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Over the past decade, amniotic fluid-derived stem cells have
emerged as a novel, experimental approach for the treatment
of a wide variety of congenital anomalies diagnosed either in
utero or postnatally. There are a number of unique properties
of amniotic fluid stem cells that have allowed it to become a
major research focus. These include the relative ease of
accessing amniotic fluid cells in a minimally invasive fashion
by amniocentesis as well as the relatively rich population of
progenitor cells obtained from a small aliquot of fluid.
Mesenchymal stem cells, c-kit positive stem cells, as well as
induced pluripotent stem cells have all been derived from
human amniotic fluid in recent years. This article gives a
pediatric surgeon’s perspective on amniotic fluid stem cell
therapy for the management of congenital anomalies. The
current status in the use of amniotic fluid-derived stem cells,
particularly as they relate as substrates in tissue engineering-
based applications, is described in various animal models. A
roadmap for further study and eventual clinical application is
also proposed.

Introduction

Congenital anomalies are the end products of aberrant organo-
genesis in utero. Some of the more common congenital anomalies
encountered in neonatal intensive care units include diaphrag-
matic hernia, gastroschisis, esophageal atresia, spinal bifida and
heart defects. Perhaps not surprisingly, these birth defects also
represent a major burden in pediatric disease and lead to a
significant proportion of infant hospitalization days worldwide.'
Over the past 50 years, the technologies available to treat these
children, including mechanical ventilator support, extracorporeal
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membrane oxygenation and complex surgical reconstruction, can
dramatically improve the long-term prognosis in affected children.
Nevertheless, the mortality and morbidity for many of these
patients can still be quite high, and termination of pregnancy rates
of up to 25% are not uncommon in some countries.

In the effort to improve clinical outcomes in neonates who
would otherwise have a grim prognosis, perinatal cell-based
therapies using amniotic fluid stem cells have been proposed in
recent years.>> This regenerative medicine treatment strategy
requires a multdisciplinary approach involving the expertise of
surgeons, maternal-fetal medicine specialists, neonatologists, cell
biologists and materials scientists, among others. The hope is that
amniotic fluid stem cells may eventually offer a new promise for
the smallest and most vulnerable members of our society.

Amniotic Fluid Stem Cells

Thanks in part to ongoing advances in the resolution of fetal
ultrasound imaging, the prenatal diagnosis of a significant number
of congenital anomalies has now become commonplace in most
major obstetrical units in the developed world. The increased
awareness of fetal anomalies has enabled families and their
physicians an ability to optimize care in ways that were previously
impossible. For example, one can now contemplate the utility of
fetal intervention for selected disorders such as spina bifida and
congenital diaphragmatic hernia (CDH). More importantly,
referral to major pediatric centers capable of providing the full
complement of neonatal care and expertise can help to optimize
outcomes in the immediate newborn period.

Although the amniotic fluid represents a logical source of cells
for regenerative medicine approaches in patients with congenital
anomalies, it has been only recently that amniotic fluid derived
stem cells were truly contemplated in terms of their potential as
therapy (Fig. 1).* A major advantage of using amniotic fluid as a
stem cell source lies in the relative ease of harvesting autologous
fetal stem cells. For decades, amniocenteses have been performed
for diagnostic purposes with low morbidity. The procedure is
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already considered to be part of the standard diagnostic workup to
rule out major chromosomal and genetic defects in some fetal
disorders. After 15 weeks gestation, amniocentesis is safe with a
less than 1% rate of fetal loss when performed by experienced
personnel under ultrasound guidance. By contrast, harvesting
stem cells prenatally from placenta, cord blood, bone marrow and
liver is much more difficult and is associated with higher fetal
morbidity. In fact, the safety of an amniocentesis has now enabled
commercial banking of amniotic fluid in some developed countries.
Other advantages of using amniotic fluid when compared with
other cell sources are their apparent enhanced plasticity as well as
the feasibility of having autologous cell-based therapy available and
ready to use either before or at the time of birth.’

