or labeling of antibodies in reporter
assays (30), 2) covalent crosslinking of proteins to
solid surfaces (31), or 3) study of protein-protein
interactions in disease (32), as well as in other
manipulations.
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In our studies, we used exact molar
concentrations that would theoretically activate
10% of the -COOH groups in any given alginate
polymer chain (10, 11). We hypothesized that based
on the proposed hypothetical 3D egg-box structure
of calcium alginate (25) sufficient RGDfK peptides
would be available to bind to cells with surface
integrin receptors (Figure 1). By modifying the
concentration of cyclic RGDfK bound to alginate we
showed a dose-dependent cell survival; the higher
the amount of cyclic RGDfK peptide used, the
higher the percentage of live cells inside scaffolds
after 1 week of in vitro culture (10).
Since the covalent attachment of cyclic
RGDfK to alginate monomers theoretically is 1:1,
the increased survival of cells could be explained by
1) complexes of cyclic RGDfK clustered together on
1 carboxy-group by covalent peptide-to-peptide
interaction, 2) the concentration range used still fell
in the non-saturation domain, or 3) the theoretical
percentage of -COOH activation was exceeded.
Indeed, for tumor imaging studies, soluble 99mTc
and 111In radiolabeled RGDfK polymer chains have
been used to enhance binding to tumor cells (26). In
other studies, the spacing of the RGD sequence and
its molecular distance from the alginate polymer
chain may enhance availability in the 3D
conformational space of RGD to integrin receptors
on the surface of cells, which has been shown by
modifying
alginate
with
a
GGGGRGDSP
(G4RGDSP) peptide compared to GRGDSP peptide
modification, where 4x glycine (G) acts as a spacer
amino acid chain (33).
Apart from RGD, which is an important
part of many extracellular matrix proteins such as
fibronectin, collagen and vitronectin (34, 35), other
peptide sequences may be considered to create a 3D
alginate scaffold with additional properties other
than enhancing cell survival. For example, the
peptide sequence FN-C/H-V in fibronectin (residues
Gln1892 to Gly1910) has been shown to promote
adhesion, spreading, as well as motility of certain
cell types (36). Whereas RGD enhances cell
adhesion via integrins such as αVβ3, RGD by itself is
not known to be indispensable for cell motility and
cell migration, which in dense tissue seems to be
integrin independent and based on actomyosinmediated protrusion and contraction (37). Cell
division (mitosis) needs additional (intracellular)
integrin signaling (38). Thus, an RGD-only modified
scaffold may not be the optimal environment if one
is to generate a proliferating tissue system. Other
peptides in fibronectin such as Leu-Asp-Val (LDV)
and Arg-Glu-Asp-Val (REDV) have been shown to
bind to other integrins such as integrin α4β1 and
thereby enhance vascular cell spreading (39). If one
considers using otherwise inert biomaterials such as
alginate or hyaluronic acid, it may therefore be
critical to incorporate into such biomaterials several
different peptide sequences to create a fully
functional 3D-environment that promotes cell
adhesion (i.e. survival), migration, and division.

5. HOMING OF BONE MARROW DERIVED
STEM CELLS BY CHEMOKINES AND THEIR
ROLES IN TISSUE DEGENERATIVE
DISEASES (CHAPTERS 7 & 8)
Bone marrow transplantation remains the therapy
of choice for hematological malignancies. The
mechanisms of bone marrow stem cell homing are
quite well established (40). Homing of leukocytes to
sites of inflammation or infection is also well
described (41). The application of bone marrow stem
cells or other tissue derived stem cells to sites of
tissue damage is a relatively new concept, especially
in case of organs that were previously considered to
have no regenerative capabilities such as the
human heart (42, 43). In the case of the heart, one
needs to understand that ischemia will induce an
inflammatory response (44, 45), which will attract
immune cells such as macrophages, innate
lymphoid cells, and mast cells (46). Bone marrow
derived cells such as monocytes/macrophages play
key roles in inflammation as they are needed to
generate new vasculature (47) and clean up dead
tissue debris following ischemia/infarction (48).
Indeed, macrophage depletion impairs wound
healing and left ventricular remodeling and
increases mortality following myocardial infarction
in mice, probably via TGF-β and VEGF-A signaling
pathways (49).
The migration of such immune cells to sites
of inflammation should not be confused with a
specific regenerative response by stem cells.
Interestingly, cytokines and chemokines that are
produced by damaged tissue such as SDF-1 or
CCL3/CCL4 (also known as MIP1α/MIP1β) are not
only capable of attracting immune cells such as
monocytes/ macrophages through its respective
receptors CXCR4 and CCR5 (50), but these
chemokines also attract bone marrow derived
CD34+ stem cells, as we and other have shown (51,
52). Stromal derived factor 1 (SDF-1) is produced by
bone
marrow
stromal
cells
and
attracts
hematopoietic stem cells via their receptor CXCR4
which is abundantly expressed on CD34+
hematopoietic stem cells. Surface receptors of such
cells are used as markers of putative stem cells, not
just stem cells from the bone marrow, but also from
other tissues, for example vascular endothelium
(53). The identification of CD34 on circulating
mononuclear cells led to the early hypothesis that
bone marrow derived stem cells might circulate in
the blood stream and regenerate tissues with
damaged vasculature such as the heart following
MI. This has resulted in an extensive search for
other
cell
surface
receptors
and
cytokines/chemokines
that
play
roles
in
regeneration of tissues. For example, c-kit/CD117, a
tyrosine-protein kinase type III and the receptor for
stem cell factor (SCF), is a cell surface protein on
hematopoietic stem cells, but was also found in the
heart (54). This led to the hypothesis that the heart
may contain intrinsic cardiac stem cells (CSCs) that
potentially could repair cardiac damage after MI.
(54). It was later found that cardiac mast cells also
express c-kit/CD117 (55), hence additional research
107
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is ongoing to characterize the (stem cell) phenotype
of c-kit+/CD117+ cardiac cells.
Given the apparent overlap between proinflammatory and pro-regenerative signals, the
question arises if one should separate an
inflammatory immune response from a specific stem
cell-based tissue repair response, and if so, how?
Therapeutic intervention will be more specific if the
regenerative response is enhanced without
triggering an inflammatory reaction, but there are
also examples where inflammation may facilitate
homing and engraftment of stem cells. In the case of
bone marrow transplantation for example, not every
transplant results in successful engraftment,
indicating that the interaction between donor bone
marrow stem cells and the host bone marrow is
subject to specific signals and cellular interactions
within a well-defined matrix (56). Indeed, such
interaction is highly complex, and involves not only
the cell homing capacity, but also the immune
status of the recipient, age of donor and host, and
many other variables. Total body irradiation (TBI)
of the bone marrow recipient, also known as
conditioning, enhances the efficacy of stem cell
engraftment after bone marrow transplantation.
The theory here is to create “space” in the
recipient’s bone marrow niche for donor cells by
killing resident bone marrow, in some cases even
without irradiation (57). However, ionizing
irradiation also induces bone marrow inflammation,
which may provide signals for immune cells but also
for infused stem cells to home to bone marrow and
engraft (58). In addition, it has been shown that
local irradiation enhances the homing and
engraftment of human MSCs to the irradiated
tissue in NOD/SCID mice models due to radioinduced tissue damage (59). Thus, the differences
between inflammation and stem cell repair
frequently have a common outcome.
An
acute
MI
induces
an
acute
inflammatory response (44). In the heart, just as in
bone marrow, this inflammation stimulates homing
of leukocytes and stem cells to the myocardium,
which can be shown non-invasively, for example by
PET imaging (60), or in combination with Cre-loxassisted cell fate mapping (61). Whether such stem
cells are ultimately responsible for the observed
tissue repair in animal models is subject of intense
discussions. Following MI, one can measure stem
cell homing signals such as SDF-1 in the heart, as
we and others have shown (51, 62, 63), but the
question remains whether such signals lead to
mobilization of primarily inflammatory and/or of
dedicated reparative stem cells, or to both. It is
likely that the homing signals for inflammation
and/or repair may be synergistic, rather than
mutually exclusive. Indeed, in skeletal muscle it
was shown that the micro-environment of the injury
site can have profound effects on wound healing in
vivo (64). For instance prolonged hypoxia had an
immediate anti-inflammatory effect and resulted in
significant Pax7+ satellite stem cell proliferation.
Conversely, inhibition of hypoxia by lowering
mitochondrial
oxygen
consumption
induced
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inflammation and reduced the number of
proliferating Pax7+ satellite stem cells. These
differential effects were regulated by hypoxiainducible factor 1α (HIF1α), a polypeptide and
transcriptional activator of vascular endothelial
growth factor (VEGF). In the heart, an increase in
the level of HIF1α is an early response to
myocardial ischemia or infarction (65). HIF1α has
further been shown to modulate the expression of
several chemokine receptors on white blood cells,
notably CCR1, -2, and -4 (66), which could affect
homing behavior of WBCs. In mice, continuous
expression of HIF1a by inhibiting its degradation by
prolyl hydroxylase (PHDs) inhibitors resulted in
tissue regeneration (67). Thus, the net outcome of a
tissue injury response (i.e. regeneration or scar
formation/fibrosis) is at least partially regulated by
tissue oxygen levels.
Adoptive transfer of MSCs after MI is
considered to be a therapeutic strategy to repair
damaged cardiac tissue. MSCs migrate in response
to homing signals and express cell surface receptors
involved in stem cell homing. However, in chronic
HF models, application of labeled sheets of MSCs as
an epicardial patch did not result in the migration
of these cells into the myocardial infarct scar (68).
In chronic HF models however, homing signals may
be lacking due to a subsided inflammatory response.
In our own studies, G-CSF mobilized purified
human CD34+ bone marrow cells injected directly
into the myocardial infarct scars of nude rats 4
weeks after an MI (considered to be a chronic HF
condition) did not alter cardiac function (Master
Thesis H.P. Sondermeijer, not published). Thus, the
healing effects seen in animal models may be
dependent on stem cells, but homing and/or
attractant signals seem to be essential for an overall
effect (i.e. cell retention, cell proliferation) in the
damaged tissue, where, in addition, a suitable
environment must be present and which is essential
for successful engraftment of such cells in the target
organ that needs repair.
It must also be considered that alone, the
injection of stem cells into the circulation after an
MI would not automatically signify that such stem
cells migrate to the damaged heart. The bone
marrow produces low levels of SDF-1 (69), hence i.v.
injected stem cells may also migrate to many other
locations. Indeed, T-cells seem to react to specific
concentration gradients of SDF-1 in vitro, and
either migrate towards or away from such gradients
(70). Modulating the homing properties of CD34+
hematopoietic progenitor cells can, as we have
shown, be achieved by specifically blocking
chemokine receptors (i.e. CCR3/CD193), or by
injection of chemokines such as SDF-1 into ischemic
myocardium after acute MI (51, 63).
The interplay between stem cells and their
homing factors is a highly complex process which is
not fully understood. New cell surface receptors and
cytokines/chemokines and their interactions are still
being discovered and described (71). Therefore, one
needs to be cautious in the assessment of (stem) cell
homing studies and conclusions must be guarded as
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to the mechanisms and observed effects of such cells
in the physiology of repair of the injured organs.
Further experiments are needed to answer some of
these questions. This can be achieved by thorough
scientific design, for example by a combination of
cell membrane staining, radioactive labeling for
non-invasive (PET) imaging, or sex mismatched
donor-recipient
animal
pairing
for
precise
identification of reparative cell types (61).
Unfortunately, even the latter approach has led to
false positive conclusions because donor cells have
been shown to fuse at the cell membrane level with
recipient organ resident end-differentiated cells (i.e.
cardiac
myocytes).
This
resulted
in
misinterpretation
that
labeled
donor
cells
differentiated into cardiac muscle cells, which could
be prevented by fluorescent in situ hybridization
(FISH) techniques, which distinguishes cells based
on differences in (sex) chromosome content. Indeed,
it was shown in human sex-mismatched heart
transplant patients where male recipients received
a female heart, approximately 7-10% of the cells (i.e.
myocytes, coronary arterioles, capillaries) in the
female heart contained cells with a Y chromosome
and were highly proliferative compared to control
hearts (72), raising the intriguing question whether
the heart is able to regenerate via external stem cell
recruitment and transdifferentiation. However,
chimeric animals did not show evidence of such
phenomenon, at least not in non-hematopoietic
tissues, including brain, kidney, gut, liver, and
muscle (73). Up till today, the debate as to whether
the heart possesses regenerative capacities
continues (74).
6. TISSUE RESPONSE AND MECHANISMS OF
TISSUE REPAIR (CHAPTERS 3, 4, 7 & 8,
APPENDIX 3)
The injection of (stem) cells into damaged tissues
has provoked extensive discussion and research
regarding their role in the mechanisms of tissue
repair, from transdifferentiation and paracrine
effects (75, 76) (Appendix 2), modulation of
extracellular matrix proteins (77), telomere
shortening (78), and effects of so called exosomes,
small vesicles secreted by injected cells (79). In the
case of an experimental MI, one can measure
objective improvement in cardiac function following
injection of stem cells by using accepted parameters
measured by various methods. These include
echocardiography, MRI and PET imaging (80). The
proposed mechanisms of such improvement range
from induction of angiogenesis (81), the selective
migration and subsequent support of injected stem
cells to damaged cardiac muscle (82), or activation
of endogenous cardiac stem cells in response to
injected cells (83). For each mechanism, there is
supporting scientific evidence, however, since there
is a risk of misinterpretation, one needs to be
cautious in formulating any definite clinical
conclusions based on reported results in animal
experiments. For example, in animal experiments,
including our own (Chapters 3, 7 & 8; appendix
3), one can measure virtual normalization of cardiac

function following the application of human MSCs
(75) or MSC seeded scaffolds (10). However, in
human clinical trials with whole bone marrow
which contains MSCs as well as CD34+ cells,
intracoronary injection has not consistently shown a
durable beneficial effect on cardiac function (42, 43,
84). Meta-analyses (i.e. ACCRUE) have resulted in
similar conclusions (85), though one needs to be
careful with statements regarding lack of efficacy,
even when based on meta-analyses.
Similarly, in IDDM studies, although there
are many successful experimental treatments in
various animal models, including the NOD/SCID
mouse model, translation to the clinic has not yet
been successful (86-88). To achieve translational
clinical success we need to carefully consider many
factors. This initially includes the animal model
used, the type of therapeutic intervention, the
methods to measure differences from baseline, as
well as methods of islet isolation and location of
islet placement. It is this latter consideration where
we think major progress can, and is being made (89)
using various forms of encapsulation and scaffold
formation, as we have done using cyclic RGDfKpeptide modified alginate scaffolds (Chapters 4 & 5
and (11)). The inefficiencies of translation from
small animal models to human clinical studies are
based, not only on quantitative consideration of size
differences, but more importantly in case of
pancreatic islets on qualitative differences on
acceptance, longevity, immunologic tolerance to
both biomaterial and their islet contents, and
physiologic function and responses of islets within a
new environment.
In the field of cardiac regeneration the use
of microscopic techniques can be misleading in
identifying the mechanism of efficacy of the
transplanted stem cells by falsely identifying
differentiation of one cell type into another by the
use of inappropriate techniques. The issue in this
particular case lies in the staining of stem cells for
tracking purposes (90). An investigator could falsely
conclude that a cell has acquired a new phenotype
and has transdifferentiated into another cell type,
even from another germ layer, when instead two
different cells have fused. This can occur when cells
are tracked by cell membrane staining or species
specific cell surface markers such as the major
histocompatibility complex (MHC), cell membranes
including membrane surface antigens can be
exchanged in vivo between cells of different species
in a process called trogocytosis (91), therefore giving
the false impression one cell has changed into
another. This phenomenon could also be
demonstrated in co-culture experiments in vitro
(92). While biologically and even evolutionary this is
a remarkable observation, there has been
remarkably little attention to this mechanism in the
field of stem cell therapy.
So, which mechanism has been proven to
be
more
likely
than
transdifferentiation?
Immunomodulation of the inflammatory response
following acute tissue injury such as MI is a
plausible explanation, as shown by the acute
109

Chapter 8 - General discussion and future perspectives.

cardiovascular
protective
effects
of
antiinflammatory corticosteroids (93). Cardiac ischemic
injury causes an intense proinflammatory cytokine
response, notably by release of TNF-α, IL-6 and IL1Rα, which can lead to Systemic Inflammatory
Response Syndrome (SIRS) (94). Systemic injection
of stem cells or direct injection into acutely injured
tissue may cause changes in the cardiac remodeling
response by decreasing levels of circulating pro-and
antiinflammatory cytokines, which could result in a
net positive outcome with regards to cardiac
function. Indeed, in a recent clinical trial using
canakinumab, a therapeutic monoclonal antibody
targeting
interleukin-1β,
subcutaneous
administration every 3 months led to a significantly
lower rate of recurrent cardiovascular events than
placebo in patients with atherosclerotic disease,
independent
of
lipid-level
lowering
(95).
Immunomodulatory effects may explain why the
beneficial outcomes of stem cell injections or of other
interventions, such as scaffold application in acute
MI, when the inflammatory response is still “fresh”,
appears to be more pronounced than intervention in
the established chronic HF model (author's
observation).
Regardless of the underlying mechanism of
tissue repair, modulating the immune response
could be a novel approach to treat acute MI and
other tissue degenerative diseases (96, 97). Several
studies have addressed this observation, as for
example by studying the anti-inflammatory actions
of statins (98). Others, using newer experimental
approaches
employing
antibodies
and/or
immunomodulatory
biological,
for
example
monoclonal antibodies against interleukin-1β (95),
or known small antiinflammatory molecules such as
methotrexate, have also addressed this problem
(99). In this thesis, we used several different
approaches based on the assumption that cell
transplantation of human bone marrow derived
CD34+ cells or hMPCs±biomaterial would enhance
tissue regeneration by proliferation and/or
differentiation
of
transplanted
cells
into
cardiovascular tissue (Chapters 3, 6, 7, and
appendix 2 (10, 51, 63, 75)). Since we did not find
major human derived structures (i.e. replacement
tissue, vascular structures, or contracting cardiac
muscle) in the hearts of our animal models of HF,
and could not detect any human RNA 24 hours after
hMPC injection into rat MIs (75), it is likely that the
effects that were seen on cardiac remodeling were
most likely caused by other mechanism such as
immunomodulation. In the case of hMPCs in our
experiments, the injection of hMPC conditioned
medium (i.e. concentrated cell growth medium
collected after hMPC culture without the cells) into
hearts of animals with acute MI improved cardiac
function
to
a
similar
extent
as
direct
intramyocardial cell injection (75). Since hMPCs are
known to secrete a number of immunomodulatory
cytokines, notably IL-6, and express a distinct panel
of chemokine receptors (100) that could consume
locally produced or systemically circulating
chemokines, it is likely that these factors contribute
110

to the observed positive functional effects that we
measured on cardiac remodeling following an MI in
these experimental models.
7. CELL THERAPY OR TISSUE
ENGINEERING: WHAT TO PREFER IN
REGENERATIVE MEDICINE?
The field of tissue engineering and cell therapy for
tissue repair is relatively young. Initially, based on
animal models, regenerative cell therapy showed
great promise in several diseases such as
cardiovascular disease, IDDM, and others (81, 101,
102). Many cell types have been isolated, expanded,
identified, and functionally evaluated in an effort to
facilitate tissue and organ repair and regeneration.
Concomitantly, many biologic and bioengineering
efforts to combine different biomaterials with
different cell types has followed suit. Table 2 and
table 3 provide an overview of major biomaterials
which have been evaluated in combination with cell
types in experiments focused on treating MIs and
IDDM. Although the tables are incomplete due to
almost daily progress in this new field, already a
pattern in the progress can be identified. Most
studies of MIs to date include the use of
decellularized tissues, sodium alginate scaffolds,
and fibrin based scaffolds. In studies of IDDM, there
was predominant use of sodium alginate and polylactide (i.e. PGA) based materials. Since sodium
alginate, fibrin and poly-lactide based materials are
FDA-approved for clinical use, it is logical to use
such materials as a starting point. Decellularized
scaffolds may be less desirable for clinical
application due to potential pathogen transfer such
as prions, or contamination with host derived DNA
that could lead to immune responses.
It remains to be seen whether bioengineered
scaffolds, “natural” decellularized carriers or cell
transfers themselves are the most efficient; this
may well depend on the target organ treated.
Clinical trials will eventually decide which
approaches are most feasible and hold greatest
promise for the future. Cell therapy by direct
injection is more practical, however cell survival
and hence efficacy and longevity may be a problem.
For more complex tissues, biomaterials and tissue
engineering seem to have an advantage over cell
sheets or cell injections. On another note, financial
issues must also be taken into account.
Pharmaceutical companies may be hesitant to
invest in a single therapeutic intervention (i.e. an
autologous stem cell±biomaterial transplantation)
that “cures” a disease. The discussion as how to
finance tissue engineering and cell therapy
investigations and clinical trials deserves additional
attention (154, 155).
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Scaffold material

