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ABSTRACT: The amniotic and chorionic membranes, as well as the stem cell populations contained within them,
represent a widely available, versatile, and promising resource for use in numerous regenerative medicine applica-
tions. The primary focus of this review is to examine the use of the fetal membranes and/or their resident stem cell
populations for regenerating orthopedic tissues. This discussion is prefaced by a brief synopsis of the structure, func-
tion, and biological properties of the extracellular matrix; embryological development; and a brief description of the
distinct stem cell populations residing within the amniotic and chorionic membranes. Commercially available peri-
natal tissue allograft products available in the United States are reviewed, and a concise summary regarding the US
Food and Drug Administration’s current viewpoint on these technologies is provided. Concluding remarks regarding
suggested future research directives for evaluating these tissues and stem cell sources in relation to orthopedic regen-

erative medicine applications also are presented.
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ABBREVIATIONS

ADSC, adipose derived stem cell; AM, amniotic membrane; BMP, bone morphogenetic protein;
BMSC, bone marrow derived stem cells; CBER, Center for Biologics Evaluation and Research; CM, cho-
rionic membrane; ECM, extracellular matrix; FDA, US Food and Drug Administration, hAEC, human
amniotic epithelial cell; hAMSC, human amniotic mesenchymal stem cell; hCMSC, human chorionic
mesenchymal stem cell; HCT/P, human cells, tissues, cell- and tissue-based product; HLA, human leuko-
cyte antigen; IDO, indoleamine 2,3-dioxygenase; MHC, major histocompatibility complex; OA, osteoar-
thritis; 0AEC, ovine amniotic epithelial cell; TRG, Tissue Reference Group; VEGF, vascular endothelial

growth factor.

I. INTRODUCTION

Debilitating orthopedic conditions, including os-
teoarthritis, degenerative disc disease, torn tendons,
damaged cartilage, bone neoplasms, metabolic syn-
dromes, fractures, and congenital defects, inflict sig-
nificant socioeconomic burden in the United States
and around the world. Nearly 4 million surgical op-
erations to address musculoskeletal concerns were
performed in the United States in 2011; this repre-
sented the largest proportion (24.2%) of all proce-
dures performed.! The total estimated cost of treat-
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ment and lost wages associated with these disorders
was $950 billion in 2008, amounting to nearly 7.4%
of US gross domestic product.? Treatment options
for these conditions are vast and often palliative, in-
cluding physical therapy, pharmaceutical interven-
tion, and/or implantation of inanimate biomedical
materials.

Over the past 40 years, the field of tissue engi-
neering and its potential as an alternative method
or adjunct to established treatment regimens have
garnered much attention. This specialized field falls
under the broader scope of regenerative medicine and
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is primarily concerned with developing tissue-based
implants composed of cells, soluble biochemical
signals, and a delivery template (i.e., “biomaterial
scaffolds”) for the de novo development or in vivo
regeneration of healthy tissue. The primary purpose
of these implants is to replace tissues that have suc-
cumbed to a traumatic injury, congenital deformity,
or disease processes. One of the many proposed ad-
vantages of this approach is that an individual’s ailing
tissue can be replaced with a healthy surrogate or can
be influenced to regenerate toward a reinvigorated
status as opposed to merely replacing it with a nonliv-
ing material. Thus the field of tissue engineering may
represent the next frontier in clinical medicine.

For any tissue engineering approach to be suc-
cessful, the cell populations used for implantation
and regeneration must (1) be available in sufficient
quantities, (2) be functionally viable and healthy,
(3) exhibit a desired phenotype, and (4) not elicit an
immune reaction from the recipient. For these rea-
sons, over the past quarter century much attention
has turned toward the use of stem cells as alterna-
tive cell sources for tissue engineering and regen-
erative medicine. Stem cells are found within many
adult and embryonic tissues and possess the ability
to differentiate into almost any cell type found in
the human body.’ Thus these cells have gained the
attention of the clinical and scientific community
for their potential therapeutic impact. To date, most
researchers have focused on obtaining stem cells
from various adult tissues; most often investigated
are stem cells isolated from bone marrow (BMSCs)
or adipose tissue (ADSCs). While these stem cell
populations exhibit the ability to aid in the regen-
erative process and possess immunomodulatory and
anti-inflammatory properties, they do suffer from
drawbacks, including donor site morbidity, a limited
ability to self-renew, and a reduced capacity for dif-
ferentiation with age.*® In terms of stem cell yields,
BMSCs account for only 0.01-0.001% of the total
6 x 10° mononuclear cells typically isolated from
human bone marrow, whereas 0.5-2 x 10® ADSCs
are found in each gram of adipose tissue.*® While
this results in approximately 100-500 times more
ADSCs per unit volume of tissue compared with
BMSC:s, significant ex vivo expansion is required to
achieve clinically relevant cell numbers for thera-
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peutic applications. In turn, requisite in vitro expan-
sion of cells is accompanied by significant scrutiny
and oversight by the US Food and Drug Administra-
tion (FDA), which ultimately impacts the clinical
utility of these cells.