It was once thought that amniotic fluid was composed
primarily of fetal urine with terminally differentiated epithelioid
cells derived from the fetal skin and amnion. We now know that
amniotic fluid contains progenitor cells within a much larger,
heterogenous population of somatic cells.® In all fetuses, our
group, among others, has found that human mesenchymal stem
cells (MSCs) can be readily isolated in serum-rich media from a
1-2 mL amniotic fluid specimen.®” These amniotic fluid derived
MSCs (AF-MSC:s) have similar features to MSCs more commonly
obtained from adult bone marrow and fulfill the minimal criteria
for MSCs as outlined elsewhere.'®'" AF-MSCs express class I
MHC antigens as well as the full panel of mesenchymal markers
(e.g., CD73, CD90 and CD105). They do not express
hematopoietic and endothelial markers (e.g., CD31, CD34 and
CD45). By definition, AF-MSCs have a restricted differentiation
potential specific to the mesodermal lineage, including bone,
cartilage, and fat, when cultured under controlled conditions.

Figure 1. Schematic diagram of tissue engineering from amniotic fluid-
derived stem cells for the treatment of congenital anomalies. Autologous
fetal stem cells are obtained by amniocentesis. The cells are expanded ex
vivo in parallel with the remainder of gestation and subsequently placed
on biodegradable scaffolds prior to implantation at birth. Reprinted with

permission.’
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Studies have shown that AF-MSCs have features that may
make them more desirable for cell-based applications when
compared with MSCs from other sources.'>'> AF-MSCs seem to
have a more primitive phenotype along the spectrum of cellular
differentiation when compared with other perinatal MSCs as
demonstrated by variable expression of selected markers of
pluripotency, including Oct4, SSEA3 and SSEA4.'*"
Moreover, in contrast to bone marrow derived MSCs, the
neurogenic potential of AF-MSCs has also been consistently
shown by numerous investigators.'®'” AF-MSCs also proliferate
more rapidly in culture than postnatal somatic cells and can be
easily expanded under good manufacturing practice condi-
tions.””'® Given the relatively small size of the fetus, the
importance of this issue should not be underestimated since a
large number of cells may be required for therapeutic effect. There
is also data to support AF-MSCs as the ideal cell vehicle for high-
efficiency gene transduction."’

MSCs are perhaps best known for their potential immunomo-
dulatory role in inflammatory conditions and in disease processes
such as graft-vs.-host disease.”® Although the mechanistic role of
AF-MSCs in this regard remains poorly described, it has been
hypothesized that AF-MSCs may play a particularly important
paracrine function in the immune response at the maternal-fetal
interface where the fetal chorion meets the maternal decidua
basalis. Some, but not all, investigators have suggested that the
immunologic properties of amniotic fluid stem cells may also
enable allogeneic cell therapy applications, particularly if the cells
are delivered in the fetal environment.'

Other amniotic fluid stem cells with different pluripotent
characteristics have been explored by several laboratories
worldwide. These include hematopoietic progenitors as well as
neural cells within amniotic fluid.*** Atala and colleagues,
among others, have focused much of their research efforts on a
specific subset of c-kit (CD117) positive cells found in normal
amniotic fluid specimens.* These cells, which are isolated using
immunomagnetic beads during primary culture, constitute less
than 1% of the somatic cell population of amniotic fluid and
express the same panel of MSCs phenotypic markers as AF-
MSCs.?” Nevertheless, c-kit positive amniotic fluid cells seem to
have some much broader pluripotency with clonal cell lines
demonstrating the ability to differentiate into lineages of all
three germ layers.”® For example, these researchers have shown
that c-kit positive amniotic fluid stem cells are capable of
hepatogenic differentiation. These cells have also been differ-
entiated into endothelium as well as cardiomyocytes when co-
cultured with neonatal cardiomyocytes.”” In vivo, these cells
have been associated with improved regeneration of damaged
smooth muscle in rat cryoinjured bladders." Despite these
findings, c-kit positive amniotic fluid cells have not been
generally embraced as having equivalent pluripotency to human
embryonic stem (hES) cells or induced pluripotent stem (iPS)
cells. However, a potential advantage of these c-kit positive cells
is that they are not known to form teratomas when injected into
immunodeficient mice and do not require xenogenic feeder
layers or other special substrates to support their long-term
growth in culture.
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Shortly after the first human iPS cells derived from adult
skin fibroblasts were reported, the reliable generation of iPS
from amniotic fluid (AF-iPS) were demon-
strated.”®?' The inherently primitive nature of AF-MSCs (i.
e., positive for Oct4, SSEA3, SSEA4, etc.) may make amniotic
fluid cells particularly ideal for genetic reprogramming into