Cell types

Model organism

Primary endpoints

Sodium alginate

Rodent FCMs,

Rodent permanent MI,

Cell proliferation/retention/fate, (103-108)

References

hESCs, hMSCs,

human HF,

cardiac neovascularization,

CSCs, acellular

porcine ischemia/reperfusion

LV function

Fibrin glue

SMCs, MSCs,

Rodent ischemia reperfusion,

Cell retention, LV function

(109-114)

(TisseelTM)

hiPSCs,

permanent ligation, porcine MI
Rodent MI, swine MI

LV function, angiogenesis

(115-118)

Rodent MI, porcine ischemia

LV function, angiogenesis

(119-121)

LV function, angiogenesis

(122-128)

(107, 129-132)

acellular
PGA/PLA

Rodent ESCs,
human DFBs,
rodent BMNCs

Acellular

N/A

(synthetic)

reperfusion, human VSD

Decellularized

Rodent CPCs,

Rodent permanent MI,

(biological)

rodent MSCs,

porcine MI, dog MI

human DFBs,
humans MPCs
Collagen

Rodent BMNCs,

Rodent MI,

Remodeling, angiogenesis,

rodent MSCs,

human phase I trial

LV function

Rodent MI,

LV function, angiogenesis

(133, 134)

Rodent permanent MI

Cell migration, LV function

(68, 135, 136)

LV function, electrical

(137-139)

human CAECs,
human BMNCs
Self-assembling

Human iPSCs,

peptides

murine CPCs

PNIPAAM

Rodent MSCs,
rodent NCMs

Gelatin,

Rodent MSCs,

(GelfoamTM)

rodent NCMs,

Rodent MI, in vitro

integration

human iPSCs

electrical integration

Table 2. Select cells and materials in tissue engineering approaches for cardiac regeneration. Nonexhaustive list of commonly used biomaterials for 3D cell culture and subsequent in vivo application in
models of HF. Legend: FCM=fetal cardiomyocytes, ESC=embryonic stem cell, MSC=mesenchymal stem cell,
CSC=cardiac stem cell, SMC=smooth muscle cell, iPSC=induced pluripotent stem cell, DFB=dermal
fibroblast, BMNC=bone marrow mononuclear cell, CPC=cardiac progenitor cell, MPC=mesenchymal
progenitor cell, CAEC=cardiac arterial endothelial cell, NCM=neonatal cardiomyocytes, MI=myocardial
infarction, HF=heart failure, LV=left ventricle.
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Scaffold material

Cell types

Model organism

Primary endpoints

Sodium alginate

Rodent islets,

Rodent STZ

Glucose tolerance, islet survival (6, 11, 140)

human islets

Rodent STZ

Rodent islets,

Rodent STZ

Islet viability

Rodent STZ, monkey STZ

Glucose tolerance, islet survival (143-146)

Fibrin-based

References

(141, 142)

human islets
PGA, PLA, PLG

Rodent islets,
monkey islets,

implant site survival

human islets
Decellularized

Rodent islets,

(biological)

porcine islets

Rodent STZ

Cell survival, glucose tolerance (147, 148)

Collagen based

Rodent islets

Rodent STZ

Implant site, retrievability

Self-assembling

Human islets,

In vitro

Cell proliferation, differentiation (150, 151)

peptides

INS1 cell line

PNIPAAM

Rodent islets

Rodent STZ

Implant site, glucose tolerance (152)

Gelatin

Rodent islets

In vitro

Cytocompatibility

(149)

(153)

Table 3. Select cells and tissue engineering approaches for pancreatic regeneration. Non-exhaustive list of
commonly used biomaterials for 3D cell culture and subsequent in vivo application in models of T1DM.
Legend: STZ=streptozotocin, PGA=ploy-glycolic acid, PLA=poly-lactic acid. PLG=poly(lactide-co-glycolide),
PNIPAAM=poly(N-isopropylacrylamide). INS1= insulin secreting β-cell derived line.
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8. TARGET PATIENTS
The decision on how to identify patients who would
benefit from cell therapy and/or the application of
tissue engineered organs will be a major
undertaking once the field of regenerative medicine
enters the clinical realm, as it already has to a
minor extent in pancreatic islet auto-and allotransplantation (89). While BMT for hematological
malignancies has been practiced for many decades,
management approaches to specific clinical
scenarios vary widely (156). This variation is caused
by the rapid developments in these emerging fields,
both in specific outcomes, and especially in the use
of new immunosuppressive agents. This is further
dictated by local preferences of new treatment
modalities which may result in similar patients
being offered different transplant and treatment
procedures.
When it comes to patient selection, we can
define several criteria: 1) safety of the therapy with
regards to reversibility, location, or no option
patients, 2) translation to the real population
(randomized controlled clinical trials versus patient
registries), and 3) mechanistic considerations, i.e.
are we interested in elucidation of mechanisms or
would if suffice to prove efficacy of the regenerative
therapy regardless of mechanistic background.
The choice of patients for new clinical
studies will need to follow the same pattern as has
been used in all other clinical studies, adhering
closely to both regulatory and ethical principles that
have been described and practiced by others over
more than 50 years. The patients will need to be
restricted to treatment of one very specifically
defined condition with known outcomes without, or
with, specific accepted treatment. The patients will
need to be volunteers who understand the
implications, including potential complications, of
the proposed treatment. They must accept the
potential risk/benefit ratio, agree to follow-up
studies, and to be initially randomized if the
experimental design demands it. They must also
understand that they may drop out of the study at
any time or that the study may be terminated at
any time by the investigator.
In the new field of regenerative medicine,
different diseases with shared mechanistic
backgrounds may benefit from similar cell
therapies.
For
example,
due
to
their
immunomodulatory properties, MSCs have been
used in clinical trials to treat multiple sclerosis
(157) as well as IDDM (158). It is clear that such
studies will need to be conducted separately with
different patients. Since (stem) cell therapy and
tissue engineered organs are considered to be
medical devices, regulations as to their application
to humans differ from those applied to
pharmacotherapeutics. This could in some instances
be advantageous for patients and clinicians, since
less restrictive regulation on devices could simplify
and accelerate the introduction of specific cell types
and/or biomaterial treatments for previously studies
and well characterized patient populations.
However, there is serious concern that this new

field may not be regulated sufficiently to prevent
the risk of rise of "clinical cowboy medicine" and of
problems with commercial conflicts of interest (159,
160). While free enterprise may be laudable, it may
include risks and side effects that are uncertain and
severe. When these occur unexpectedly, they could
arrest and even reverse innovation in this novel
field of scientific inquiry due to public mistrust and
resistance, either in a commercial or academic
environment.
This
problem
was
brought
dramatically to the fore in a case in which a patient
with ataxia telangiectasia received intracerebellar
and intrathecal (i.e. into the spinal canal) injections
of human fetal neural stem cells and subsequently
developed a donor derived brain tumor (161).
Thorough basic research and diligent
supervised and well-designed clinical trials should
be conducted and be successful before cell and
regenerative medicine therapies move from the
experimental
to
the
clinical
phase
and
subsequently, commercially (162). Once there is
consensus on a particular regenerative medicine
therapy, such multicenter studies would need to be
designed to further develop the field by minimizing
the undesirable side effects and improve outcomes
while identifying the most eligible patients.
Currently, the field of regenerative medicine is so
new, that emphasis is primarily on many questions
regarding cell types, biomaterials and diseases for
which cellular treatment may be most suitable and
most needed before any clinical trials are designed.
Therefore, this field needs careful but rapid
nurturing by multidisciplinary investigators to
focus on identifying which novel cellular treatment
is most suitable for which patient while remaining
safe. This is well illustrated by the progress being
made in islet transplantation since year 2000 when
the Edmonton protocol was introduced (163). After a
recent period of "stem cell hypes" (164-166), the field
is
slowly
moving
from
the
"trough
of
disillusionment" into the "slope of enlightenment"
(167), while investigators have realized that "plain"
cell injections into damaged tissues is ineffective
unless
a
suitable
microenvironment
(i.e.
extracellular matrix) in which cells can thrive (168)
is provided in the form of custom-designed scaffolds.
An "artificial pancreas" was recently
approved by the FDA for treatment of IDDM (169).
This device consists of electrodes that measure
glucose levels and secrete insulin based on
subcutaneous sensor data. Like the LVAD, the
device does not contain any living cells or tissues
(yet). Previous trials have used intraportal islet
infusion in IDDM patients, with limited long-term
effectiveness (163). When alginate-poly-L-lysine
capsules loaded with human pancreatic islets were
previously evaluated as a treatment in IDDM, longterm capsule stability as well as intracapsular islet
survival were found to be limited (170). Although
electronic medical devices appear to be suitable to
control IDDM, regenerative strategies, although
promising and logical, need further development,
consistency, experimental and clinical evaluation.
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Overall, therapeutic bioengineering and
regenerative medicine may in the near future
become critical in the treatment in the ageing
populations where degenerative diseases are a
major cause of morbidity and mortality. Cell
replacement of aging and dying cells appears to be a
sorely needed therapeutic intervention and a logical
future development. New technologies such as
personalized "printing" of 3D organs may further
add to the efficacy of biomaterial and cellular
applications
(171)
in
novel
therapeutic
interventions. The dynamic nature of the field will
certainly lead to many new advances in the decades
to come as the clinical applications of
bioengineering and regenerative medicine reach
new levels in clinical practice.
9. FUTURE PERSPECTIVES
Regenerative medicine and tissue engineering hold
great promise in the field of future precision
medicine. Current biological techniques facilitate
and permit the development and precise deep
characterization of different subsets of tissue
resident stem cells which may provide reparative
therapeutic functions. At the same time, on the
materials side, many new biomaterials are
currently being evaluated for their use in clinical
applications, extending from bone scaffolds to
artificial pancreases.
The question remains which cell type, in
combination with which biomaterial, would give an
optimal therapeutic benefit, without too many side
effects, to correct specific organ damage and/or
insufficiency. The interplay between engineers,
biologists and medical doctors will play a crucial
role in advancing this exciting field into the clinic.
The
new
field
requires
mutual
understanding by physicians of what is technically
possible on the materials side, and by engineers of
whether a specific (bio)material would hold up in
the field of medical device approval by the relevant
authorities. An integrated approach would prevent
the development of tissue engineered devices or
organs that would look promising on paper or in the
laboratory, but would not be clinically useful. That
being said, the medical and pharmaceutical
professions/industries should remain integrated
with
academic
institutions
to
encourage
unrestricted new developments and innovation in
tissue engineering and regenerative medicine, some
of which may actually reduce their perceived
relevance and/or financial revenue, for example a
replacement organ that “cures” a certain disease.
Health care authorities should be aware of these
issues, especially in the current environment of
competition for (public) funding and free market
ideology.
Apart from regulatory issues, the creation
of new tissues and organs is still a relatively new
undertaking. Rapid progress is being made in the
design of artificial organs and integration of
different scientific areas is occurring in a systematic
way, starting with the establishment of new
consortia that bring together in the same physical
114

space numerous expert scientists by integrating
their biological and technical laboratories into
single units. Additional integration by creating
spaces where senior clinicians would interact
directly with basic scientists on a daily basis would
further facilitate progress in this complex new field
of regenerative medicine.
This section is called “Future Perspectives”.
However, one needs to be guarded in ever
suggesting that regenerative medicine is going to
offer many cures. Similar claims were previously
made with regards to gene therapy and stem cell
therapy. Despite continuing to see many exciting
new developments in the field of medical science
and therapy, this complex field, including
regenerative medicine, needs to remain aware of
many potential pitfalls, hype-creation and minimal
longevity. Thorough mechanistic approaches are
more valuable in the long-term than efficacy. For
example, the clustered regularly interspaced short
palindromic repeats-associated protein 9 (CRISPRCas9) gene editing technology was initially
discovered in a microbiology laboratory while
studying the “immune system” of bacteria against
bacteriophages, notably by a group working at a
Danish bio-based company with activities in food
production, enzymes and other bioproducts (172).
Only later it was shown how such highly basic
scientific studies can have such major impact and
influence on development of new treatments in
medicine, i.e. by facilitating insertion or deletion of
specific genes to treat diseases, for example
HIV/AIDS (173), muscular dystrophy (174) or sickle
cell disease (175). Unfortunately, it was found that
CRISPR-Cas9 technology can induce p53 dependent
mutagenic mutations, making it less attractive for
direct clinical application (176, 177), and
emphasizing the need for thorough pre-clinical
studies before moving to the clinic.
An exciting approach to circumvent
aforementioned direct mutagenicity risks was
recently applied by combining 4 different
regenerative medicine strategies: somatic nuclear
cell transplant (SCNT), induced human pluripotent
stem cells (ihPSCs), pre-implantation blastocyst
chimerism, and CRISPR/Cas9 genetic modification
technologies. The therapeutic idea for this
combination would be to generate a human
pancreas (or any other organ) in a carrier species
such as the sheep, pig or cow, by creating an embryo
in utero that contains cells derived both from a
patient (i.e. ihPSCs from a patient with IDDM) and
the carrier species. Proof-of-principle was first
shown in rodents, which allowed the growth of ratderived pancreases in mice that were genetically
modified. This was done by first preventing mouse
pancreas development in the embryo stage by
disabling a specific gene called PDX1 using
CRISPR/Cas9 technology. At the same time, rat
iPSCs were injected into the mouse embryo. By
stochastic selection, some mice turned out to grow
rat iPSC-derived pancreases, basically generating a
rat-mouse chimera.
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In large animals, the same strategy was
not so successful when rodent PSCs were injected
into pig embryos, but surprisingly and useful,
successful engraftment in porcine and bovine preembryonic (i.e. blastocyst) stages was achieved up to
80% with human naïve PSCs (178, 179). In these
pigs however, further growth of human-porcine
chimeras was less evident, and the levels of
pancreatic chimerism from all hiPSCs in pig
embryos were much lower when compare to the ratmouse chimeras. Subsequently, the same groups
moved to sheep, disabled the PDX1 gene, which
resulted in sheep without a pancreas (180). The
next step would obviously be to repeat the same
approach in sheep, i.e. inject human iPSCs into preembryonic (i.e. blastocyst) stage sheep. In viable
embryos, by stochastic selection, this could lead to
sheep embryos with human iPSC derived
pancreases. Human pancreases could be generated
this way using autologous cells, i.e. human iPSCs
derived from patients with IDDM, using the sheep
as a bioreactor. This would open the road to
rejection-free transplantation of autologous whole
pancreas or isolated islets grown in sheep. This
would both be safer for patients as it would prevent
mutagenesis, as well as avoid the ethical issues that
come with use of human embryos. Nevertheless,
there is no guarantee that sheep antigens or
pathogens will be absent in iPSC derived pancreatic
tissue grown this way, either by contamination or
processes such as trogocytosis (i.e. the exchange of
cell membrane antigens between host and donor
cells as explained in paragraph 6).
There is no doubt that tissue engineering
will become an important addition to the tools that
clinicians will eventually have to consider in
treatment of many diseases. Before 2000, no clinical
tissue
engineering
trials
were
registered
(www.clinicaltrials.gov, accessed 10 July 2018,
query “tissue engineering” or “bioengineering”),
from 2000-2010 this number increased to 17, while
since 2010 there are 43 trials listed, and this
number is likely going to continue to increase. There
are still many breakthroughs that are needed and
that will undoubtedly be made. Many will focus on
the optimization of tissue engineered graft survival,
which, in contrast to organ transplants, are not
initially connected to the recipient’s circulation, and
are therefore dependent on diffusion of oxygen and
nutrients for their function. Another area of focus is
the immune and tissue response to foreign cells
and/or materials, which could also affect survival
and function. Perhaps it might be necessary, just as
in the case of bone marrow transplantation, to
evaluate specific pre-conditioning protocols that
would enhance biomaterial function and/or
therefore tissue engineered graft survival.

medicine must embrace all these disciplines. Our
studies presented in this thesis have contributed
small advances in this field. Cell therapy, as a
strategy, has the potential to replace and/or heal
damaged tissues by direct cell injection or infusion
(i.e. bone marrow transplantation) as we showed in
our human bone marrow derived CD34+ cell
transplantation studies (51, 63). Biomaterials can
further enhance the efficacy of cell transplantation
by creating a suitable microenvironment for
transplanted cells, either by providing survival
signals or creating an immunoprotective “bed” for
the cells, as we showed in our bioengineering
studies with 3D cyclic RGDfK-modified alginate
scaffolds (10, 11). Cell therapy has been approved
for certain diseases such as bone marrow
malignancies. Newer forms of cell therapy for other
diseases are being evaluated intensively, with
primary goals of enhancing its effectiveness. Cell
survival and immunological cell rejection by the
recipient are major hurdles after cell application or
infusion into a recipient that need to be overcome to
make cell therapy an acceptable “mainstream”
therapy.
We have further demonstrated in this
thesis that sodium alginate, an FDA-approved
biomaterial, can be used as a carrier scaffold to
transplant stem cells or pancreatic β-cells in HF and
IDDM, respectively. The simple modification and
biocompatibility of sodium alginate make it a
versatile choice for tissue engineering strategies. 3D
alginate scaffold optimization for the “right” disease
application poses several challenges for physicians,
biologists, and tissue engineers. Other biomaterials
are also available and are being evaluated in
preclinical and clinical settings.
The optimal cells, the right biomaterials, or
a combination of both need to be determined to
generate artificial tissues or create organs for
regeneration. It is critical when everything else is
considered, that the ultimate aim of all our efforts
to design and test constructs is to benefit the
patient who suffers with HF, IDDM, or other lifealtering disease.