Many researchers, including those in our
laboratory, have more recently begun investigating
stem cell populations that reside within the fetal
membranes, which surround the human fetus, as an
alternative source of stem cells. The amniotic and
chorionic membranes (AM and CM, respectively)
typically remain intact following cesarean deliv-
ery, are routinely discarded following the birth of
full-term babies, and contain orders of magnitude
more stem cells than adult tissues. In 2012 a total
of 3,952,841 births were registered in the United
States alone, with nearly 33% of those by cesarean
delivery,! making the AM and CM widely available
sources for stem cells that do not pose significant
ethical concern, as is the case for human embryonic
stem cells.

Within this review we briefly provide a back-
ground describing the embryological origins, his-
tological organization, and function of human fetal
membranes. In addition, the distinct cell populations
found within these membranes are described, with
particular attention being paid to the characteriza-
tion of AM- and CM-derived stem cells. The pri-
mary purpose of this review, however, is to highlight
research conducted to date aimed at evaluating fetal
membrane—derived extracellular matrices (ECMs)
and stem cells and their application toward orthope-
dic regenerative medicine. A synopsis of commer-
cially available fetal membrane—derived products
and regulatory considerations provides insight into
the translational potential and clinical utility of fetal
membrane—derived stem cells for orthopedic appli-
cations. Finally, future research endeavors for eval-
uating the use of human fetal membrane—derived
ECM and stem cells within the field of orthopedics
are suggested.

Il. DEVELOPMENTAL ORIGINS OF FETAL
MEMBRANES

In-depth investigations into the embryological ori-
gins of fetal membranes has been previously de-
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scribed in work by Luckett,”® as well as Dobreva
et al’ Briefly, the blastocyst separates into an inner
cell mass and the trophoblast at embryonic day 5.
The inner cell mass subsequently differentiates into
the epiblast (which gives rise to the amniotic ec-
toderm and embryonic epiblast) and the hypoblast
(Fig. 1). The amniotic ectoderm subsequently con-
tributes to the formation of the human amniotic epi-
thelium, whereas the embryonic epiblast eventually
yields all 3 germ layers of the developing embryo
and the extraembryonic mesoderm. Of note, the
amniotic epithelium is derived from the amniotic
ectoderm, which develops from the epiblast and
appears approximately 1 week before gastrulation.
Some suggest that the epiblastic origins of human
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FIG. 1: Schematic representation of the temporal
development of extraembryonic (pink) and embryonic
tissues (light blue), illustrating the contributions of
these tissues to the amniotic and chorionic membranes
as well as the stem cell populations contained within.
Approximate day of embryologic development is noted
in italics at the far left.
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amniotic epithelial cells (hAECs) and their potential
segregation from organogenetic signals involved in
gastrulation may account for the pluripotent nature
of these cells.®!! The extraembryonic mesoderm
subsequently develops and contributes to the meso-
dermal layer of the amniotic membrane, as well as
the mesenchymal layer of the chorion. The remain-
ing elements of the chorion are derived from the ex-
traembryonic trophoblast.

lll. STRUCTURE AND FUNCTION OF FETAL
MEMBRANES

The 2 human fetal membranes that surround the de-
veloping fetus and segregate it from the maternal
endometrium are the AM and CM. The AM, also re-
ferred to as the amnion, is the innermost membrane
and is in direct contact with the fetus and amniot-
ic fluid and is contiguous with the umbilical cord.
The second fetal membrane, the CM, is weakly at-
tached to and envelops the AM. The villous chorion
comprises the fetal portion of the placenta, which
interfaces with the maternal aspect of the placenta,
known as the maternal decidua. Importantly, the am-
nion and chorion are both derived from extraembry-
onic tissue and are composed entirely of fetal tissue.
For a schematic representation depicting the organi-
zation of these membranes, referred to the published
work of Dobreva et al.’