cells cells

iPS cells for perinatal therapeutic purposes. In some cases,
fewer than four Yamanaka reprogramming factors have been
shown to be sufficient for successful reprogramming of AF-
MSCs into AF-iPS cells.?’ Like hES cells, AF-iPS cells have
been found to have unlimited expansion potential and are
capable to differentiating into tissues derived from all three
germ layers.”® In theory, the generation of AF-iPS cells could
give each child their own reservoir of stem cells for the rest of
their life. These cells would be capable of differentiating into
hepatocytes, islet cells, cardiomyocytes, neurons, etc.
However, in contrast to hES cells, the delivery of differ-
entiated cells derived from autologous AF-iPS cells in patients
with congenital anomalies would be performed with much less
ethical controversy and without concern for immunologic
rejection in the absence of chronic immunosuppressive
therapy.

Therapy for Spina Bifida

Spina bifida is a neural tube defect with an estimated incidence of
approximately 1 in 1,500 live births. Palliative interventions,
including early postnatal closure, extensive physical therapy and
serial ventriculoperitoneal shunting, remain the mainstays of
treatment. In its most severe form, known as myelomeningocele
(MMC), the natural sequelac in affected children include
hydrocephalus, bowel and bladder incontinence and distal lower
motor dysfunction.

In early 2011, in utero closure of the MMC defect during the
second trimester was shown to be beneficial in selected cases of
MMC in the context of a randomized trial performed at three
highly specialized centers.”> The rationale for fetal closure has
been to alter the flow of cerebrospinal fluid that contributes to the
Arnold-Chiari malformation and to prevent further damage of the
exposed spinal cord caused by the acidic amniotic fluid.
Unfortunately, the procedure has been associated with a number
of drawbacks, including the use of large incisions through the
maternal abdominal wall and uterus. The fetus is also at increased
risk for preterm labor and its associated complications. Finally,
even after successful prenatal closure of spina bifida defects during
mid-gestation, the trial found that most MMC patients still
cannot ambulate independently. This is probably not very
surprising given that fetal surgery does little to address the spinal
cord damage that has already occurred during the first half of
pregnancy.

Regenerative medicine strategies to facilitate bona fide
regeneration of the spinal cord would represent a remarkable
advance for these children. In this regard, several investigators
have suggested the potential role of different stem cell-based
therapies in several animal models of feral MMC.**** For
example, Fauza and colleagues employed murine neural stem
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cells in a sheep model with evidence of donor cell engraftment and
improved ambulation at birth.** In an effort to create an animal
model with greater clinical relevance, Fauza and colleagues
recently presented preliminary data on the intra-amniotic delivery
of neural stem cells isolated from amniotic fluid in a syngeneic rat
MMC model (data unpublished). Unfortunately, this research is
in its very early stages, and the effectiveness of these stem cell-
based strategies on actual spinal cord regeneration remains to be
determined. However, if these studies do eventually show
evidence of enhanced neurologic function, one might envision a
treatment strategy in the future that would include deriving
autologous stem cells following an amniocentesis with subsequent
delivery of those cells directly to the MMC spinal cord at the time
of prenatal or postnatal spinal cord closure.

Therapy for Congenital Heart Disease

Congenital heart disease represents another common birth defect
managed in most major pediatric referral intensive care units. In
cases of end-stage organ failure, the only viable option for survival
in these children remains cardiac transplantation, a potentially
risky operation with long-term morbidities associated with
chronic immunosuppression, infection and cancer. The differ-
entiation of stem cells from autologous amniotic fluid into
functional cardiomyocytes could circumvent the scarcity of heart
donors. Although preliminary data suggests that some amniotic
fluid stem cells do have cardiomyogenic differentiation potential,
these cells are more likely to play a role as paracrine mediators of
tissue regeneration.>>*” Several studies in the adult literature have
shown that bone marrow MSCs facilitate remodeling, thereby
improving myocardial function in animal models of acute
myocardiac infarction.*® Similar effects on the native myocardium
have more recently been suggested by stem cells isolated from
amniotic fluid.*” In one such model, c-kit positive amniotic fluid
stem cells were found to be cardioprotective in a rat model of
ischemic heart disease.*