10. FINAL CONCLUSIONS
Regenerative medicine is a relatively novel field
that intersects with the borders of medicine, cell
biology, and engineering. In order to improve
current therapies for tissue degenerative diseases
such as HF and IDDM progress in regenerative
115
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ENGLISH SUMMARY
Cell-based therapy and bioengineering are
relatively novel therapeutic concepts to treat tissue
degenerative diseases such as heart failure (HF)
and insulin dependent diabetes mellitus (IDDM). In
preclinical small and large animal models, the
results of such therapeutic interventions have been
successful; cardiac function in HF and glucose
control in IDDM could both be reversed in model
systems, respectively.
Subsequently, cell-based therapy and
bioengineering for HF and IDDM has been
attempted in clinical settings and is being actively
pursued in clinical trials. It is presumed and
thoroughly tested prior to their use that such cells
are functional and will not convert to uncontrolled
or neoplastic proliferation.
In the case of HF, (stem) cells were
injected, depending on the clinical trial design,
either directly into myocardial infarcts, infused
directly into blocked coronary arteries, or
systemically infused through a venous route. The
mechanistic hypotheses were that such cells would
migrate/home into the damaged tissue to form new
cardiac muscle or new cardiac blood vessels,
resulting in improved cardiac function.
In the case of IDDM, isolated pancreatic
islets were infused into the portal vein in order to
create well vascularized cell pockets inside the
hepatic microvasculature that would respond to
increasing glucose levels by secreting insulin.
Both aforementioned strategies have been
hampered by low allograft cell survival due to 1) low
local oxygen and low local nutrient supply through
the native recipient vasculature, 2) low cell
retention due to lack of cell adhesion and retention,
and 3) immune rejection of implanted cells, and
therefore overall limited long term effects on cardiac
function (HF) or glucose control (IDDM). These
problems are reviewed in chapter 1, and underlie
the motivation for the work that is described in this
thesis.
In order to improve the effectiveness of cell
transplantation in HF and IDDM, several different
cell-based therapy and bioengineering approaches
were developed and tested in preclinical models,
taking into account 1) the optimal design of a 3D
base platform that can be used for the
transplantation of different kinds of (stem) cell
types, 2) enhancing local cell survival of implanted
cells by binding of specific cell surface receptors to
local extracellular matrix prosurvival factors, 3)
enhancing local cell survival by increasing the local
supply of oxygen and nutrients by a patent
vasculature, 4) enhancing the effect of biomaterial
implantation by exploring different anatomical sites
(i.e. intramuscular, subcutaneous, or even
intraperitoneal) of implantation, 5) modulating the
local cytokine environment pharmacologically in
order to improve (stem) cell homing to damaged
tissue, and 6) minimizing the immune response that
ensues against foreign cells or against foreign
materials/tissues/organs
upon
implantation.
In order to design an optimal “general”
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base platform suitable for cell transplantation, we
evaluated and tested several different biomaterials
such as biological blood or protein derived products
(i.e. fibrin glue, Matrigel), synthetic materials (i.e.
peptide nanofibers, PNIPAAM), and others.
Ultimately, we decided the polysaccharide sodium
alginate (NaA) to be the most optimal because 1) it
is algae-derived, minimizing the risk of pathogen
(i.e. prion) transfer, 2) it contains modifiable
carboxyl(-COOH) groups (1 per NaA monomer) and
thus allows for covalent attachment of prosurvival
factors to the NaA polymer, 3) NaA is cheap, 4) has
low toxicity, and 5) has the ability to assume a
highly porous 3D structure that permits vascular
ingrowth of arterioles and capillaries using simple
and affordable techniques.
Because
NaA
contains
potentially
immunogenic contamination, we describe in
chapter 2 a novel purification protocol that
effectively removes immunogenic contaminants and
thus generates a highly biocompatible material.
This purified “base” material was subsequently used
in all further in vitro and in vivo studies employing
covalent modification, growth factor addition, 3D
scaffold generation, and cell transplantation.
Chapter 3 describes the generation of
covalent modification of previously mentioned
purified NaA using the prosurvival peptide cyclic
RGDfK. This peptide binds with high affinity to cell
surface integrin receptors and enhances cell
survival. Porous 3D scaffolds fabricated using this
modified NaA enhance cell survival, as we show
with neonatal rat cardiomyocytes and fibroblasts,
and human mesenchymal precursor cells (hMPCs).
Such scaffolds could be used to transplant hMPCs
as a patch to the left ventricular (LV) scar area of
infarcted hearts and improve cardiac function
following acute myocardial infarction (AMI).
We also evaluated the 3D scaffold approach
to transplant pancreatic islets in models of IDDM.
Using a modified protocol, we were able to generate
3D hydrogel scaffolds using cyclic RGDfK modified
NaA loaded with vascular growth factors (vascular
endothelial growth factor and platelet derived
growth factor-BB) to generate an intramuscular
vascular bed that facilitated the implantation of
isolated pancreatic islets to cure streptozotocininduced IDDM, as shown in chapters 4 & 5. We
could visualize live islets in situ using an islet
specific marker and positron emission tomography
(PET). The addition of vascular growth factors to
the implanted scaffolds preimplantation markedly
enhanced the effectiveness of the treatment and
normalized glucose control in 100% of diabetic
animals.
Following intravenous injection without
scaffolds, (stem) cells need to find their way to
damaged tissue in a process called “homing”. The
identification of specific cytokines and chemokines
that are released following tissue injury and that
subsequently attract or repel certain specific cell
types offers the possibility of manipulating the
homing capacity of such cells and direct them to
specific sites of tissue injury. We have evaluated the
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modulation of these cytokine and chemokine
pathways using direct injection and/or blocking of
their receptors in order to “trick” human bone
marrow derived hematopoietic CD34+ stem cells to
find their way to the site of injury and create new
blood vessels in the infarcted myocardium. We could
show in chapters 6 & 7 that modulating these
pathways in an acute myocardial infarct (AMI)
model is beneficial for the recovery of LV function
following an AMI injury.
In parallel studies (appendices 1-2), we
provide evidence that non-hematopoietic hMPCs
upon direct injection into the cardiac muscle
following AMI prevent cardiac remodelling by
formation of new blood vessels within the infarcted
heart. Mechanistically, we showed that effects on
cardiac function may be dependent on certain
chemokines and cytokines that hMPCs secrete,
since intramyocardial injection of a concentrated
cocktail of chemokines and cytokines that are
secreted by hMPCs following ex vivo culture are
sufficient to exert a similar effect on remodelling
and cardiac function following MI.
In
an
alternative
T-cell-based
immunomodulatory approach (appendix 3) aimed
at enhancing the survival of transplanted cells or
organs, we show that adoptive transfer of expanded
regulatory T-cells (i.e. Tregs) induced hematopoietic
bone marrow chimerism (i.e. the co-existence of both
donor and recipient hematopoietic stem cells in the
bone marrow). It was shown that hematopoietic
chimerism could prevent allograft rejection in a
non-human primate (NHP) model of bone marrow
stem cell and kidney transplantation without the
use of any long-term immunosuppression.
In summary, this thesis provides an outline
of several specific approaches in small animal
models to both improvement of cardiac function
following an MI and to achieving normoglycemia in
streptozotocin-induced diabetes mellitus using stem
cell technology combined with novel types of NaA
scaffolds impregnated with cell survival and
angiogenic factors. In NHPs it was shown that
further enhancing allograft survival could be
facilitated by the adoptive transfer of autologous
Treg-cells. It is my hope that these efforts can be
repeated and eventually combined in additional
large animal models and human trials facilitated by
a close collaboration between academia, clinic and
commercial parties.
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NEDERLANDSE SAMENVATTING (DUTCH
SUMMARY)
Celtherapie en bioengineering zijn relatief nieuwe
benaderingen
om
weefseldegeneratieve
aandoeningen als hartfalen (HF) en insuline
afhankelijke
diabetes
mellitus
(IDDM)
te
behandelen. De resultaten van deze interventies
zijn in proefdiermodellen met kleine én grote
proefdieren succesvol gebleken; hartspierfunctie en
het reguleren van suikerspiegels in respectievelijk
HF en IDDM kunnen door deze behandelingen
vrijwel worden genormaliseerd.
Dientengevolge is getracht interventies
gebaseerd op (stam)celtherapie en bioengineering
toe passen in klinische settings en deze actief in te
zetten in patiëntenstudies, waarbij aangenomen
wordt dat grondig geteste (stam)cellen niet zullen
uitgroeien tot neoplasmen met ongecontroleerde
groei (e.g. kanker).
Afhankelijk van het soort klinische trial
worden (stam)cellen in het geval van HF óf direct in
de hartspier geïnjecteerd, óf door middel van een
catheter
geïnfundeerd
in
een
verstopte
kransslagader, óf met een infuus via een perifeer
bloedvat in de circulatie gebracht. Mechanistisch is
de hypothese dat deze cellen hun weg vinden in en
naar de beschadigde hartspier om daar nieuw
hartspierweefsel of nieuwe bloedvaten te vormen,
resulterend in verbeterde hartspierfunctie.
In geval van IDDM worden geïsoleerde
eilandjes van Langerhans geïnfundeerd in de
portale vaten van de lever om zo in de
microcirculatie van de lever goed gevasculariseerde
“pockets” te creëren die zouden reageren op
toename van glucosespiegels door productie van
insuline.
Beide strategieën worden in de praktijk
gehinderd door beperkte overleving van de
geïnjecteerde
cellen
t.g.v.
1)
lage
lokale
zuurstofspanning en beperkte initiële toevoer van
voedingsstoffen door lokaal vaatweefsel, 2) lage
celretentie door beperkte aanhechting/verankering
van geïnjecteerde cellen en 3) immuunafstoting van
de geïnjecteerde cellen. Deze celdood leidt uiteraard
tot slechts beperkte positieve lange termijn effecten
op hartspierfunctie (HF) en glucosecontrole (IDDM).
Deze problemen worden besproken in hoofdstuk 1,
en zijn de onderliggende motivatie geweest voor het
werk dat is beschreven in dit proefschrift.
In een poging om de effectiviteit van
celtransplantatie in HF en IDDM te verbeteren
worden verschillende hypotheses op basis van
(stam)celtransplantatie
en
bioengineering
ontwikkeld en getest in preklinische modellen met
kleine en grote proefdieren, waarin continu
rekening wordt gehouden met 1) optimaal ontwerp
van het 3D biomateriaal platform dat gebruikt kan
worden voor de transplantatie van verschillende
soorten (stam)cellen, 2) verbetering van lokale
overleving van geïmplanteerde cellen door binding
van bepaalde oppervlaktereceptoren op de
celmembraan met de extracellulaire matrix (ECM),
3) verbetering van lokale overleving van
geïmplanteerde cellen door vergroten van de lokale
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toevoer van zuurstof en voedingsstoffen door
functioneel vaatweefsel, 4) verbetering van het
effect van (bio)materiaalimplantatie door exploratie
van verschillende locaties voor implantatie
(intramusculair,
subcutaan
of
zelfs
intraperitoneaal), 5) farmacologisch moduleren van
het cytokinemilieu om migratie van (stam)cellen
naar beschadigd weefsel te vergroten, en 6)
modulatie van de immuunrespons die optreedt
tegen
lichaamsvreemde
cellen
en/of
(bio)materialen/weefsels/organen na implantatie.
Voor het ontwerp van een optimaal
“gestandaardiseerd” 3D platform dat geschikt is
voor (stam)celtransplantatie worden verschillende
biomaterialen getest, waaronder biologische bloedof
eiwitproducten
(fibrin
glue,
Matrigel),
synthetische biomaterialen (peptide nanofibers,
PNIPAAM), en andere. Uiteindelijk is gekozen voor
het polysaccharide natrium alginaat (NaA) omdat
deze een aantal voordelen heeft ten opzichte van
andere biomaterialen: 1) NaA wordt gewonnen uit
algen waardoor het risico op infecties van het
gastorganisme met pathogenen (e.g. virussen,
prionen) miniem is, 2) de aanwezigheid van
carboxyl(-COOH) groepen (1 per NaA monomeer)
maakt NaA polymeren modificeerbaar door
impregnantie en/of covalente aanhechting van
(groei)factoren met amino(-NH2) groepen via
chemische cross-linking, 3) NaA is goedkoop, 4)
heeft lage toxiciteit, en 5) heeft de eigenschap dat
het onder milde condities kan worden omgevormd
tot hoogporeuze 3D matrices die vaatingroei
(arteriolen, capillairen) mogelijk maakt.
Omdat NaA potentiële immunogene
verontreiniging bevat wordt in hoofdstuk 2 een
nieuw gepatenteerd purificatieprotocol omschreven
dat effectief het grootste deel van de immunogene
contaminatie verwijdert resulterend in een sterk
biocompatibel
materiaal.
Dit
gepurificeerde
basismateriaal wordt vervolgens gebruikt voor alle
in vitro en in vivo studies, inclusief covalente
modificatie,
groeifactoradditie,
3D
materiaal
generatie, en celtransplantatie.
Hoofdstuk 3 beschrijft de generatie van
covalente modificatie van het eerder genoemde
gepurificeerde
NaA
met
het
synthetische
celoverlevingspeptide cyclisch RGDfK. Dit peptide
bindt
met
hoge
affiniteit
aan
celoppervlaktereceptoren (integrinen) die op de
meeste zoogdiercellen voorkomen, en vergroot
hierdoor celoverleving. Hoogporeuze 3D matrices
die worden gefabriceerd met behulp van cyclisch
RGDfK gemodificeerd NaA vergroten celoverleving
zoals wordt aangetoond met cardiomyocyten en
fibroblasten uit neonatale rattenharten, en met
menselijke mesenchymale precursor beenmergcellen
(hMPC’s). Deze 3D matrices zijn vervolgens
toegepast voor de transplantatie van hMPCs als
levende “pleister” op geïnfarceerde linkerhartspier
(LV) na acuut myocardinfarct (MI) waardoor
hartspierfunctie significant verbetert.
Met een aangepast protocol is het mogelijk
om van hetzelfde cyclisch RGDfK-gemodificeerde
NaA 3D hydrogels te fabriceren die worden geladen
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met vasculaire groeifactoren (vascular endothelial
growth factor en platelet derived growth factor-BB)
waarmee een intramusculair vaatbed kan worden
gegenereerd,
waarin
vervolgens
geïsoleerde
eilandjes van Langerhans worden geïnjecteerd en
streptozotocin-geinduceerde
(STZ)
IDDM
is
genezen, zoals beschreven in hoofdstukken 4 & 5.
De levende eilandjes kunnen vervolgens worden
gevisualiseerd met een specifieke merker door
middel van positron emission tomography (PET).
Het toevoegen van vasculaire groeifactoren vergroot
de effectiviteit van de geïmplanteerde eilandjes op
glucosecontrole naar 100% van de behandelde
proefdieren.
Stamcellen
die
intraveneus
worden
geïnjecteerd zónder gebruik te maken van een
drager(bio)materiaal moeten hun weg vinden naar
beschadigd weefsel door middel van een proces dat
“homing” wordt genoemd. De identificatie van
specifieke cytokinen en chemokinen die vrijkomen
na weefselbeschadiging en vervolgens bepaalde
celtypen aantrekken of afstoten biedt de
mogelijkheid tot manipulatie van de homing
capaciteit van zulke cellen om ze naar specifieke
locaties te dirigeren. Modulatie van verscheidene
interacties van cytokines en chemokines met
hematopoietische
menselijke
CD34+
beenmergstamcellen wordt geëvalueerd in een
model voor hartfalen door middel van directe
injectie
van
cytokines
of
blokkade
van
cytokinereceptoren om (stam)cellen zo te “foppen”
dat ze hun weg naar beschadigd hartspierweefsel
(in plaats van beenmerg) kunnen vinden. In
hoofdstukken 6 & 7 wordt aangetoond dat het
moduleren van specifieke cyto-en chemokines een
voordelig effect heeft op vaatgroei en het herstel van
hartspierfunctie na MI.
In parallelle studies (appendices 1-2)
wordt bewijs geleverd dat niet-hematopoietische
hMPC’s na directe injectie in de geïnfarceerde
hartspier remodeling van het hart verbeteren door
het vormen van nieuwe bloedvaten. Mechanistisch
wordt aangetoond dat zulke effecten op zijn minst
afhankelijk zijn van de cytokinen en chemokinen die
lokaal worden uitgescheiden door hMPC’s,
aangezien directe injectie van een ex vivo door
hMPC
geproduceerde
en
geconcentreerde
cytokinecocktail in de geïnfarceerde hartspier
vergelijkbare effecten heeft op de functie van het
geïnfarceerde hart.
In aanvullende studies (appendix 3) met
een focus op immunomodulatie wordt in nonhumane primaten aangetoond dat acceptatie van
getransplanteerd lichaamsvreemd beenmerg in
combinatie met een niertransplantatie kan worden
verbeterd door intraveneuze infusie van ex vivo
geëxpandeerde lichaamseigen immunosuppressieve
regulatoire T-cellen (zgn. Tregs). Hierdoor ontstaat
zgn. hematopoietisch chimerisme (het naast elkaar
bestaan in het beenmerg van zowel donor als
ontvanger hematopoietisch stamcelllen) en kunnen
zowel beenmerg- als nier-afstoting worden

voorkomen, zónder lange termijn gebruik van
immunosuppressiva.
Samenvattend verschaft dit proefschrift
concepten voor specifieke benaderingen voor de
verbetering van hartfunctie na infarct en voor
behandeling van STZ-geïnduceerde IDDM in kleine
proefdieren,
gebruik
makend
van
(stam)celtransplantatie gecombineerd met nieuwe
gemodificeerde typen van NaA geïmpregneerd met
celoverlevings- en proangiogene factoren. Verdere
acceptatie en overleving van lichaamsvreemde
cellen, weefsels en/of organen na implantatie kan
worden bewerkstelligd door co-infusie met
lichaamseigen Treg cellen. In de toekomst is de hoop
dat deze strategieën kunnen worden gecombineerd
in aanvullende modellen voor grote proefdieren
en/of in klinische trials, in goede samenwerking
tussen academische, klinische en commerciële
partijen.
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Appendix 1
Mesenchymal lineage precursor cells
induce vascular network formation in
ischemic myocardium.
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Appendix 1 - Mesenchymal lineage precursor cells.