Research has classified the AM via its histologi-
cal microarchitecture, which has been reviewed suc-
cinctly by Niknejad et al.'? Previously believed to be
a simple epithelial lining for the uterine contents, it
is now apparent that the AM is composed of multiple
layers (Fig. 2). This translucent, thin (0.02—-0.5 cm),
avascular, and aneural membrane can be divided
into 5 distinct strata based on differences in micro-
architectural and biochemical constituents.'* Begin-
ning with the innermost layer of the AM (in order),
there is a layer of cuboidal hAECs known as the am-
niotic epithelium. These cells reside on a basement
membrane composed primarily type IV collagen as
well as the glycoproteins laminin, fibronectin, and
nidogen (entactin).'> Furthermore, perlican—a large
heparin sulfate proteoglycan that efficiently binds
growth factors—as well as structural molecules
including actin, vimentin, cytokeratin, and actinin



252

Amniotic
Epithelium
\\
Epithelial Nuclei M
Il \\\.\
. o ST ¢

Intermediate (spongy) Layer

Keeley, Topoluk & Mercuri

100 ym
\j\' wr 4.'.10. " H
a '}_ .,.v-‘.“",o e

Mesodermal Cells

Basement Membrane

FIG. 2: Hematoxylin and eosin—stained section of the human amniotic membrane illustrating the multilayered
microarchitecture and the presence of human amniotic epithelial cells and human amniotic mesenchymal stem cells.

(original magnification, x400).

have been reported to be present in the basement
membrane of the AM as well. Immediately un-
derlying the basement membrane is a mesodermal
layer that can be further subdivided into a compact
layer containing type I, III, VI, and VI collagens,
a fibroblast/reticular layer, and a spongy stratum
that is in direct contact with the CM and contains
mostly proteoglycans, glycoproteins, and nonfibril-
lar type I1I collagen.'>'®!7 This spongy layer allows
for a sliding movement to occur between the AM
and the underlying CM. These 2 layers can be eas-
ily separated by mechanically peeling the AM away
from the CM. In addition to hAECs, macrophages,
fibroblasts, and mesenchymal stem cells (discussed
in more detail within the following sections) also
have been identified within the layers of the AM and
CM."*2° The CM is predominantly comprised of
type IV and V collagens and can also be subdivided
into multiple layers, including an extraembryonic
mesenchymal layer immediately adjacent to the me-
sodermal layer of the AM and a trophoblastic layer
composed of cytotrophoblast and syncytiotropho-
blast cells (Fig. 3).!

In terms of function, the AM serves as a selec-
tively permeable membrane, allowing diffusive nu-
trient uptake, waste elimination, and gas exchange
to and from the fetus. This membrane, in conjunc-
tion with the amniotic fluid, also allows for physical

protection of the developing fetus by (1) providing a
pressure-absorbing cushion, (2) enabling free move-
ment of the developing fetus, and (3) regulating pH
via the production of bioactive factors. The CM,
specifically the villous cytotrophoblast and syncy-
tiotrophoblastic layers, in conjunction with the ma-
ternal decidua, contribute significantly to the devel-
opment of maternal—fetal immunological tolerance.
Proposed mechanisms of tolerance contributed
by the outermost layers of the CM include (1) the
expression of human leukocyte antigen (HLA)-G
on trophoblastic cells, which induce apoptosis of
cytotoxic T-cells and alters natural killer cell func-
tion; (2) the downregulation of HLA class Ia and II
molecules by the trophoblast before implantation
into the endometrium; (3) expression of Fas-L by
trophoblastic cells; (4) the upregulation of indole-
amine 2,3-dioxygenase, which degrades tryptophan
and subsequently inhibits maternal T-cell activation;
and (5) production of anti-inflammatory mediators
inducing TH2 responses.>'

IV. STEM CELL POPULATIONS WITHIN HU-
MAN FETAL MEMBRANES

One of the most promising aspects of the AM and

CM, from a tissue engineering and regenerative
medicine perspective, is the readily available and
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FIG. 3: Hematoxylin and eosin—stained section of the human chorionic membrane illustrating the intermediate zone,
the extraembryonic mesenchymal layer, and the presence of trophoblastic cells (original magnification, x400).