In some infants, surgical reconstruction of the heart and great
vessels is currently performed using an off-the-shelf, acellular
prosthetic implant. Unfortunately, these implants typically fail to
grow with the infant into adulthood, resulting in the need for
multiple operations during childhood to optimize heart function.
Bone marrow-based tissue engineered vascular conduits have been
used clinically with favorable results but have yet to become
widespread.”! To date, the greatest experience with amniotic fluid
based-stem cell technologies has been with the fabrication of
tissue-engineered heart valves.”>* In one such study, Hoestrup
and colleagues successfully created functional heart valves using
CD133-positive and CD133-negative human amniotic fluid cells
(Fig.2). The CD133-negative population appears to closely
resemble AF-MSCs based on phenotypic expression of CD44 and
CD105. The CD133-positive population was used to create a
layer of endothelium to minimize thrombogenicity. A cellularized,
tissue engineered heart valve may obviate the need for long-term
anticoagulation medications. Furthermore, such a valve might
have the ability to grow and remodel over time, thereby avoiding
revisional operations in the future.
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Figure 2. Gross appearance of a tissue-engineered heart valve seeded
with amniotic fluid-derived stem cells. Reprinted with permission.*?

Therapy for Diaphragmatic Hernia

The diaphragm, a structure that is largely composed of skeletal
muscle, separates the chest from the abdominal cavity. In CDH,
the diaphragm fails to correctly form on one side, resulting in
herniation of the abdominal viscera into the ipsilateral hemi-
thorax. The defect is caused by a failure of fusion of four
mesenchymal derivatives during early embryogenesis. A well-
known complication of CDH repair using synthetic, acellular
prosthetics is recurrent herniation, a problem that eventually
occurs in up to 50% of survivors.” This re-herniation is thought
to be secondary to the inability of the prosthesis to cover the
resultant diaphragmatic defect as child grows during the first
several years of life. Therefore, it has been argued that a fully
cellularized patch with the ability to grow and remodel over time
represents the ideal prosthesis in this patient population. Since
most cases of CDH are now diagnosed prenatally, there remains
considerable interest in harvesting amniotic fluid cells prenatally
in preparation for implantation of a better, long-term diaphrag-
matic prosthesis at birth.

Fauza and colleagues have extensively explored this concept using
sheep amniotic fluid-derived fibroblasts resuspended in collagen and
seeded onto decellularized dermis (Fig.3).”*" The incidence of
recurrent herniation was markedly reduced in juvenile lambs using a
patch composed of amniotic fluid-derived fibroblasts (termed
diaphragmatic tendon) when compared with an acellular patch.
Long-term survival of the transplanted donor cells was suggested by
positive staining for green fluoroscence protein. Other studies have
explored the feasibility of using skeletal muscle as the preferred cell
type for a diaphragmatic prosthesis.” Whether skeletal muscle cells
might provide a better construct for diaphramatic reconstruction
when compared with fibroblasts remains to be determined since
neural innervation of the neodiaphragm is likely to be severely
compromised regardless of cell type.
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Figure 3. Gross appearance of a tissue-engineered diaphragmatic patch
composed of amniotic fluid cells resuspended in a collagen hydrogel on
acellular human dermis. Courtesy of Dario O. Fauza, Boston, MA USA.

Therapy for Chest Wall Defects

On occasion, pediatric surgeons encounter newborns with chest
wall anomalies. The most severe of these defects, termed ectopia
cordis, presents with protrusion of the heart through a split
sternum. Reconstruction of these defects remains a challenging
endeavor and is associated with high mortality and morbidity
rates. Providing adequate coverage of the chest wall has been
particularly difficult because of the lack of rigid, autologous tissue
that can grow and remodel over time. For this reason, a tissue-
engineered implant composed of osteocytes derived from
AF-MSCs on nanofiber scaffolds has been explored as an
alternative method for major chest wall reconstruction in
experimental models. In one such model, tissue-engineered bone

Figure 4. Three-dimensional micro-CT scan of a repaired full thickness
sternal defect (contained within the black oval) using an amniotic fluid
mesenchymal stem cell-based osseous construct. Reprinted with
permission.*
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from AF-MSCs was created in rabbits.”® These osteogenic
constructs were subsequently used to repair a large sternal defect
in an autologous fashion with evidence of engraftment and bony
mineralization over time (Fig.4).”” More recently, this same
principle was successfully applied in a rabbit model of craniofacial
repair.”