1. ABSTRACT
Mesenchymal lineage precursors can be reproducibly isolated from adult mammalian
bone marrow and grown in culture. Immunoselection with monoclonal antibodies
against STRO-1 and vascular-cell-adhesion molecule 1 (VCAM1/CD106) prior to
expansion results in a 1,000-fold enrichment of mesenchymal precursors compared to
standard isolation techniques. Intramyocardial injection of human STRO-1-selected
precursors in an athymic rat model of acute myocardial infarction results in induction of
vascular network formation and arteriogenesis coupled with global functional cardiac
recovery.
2. INTRODUCTION
In the prenatal period, definitive vascular network
formation to sustain embryonic organogenesis is
dependent on influx of mesenchymal lineage cells
from the dorsal aorta and neural crest (1-3) to form
the vascular supporting mural cells such as
vascular smooth muscle cells and pericytes.
Mesenchymal lineage precursor cells have been
identified to be present in the postnatal mammalian
bone marrow, and can be reproducibly isolated and
grown in culture by prospective immunoselection (47). These cells are anatomically located in
perivascular niches in the bone marrow and
throughout the body, and demonstrate phenotypic
and genetic identity to vascular pericytes (8).
Freshly isolated multipotent human adult
bone marrow mesenchymal lineage stem cells have
been extensively characterized for a long list of
surface markers (4-7). The combined use of
monoclonal antibodies against the antigens STRO-1
and VCAM1/CD106 results in up to 1,000-fold
enrichment of mesenchymal precursors capable of
giving rise to colony-forming units of the
fibroblastoid type relative to their incidence in
unseparated bone marrow (7). At a clonal level, cells
positive for STRO-1bright and vascular-cell-adhesion
molecule 1 (VCAM-1) demonstrate multipotential
capability, differentiating to smooth muscle, bone,
cartilage, and adipose tissue. Since vascular
network formation supports endogenous cardiac
regenerative capacity and long-term survival of
cardiomyocyte precursors (9, 10), we investigated
whether mesenchymal lineage precursors could
enhance both cardiac neovascularization and
myogenesis. Here we show that injection of
immunoselected human adult bone marrow
mesenchymal
precursor
cells
expressing
a
STRObright VCAM1-positive phenotype results in
induction of arteriogenesis in various tissues,
including ischemic myocardium, and in sustained
improvement in both global systolic and diastolic
parameters of cardiac function.
3. METHODS AND RESULTS
Human mesenchymal precursor cells were isolated
to greater than 99% purity from donor bone marrow
by dual immunoselection using monoclonal
antibodies against STRO-1 and VCAM-1. Following
ex vivo cellular culture and expansion for over six
passages, phenotypic analysis of the cells
demonstrated continued high-level expression of
STRO-1 by 25–40% of the cultured cells, and these
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cells were immunoselected a second time using
STRO-1 monoclonal antibody. To evaluate whether
these cells were capable of inducing vascular
network formation in vivo, 0.5×106 cultureexpanded STRO-1bright cells were directly injected
into a rat glioblastoma tumor that produced high
amounts of vascular endothelial growth factor and
had been placed 2 weeks earlier in the
subcutaneous tissue of an athymic nude rat (Figure
1). Seven days later, the animals were killed and
the glioblastoma tissue was evaluated by
immunohistochemistry for evidence of vascular
network formation. As shown in Figure 1, human
mesenchymal precursor cells persisted in large
numbers at 2 weeks in rat tissue, as defined by a
monoclonal antibody with specificity for human
mitochondrial structures, and were found adjacent
to and surrounding vascular structures. Marked
induction of arteriogenesis was noted at the sites of
mesenchymal precursor cell injection, as defined by
over eightfold greater numbers of large-caliber
vessels (20–100μm diameter) dually staining with
monoclonal antibodies against the endothelial
marker von Willebrand’s factor (vWF) and αsmooth-muscle-actin (α-SMA), compared with
saline-treated controls. Arteriogenesis was limited
to the injection site and was not observed distal to
the site.
To investigate whether similar induction of
arteriogenesis could occur in the acutely ischemic
myocardium, culture-expanded STRO-1bright cells
(0.2×106 cells or 1×106 cells), 1×106 bone marrow
cells depleted of STRO-1bright cells, or saline was
injected into the myocardium of athymic nude rats
48 h after ligation of the left anterior descending
coronary artery. Arterioles were quantitated by
identifying structures coexpressing an outer layer of
α-SMA-positive cells and an inner layer of vWFpositive cells. As shown in Figure 2, animals
injected with STRO-1bright cells demonstrated a dose
dependent increase in arteriolar induction in the
ischemic heart, with the highest dose inducing
threefold greater numbers of arterioles than salinetreated controls (P <0.01).
Finally, cardiac function at 2 and 6 weeks
was assessed by echocardiography (Figure 3) and
measurement of hemodynamic parameters, and
correlated
with
cardiac
histology
and
immunohistochemistry. Animals receiving 1×106
STRO-1bright cells demonstrated mean improvement
in ejection fraction of 50% and 75% at 2 and 6
weeks, respectively, relative to baseline values 2
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Figure1. Figure 1 Induction of tumor neovascularization (angiogenesis and arteriogenesis) by human
STRO-1bright cells. Athymic nude rats were irradiated with 6Gy for 5min to remove residual natural killer
function, then injected subcutaneously in the flank with 1×106 rat glioblastoma cells. Two weeks after
implantation, the glioblastoma tumors were directly injected with either (A) saline or (B) 0.5×106 STRO1bright cells, and animals were killed 7 days later. In consecutive sections of the tumor tissue stained by the
immunoperoxidase method using monoclonal antibodies directed, respectively, against von Willebrand’s
factor (vWF) and anti-smooth muscle actin (anti-SMA), animals injected with STRO-1bright cells
demonstrated significantly greater numbers of capillaries and arterioles (defined, respectively, by vWF
staining alone and combined expression of vWF and anti-SMA) than animals injected with saline.
days after ligation of the left anterior
descending coronary artery. In stark contrast,
saline-treated animals showed only 5% mean
improvement in ejection fraction by 6 weeks
(P<0.01), and animals treated with STRO-1depleted
bone
marrow
mononuclear
cells
demonstrated no difference from those receiving
saline.
Injection of 1×106 STRO-1bright cells
resulted in similar dramatic improvement in
fractional shortening (mean improvement of 70%
and 90% at 2 and 6 weeks, respectively). STRO-1depleted bone marrow mononuclear cells again had
no effect, while modest improvement was seen after
injection of 0.2×106 STRO-1bright cells. Finally,
injection of 1×106 STRO-1bright cells resulted in
significant improvement in left ventricular
compliance compared with saline-treated controls.
4. DISCUSSION
In this study, we have shown that intramyocardial
injection of human STRO-1bright mesenchymal
precursor cells results in dose-dependent induction

of arteriogenesis and vascular network formation in
various tissues, including ischemic myocardium. In
the mature vascular system, the endothelium is
supported by mural cells, with the smallest
capillaries partially covered by solitary pericytes,
and arteries and veins surrounded by single or
multiple layers of vascular smooth muscle cells.
Pericytes coexpress α-SMA and STRO-1 surface
markers, consistent with a shared lineage identity
with stromal/mesenchymal progenitors (8). The
perivascular
in
vivo
location
of
human
mesenchymal lineage precursors, together with
their coexpression of markers of both endothelial
and smooth muscle lineage cells and their
multipotential capabilities, raise the intriguing
possibility that mesenchymal lineage precursors
may be true progenitors of the vascular tree.
The intimate proximity of human
perivascular mesenchymal lineage precursors to
vascular endothelium suggests that each cell type
influences the biology of the other. Migration of
mesenchymal lineage precursors and formation of a
pericyte coating in physical continuity with the
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Figure 2. Dose-dependent effect of STRO-1bright cells on myocardial neovascularization. To examine
whether induction of angiogenesis and arteriogenesis could be extended to other tissues, and was associated
with biological significance, cultured progeny of STRO-1-selected cells were injected by direct
intramyocardial injection into the peri-infarct regions of the ischemic hearts in athymic nude rats who had
undergone ligation of the left anterior descending coronary artery 2 days earlier. Animals injected with
1×106 STRO-1bright cells (D) demonstrated threefold greater numbers of arterioles at the peri-infarct region
than animals injected with saline (B; P <0.01). In contrast, animals injected with only 0.2×106 STRO-1bright
cells (C), delivered in a total of 1×106 unfractionated cultured progeny of STRO-1-selected cells, induced only
50% greater numbers of arterioles at the peri-infarct region than saline (P <0.05), indicating that STRO1bright cells have a dose-dependent effect on arteriolar induction in the ischemic heart. Anti-SMA, antismooth-muscle-actin; vWF, von Willebrand’s factor.
nascent vascular network is dependent on
production of endothelial growth factor and plateletderived growth factor β by nascent endothelial tubes
(9). Conversely, maintenance of vessel integrity,
stabilization, and prevention of vessel pruning is
dependent on pericyte coating of the microvessel (9).
A major limitation to successful cellular
therapy in animal models of myocardial damage has
been the inability of the introduced donor cells to
survive in their host environment because of the
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lack of a sufficient vascular supply. Recent studies
have shown that development of thin-walled
capillaries in ischemic myocardium following
transplantation of hematopoietic lineage endothelial
precursors enhances survival of endogenous
cardiomyocytes (10, 11). Moreover, transplanting
cultured embryonic cardiomyocytes that incorporate
vascular structures in vivo results in significantly
greater cell survival and protection against
apoptosis (12). Finally, in situations where
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Figure 3. STRO-1bright-dependent myocardial neovascularization results in global improvement of
parameters of myocardial function. Injection of 0.2×106 and 1×106 STRO-1bright cells resulted in dosedependent improvement in (A) ejection fraction (EF) and (B) fractional shortening (FS) at 2 and 6 weeks, as
measured by echocardiography performed and analyzed by a technician blinded to the treatments,
compared with saline-treated animals (P <0.01) and animals treated with STRO-1-depleted fresh bone
marrow mononuclear cells (P <0.01). BM-MNC, bone marrow mononuclear cells; MI, myocardial infarction.
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transplanted cardiomyocyte precursors contained an
admixture of cells also giving rise to vascular
structures, survival and function of the newly
formed cardiomyocytes have been significantly
augmented (13).
In the present study, we showed that
mesenchymal
implantation
of
STRO-1bright
precursors into the acutely ischemic myocardium
was accompanied not only by arteriogenesis, but
also by sustained improvement in both global
systolic and global diastolic parameters of cardiac
function. While not directly examined, these results
suggest a direct effect on regeneration of
endogenous, mature cardiomyocytes and/or on
survival or differentiation of cardiomyocyte
precursors. Alternatively, both the functional
improvement witnessed and the regeneration of
cardiomyocytes may depend on paracrine secretion
rather than direct cell-to-cell interactions. While
assessment
of
global
function
using
echocardiography is somewhat limited, further
studies using invasive hemodynamic measures may
shed additional light on the mechanism of systolic
and diastolic recovery.
5. CONCLUSION
Cellular therapies for the treatment of ischemic
cardiomyopathy will probably need to address two
interdependent processes: first, a renewable source
of proliferating, functional cardiomyocytes, and,
secondly, the development of a network of
capillaries and larger-size blood vessels for supply of
oxygen and nutrients to both the chronically
ischemic, endogenous myocardium and to the newly
implanted cardiomyocytes. To achieve these end
points, a common cellular source for regenerating
cardiomyocytes, vascular structures, and supporting
cells such as pericytes and smooth muscle cells
would be ideal. The mesenchymal lineage precursor
cell may be an appropriate candidate for such a
cellular source.
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1. ABSTRACT
Stromal precursor antigen (STRO)-3 has previously been shown to identify a subset of
adult human bone marrow (BM)-derived mesenchymal lineage precursors, which may
have cardioprotective potential. We sought to characterize STRO-3-immunoselected and
culture-expanded mesenchymal precursor cells (MPCs) with respect to their biology and
therapeutic potential in myocardial ischemia. Immunoselection of STRO-3+ MPCs
enriched for fibroblastic colony forming units from unfractionated BM mononuclear cells
(MNCs). Compared to mesenchymal stem cells conventionally isolated by plastic
adherence, MPCs demonstrated increased proliferative capacity during culture
expansion, expressed higher levels of early ‘stem cell’ markers and various proangiogenic and cardioprotective cytokines, and exhibited greater trilineage
developmental efficiency. Intramyocardial injection of MPCs into a rat model of
myocardial infarction (MI) promoted left ventricular recovery and inhibited left
ventricular dilatation. These beneficial effects were associated with cardioprotective and
pro-angiogenic effects at the tissue level, despite poor engraftment of cells. Treatment of
MI rats with MPC-conditioned medium (CM) preserved left ventricular function and
dimensions, reduced myocyte apoptosis and fibrosis, and augmented neovascularization,
involving both resident vascular cells and circulating endothelial progenitor cells
(EPCs). Profiling of CM revealed various cardioprotective and pro-angiogenic factors,
which had biological activity in cultures of myocytes, tissue-resident vascular cells and
EPCs. Prospective immunoselection of STRO-3+ MPCs from BM MNCs conferred
advantage in maintaining a population of immature MPCs during ex vivo expansion.
Transplantation of culture-expanded MPCs into the post-MI heart resulted in
therapeutic benefit, attributable at least in part to paracrine mechanisms of action.
Thus, MPCs represent a promising therapy for myocardial ischemia.
2. INTRODUCTION
Mesenchymal stem/progenitor cells (MSCs), derived
from adult human bone marrow (BM), represent a
leading strategy in the development of cell-based
therapies for ischemic heart disease. The salutary
effects of MSC administration in animal models of
myocardial infarction (MI) include recovery of left
ventricular function and attenuation of left
ventricular
remodelling,
associated
with
augmentation of endogenous cardioprotective
processes, such as neovascularization, myocyte
survival and activation of resident cardiac
progenitor cells (1-3). MSC differentiation into
cardiomyocyte and endothelial lineage cell types are
unlikely to contribute significantly to these
therapeutic benefits, given the infrequency of this
phenomenon and the typically low engraftment
rates of transplanted cells (4-6). Growing evidence
indicates that the cardioprotective and proangiogenic effects of MSC therapy may be
attributed, at least in part, to paracrine-based
mechanisms of action (7, 8). Clinical application of
MSC therapy is favoured by the ready availability of
source tissue, the ease of isolation and culture
expansion of cells to therapeutically relevant
numbers and their ability to evade immune
recognition and response (9).
Conventional methods to isolate MSCs
from BM mononuclear cells (MNCs) entail initial
selection by plastic adherence. This approach yields
a starting population of cells heterogeneous in
morphology, immunophenotype and biological
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activity, including fibroblastic colony forming unit
(CFU-f), developmental and proliferative efficiencies
(10). Culture expansion of MSCs is associated with
down‐regulation of stem cell markers, decline of
proliferative and differentiation capacities and
ultimately cell senescence (11, 12). An alternative
approach to MSC isolation involves prospective
immunoselection of MSCs on the basis of a specific
cell surface antigen, with the goal of isolating a
more homogenous cell set with respect to biology
and function. This strategy may be advantageous in
maintaining the population of precursor cells of
interest during culture expansion, and may in turn
enhance therapeutic outcome (13). Antigenic
definition of MSCs typically relies upon a panel of
surface molecules, including co‐expression of
CD105, CD73 and CD90, and simultaneous
negativity
for
CD45,
CD34,
CD14/CD11b,
CD79α/CD19 and HLA‐DR, despite these markers
individually being non-specific for MSCs (14, 15).
A number of novel candidate markers have
been investigated as targets for direct selection of
MSCs, including stromal precursor antigen (STRO)1, STRO-3, CD49a and vascular cell adhesion
marker (VCAM)-1(13, 16-18). Growing evidence
suggests that STRO-1 marks an immature
precursor cell type, which resides in the
perivascular niche of human BM (16, 19). STRO-1
expression correlates with various stem cell
characteristics including fibroblastic clonogenicity,
multipotentiality, telomerase expression and
proliferative capacity (11, 16). In the context of
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myocardial ischemia, STRO-1bright cells may
represent a candidate cell type for therapy because
intramyocardial delivery of these cells to nude rats
post-MI
dose-dependently
augmented
left
ventricular functional recovery and arteriolar
density, compared to treatment with STRO-1depleted MNCs (2). These beneficial effects after MI
may be attributable, at least in part, to soluble
factors secreted by STRO-1bright cells since a recent
report demonstrated STRO-1 expression to be a
determinant of cardioprotective and pro-angiogenic
paracrine activity (13). Therefore, strategies to
select for STRO-1bright cells may represent an
important step forward in the development of
STRO-1-based therapy.
The recently described STRO-3 monoclonal
antibody, which reacts with a novel epitope of
human tissue non-specific alkaline phosphatase,
has been shown to identify a subset of STRO-1bright
BM MNCs, designated ‘mesenchymal precursor
cells’ (MPCs) (17). Freshly isolated STRO1bright/STRO-3+ MPCs comprise virtually all CFU-f
in BM MNC and demonstrate trilineage
developmental potential in in vitro and in vivo
assays (17). However, given the low incidence of
MPCs, development of these cells for potential
therapy after MI necessitates culture expansion to
clinically relevant numbers.
Based on this previous body of work, we
hypothesized that culture-expanded MPCs would
demonstrate
a
cardioprotective
phenotype.
Accordingly,
we
examined
the
biological
characteristics of culture-expanded MPCs in vitro,
and we evaluated the therapeutic potential and
mechanisms of action of MPCs in a nude rat model
of MI.
3. MATERIALS AND METHODS
Full details are provided in the
Information section.

Supporting

3.1. IN VITRO BIOLOGICAL
CHARACTERIZATION OF MSC AND MPCS
The MNC fraction from human BM aspirates was
used to prepare (1) MSCs by conventional, plasticadherence isolation (10) and (2) MPCs by STRO-3based prospective immunoselection by magnetic
activated cell sorting (17). Following the
establishment of CFU‐f, passage (P) 0 MSCs and
MPCs were plated as single cell suspensions for ex
vivo expansion. P4 MSCs and MPCs were compared
for: (i) CFU‐f efficiency; (ii) in vitro expansion
potential; (iii) immunophenotypic profile; (iv)
genetic expression of stem cell‐related transcripts
and (v) developmental capacities under osteogenic,
chondrogenic and adipogenic inductive conditions.
3.2. ANIMAL STUDIES
Figure S1 illustrates the three animal experiments
performed in this study. An athymic nude rat model
of MI induced by permanent coronary artery
ligation was used in each experiment. In the 14 day
MPC study, animals received either MPCs (1×106)
suspended in saline (N=10) or saline as vehicle

control (N=12) by intramyocardial injection at 48h
after MI. In the 7 day conditioned medium (CM)
studies, animals were treated with intramyocardial
injections of either concentrated CM derived from
1×106 MPCs (P5) cultured in serum‐free (SF)
Minimum Essential Medium alpha medium
(αMEM) (N=12) or control SF‐αMEM (N=10) at 48h
after MI. In the endothelial progenitor cell (EPC)
homing study, 1×106 human EPCs suspended in
saline were delivered by intracardiac injection into
the left ventricles of rats at 48h after MI. EPCs
were allowed to circulate for 15 min. prior to
intramyocardial injections of CM or control medium
(N=12/group).
3.3. CYTOKINE PROFILING AND IN VITRO
BIOLOGICAL ACTIVITY OF MPC-CM
Soluble factors present in CM were profiled using a
membrane‐based antibody array. Concentrations of
interleukin (IL)‐6, VEGF and monocyte chemotactic
protein (MCP)‐1 were determined using a spectral
bead‐based immunoassay. The direct effects of CM
on neonatal rat cardiac myocytes, human umbilical
vein endothelial cells (HUVECs), A7r5 rat vascular
smooth muscle cells (rVSMCs) and EPCs were
examined in cell culture experiments, in the
presence or absence of neutralizing antibodies
raised against IL‐6, MCP‐1 or VEGF.
4. RESULTS
4.1. BIOLOGICAL CHARACTERIZATION OF
STRO-3-IMMUNOSELECTED AND CULTURE
EXPANDED MPCS
STRO‐3+ cells were immunoselected from the MNC
fraction of adult human BM aspirate. Although
CFU‐f were detected in unfractionated MNCs,
STRO‐3‐immunoselection resulted in an 8‐fold
enrichment of CFU‐f (unfractionated versus
STRO‐3+, P<0.05). The STRO‐3‐depeleted fraction of
MNCs was negative for CFU‐f (STRO‐3+ versus
STRO‐3−, P<0.05) (Fig. 1A). Cultures of
immunoselected STRO‐3+ MPCs and MSCs isolated
from MNCs by plastic adherence were expanded up
to nine passages. In comparison to MSCs,
population doublings in cultures of STRO‐3+ MPCs
tended to be higher over passages 1–6, and were
significantly increased from passages 7–9 (P<0.05)
(Fig. 1B). At passage 4, cell surface expression of
STRO‐1 and STRO‐3 each tended to be higher in
MPCs
compared
with
MSCs
(Fig.
1C).
Culture‐expanded MPCs demonstrated increased
gene expression of a range of stem cell markers,
Twist transcription factor‐1 (TWIST‐1), DERMO‐1
(TWIST‐2), Msx2, core‐binding factor (CBFA)‐1 and
telomerase reverse transcriptase (TERT), relative to
MSCs (Fig. 1D). Levels of transcripts for stromal
cell‐derived factor (SDF)‐1, hepatocyte growth factor
(HGF)‐1, insulin‐like growth factor (IGF)‐1, VEGF
and IL‐6, were also elevated in passaged MPCs
above MSCs (Fig. 1E). Culture‐expanded MPCs
exhibited a greater capacity to undergo osteogenic
(P<0.05) (Fig. 1F), adipogenic (P<0.05) (Fig. 1G) and
chondrogenic (P<0.05) (Fig. 1H) differentiation.
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Figure 1. Biological comparisons between MSCs and MPCs. (A) The clonogenic efficiency of each MNC
fraction. Results shown are the mean±S.E.M. number of CFU-f per 105 cells plated for unfractionated (Unf),
STRO-3+ and STRO-3−depleted (STRO-3−) MNC (*P<0.001, average of five donor experiments). (B) Mean
number of population doublings (±S.E.M.) of MSCs and MPCs during ex vivo culture from P0 to senescence
(*P<0.05, average of three donor experiments). (C) Examples of flow cytometric histograms comparing MPCs
and MSCs from the same donor, for surface STRO-1 and STRO-3 expression at P4. Dotted line: isotype
control. Red line: MSCs. Blue line: MPCs. P4 MPCs gene expression of various immature ‘stem cell’ markers
(D) and cytokines (E). Results are presented as mean ratio±S.E.M. of gene expression in MPC relative to
MSC (average of three donor experiments). P4 MSC and MPC differentiation capacity for mineralization
(F), adipogenesis (G) and glycosaminoglycan synthesis (H), under the respective in vitro inductive
conditions. Data are presented as mean±S.E.M. (*P<0.05, average of three donor experiments).
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Figure 2. Intramyocardial injection of MPCs after MI attenuates left ventricular dysfunction and
remodelling. Echocardiography was performed to assess FS (A) and LVAD (B). Myocardial sections were
stained to count TUNEL+ apoptotic myocytes (C). Masson’s Trichrome-stained sections were examined for
myocardial fibrosis (D). vWF+vessels per high power field were quantified (E). For (A)-(E), data are
represented as mean±S.E.M. N=10-12/group. *P<0.05.
4.2. INTRAMYOCARDIAL INJECTION OF
MPCS AFTER MI IN NUDE RATS
ATTENUATES LEFT VENTRICULAR
DYSFUNCTION AND REMODELLING
The therapeutic potential of culture‐expanded
MPCs was examined in a nude rat model of MI.
Echocardiographic measurements of fractional
shortening (FS) and left ventricular diastolic area
(LVAD) obtained at 24h post‐MI indicated that rats
randomized to the two study groups were well
matched prior to treatment (Fig. 2A, B). Left
ventricular function declined following saline
injections (−19%, 24h versus 2 weeks, P<0.05) (Fig.
2A). In contrast, FS was preserved in MPC‐treated
rats (+20%, 24h versus 2 weeks, P=0.06) and was
higher compared to saline‐treated controls at the
end of the 2 week study (MPC versus saline,
P<0.05). MPC‐treatment after MI also attenuated
left ventricular dilatation (+17%, 24h versus 2
weeks, P=NS) compared to saline treatment (+27%,
24h versus 2 weeks, P<0.05), and resulted in
significantly reduced LVAD at the end of the study
period (MPC versus saline, P<0.05) (Fig. 2B). At the
tissue level, MPC‐treated hearts exhibited fewer

apoptotic myocyte nuclei at the infarct border
compared with saline treated hearts (P<0.05) (Fig.
2C), as well as less extensive areas of fibrosis
(P<0.05) (Fig. 2D) and augmentation of peri‐infarct
capillary density (P<0.05) (Fig. 2E).
MPC engraftment in myocardial tissue at 2 weeks
following transplantation was examined by
immunostaining for human mitochondrial protein.
However, analysis of stained tissues was
confounded by the presence of false positive signals
in vehicle‐treated MI hearts. These signals were
likely attributable to inflammatory cells, given their
localization in the infarct region and granular
staining pattern (data not shown). As an alternative
approach to assessing MPC engraftment, we
employed PCR to detect human‐specific ribosomal
protein L32 (hRPL32) in DNA extracts from rat MI
hearts at 24h (N=2) and 7 days (N=2) following
intramyocardial injection of MPCs. MPCs were
positive for hRPL32, with band intensities
corresponding with cell number (Fig. 3). DNA from
saline‐treated rat heart was negative for RPL32.
Only weak signals for hRPL32 were detected in
MPC‐treated hearts at 24h and 7 days following
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Figure 3. Human MPCs engraft poorly in rat ischemic myocardium. Human-specific RPL32 expression
(384bp) in DNA extracts from known numbers of MPCs, untreated control rat heart (ht) and human MPC
treated MI hearts harvested at 24h (N=2) and 7 days (N=2) following intramyocardial injection, was
determined by PCR. Rat-specific RPL32 was used as loading control.
injection, despite equal loading of samples indicated
by comparable levels of rat‐specific RPL32. These
data indicate that rapid loss of MPCs occurs
following direct intramyocardial injection at 48h
after MI.
4.3. INTRAMYOCARDIAL INJECTION OF
MPC-DERIVED CM AFTER MI PRESERVES
LEFT VENTRICULAR FUNCTION AND
STRUCTURE AND PROMOTES
CARDIOPROTECTION AND
NEOVASCULARIATION
We went on to hypothesize that MPC‐derived
paracrine factors may augment endogenous repair
mechanisms in the ischemic heart. MI rats received
intramyocardial injections of MPC‐conditioned
medium (CM) or control medium at 48h after MI.
FS was similar in both groups prior to treatment,
but declined following control medium treatment
(−16%, 24h versus 1 week, P<0.05) (Fig. 4A). In
contrast left ventricular function was preserved in
MI rats treated with CM, such that FS was higher
in this group compared to controls at 1 week (CM
versus control, P=0.05). LVAD was also similar in
both treatment groups at baseline (Fig. 4B).
Although LVAD increased by 43% in control
medium‐treated rats (24h versus 1 week, P<0.05),
left ventricular dilatation was attenuated in
CM‐treated animals (+26%, 24h versus 1 week,
P<0.05), which demonstrated significantly smaller
left ventricular cavities at the end of the study
(P<0.05 versus saline).
The benefits of CM on left ventricular
function and remodelling over control were
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associated with reduced myocyte apoptosis in the
peri‐infarct region (P<0.05) (Fig. 4C), increased
cross‐sectional areas of surviving myocytes (P<0.05)
(Fig. 4D) and reduced myocardial fibrosis (P<0.05)
(Fig. 4E). CM‐treatment after MI also resulted in
enhanced myocardial neovascularization, associated
with increased proliferation of resident vascular
cells compared with control medium. Von
Willebrand Factor (vWF)‐positive vessel counts
were higher in the peri‐infarct region of CM‐treated
hearts compared with control medium treated
counterparts (P<0.05) (Fig. 5A).
More specifically, CM‐treated hearts
demonstrated a higher proportion of vWF+ vessels
co‐expressing rat‐specific Ki67, a nuclear antigen
expressed by proliferating cells, compared with
controls (P<0.05) (Fig. 5B). Intramyocardial
injection of CM after MI also resulted in increases
in both the density of α‐smooth muscle actin
(αSMA)‐positive arterioles in the peri‐infarct region
(P<0.05) (Fig. 5C), as well as the proportion of
αSMA+ vessels co‐expressing Ki67 (P=0.06) (Fig.
5D).
4.4. MPC-CM AUGMENTS EPC
MOBILIZATION AND HOMING AFTER MI
To address the question of whether CM promotes
endogenous EPC mobilization, peripheral blood was
collected from MI rats in both treatment groups at
the end of the 1 week study period. The
concentration of circulating MNCs was increased
following intramyocardial CM injection compared to
control‐medium treatment (P<0.05) (Fig. 6A).
Counts of acLDL+lectin+ EPCs derived from MNCs
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Figure 4. Intramyocardial injection of CM after MI attenuates left ventricular dysfunction and remodelling.
Echocardiography was performed to assess FS (A) and LVAD (B). Myocardial sections were stained to count
TUNEL+ apoptotic myocytes (C). Masson’s Trichrome-stained sections were assessed for myocyte crosssectional areas (D) and myocardial fibrosis (E). Data are presented as mean±S.E.M. N=10-12/group.
of CM‐treated MI rats were higher compared with
those derived from control‐treated counterparts
(P<0.05) (Fig. 6B).
An additional study was undertaken to
investigate the effects of CM on EPC homing to the
ischemic heart. MI rats received intracardiac
injections of DiI+ human EPCs, which were allowed
to circulate for 15min prior to intramyocardial
delivery of CM or control medium. At 5 days
following injections, DiI+ cells were found in the
peri‐infarct region of myocardial sections taken
from both treatment groups. However CM‐treated
hearts demonstrated significantly higher numbers
of DiI+ cells compared to control medium‐treated
hearts (Fig. 6C). The increased presence of DiI+ cells
in CM‐treated hearts was associated with increased
capillary density (P<0.05, versus saline) (Fig. 6D).
4.5. MPC‐CM CONTAINS
CARDIOPROTECTIVE AND PROANGIOGENIC FACTORS
The cytokine profile of CM samples generated under
serum‐free culture conditions was determined using
a membrane‐based antibody array system.
Detectable signals were semi‐quantified by
densitometric analysis and expressed relative to

control medium. IL‐6, VEGF and MCP‐1 were
among the factors expressed by MPCs at 2‐fold or
greater levels above control medium. The
concentrations of these factors in CM were
quantified:
IL‐6:
118.04±0.27pg/ml;
MCP‐1:
521.89±1.48pg/ml; VEGF: 33.95±2.98pg/ml.
The direct effects of CM on cardiac
myocytes were examined in vitro. Hypoxic
conditions induced apoptosis in myocytes cultured
in ischemia‐mimetic medium, as indicated by
terminal deoxynucleotidyl transferase dUTP nick
end labelling (TUNEL) (Fig. 7A). Myocyte apoptosis
was reduced in cells pre‐treated with CM+mouse
IgG isotype control (CM+mIgG versus control,
P<0.05). This protective effect of CM was partially
abrogated by blockade of IL‐6 activity (CM+αIL‐6
MAb versus CM+mIgG, P<0.05), though the number
of TUNEL+ cells in co‐treated cultures remained
lower than control medium‐treated cells (CM+αIL‐6
MAb versus control, P<0.05).
CM stimulated hypertrophic growth of
myocytes, as demonstrated by a marked increase in
total cellular protein content, without significant
change in DNA content (CM+mIgG versus control,
P<0.05) (Fig. 7B). Neutralization of IL‐6 attenuated
the growth‐promoting effect of CM (CM+αIL‐6 MAb
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Figure 5. Intramyocardial injection of CM after MI promotes neovascularization of the ischemic
myocardium. Myocardial sections were immunostained to identify capillaries and arterioles. vWF+ vessels
were counted (A). Proliferating vWF+ vessels were identified by co-expression of the proliferating cell
nuclear antigen Ki67 (arrow heads) (B). Arterioles were immunostained with αSMA (C). Serial sections
were double stained for αSMA and Ki67 (arrow heads) (D). Data are presented as mean±S.E.M. N=10–
12/group. *P<0.05.
versus CM+mIgG, P<0.05). However protein content
in myocyte cultures treated with CM+αIL‐6 MAb
remained greater than that in control‐treated cells
(CM+αIL‐6 MAb versus control, P<0.05). Consistent
with these findings, phalloidin staining of myocytes
treated with CM+mIgG for 72h demonstrated
increased size and obvious striation and
organization of the contractile protein, actin, into
sarcomeric units (Fig. 7C). These morphological
features were less pronounced in myocytes treated
with CM+αIL‐6 MAb. Cellular proliferation was
increased in HUVECs treated with CM+mIgG
compared with control medium (P<0.05) (Fig. 8A).
Blockade of VEGF activity partially inhibited this
effect (CM+αVEGF MAb versus CM+mIgG, P<0.05;
CM+αVEGF
MAb
versus
control,
P<0.05).
Incomparison to control treatment, CM stimulated
HUVEC migration (CM+mIgG versus control,
P<0.05), which was attenuated by an anti‐VEGF
antibody (CM+αVEGF MAb versus CM+mIgG,
P<0.05; CM+αVEGF MAb versus control, P<0.05)
(Fig. 8B). CM also promoted HUVEC cord formation
on growth factor‐reduced Matrigel substrate (Fig.
8C and D). Neutralization of VEGF activity in CM
disrupted the formation of these cord‐like structures
(CM+αVEGF MAb versus CM+mIgG, P<0.05). CM
increased rVSMC proliferation above controls
(CM+mIgG versus control, P<0.05) (Fig. 8E).
Anti‐MCP‐1 antibody partially reduced the
proliferative effects of CM (CM+αMCP‐1 MAb
versus CM+mIgG, P<0.05; CM+αMCP‐1 MAb
versus control, P<0.05). In comparison to control
medium, CM stimulated increased rVSMC
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chemotaxis (CM+mIgG versus control, P<0.05) (Fig.
8F). Inhibition of MCP‐1 activity attenuated this
chemotactic effect (CM+αMCP‐1 MAb versus
CM+mIgG, P<0.05). EPC proliferation was
increased in cultures treated with CM, above levels
observed in unstimulated controls (CM+mIgG
versus control, P<0.05) (Fig. 9A). Neutralization of
VEGF tended to inhibit this effect (CM+mIgG
versus CM +αVEGF MAb, P<0.05). CM also
exhibited chemotactic effects on EPCs (CM+mIgG
versus control, P<0.05) (Fig. 9B), which were partly
attenuated in CM+αVEGF MAb (CM+αVEGF MAb
versus CM+mIgG, P<0.05; CM +αVEGF MAb
versus control, P<0.05). CM increased survival of
EPCs cultured under hypoxic conditions (CM+mIgG
versus control, P<0.05) (Fig. 9C). This protective
effect was reduced by blockade of VEGF
(CM+αVEGF MAb versus CM+mIgG, P<0.05). CM
stimulated formation of cord‐like structures in
EPCs grown on Matrigel substrate (Fig. 9D).
Blockade of VEGF inhibited formation of these
structures (CM+αVEGF MAb versus CM+mIgG,
P<0.05).
5. DISCUSSION
In the present study, we examined the biological
characteristics of the culture‐expanded progeny of
STRO‐3‐immunoselected
MPCs
and
their
therapeutic potential after MI. The key findings of
this study are: (1) ex vivo‐grown MPCs exhibited
increased proliferative capacity, gene expression for
various early stem cell markers and cytokines, and
differentiation efficiency compared with
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Figure 6. CM augments mobilization and homing of EPCs to the post-MI heart. To examine the effect of
CM treatment on EPC mobilization, peripheral blood was sampled from rats at the end of the 1 week study
and total MNC were counted (A). acLDL+lectin+ EPCs cultured from the MNC fraction were counted (B). In
a separate experiment, the effects of control medium or CM on DiI+ EPCs homing to the ischemic rat heart
were examined. At 1 week after MI myocardial sections were examined for the presence of DiI+ cells (C).
Myocardial sections were stained to identify Factor VIII (FVIII+) vessels co-localized with DiI+ EPCs (D).
Data are presented as mean±S.E.M. N=10–12/group. *P<0.05.
conventionally prepared MSCs; (2) intramyocardial
injection of MPCs into rats after MI attenuated left
ventricular dysfunction and remodelling, reduced
myocyte apoptosis and augmented myocardial
neovascularization, despite poor engraftment of
transplanted cells; (3) administration of MPC‐CM to
the MI heart also mitigated left ventricular
dysfunction and dilatation, promoted myocyte
survival and hypertrophy and increased vascular
density and (4) MPC‐CM contained soluble factors
with biological activity in cultures of cardiac
myocytes,
vascular
cells
and
peripheral
blood‐derived EPCs. The recently described STRO‐3
monoclonal antibody has previously been shown to
enrich for a subset of STRO‐1bright MNCs, which is
clonogenic and multipotential (17). Co‐expression of
high levels of STRO‐1 suggests that STRO‐3+ MPCs
may be a relatively immature precursor cell type
with cardioprotective potential (2, 16). The present
findings extend on existing data by demonstrating
that
the
culture‐expanded
progeny
of
STRO‐3‐selected MPCs remain proliferative and
multipotential following culture expansion over
several passages. These functional characteristics
were associated with cell‐surface expression of
STRO‐1, and gene expression of a panel of early
‘stem cell’ markers, which are implicated in the

regulation of progenitor cell cycle progression and
differentiation (12, 20-22). Culture‐expanded MPCs
also expressed transcripts of various cytokines,
reflective of the native function of mesenchymal
lineage cells in supporting the population of naïve
haematopoietic progenitors in BM. Notably,
proliferative and developmental potentials and stem
cell marker and cytokine expression levels were
augmented in cultures initiated by STRO‐3+ MPCs
above that observed in cultures of MSCs established
by conventional methods. In sum, our data suggest
that prospective immunoselection of STRO‐3+ MPCs
enriches for CFU‐f, and may be advantageous in
maintaining a population of immature MPCs during
culture expansion, compared with preliminary
isolation of MSCs by plastic‐adherence alone.
Further, these data support the possibility of
generating therapeutically relevant numbers of
precursor cells by ex vivo expansion for clinical
application.
Our in vivo studies are the first to
demonstrate
the
cardioprotective
and
pro‐angiogenic properties of STRO‐3‐selected and
culture‐expanded human MPCs in a rat model of
MI. Intramyocardial transplantation of 1×106 MPCs
to rats at 48h after MI resulted in improved left
ventricular function, reduced dilatation, increased
147
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Figure 7. CM protects cardiac myocytes from apoptotic death and promotes myocyte hypertrophy. The
direct effects of control medium, CM+mouse IgG isotype control (mIgG) or CM+αIL-6 MAb on neonatal rat
cardiac myocytes were examined. (A) Hypoxia-induced apoptosis was determined by TUNEL (brown). Blue:
viable nuclei. Myocyte hypertrophy was determined by measuring total protein content, relative to DNA
content (B) and phalloidin staining of fixed cells (C). Data are represented as mean±S.E.M. Each condition
was represented in triplicate. N=3 experiments. *P<0.05.
myocyte survival and capillary density associated
with reduced fibrosis, compared with saline control
at 2 weeks. The dose, route and timing of
administration of MPCs were selected based on our
previous work, which demonstrated the efficacy of
1×106 STRO‐1+ culture‐expanded MPCs in a rat
model of MI (2). The present findings echo our
earlier observations of functional recovery and
arteriogenesis in the ischemic heart following
treatment with STRO‐1+ MPCs (2). Similarly,
recent reports have demonstrated that in a sheep
model
of
myocardial
ischemia,
allogeneic
transplantation of STRO‐3‐selected, ex vivo‐cultured
ovine MPCs attenuated infarct expansion,
accompanied by increased vascular density, in a
dose‐dependent
manner,
associated
with
modulation of matrix remodelling (23, 24). Together,
these data suggest that the STRO‐3 antibody may
be employed to select a subset of BM mesenchymal
lineage cells, which exhibit a cardioprotective
phenotype following culture expansion.
Interestingly, we found that the beneficial
effects of MPC therapy after MI in rats occurred
despite poor engraftment of cells. Specifically, the
numbers of MPCs present in the post‐MI heart at
24h and 7 days following injection were
dramatically diminished compared to the number
injected, and were negligible by 2 weeks. Our
observations are similar to reports in the literature
of rapid and progressive attrition of MSCs following
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intramyocardial
transplantation
under
both
syngeneic and xenogeneic conditions (5, 25). In the
acute phase after MI, transplanted cells are likely to
be beset by dynamic processes including
inflammation, cellular necrosis, fibrosis and
metabolic and mechanical disturbances, which may
impair engraftment. Our data suggest that under
the present study conditions, mechanisms which
depend on cell engraftment in the ischemic
myocardium, such as MPC differentiation or fusion,
are unlikely to account significantly for the observed
effects of MPC administration post‐MI.
Instead, our observations fall in line with a
current working hypothesis that the therapeutic
benefits observed following MSC administration to
the ischemic heart occur, at least in part, via
paracrine‐mediated mechanisms of action. Various
studies have demonstrated beneficial effects of MSC
therapy without long‐term engraftment, and a link
between donor cell‐derived factors and left
ventricular recovery following MSC transplantation
(26-28). Moreover, injection of MSC‐derived factors
to the post‐MI heart has been shown to rapidly
promote angiogenesis and cardioprotection (7, 2931). Consistent with this body of work,
intramyocardial injection of MPC‐derived soluble
factors after MI resulted in therapeutic benefits,
which mirrored the outcome observed following
treatment of MI rats with MPCs. Profiling of CM
revealed the presence of a range of multifunctional
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Figure 8. CM promotes vascular cell proliferation, migration, survival and cord formation. The direct
effects of control medium, CM+mouse IgG isotype control (mIgG) or CM+αMCP-1 MAb on cultures of
HUVECs were examined in assays for proliferation (A), migration (B) and cord formation (C).
Representative images of cord formation in HUVEC cultures (D). The effects of control medium, CM+mouse
IgG isotype control (mIgG) or CM+αMCP-1 MAb on rat A7r5 smooth muscle cells were examined with
respect to proliferation (E) and migration (F). Data are represented as mean±S.E.M. Each condition was
represented in triplicate. N=3 experiments. *P<0.05.
soluble factors. Our in vitro studies evidence the
contribution of IL‐6, VEGF and MCP‐1 present in
CM to its direct actions on myocytes, HUVECs,
rVSMCs and EPCs, and suggest possible
mechanistic underpinnings for the effects of CM in
the post‐MI heart. It remains to be determined
whether resident cardiac progenitors cells are
activated in response to CM treatment, and whether
other mechanisms of tissue repair may be involved
in the attenuation of left ventricular dysfunction.
However, together, the present data from our CM
studies support the notion that MPCs may exert
paracrine‐mediated actions when transplanted into
the ischemic myocardium.
Interestingly we found that MPC‐ or
CM‐treatment after MI resulted in myocyte
hypertrophy both in vivo and in vitro. Although
better function is often coupled with attenuation of
myocyte enlargement, hypertrophy of the residual