Therapy for Tracheal Anomalies

Severe obstructive malformations of the trachea, including
tracheal agenesis and atresia, are well-described but rare entities
in pediatric surgery. Despite the ability to diagnose many of these
problems in utero, the condition is almost always lethal. Methods
of definitive tracheal reconstruction are currently limited by a
paucity of available autologous tissue that can mimic the
structural and mechanical properties of native airway cartilage.
Chondrocytes derived from AF-MSCs could serve as a viable
alternative for perinatal tracheal repair (Fig. 5).>' This therapeutic
concept has been successfully demonstrated in a fetal sheep model
of tracheal repair.* In this study, tissue-engineered cartilage
derived from amniotic fluid enabled newborn lambs to have a
functional airway for up to 10 d after birth. Unfortunately, these
tracheal constructs were not derived from autologous amniotic
fluid and were therefore prone to immunologic rejection.
Research on the role of different biodegradable scaffolds with
more favorable biomechanical properties are needed to help bring
this technology toward clinical application. Of note, the successful
implantation of a tissue-engineered airway structure derived from
autologous bone marrow MSCs has already reported in an adult.>

Therapy for Inflammatory Conditions of Prematurity

Although not considered to be congenital anomalies per se,
conditions associated with premature infants born four or more
weeks early often result in profound organ-specific inflammatory and/
or infectious conditions shortly after birth. These diseases represent
yet another intriguing avenue for amniotic fluid stem cell-based
therapy. The most common disorders in premature infants include
bronchopulmonary dysplasia (BPD), a major cause of respiratory
mortality and morbidity in neonatal care units, as well as necrotizing
enterocolitis, an intestinal infection that strikes up to 10% of
premature infants. In necrotizing enterocolitis, significant portions of
the small and large intestine can be lost, resulting in profound sepsis
and ultimately death in up to 40% of infants. The possible
immunomodulatory role of MSCs in these disorders is just beginning
to be explored.®** For example, in a hyperoxia animal model of
BPD, bone marrow-derived MSCs have recently been shown to be
protective against neonatal lung injury.>* The proposed mechanisms
for the observed salutary effects may involve pro-angiogenic factors as
well as the activation of endogenous resident progenitor cells.”
Whether AF-MSCs can be equally efficacious in preserving normal
perinatal organ function in these models remains to be determined.
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Figure 5. Gross appearance of a three-dimensional polyglycolic acid-
based tubular scaffold before (A) and after (B) seeding with amniotic
fluid-derived mesenchymal stem cells under chondrogenic conditions
after 15 weeks in culture. Reprinted with permission.>’

Limitations and Future Directions

The field of amniotic fluid stem cells has become one of the most
fast-paced and furtile areas of research within the regenerative
medicine community.”® Given that the concept of amniotic fluid-
based cell therapy was essentially non-existent until approximately
a decade ago, it is likely only a matter of time until the successful
results that have already been demonstrated in animal models can
be safely translated to the bedside.

Nevertheless, several limitations in this fascinating field deserve
special mention. One barrier toward progress in amniotic fluid-
based cell therapy remains the relative rarity of each of these
congenital anomalies which prohibits the ability to adequately
study the efficacy of these treatments in a single center controlled
trial. Moreover, the preparation of these stem cells, whether they
be MSCs, iPS cells or other progenitor cell types, often includes
the use of xenogeneic reagents which are currently prohibited
from human use or require close regulation by clinical safety
boards, such as the Food and Drug Administration in the US.
Finally, clinical translation of AF-iPS cell-based technologies has
been hampered by the need to efficiently perform iPS cell
reprogramming without the use of permanently integrating
viruses. In particular, adeno- and lenti-viral reprogramming
methods remain highly undesirable for therapy because of their
association with insertional mutagenesis and oncogenesis if used
in patients. Fortunately, there is now recent evidence to suggest
that amniotic fluid cells may be easier to reprogram into iPS cells
when compared with neonatal foreskin fibroblasts.”®” This
finding implies that different transgene-free approaches to iPS
cell derivation of amniotic fluid cells will be forthcoming in the
next several years.
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