myocardium occurs in the acute phase after MI as a
compensatory response to the loss of tissue at the
site of infarct to maintain left ventricular contractile
function. Previous studies support the hypothesis
that insufficient compensatory hypertrophy after MI
may contribute to left ventricular dilatation and
heart failure disease progression (32). Given the
improvements in left ventricular function observed
in our study, we speculate that administration of
MPCs or CM at 48h after MI may augment an early
compensatory response, which may contribute to
their salutary effects in this context.
Treatment of MI rats with either MPCs or
CM also attenuated myocardial fibrosis at the site of
infarct. In a previous report, the anti‐fibrotic and
infarct‐limiting effects of allogeneic transplantation
of STRO‐3‐derived MPCs into an ovine model of
myocardial ischemia were associated with increased
indices of collagen degradation (24). However, the
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Figure 9. CM promotes EPC proliferation, migration, survival, and cord formation. The direct effects of
control medium, CM+mouse IgG isotype control (mIgG) or CM+αVEGF MAb on isolated EPCs were
examined in assays for proliferation (A), migration (B), apoptosis (C) and cord formation (D). Data are
represented as mean±S.E.M. Each condition was represented in triplicate. N=3 experiments. *P<0.05.
direct actions of MPCs on myocardial collagen
turnover remain to be determined. Alongside the
concomitant reduction in myocyte apoptosis in the
same hearts, our data may instead suggest that
reduced tissue fibrosis in the infarcted region is
secondary to augmentation of myocyte survival.
Alternatively, reductions in infarct size and tissue
fibrosis following cell therapy in animal models of
MI may be attributable to partial regeneration of
the necrotic myocardium (33). In light of poor
engraftment of MPCs in the post‐MI rat heart, our
data support a paracrine mechanism of action for
these cells in this setting. However, our data do not
preclude the possibility that MPCs may have the
capacity for cardiogenesis, and the potential of
MPCs for cardiac development and to activate
resident cardiac progenitors or myocytes remains a
subject for future investigation.
Our CM studies cast light on a possible
paracrine‐based mechanism of action of MPC
therapy after MI, though we acknowledge that the
data does not provide direct documentation of a
paracrine action of MPCs transplanted into the
ischemic myocardium. However, our data may
provide some insight into the biology of ex vivo
grown MPCs. From this perspective, it is important
to emphasize that MPC‐CM was generated under
serum‐free and normoxic culture conditions. Thus,
our data demonstrate that the constitutive
secretome of culture‐expanded MPCs includes
pro‐angiogenic and cardioprotective factors with
biological activity both in vitro and in vivo. The
profile of cytokines identified in this study overlaps
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qualitatively with that previously detected in
MSC‐CM, and similarly produced pro‐angiogenic
effects in cultures of HUVECs (8). Interestingly,
MPC‐CM also promoted myocyte survival under
ischemia‐mimetic culture conditions and attenuated
left ventricular remodelling and dysfunction after
MI, without need for potentiation of MPCs via
transfection of survival genes and/or hypoxic
culture, which was previously found to be necessary
to generate MSC‐CM with similar effects (7). The
reasons for these differences in cardioprotective
potential between MPC‐CM and MSC‐CM require
further investigation, though we note that in the
present
study,
transcripts
for
various
pro‐angiogenic and cardioprotective cytokines were
more abundant in MPCs compared with MSCs
prepared by conventional methods. Similarly,
Psaltis and colleagues recently reported that CM
cells
generated
by
STRO‐1‐immunoselected
demonstrated enhanced cardioprotective and
pro‐angiogenic activity compared to MSC‐CM (13).
Clearly, the functional consequences of these
differences remain to be examined. However, the
present
data
suggest
that
prospective
immunoselection and culture expansion of STRO‐3+
MPCs may enrich for a population of cells, which
intrinsically expresses a profile of factors that is
both qualitatively and quantitatively sufficient to
yield therapeutic benefit in myocardial ischemia.
Speculatively, these observations point to
the intriguing possibility of MPC‐derived soluble
factors as therapy per se. To this end, the
sufficiency of CM generated under serum‐free
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conditions to produce beneficial effects in the
ischemic myocardium, and the persistence of these
effects at 7 days after MI, are encouraging. Further
investigations might include examination of
MPC‐CM therapy alone, with animals followed to
later time‐points to determine whether the effects of
CM after MI are sustained. MPC‐CM might also be
administered in combination with cells types,
including EPCs, given the potential synergy
between MPC‐CM and circulating EPCs observed in
this study. In looking ahead toward the possible
clinical application of MPCs or CM for post‐MI
therapy, further efforts are required to optimize
these approaches to ensure full exploitation of their
respective therapeutic potentials. For example, our
data indicate a need for strategies that enhance
persistence of MPCs in the ischemic myocardium,
because previous studies have shown cell
engraftment to correlate positively with therapeutic
outcome (34). Additional experiments, such as a
head‐to‐head comparison of the efficacy of MPC
versus CM injections, would also inform evaluation
of the most promising way to translate MPC‐based
therapy for myocardial ischemia into the clinical
setting.
The present data support the potential utility of
STRO‐3 as a marker for a subset of mesenchymal
lineage precursors present in adult BM MNCs.
Prospective immunoselection of STRO‐3+ MPCs may
be advantageous in maintaining an immature
mesenchymal precursor population during ex vivo
expansion. The culture‐expanded progeny of
STRO‐3+ MPCs demonstrated therapeutic potential
in the post‐MI heart, attributable at least in part, to
the secretion of pro‐angiogenic and cardioprotective
factors. These characteristics endow MPCs with
clinical relevance and promise as therapy for
ischemic heart disease.
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effects of intramyocardial (IM) delivery of MPCs (A)
and CM (B) post-MI and of CM on EPC homing to
the infarcted heart (C). IC: intracardiac.
Table S1 Cytokines detected in MPC-CM cultured
under serum free conditions.
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1. ABSTRACT
Background: Infusion of recipient regulatory T (Treg) cells promotes durable mixed
hematopoietic chimerism and allograft tolerance in mice receiving allogeneic bone
marrow transplant (BMT) with minimal conditioning. We applied this strategy in a
Cynomolgus macaque model. Methods: CD4+CD25high Treg cells that were polyclonally
expanded in culture were highly suppressive in vitro and maintained high expression of
FoxP3. Eight monkeys underwent nonmyeloablative conditioning and major
histocompatibility complex mismatched BMT with or without Treg cell infusion. Renal
transplantation (from the same BMT donor) was performed 4 months post-BMT without
immunosuppression to assess for robust donor-specific tolerance. Results: Transient
mixed chimerism, without significant T cell chimerism, was achieved in the animals
that received BMT without Treg cells (N=3). In contrast, 2 of 5 recipients of Treg cell+BMT
that were evaluable displayed chimerism in all lineages, including T cells, for up to 335
days post-BMT. Importantly, in the animal that survived long-term, greater than 90% of
donor T cells were CD45RA+CD31+, suggesting they were new thymic emigrants. In this
animal, the delayed (to 4 months) donor kidney graft was accepted more than 294 days
without immunosuppression, whereas non–Treg cell BMT recipients rejected delayed
donor kidneys within 3 to 4 weeks. Early CMV reactivation and treatment was
associated with early failure of chimerism, regardless of Treg cell administration.
Conclusions: Our studies provide proof-of-principle that, in the absence of early CMV
reactivation (and BM-toxic antiviral therapy), cotransplantation of host Treg cell can
promote prolonged and high levels of multilineage allogeneic chimerism and robust
tolerance to the donor.
2. INTRODUCTION
CD4+FoxP3+ regulatory T (Treg) cells modulate
autoimmune and alloimmune responses (1-5).
Induction of kidney allograft tolerance, via transient
mixed
hematopoietic
chimerism
and
nonmyeloablative conditioning, has been achieved
in large animal models (6) and humans (7).
However, kidney allograft tolerance was achieved in
only 60% to 70% of cynomolgus monkeys (cynos) and
humans, and tolerance could not be readily
extended to islet, heart or lung allografts in
monkeys (8-10). Although durable mixed chimerism
has been achieved with total lymphoid radiation,
antithymocyte
globulin
and
donor
kidney
transplantation in the HLA-identical transplant
setting, this approach has not yet succeeded in
achieving durable chimerism or tolerance across
HLA barriers (11-14). Another approach achieves
renal allograft tolerance with development of full
donor chimerism across extensive HLA barriers (15,
16), but the full donor chimerism likely reflects the
more rigorous and potentially toxic host
conditioning and/or graft-versus-host reactivity of
the infused donor T cells, which eliminates recipient
hematopoiesis, and high rates of opportunistic
infection were observed (17). Mixed chimerism, in
contrast, provides a steady supply of recipientderived antigen presenting cells (APCs), conferring
superior ability to mount cytotoxic T cell responses
that clear viral infections compared to full chimeras
(17-20). Thus, the reliable achievement of durable
mixed chimerism across HLA barriers, with its
potential to induce tolerance to any type of donor
organ and to cure congenital hematologic disorders,
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remains an important and elusive goal in humans
(21, 22).
In mice, adoptive transfer of recipient
blood-derived natural Treg cells at the time of bone
marrow
transplant
(BMT)
with
minimal
conditioning regimen permitted the establishment
of permanent hematopoietic mixed chimerism and
skin allograft tolerance (23-26). We have adapted
the use of Treg cells for the abovementioned cyno
model that otherwise achieves only transient mixed
hematopoietic chimerism and which has been
extensively characterized (8-10). We tested the
hypothesis that the addition of expanded recipient
Treg cells to the “standard” conditioning protocol
would promote durable chimerism and allow
acceptance of a donor kidney after a marked delay
of 4 months, when donor kidneys are uniformly
rejected by transient chimeras prepared with this
protocol (27).
3. MATERIALS AND METHODS
3.1. ANIMALS
Male adult cynos (Charles River Primates,
Wilmington,
MA
and
Sanofi-Synthelabo,
Bridgewater, NJ) were used. All procedures were
approved by the IACUC of Columbia University and
Massachusetts General Hospital (MGH). Both are
AAALAC international accredited institutions.
3.2. CYNOMOLGUS MAJOR
HISTOCOMPATIBILITY COMPLEX
GENOTYPING
Peripheral blood mononuclear cell (PBMCs) were
genotyped at the University of Wisconsin Primate
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Table 1. Donor: recipient MHC mismatches (refer to Supplemental Figure 1). All recipients had donors with
1 or both MHC-I and II alleles mismatched. *Animal M5210 was not tested but assumed to be positive.
Research
Center
Laboratory
http://www.primate.wisc.edu/wprc/services/genetics.
html (28-31).
3.3. CONDITIONING REGIMEN
Recipients of major histocompatibility complex
(MHC) mismatched donor BMT (Table 1 and Figure
S1, SDC, http://links.lww.com/TP/B373) underwent
the “standard” conditioning regimen as previously
described (6, 32) +/-Treg cells (Figure 1A).
Cyclosporine levels were maintained between 200400ng/mL.
3.4. TREG CELL SORTING AND EXPANSION
The 1.0% of CD4+ T cells expressing the highest
levels of CD25 were sorted (FACSAria or Influx, BD
Biosciences, Billerica, MA) and plated (1×105
cells/cm2) on fibroblasts (L929) (10×105 cells/cm2)
expressing human CD32 (FcR), CD58 (LFA-3) and
CD80 (33, 34) (referred as artificial APCs [aAPC]) in
combination with human recombinant IL-2
(200U/mL), anti-CD3 (SP-34) 100ng/mL, and
rapamycin 100μg/mL (Sigma-Aldrich, St Louis, MO)
for 7 days. Growth medium consisted of RPMl-1640
(Gibco), fetal calf serum (Gibco), L-glutamine,
penicillin/streptomycin, and nonessential amino
acids. After 7 days, cells were replated with
irradiated donor PBMCs (1 PBMC to 1 Treg cell) and
IL-2 (200U/mL), anti-CD3 (SP-34) 1 μg/mL or
alternatively in combination with aAPCs (3×105 to
5×105 cells per cm2) (Table 2). Cells were cultured
for another 7 days, then split and cultured for
another 7 days. When irradiated aAPCs were used,
Treg cells were cultured for an additional 5 days in
the presence of rapamycin 100ng/mL (Table 2).
After expansion, cells were cryopreserved in fetal

calf serum (Gibco) with 5% dimethyl sulfoxide for
future use.
3.5. BMT
Bone marrow (BM) was harvested aseptically from
donor iliac bones by multiple percutaneous
aspirations or surgically from the vertebrae. BM
cells (1.3-3.0×108 mononuclear cells/kg) were
infused intravenously. CD34+ content was 1% (+/0.4%), as determined by flow cytometry.
3.6. KIDNEY TRANSPLANTATION
The details of the kidney transplant procedure were
reported previously (35). Kidneys were transplanted
between days 119 and 134 post-BMT. Recipients
underwent unilateral native nephrectomy and
ligation of the contralateral ureter on the day of
transplant. The remaining native kidney was
removed ~100 days after transplantation.
3.7. FLOW CYTOMETRIC ANALYSES,
DETECTION OF CHIMERISM, AND CELL
SORTING
Whole blood was lysed and labeled with a
combination of the following mAbs: CD3
PerCPCy5.5 (SP34.2), CD4-APC (L200), CD4-PE
(L200), CD8-APC (SK1), CD11b-PE (ICRF44).
CD20-PE (2H7), CD25-PE (BC96), CD31-PE
(WM59), CD56-PE (MY31), pan-MHC A.B.C-PE
(W6/32), FOXP3-PE (236A/E7). For chimerism
analysis, we used H38 (anti-BW6; One Lambda,
Inc., Canoga Park, CA). The recipient and donor
pairs were chosen based on their MHC haplotypes
and H38 expression. The fluorescence of the stained
samples was analyzed using FACS Calibur and
FlowJo
software.
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Figure 1. Transplant scheme and Treg expansion. (A) Transplant protocol. (B). Expansion of Treg lines from
4 animals over 4 weeks. The average number of cells for each animal at each expansion time point is
graphed (SEM) (bars). (C) A representative phenotype of Treg at the end of culture, with high levels of CD25
and of FoxP3.
3.8. MIXED LYMPHOCYTE REACTIONS AND
TREG CELL SUPPRESSION ASSAYS
Mixed lymphocyte reactions (MLRs) were performed
as previously described (6). In addition, Treg cells
were titrated for their specificity in suppressing
host anti-donor versus third party and donor antihost versus third party responses. Donor or host
PBMC responders were stimulated with irradiated
host, donor, or third-party PBMCs. Host nonirradiated Treg cells were added to the culture and
pulsed with tritiated thymidine 4 days after
initiation of culture and read in a beta counter as
previously described (6). Treg cells were also tested
for suppression of anti–CD2-, anti–CD3-, and anti–
CD28-coated
NHP
activation
bead-mediated
activation (Miltenyi Biotec) at 1 bead to every 2
PBMCs.
4. RESULTS
4.1. EXPANSION, PHENOTYPE, AND
SUPPRESSION OF CYNO CD4+CD25HIGH
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An average of 118,907±9,588 CD4+CD25high cells
were sorted from each blood draw. Usually a 10- to
100-fold expansion was achieved within the first 7
(0.695×106±0.175×106) to 14 (22.47×106±4.3×106)
days of culture (Figure 1B, representative lines). At
the end of culture, Treg cells were analyzed for
phenotype (Figure 1C) and function (Figures 2A, B)
before cryopreservation.
Infused Treg cell expressed high levels of FoxP3 and
CD25
(Figure
1C)
(Table
S1,
SDC,
http://links.lww.com/TP/B373). Inhibition of the
proliferation
of
bead(anti-CD2/CD3/CD28)
stimulated
autologous
(cryopreserved
pretransplant) PBMCs generally revealed greater
than 95% suppression at a 1:1 ratio of PBMCs/Treg
cell (Figures 2A and B). The infused Treg cells varied
in suppressive potency but all achieved 50%
suppression at or above a1:2 Treg cell/PBMC ratio
(Figures
2A
and
B)
(Table
S1,
SDC,
http://links.lww.com/TP/B373).
We
aimed
to
generate
polyclonal,
nonspecifically suppressive Treg cell lines with our
expansion protocol. While donor PBMCs were added
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Figure 2. Culture of cynomolgus regulatory T cells. (A) Highest quality Treg suppressed over 50% the
proliferation of bead stimulated (anti-CD2CD3CD28) PBMCs at 1:32 Treg:PBMC ratio. (B) All Treg lines
achieved at least 50% suppression of proliferation at a 1:2 Treg:PBMC ratio. Microsuppression assays shown.
(C-F) MLRs assessing the specificity of host Treg. Host (C, D) and donor (E, F) PBMC responders were plated
with either host, donor or third party stimulators. Host Treg were added to the cultures at the indicated
PBMC:Treg ratios (1:1, 1:2 and 1:4) and assessed for suppressive activity. All data points represent means of
triplicates. Error bars indicate SE. Similar results were obtained in a repeat experiment (not shown).
during the expansion period as a source of APCs,
specificity studies on 2 different Treg cell lines
(Figures 2C-F) revealed similar suppression of host
antidonor, host anti-third–party, antihost, and
donor anti–third-party responses.
4.2. PROOF OF CONCEPT THAT TREG CELL
INFUSION CAN PROLONG MULTILINEAGE
DONOR CELL CHIMERISM
We tested whether polyclonal Treg cells could
prolong donor hematopoietic chimerism compared to
controls, which historically achieved transient (3060 days) chimerism (6). Three control animals were
treated as previously described (6), except they did
not receive a donor kidney graft on Day 0. Five
animals received the same treatment plus Treg cell
infusions posttransplant. These 5 animals (M5210,
90-39, 6c64, 6c1, 90-15) received expanded
polyclonal autologous Treg cells (15-53×106 per
infusion) during the first week posttransplant (days
0, 2, 5, 7) and on day +50 (Table S1, SDC,
http://links.lww.com/TP/B373). Total dose was 8896×106/kg. Two Treg cell recipients, M5210 and 9039, developed significant multilineage chimerism
(Figure 3, top row). Although M5210 survived longterm, animal 90-39 died of cytomegalovirus (CMV)

disease on day 43 with significant donor chimerism
in all lineages (Figure 3). The chimerism in M5210
(Figure 3, top left panel) persisted longer than ever
observed in this model, remaining detectable in the
lymphoid, monocyte and granulocyte lineages until
days 292, 224, and 335, respectively.
We monitored CMV viremia, and when it
exceeded 10,000 copies/mL (initially) or 1,000
copies/mL (after our experience in the first few
animals), we treated animals with ganciclovir
and/or foscarnet. Animal 6c64 was given antiviral
prophylaxis to prevent CMV reactivation and
developed only low and short-lived chimerism
(Figure 3) with prolonged pancytopenia, suggesting
that BM-toxic effects of the antiviral treatment may
have impaired both donor and recipient
hematopoiesis. Two additional Treg cell recipients,
6c1 and 90-15, experienced CMV reactivation with
high viral loads and required treatment with
antivirals at high doses within the first week posttransplant. These animals developed only shortlived and low levels of chimerism (6c64, 6c1, 90-15
shown in Figure 3, middle row) in association with
protracted cytopenias, often requiring transfusions.
These results suggest that CMV reactivation and/or
the bone marrow toxic effects of early antiviral
159
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Figure 3. Summary of percent donor chimerism. Granulocyte (black circles), monocyte (blue triangles) and
lymphocyte (red squares) lineages of each animal are shown. Animals with boxed identification numbers
(M5210, 90-39, and 90-1) received no antiviral treatments. Animals whose figures have a cross died or were
euthanized due to untreated or unmanageable CMV disease. Animal 90-47 was serologically CMV- pre-Tx,
but developed CMV following BMT from a CMV+ donor that had been serologically negative on initial
screen. Animal 90-1, who was CMV- pre-Tx and received a BMT from a CMV- donor, never developed CMV.
The 5 animals shown on the top part of the figure received BMT+Treg, while the 3 below the dotted line
received BMT without Treg.
therapy may have potentially interfered with initial
engraftment of the donor marrow.
Of the 3 control animals (90-47, 90-7, 90-1)
receiving BMT without Treg cell infusion, 1 (animal
90-47) died of CMV before the development and
implementation of the CMV surveillance and
treatment protocol, without showing any significant
chimerism (Figure 3, bottom row, left panel). The 2
other controls survived long term. Animal 90-7 also
developed low-level, short-lived chimerism. The
third control animal, 90-1, was unique in that both
recipient, M5210, had only a very low level CMV
viremia (<1,000 copies/mL) and exhibited the
longest documented donor chimerism ever seen with
this or related protocols over a period of more than
twenty years.
4.3. ONLY TREG CELL RECIPIENTS
DEVELOPED T CELL CHIMERISM
The 3 evaluable (i.e., that were not treated early
with antivirals) animals that had measurable
lymphoid chimerism included Treg cell recipients
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it and the donor were CMV-negative and chimerism
lasted over 100 days before disappearing (6, 32).
In summary, recipients that
reactivated CMV, regardless of Treg cell infusion,
succumbed to disease if not treated promptly with
antivirals. Early CMV reactivation and its
treatment or prophylaxis were associated with very
short-lived chimerism. Only 2 animals survived
without antiviral treatment (1 Treg cell recipient and
1 CMV-negative non-Treg cell control.). The Treg cell
M5210 and 90-39 and CMV(-) control recipient 90-1
(Figure 4).
However, in the non–Treg cell recipient 90-1
(the control animal in which donor and recipient
were CMV negative), lymphoid chimerism included
NK cells (data not shown) and B cells (e.g., Figure
4B, left), but did not include significant donor T cell
chimerism. In contrast, both evaluable Treg cell
recipients had not only B cell and NK cell
chimerism, but also significant CD4 and CD8 T cell
chimerism (Figures 4B, center and C, right). In
M5210, the long-lived Treg cell recipient, T cell
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Figure 4. Chimerism analysis of BMT recipients. (A) Representative flow cytometry of animal M5210 on
day +99 post BMT. Donor chimerism is measured with the Bw6+ (MHC-I) marker. B cell (CD20+), monocyte
(CD11b+) and T cell (CD3, CD4 and CD8) chimerism measured among cells with low/medium forward and
side scatter (not shown). Granulocytes (CD11b+) were analyzed among cells with high forward and side
scatter (not shown). (B) B Cell (black circle), CD4 (red triangle) and CD8 (blue square) T cell chimerism in
the 3 animals with the highest and most prolonged chimerism. CMV- control animal 90-1 developed high
levels B cell chimerism, but no T cell chimerism and chimerism declined after discontinuation of
immunosuppression and was completely lost by day 110. Treg recipient M5210 developed high B cells
chimerism and delayed, prolonged T cell chimerism in both CD4 and CD8 T cell lineages. Chimerism lasted
over 300 days post BMT. Treg recipient 90-39 was euthanized at day 43 due to CMV disease. At the time of
euthanasia B cell and CD4 T cell chimerism was detectable in the peripheral blood.
chimerism first appeared 45 days post-BMT (2.5
weeks after cyclosporine had been discontinued) and
increased significantly on day +60 post-BMT.
Similarly, Treg cell recipient 90-39 (which died of
CMV on day +43) had a spike in donor T cell
chimerism in the peripheral blood 1 month after
BMT (at the time immunosuppression was
discontinued) (Figure 4B, right) and still had
peripheral blood T cell chimerism (5%, mostly in
CD4 T cells) on the day of euthanasia. These results
represent the first time that T cell chimerism has
been observed using this nonmyeloablative monkey
BMT model and suggest that Treg cells promote T
cell chimerism.
We then investigated, in the only long-lived Treg cell
recipient chimera, the phenotype of host and donor
T cells, including CD31, a marker expressed on new
thymic emigrants (36) and CD45RA, a marker of
naïve T cells, among both donor and recipient T
cells (Figure 5). Almost all donor CD4 and CD8 T

cells in M5210 expressed CD31 throughout followup (Figures 5A and B). Consistent with de novo
origin in the recipient thymus, the expression of
CD45RA was also very high on donor CD4+ T cells
Figure 5C), peaking close to 90%. For recipient T
cells, expression of CD31 in both CD4 and CD8 cell
populations was significantly less. However, CD31
expression increased markedly in host T cells (80%)
early after the transplant (Figures 5A-B),
suggesting that a wave of new host T-cells was
released from the thymus after transplant. The
percentage of host-derived CD31+ T cells slowly
decreased from day ±20 until day +50. CD45RA
expression on recipient CD4+ T cells peaked at 50%
at about 1 month posttransplant. The expression of
CD31 and CD45RA was lower in animals that did
not develop donor T cell chimerism, as shown in
Figures 5A to C (bottom rows) for animal 90-7, a
control BMT recipient that did not receive Treg cells.
In summary, donor T cells exhibited high levels of
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Figure 5. Immune reconstitution of animal M5210 Post BMT (+Treg) and 90-7 (control). (A-C top row M5210
and bottom row 90-7 control). Dotted lines indicate first detection of donor chimerism in CD4 or CD8 T cells.
(A-top) Total CD4 T cells (black circle) expressed CD31 at increased levels posttransplant. Donor CD4 T
cells (blue squares) maintained high CD31expression. Recipient-derived CD4 T cells (red triangles)
expressed lower levels of CD31. (B-top) Total CD8 T cells expressed high CD31 levels following transplant
(black circle). CD31 expression in host CD8 T cells (red triangles) decreased, however donor-derived cells
(blue squares) maintained high CD31 expression long after transplant. (C-top) Donor-derived CD4 T cells
(blue squares) expressed higher levels of CD45RA compared to recipient CD4 T cells (red triangles). In
contrast animal 90-7 never exhibited any donor chimerism (A-C bottom row) and the levels of CD31 and
CD45 were lower than those observed in M5210 donor (blue) T cell populations. (D) Average percentage of
CD4 T cells expressing FoxP3 after transplant in Treg recipients (red triangles) (n=2 animals) compared to
control animals (blue squares) (n=3). (E) Animal M5210 absolute Treg numbers (red triangles) compared to
the absolute number of CD8 T cells (blue squares).
CD45RA and CD31, suggesting de novo
development from the thymus in animal M5210.
4.4. KINETICS OF CD3+CD4+FOXP3+ CELLS IN
THE CIRCULATION AFTER INFUSION
Peripheral Treg cell counts and percentages were
similar in the 3 controls and the 2 evaluable Treg cell
recipients that developed high levels of chimerism
(M5210 and 90-39) (Figure 5D). Treg cells were
largely of recipient origin (Figure S2, SDC,
http://links.lww.com/TP/B373). A peak was observed
on day +50 in M5210 after the infusion of 28 million
Treg/kg, which was given in an effort to reverse a
sudden increase in the absolute number of
CD95+CD28− effector CD8 T cells (Figure 5E) of
mostly recipient origin (Figure 4B, middle panel) 20
days after the discontinuation of cyclosporine A
(levels on day + 48 were subtherapeutic at
118ng/mL and low on day +53 at 35ng/mL). CD8 T
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cell counts declined after the infusion of Treg cells on
day +50 (Figure 5E). Both the T cell chimerism
(Figure 4B) and the myeloid chimerism (Figure 3,
top left panel) increased shortly after the Treg cell
infusion and remained stable for an additional 80
days (Figure 3, top left). Of note, on day 80 postBMT, there was a second increase in the absolute
CD8 T cell count that was followed by a subsequent
spontaneous Treg cell increase, after which CD8
counts normalized (Figure 5E).
In summary, infusion of Treg cells was
associated with the development of T cell
chimerism, prolonged multilineage chimerism, and
reversal of increasing recipient effector CD8+ T cell
counts in animal M5210.
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Figure 6. Tolerance to the donor in M5210 Treg recipient but not in control. (A) Pre-transplant MLR in
animal M5210 demonstrates strong proliferative responses to donor (diagonal stripes) and weaker response
to third party (horizontal stripes). (B) Day 106 Post-Tx MLR (before kidney allograft from the same BM
donor). Proliferation is maintained to third party but not to donor. (C) Animals that lost chimerism never
became tolerant nor showed decreased anti-donor proliferation. An example is shown in (C) pretransplant
and (D) posttransplant day 78. (E) Following kidney transplant, creatinine levels in M5210 (black circle)
stayed in the normal range while that in 2 control (non-Treg) animals (dashed grey lines) showed increases 23 weeks following kidney transplant. (F, G) Kidney histopathology. Biopsies were taken from transplanted
donor kidneys at the time of euthanasia. Shown is day +28 and day +294 (day of euthanasia) post kidney
transplant in animals 90-1 (F) (control, left) and M5210 (G) (+Treg, right) respectively. 90-1 had extensive
lymphocyte infiltrates scored as a Banff grade 3 rejection, while M5210 showed no signs of rejection.
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4.5. PROOF OF PRINCIPLE: PERSISTENT
CHIMERISM INDUCED BY TREG CELL
TREATMENT WAS ASSOCIATED WITH IN
VITRO DONOR-SPECIFIC
HYPORESPONSIVENESS AND ALLOGRAFT
TOLERANCE
M5210 showed donor-specific unresponsiveness in
MLR at day 106, before kidney transplantation was
performed (Figure 6B), whereas strong proliferative
responses to the donor were present pre-BMT
(Figure 6A). Similar responses to third party were
observed
pretransplantation
and
posttransplantation.
Animals were challenged with a solid organ
allograft (a kidney from the same BMT donor) 4
months after the original BMT, without
immunosuppression. Only 1 Treg cell recipient
(M5210) was evaluable at the 4-month timepoint. At
the time of kidney transplant, M5210 remained
chimeric in all lineages (Figures 3 and 4). The
recipient's contralateral ureter was ligated on day 0
and on day 100 post kidney transplant the
recipient's contralateral kidney was removed.
Serum creatinine levels (Figure 6E) remained
normal and stable until the day of euthanasia 293
days
postkidney
transplant,
demonstrating
tolerance to the donor kidney. Histopathology on
day +294 postkidney transplant showed no evidence
for rejection in M5210 (Figure 6F).Two control
animals that underwent the same protocol (without
Treg cells) were also grafted with a kidney from their
same BM donor 4 months post-BMT. In contrast to
M5210, the 2 controls rejected their donor kidneys
within a month (Figure 6E), in line with previous
results (27). The donor kidneys in nonchimeric
control animals showed Banff grade 3 rejection
(Figures 6F and G) at the time of euthanasia.
Nonchimeric Treg cell recipients (i.e., animals that
received Treg cells but had short-lived hematopoietic
chimerism in association with early CMV
reactivation and treatment) retained antidonor
proliferative responses (Figures 6C and D) and
rejected donor kidneys on day +120 post-BMT (n=2),
similar to controls (data not shown). These results
are proof of concept and suggestive of the
importance of mixed chimerism in tolerance
induction in this model. No or minimal antidonor
alloantibody was detected in animals that rejected
their
donor
kidneys
(Figure
S3,
SDC,
http://links.lww.com/TP/B373).
In summary, control recipients rejected the
donor kidneys uniformly, whereas the only
evaluable long-term surviving Treg cell recipient
M5210 maintained normal kidney function until
termination of the experiment. This result provides
proof-of-principle that prolongation of chimerism
using expanded Treg cells can promote more robust
tolerance than that achieved in previous studies
using this model (6, 27, 32).
5. DISCUSSION
Our studies provide proof-of-concept that expanded
recipient-derived polyclonal Treg cells can increase
and extend donor hematopoietic chimerism and
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promote robust allograft tolerance across MHC
barriers in a NHP nonmyeloablative BMT model
without an increased risk of GVHD. Infusion of Treg
cell is an attractive approach to overcoming HvG
responses, because it may further reduce the risk of
GVHD (37) rather than increasing this risk or the
overall toxicity of the conditioning regimen like
most other approaches.
Phase I clinical trials using Treg cells have
shown safety (38), but efficacy remains to be proven.
Both induced and natural Treg cell promoted
engraftment, stable mixed chimerism and tolerance
in mice under a minimal conditioning protocol in
which the BM is otherwise rejected (24, 26). We
demonstrate in a monkey model that host Treg cells
improved the level and duration of chimerism,
extending it to the T cells. Moreover, robust donorspecific tolerance was achieved in 1 evaluable
animal such that a donor kidney grafted at 4
months post-transplant was accepted without
immunosuppression. Previous studies using this
protocol without Treg cells, in which donor BM and
kidney were co-transplanted on day 0, were
associated with long-term kidney graft survival in
about 60% of animals (6, 39) and donor
hematopoietic chimerism (in some animals reaching
±85%) consistently disappeared by day 60 post-BMT
(32). A delay in grafting a donor kidney to more
than 3 months post-BMT was always associated
with rejection of the donor graft (27).
Previous work in NHPs (rhesus macaques)
using a nonmyeloablative BMT regimen with costimulatory blockade achieved prolonged levels of
donor chimerism as long as basiliximab and
belatacept were infused. Chimerism was lost after
discontinuation of this treatment (40) and allograft
tolerance was not achieved. In contrast, an animal
in our study retained chimerism to 335 days and
accepted a donor kidney grafted at 4 months,
despite stopping immunosuppressive monotherapy
at 28 days post-BMT.
In mice, we have shown that the presence
of T cell chimerism is associated with early and
long-term deletional tolerance, because thymic
engraftment of donor T cell progenitors reflects
successful ablation of intrathymic alloreactivity,
permitting intrathymic engraftment of both
thymocyte progenitors and donor APCs that
contribute to negative selection of donor-reactive T
cells (22, 41-43). For the first time in the more than
20 years using this monkey nonmyeloablative BMT
regimen, we have obtained evidence of de novo
donor thymopoiesis, with T cell chimerism
consisting of recent thymic emigrants in the
peripheral blood. CD45RA and CD31 expressions
suggested that almost all donor cells were newlydeveloped, whereas recipient T cells were a mix of
new thymic emigrants and naive or memory T cells
that evaded host conditioning.
CMV reactivation presented a major
impediment to achieving the goals of our studies.
Although this complication has not been described
in previous studies using the model we adopted,
uniform CMV reactivation has been reported in
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cynomolgus monkeys receiving thymoglobulin (44).
CMV reactivation was not directly caused by the
infusion of Treg cells because control animals had a
similar rate of reactivation. Only 1 animal, M5210,
was able to control CMV without antiviral
treatment. Because CMV itself can directly affect
BM function (45-47) and antiviral treatments are
known to be BM toxic, modifications to the protocol
are needed. The increased duration and level of
chimerism observed in the 1 CMV-negative (non–
Treg cell recipient) transplant (albeit without T cell
chimerism or tolerance) supports a direct role for
CMV and/or its treatment in limiting hematopoietic
engraftment.
We
are
currently
exploring
substitution of the mTOR inhibitor rapamycin for
CSA to better control CMV reactivation and
enhance Treg cell function, expansion, and survival
(24, 48).
In summary, we provide proof-of-concept
that BM plus expanded cryopreserved polyclonal
recipient Treg cell can prolong donor chimerism,
promote T cell chimerism and induce robust
tolerance without an increase of toxic conditioning
intensity or GVHD risk in a preclinical monkey
model. Successful refinement of this protocol has
the potential to be translated to the clinic.
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1. VALORIZATION
Novelty and non-obviousness are most important
aspects for an idea that may have potential
commercial
application.
Subsequently,
nondisclosure is a major factor, as disclosure voids the
idea of novelty. Hence, an enthusiastic scientist that
shares his novel ideas at a scientific conference may
subsequently
encounter
problems
obtaining
patent/intellectual property (IP) protection at a
later stage. The United States Patent and
Trademark Office (USPTO) has clear guidelines on
what is novel and non-obvious, and will thoroughly
investigate every invention for patentability (1).
The emphasis on valorization is perceived
by some to be associated with adverse impact on the
research environment, creating “science hypes,
premature implementation or translation of
research results, loss of public trust in the
university research enterprise, research policy
conflicts and confusion, and damage to the longterm contributions of university research” (2). On
the other hand, the individual career and/or
financial rewards for spending the better part of
one’s productive (often frugal!) years in the
laboratory can be a welcome addition to the
scientific and intellectual prestige.
Recently, there has been some controversy
surrounding the patentability of stem cells (3). In
line with the decision of unpatentability of natural
genes such as in the BRCA1 case (4), naturally
occurring stem cells that are isolated from an
organism would not be patentable. However,
synthetic stem cells would be patentable, under the
same law.
Shinya Yamanaka, a former surgeon and
the recipient of the 2012 Nobel Prize in Physiology
or Medicine is a proponent of stem cell
patentability. Since his discovery of iPS cells, he has
claimed
that
“Private
sector
support
is
indispensable when it comes to translating our
research results into effective treatments or drugs
and delivering them to the broader population” (5).
Despite the existing legal precedents, the discussion
on patentability of biological molecules, cells and
tissue is far from over.
Some of the work in the present thesis was
submitted and approved for a provisional patent
application with the help of Columbia University
Science and Technology Ventures and the law office
of Wai-Kit Chan, in New York (6). This work was
mainly based on the development of purification
and modification of alginate with the synthetic
RGDfK peptide for the generation of biocompatible
3D scaffolds (7-10). However, since the cell type that
is used within the alginate matrix could be of
paramount importance to the eventual effect on
disease parameters (i.e. cardiac function after MI),
some of the content in this chapter will be dedicated
to the use and modification of specific stem cell
populations. As mentioned before, it is currently not
possible to patent isolated stem cells, however it is
possible to generate artificial cells that are
protected by intellectual property laws, as is also
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illustrated in the proposition #5 of this thesis that
quotes Nobel laureate Shinya Yamanaka.
Patents are deemed useful to protect
discoveries that are commercially interesting and
seem to serve a commercial interest only.
Acknowledging that clinically applicable discoveries
typically require costly research and testing, it can
easily be seen that protection of those discoveries
will serve as an incentive to engage in the entire
process. The downside of that protection is that
initial products will be far more expensive than
dictated by their manufacturing costs alone and will
therefore be not only available to those (people,
nations) who can afford them. This effect is
somewhat mitigated by the limited lifetime of a
patent. With this perspective, it can be questioned if
inventions made with the help of public funding
should be patented.
2. SOCIETAL OR ECONOMIC RELEVANCE
2.1. RELEVANCE OF VALORIZATION FOR
BIOMATERIALS IN HF AND IDDM
The growing shortage of organ donors in ageing
societies poses a major problem for people with endstage heart failure, insulin dependent diabetes
mellitus, and kidney failure requiring dialysis
(mean survival rate from start of dialysis is 3-5
years). Novel approaches need to be explored and
cell therapy and tissue engineering potentially add
to or constitute these novel approaches. The
development of an affordable biocompatible 3D
scaffold that could be used off-the-shelf, i.e. ready
made without extensive manipulation before
implantation, poses an attractive alternative option.
A 3D scaffold would also be much less costly, both
monetarily and physically, than an organ
transplant
procedure
with
all
potential
complications
(surgery,
immunosuppression)
involved. Of course, an optimal base material needs
to be identified and this base material needs to be
safe and well tolerated by potential patients. We
systematically
approached
the
issues
of
biocompatibility (i.e. material implantation without
cells) and suitability for cell transplantation within
an optimal product.
For heart disease, 3D “scaffolds” are
clinically used in the form of bioabsorbable vascular
3D PGA tubes, known as stents (11). While not a
regenerative medicine approach per se, the
materials used for such 3D scaffolds hold promise in
other applications such as a (cardiac) muscle
regeneration setting. Recently, a scaffold free
approach was used in a small clinical trial with cell
sheets for cardiomyopathy (12). This approach
based on PNIPAAM dissolvable biomaterial seems
to be safe, though the actual material in this setting
is merely used to facilitate the generation of cell
sheets ex vivo and is completely removed before
implantation. Instead of a scaffold free approach, a
cell free approach developed by the Swiss/Dutch
company Xeltis was recently shown for an artificial
heart valve, based on a fibrous valvular scaffold,
fabricated from a novel supramolecular elastomer,

Appendix 4 - Valorization addendum & patent.

that enables endogenous cells to enter and produce
matrix in vivo (13). The laboratory of Smadar Cohen
and her company BioLineRx has developed a soluble
alginate scaffold (BL-1040) that was applied in a
phase I/II trial and infused in coronary arteries
after myocardial infarction (clinical trial identifier
NCT00557531).
For IDDM, the biotechnology company
Viacyte has developed a macroencapsulation device
(i.e. pouch) that contains ESC derived insulin
producing cells (14), which is also used in clinical
trials (clinical trial identifier NCT02939118). The
device is still in its early development phase but
holds promise as a viable approach for the
treatment of IDDM.
2.2. RELEVANCE OF VALORIZATION FOR
MODIFIED (STEM) CELLS
As with biomaterials, modified (stem) cells that
could be used to replace damages tissues take a long
time to test and develop. Bone marrow
transplantation (BMT) is such a therapy, but since
bone marrow is a natural product, it is not
patentable. Whether this is important is another
question, since BMT has been a treatment of choice
for the treatment of bone marrow malignancies for
several decades. Hence non-patentability may even
be desirable when it comes to patient’s wellbeing.
On the other hand, patents typically expire within
15 years of filing (including R&D time), making the
described and protected technology eventually
subject to competition by other producers,
presumably leading to price reduction.
Exceptions to such rules are known for
certain biological drugs as Humira (adalimumab)
and Enbrel (etanercept), both TNFα inhibitors
against rheumatic diseases. While Humira went to
market in 2003 and hence the patent is about to
expire, subtle changes in their formulation have
stretched its patent life to more than 20 years (15,
16).
A biomaterial may be patentable as a novel
device if loaded with specific (stem) cells for a
specific application. Newer developments such as
CAR-T cells, which have modified chimeric T-cell
receptors that may be artificially designed against a
specific target (i.e. a specific cancer cell) may be
patentable, though there is still debate in courts
about this.
A genetic modification technique such as
CRISPR/Cas9 which can cut and paste specific
genetic sequences in mammalian (stem) cells is
another technique that is now planned for use in
clinical trial development. The question remains
whether one could patent the sequence that is able
to modify the DNA, or the resulting modified cell.
3. TARGET GROUPS
3.1. TARGET GROUPS FOR BIOMATERIALS
Sodium alginate has been studied in the clinical
setting for HF (17) (clinical trial identifier
NCT01226563) and IDDM (18) (clinical trial
identifier NCT00940173), as described in Chapter

8 (Section 8, Target Patients) of this thesis. RGD
modified alginate such as used in this thesis is
further being evaluated in preclinical models,
however RGD modified alginate has not yet been
tested in clinical trials. Implantation or infusion of
such modified alginate may pose some specific
hurdles, since modification is done using chemical
cross-linkers which could also cause cross-linking of
proteins after implantation in vivo, hence there is a
need for their sufficient removal from modified
scaffolds.
It is not yet clear whether RGD-modified
alginate is safe for intracorporal implantation. One
approach to overcome this could be to start with the
evaluation of RGD-modified alginate in (diabetic)
skin wound healing trials; in order to evaluate the
pro-angiogeneic properties while obviating the need
for explantation in case of a foreign body reaction
(FBR).
Apart from suitable target patients such as
in HF or IDDM, the methods described in the
patent application could be relevant to a number of
other applications. They include the use of sodium
alginate for wound dressing, dentistry and the food
industry, which uses sodium alginate as a beer foam
stabilizer, as well as a growth substratum for edible
muscle fibers (i.e. cultured meat). Biomaterials
companies could employ the conditions used in the
purification process to purify their biomaterial of
choice while significantly reducing the amount of
waste generated. The method used for scaffold
generation, i.e. freeze gelation, would also be
applicable to other biomaterials in order to create
highly porous scaffolds designed for varying uses
such as sponges or other fluid absorbing materials.
In medicine and surgery, alternative implantation
sites and disease applications could lead to new
approaches in transplantation and regenerative
medicine. Hence, off-label use would be possible
with a wide range of applications, from wound
dressing to food and beverage technologies.
3.2. TARGET GROUPS FOR MODIFIED
(STEM) CELLS
In order to replace damaged tissue, modified cells
could be employed to enhance their function. For
example, mesenchymal stem cells modified with the
pro-survival protein AKT could be used in hypoxia
driven diseases such as MI. Other cell types could
be modified using the same technique, for example
cardiac muscle cells. Enhanced survival could lead
to enhanced efficacy, however AKT only protects
against certain types of cell death, implying that
other modifications need to be employed for an
optimal product. The optimal combination would
need to be determined based on the disease. So, for
hypoxic diseases, cells could be rendered less
sensitive to hypoxia, while for genetic diseases, the
gene of interest would need to be added to the cells
to be used in order to replace cells containing lossof-function gene mutations, for example in sicklecell anemia.
4. ACTIVITIES/PRODUCTS
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4.1. ACTIVITIES/PRODUCTS FOR
BIOMATERIALS/SODIUM ALGINATE
Alginate is mostly produced in Europe and Asia
Pacific (i.e. East Asia, South Asia, Southeast Asia,
and Oceania) which therefore have the largest
market share in volume. In terms of value however,
it is expected that Europe and North America will
comprise the most lucrative market in the near
future because of high value alginate derivatives.
The market for alginates & derivatives is
projected to reach a value of $409.2 million by 2019
growing at a CAGR of 3.8% from 2014 to 2019.
Trends such as increasing demand for natural
ingredients, clean-label products, and products that
boost health and wellness are driving the global
alginates & derivatives market. The prevalence of
inferior grade alginates extracted from different
species of brown algae is one of the major challenges
alginate suppliers face. The global wound healing
market is estimated at $15 billion annually, and
mostly consists of wound dressings and gauzes (19).
Alginate holds about 4% of this market, i.e. $600
million (Figure 1).
4.2. ACTIVITIES/PRODUCTS FOR MODIFIED
(STEM) CELLS
In the global stem cells market a sizeable proportion
of companies are trying to garner investments from
organizations based overseas. This is one of the
strategies leveraged by them to grow their market
share. Further, they are also establishing
partnerships with pharmaceutical organizations to
potentially
increase
revenues,
since
large
pharmaceutical companies have resources that
allow them to conduct large scale clinical trials
using novel therapeutics. The global market for
stem cells is expected to register a CAGR of 13.8%
during the period from 2017 to 2025 growing to a
value of $271bn by 2025. Depending upon the type
of products, the global stem cell market can be
divided into adult stem cells, human embryonic
stem cells, induced pluripotent stem cells, etc. Of
these, the segment of adult stem cells accounts for a
leading share in the market. This is related to their
ease of controllable expansion, their presumed
safety and specific characteristics such as
immunomodulation in the case of mesenchymal
stem/stromal cells (MSCs) (20). At present, North
America dominates the market because of the
substantial investments in the field leading to
technical progress, wealth, willingness to pay for
medical innovations and rising instances of target
chronic diseases. As per the TMR report, the market
in North America will likely retain its dominant
share in the near future to become worth $167bn by
2025.
For HF and IDDM specifically, the clinical
stem cell market is limited to experimental research
and development phases. While this stimulates
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economic activity and revenues in the first place,
actual reimbursable therapies have to be developed.
Most therapeutic stem cell based revenues are made
in the bone regeneration field, where approved
products are estimated at a value of $600m.
5. INNOVATIONS
5.1. INNOVATIONS FOR
BIOMATERIALS/SODIUM ALGINATE
New biomaterials are constantly being developed
and optimized for novel clinical applications. Think
of coated coronary artery stents with antiproliferative agents such as rapamycin, to new
alloys for hip-or other skeletal replacement/support
therapies. For alginate specifically, purification is
important, as we have shown in this thesis. Also,
alginate modification with biological molecules can
be ultimately limitless, as new peptides and/or
proteins that can be covalently attached to alginate
are
continuously
being
discovered
and
characterized. Since alginate can be covalently
modified using peptides or proteins, it is possible to
add specific characteristics to alginate, such as proadhesion, pro-survival, or anti-immunogenic. Our
patent already describes an improved alginate
purification protocol that renders alginate less
immunogenic, and the attachment of an adhesion
peptide (cyclic RGDfK) that enhances its
prosurvival signaling capabilities (6-8, 10).
5.2. INNOVATIONS FOR PRIMARY OR
MODIFIED (STEM) CELLS
Similar to novel biomaterials, new (stem) cell types
with potential clinical applications continue to be
identified and described. The latest clinically
applicable cell therapy is probably CAR-T, i.e. Tcells with modified T-cell receptors against specific
targets. In this thesis, we also describe the
expansion of rare regulatory CD4+ T-cell types
(Tregs)
(Appendix
3),
which
have
immunosuppressive and transplant toleranceinducing capacity. Optimization of such expansion
methods/protocols that make them suitable for
clinical application is another highly important
hurdle that needs to be addressed. In our case, we
used a genetically modified murine cell-line that
stimulates Treg-cells to proliferate. For clinical
application, it would be more useful to use a cellfree stimulation system such as modified
microbeads. Such systems need to be further
optimized for clinical application. We have further
described the use of specific cell-surface markers
such as CXCR4, the receptor for SDF-1, to redirect
CD34+ stem cells to damaged tissues. These
receptor modulations may be patented separately
for additional indications, as was done by one of the
autor’s previous principle investigators (21).
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Figure 1. Over the 2017 to 2026 period, the compound annual growth rate for the entire wound
management market will approach 6%, a respectable rate of growth for an established market, though not
quite high enough to encourage investment in the market as a whole. Of course, the total wound market is
comprised of a number of very large, slow-growing segments, like traditional adhesive dressings, gauze
dressings, and non-adherent dressings, which have annual sales at $3.8 billion, $3.2 billion, and $1.3 billion,
respectively
(19).
6. PLANNING/REALIZATION
6.1 PLANNING/REALIZATION OF
BIOMATERIALS/ SODIUM ALGINATE
In order to bring the sodium alginate technology
that was patented in this thesis to market, several
steps need to be taken. First, the cost of purification
is briefly addressed in chapter 2. We estimate an
additional $1500/patient for the production of a
purified alginate scaffold for any indication. As a
comparison, a drug eluting coronary artery stent
can cost around $1500 per patient, depending on a
country’s health care and insurance systems. The
scaffold price excludes potential cells being prepared
to be seeded in or on the scaffold. In addition,
alginate has to be prepared in a Good
Manufacturing Practice (GMP) environment, which
could add to the overall costs, though mass
production could significantly lower such expenses.
FDA/EMEA would need to be involved, and the
design of clinical trials to test a potential product
can cost up to US$100m (around $60m for HF or
IDDM) (Figure 2) (22). Then there is the chemical
modification of sodium alginate and other
biomaterials, which would add another level of
complexity. Authorities have specific guidelines for
purity, immunogenicity and other characteristics for
biomaterial trials. While intracoronary infusion of
calcium alginate matrix has been studied in
congestive heart failure (clinical trial identifier
NCT01226563),
covalently
peptide
modified
alginate has thus far not been evaluated in clinical
trials to our knowledge.
In order to address the use of potentially
toxic cross-linkers for the fabrication of RGDfK

alginate, it is noted that other cross-linked
materials are being evaluated in clinical trials, such
as an osteoinductive composite called Smartbone
consisting of bovine bone matrix, biodegradable
polymers and cell nutrients (clinical trial identifier
NCT03462823) for anterior cruciate ligament tears,
or the Integra bilayer matrix wound dressing,
comprised of a porous matrix of cross-linked bovine
collagen
and
glycosaminoglycan
and
a
semipermeable polysiloxane layer for diabetic foot
ulcers (clinical trial identifier NCT03476876).
6.2. PLANNING/REALIZATION OF MODIFIED
(STEM) CELLS
Some of the techniques and cells that are described
in this thesis are patented by other investigators,
for example Mesoblast Ltd. holds patents on human
mesenchymal precursor cell (hMPC) technology.
Planning and bringing human stem cell therapy to
clinic is a multi-decade process, apart from making
it profitable. For cell therapy, there are specific
guidelines also that need to be followed, both by the
FDA and EMEA. The FDA has recently cracked
down on “unscrupulous clinics” selling “so-called
cures.” The FDA seized materials from one clinic in
California, and sent a warning letter to another in
Florida (23). The costs involved in culturing and
maintaining (stem) cell populations can rise quickly,
and efficacy is not always guaranteed (24). In
addition, there are challenges lie in the
determination of quality and safety. Combining cells
with biomaterial scaffolds would create additional
challenges. Safety and efficacy testing need to have
clearly
defined
end-points.
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Figure 2. Total per-study costs (in $ millions), by clinical trial phase and therapeutic area. As can be
observed, Phase 2 costs are lower than Phase 3 costs for all but three therapeutic areas: gastrointestinal,
hematology, and immunomodulation. This somewhat counterintuitive relationship is due to a variety of
factors, including higher data collection costs, administrative staff costs, and site recruitment costs in Phase
2 than in Phase 3 for these therapeutic areas (22).
7. FINAL WORDS
Some of the procedures described in this thesis are
potentially protected by a provisional patent
application. However, the EPO ruled against some
parts of the patent due to prior art/lack of novelty.
When bringing this technology to market, several
challenges lie ahead. Valorization may therefore be
risky, however the process of setting up a
biotechnology start-up firm based on sound science
with or even without intellectual property
protection is an invaluable addition to any
scientist’s experience. As of November 2018, a
business plan based on the findings in this thesis is
in preparation.
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Einstein
Ph.D. stands for doctor of philosophy, and
philosophy stands for rationally critical thinking.
Apart from thinking about science, it takes a lot of
time and effort to critically think about the people
that influence the course of your life journey. Hence,
I have decided to attempt to reflect on all the people
who played a role, be it big or small, in my life and
journeys during the work and the writing of this
thesis. In addition, I will highlight the 3 major
achievements that I think I got out of this journey.
The thesis is the culmination of a journey
that took almost 20 years of my life, from Leiden,
the Netherlands to Melbourne, Australia to New
York, NY, Boston, MA and Tokyo, Japan. It was
written in many locations around the world, from
my former office in the relocated Sykes/TBRC
laboratories in the Navy Yard in Boston to the lobby
of the Marunouchi oazo building (dubbed “mental
oasis”) opposite Tokyo Central Station.
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path that I was going to travel, as a medical
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clinical
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and
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top cardiologist Henry Krum, who was working on
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and anesthesiologist Jurjan van Cosburgh in
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Hospital, the Department of Epidemiology and
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During our time in Melbourne, we had lots of fun,
analyzed lots of heart rate variability data and
successfully designed, executed and published in a
top cardiology journal a small clinical trial in
healthy volunteers.
In Melbourne, I met Fiona See who played
another big role in my career path. It was then that
my path started to diverge quite dramatically from
the path of the “average” Dutch medical graduate.
During my clinical internships, I returned to
Melbourne on several occasions to conduct further
research and performed clinical cardiology and
surgery internships at the Alfred Hospital. In order
to finish my Biomedical Sciences Master's degree, I
needed to conduct a basic research project. Henry's
long-time friend and colleague, top rheumatologist
and stem cell expert professor Silviu Itescu, was so
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generous to take me into his laboratory at
Melbourne University where I worked on the
emerging field of stem cell treatment for heart
disease. Here, I learned many lab techniques (left
coronary artery ligation in rats, leukapheresis,
CD34+ cell purification) with Fiona, Andrew
Kompa, Andrey Boyle, Kim Connelly, Andrew
Wilson, and other members of the team, and got to
know Douwe Atsma (cardiology) and Arnoud van
der Laarse (clinical chemistry) at Leiden
University Medical Center, LUMC) and internist
Jouke Tamsma (LUMC) who helped me on the
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transplantation by writing an executive summary
on this subject, which culminated in this thesis.
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Marks lab’s HP/Philips Sonos 5500 small animal
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Chapter 3 and Appendix 2 of this thesis. Further
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biomaterial patent a reality (Achievement #1).
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Upper West Side’s Prohibition, soccer cups at
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It was then that I also met Nicole SuciuFoca, a prominent immunologist and friend and
colleague of Silviu's who shared lab space, and
Mark Hardy, who has been one of my closest
mentors even today. The latter two played
significant roles in my further work in
transplantation research. When I started to work on
biomaterials, I teamed up with Hardy's research
fellow and transplant surgeon, Piotr Witkowski,
and became fascinated with transplant immunology
and islet transplantation. Our teamwork resulted in
a patent and has laid the foundation for my
ambition of setting up a biotechnology business.
Following my work with Silviu, I was generously
accepted in the lab of Nicole Suciu-Foca, where I
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worked with George Vlad, Zhuoru Liu, Chris
Chang, Geo Serban (“Where is the ligand?”), and
Hannah Dobrowolska, who taught me everything
about transplant immunology and biologicals. It
was only for a brief time that I worked on Nicole’s
ILT3Fc biological. In 2010, based on my observation
that ILT3Fc seemed to bind to its unknown receptor
on activated T-cells in the presence of Mn++, I
hypothesized that the receptor may be an adhesion
molecule. Without having sufficient time to prove
this, it recently turned out that the receptor is
indeed
an
adhesion
molecule,
namely
CD166/ALCAM (Achievement 2).
At this time, most of the small animal lab
work that is presented in this thesis was done,
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of transplant immunology had only grown. During
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