developmentally juvenile stem cells found within
the ECM of these membranes. Research indicates
that at least 2 distinct populations of stem cells re-
side within the AM: (1) a percentage of the hAECs
display pluripotent markers, and (2) the mesenchy-
mal layer of the AM contains an abundance of mes-
enchymal stem cells (hAMSCs). In addition, stem
cells have been identified within the CM (hCMSC:s).
In terms of cell yields from the term human AM,
reports suggest that nearly 60-200 x 10° hAECs
and 20-60 x 10° hAMSCs can be isolated from
each membrane.”** Given the average surface area
(1500 cm?)?2® and mass (24 g)*’ of the term AM,
normalized cell yields equate to approximately 2.5—
10 x 10° hAECs and 1-2.5 x 10 hAMSCs per gram
wet weight of AM. Furthermore, mass-normalized
hCMSC yields have been reported to be similar to
those of hAECs.?” It should be noted, however, that
variability between isolation methods, culture con-
ditions, as well patient-to-patient variability may
result in significant differences between primary
stem cell yields and the differentiation capacity of
the cells.?”!
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A. Human Amniotic Epithelial Cells

Freshly isolated hAECs display a cobblestone mor-
phology, and approximately 5—50% express plurip-
otent stem cell markers, including octomer-binding
protein 4, SRY-related HMG-box gene 2 (SOX-2),
NANOG, stage-specific embryonic antigens 3 and
4, and tumor rejection antigen 1-60 and 1-81, which
are involved in maintaining pluripotency and self-
renewal.'” Expression of the hematopoietic marker
CD34 and telomerase reverse transcriptase is nota-
bly absent, and these cells do not seem to promote
tumorigenicity in SCID mice.!” It does seem that
hAECs are a heterogeneous population of cells ex-
hibiting various stages of stemness.!" In addition,
hAECs stain positively for the epithelial marker
cytokeratin but do seem to undergo an epithelial-
to-mesenchymal transition following in vitro expan-
sion, as indicated by a decrease in cytokeratin stain-
ing and a concomitant increase in mesenchymal
markers, including CD90 and CD105, with an in-
creasing passage number.*° Fatimah and colleagues®”
illustrated that culture media supplementation with
10 ng/mL human recombinant epidermal growth
factor is required to support proliferation of hAECs
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in vitro; however, there seems to be a trade-off be-
tween increasing cell proliferation and reducing the
expression of pluripotency markers. High-density
culture expansion of hAECs does not seem to al-
ter their major histocompatibility complex (MHC)
molecule expression patterns; hAECs maintain low
expression of HLA-A/B/C (MHC class I molecules)
and a complete absence of HLA-DP/DQ/DR (MHC
class II molecules) surface antigens. Conversely,
these cells do exhibit a reduced capacity to suppress
concanavelin-A-stimulated T-cell proliferation and
a reduced expression of HLA-G molecules with in-
creasing passage number.’! Although the quantities
of surface markers vary within hAEC populations,
the ratio of positive stem cell markers is considerably
higher than in other somatic or tissue stem cells of
the human body. The ability of hAECs to differenti-
ate into multiple phenotypes representing all 3 germ
layers has been demonstrated by many investigators
and is summarized succinctly by Parolini and col-
leagues.?’ Studies also have reported the secretion
of various growth factors from hAECs, including
epidermal growth factor, platelet-derived growth
factor, noggin, activin, vascular endothelial growth
factor (VEGF), transforming growth factor-p2, and
tissue inhibitors of metalloproteinases.*® The mem-
brane ECM and isolated hAECs obtained from term
AM were recently shown to decrease the viability
and proliferation of cervical and breast cancer cells
in a dose-dependent manner.>* Furthermore, Nikne-
jad et al ** illustrated the ability of hAECs to prevent
angiogenesis in an in vitro model of blood vessel in-
filtration; however, when human AM was denuded
of hAECs, angiogenesis was promoted. Taken to-
gether, these data suggest the discordant roles that
cells and the ECM may play within the same fetal
membrane.

B. Human Amniotic Mesenchymal Stem
Cells

hAMSCs reside in the mesodermal layer of the AM
and have been shown to express the mesenchymal
stem cell markers CD105, CD90, and CD73.20:35-37
These cells have exhibited a fibroblast-like mor-
phology and are typically 3 times larger than hAECs
in terms of a single cell’s surface area.” Similar
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to hAECs, these cells exhibit a low expression of
HLA-A/B/C; they lack HLA-DR and the hema-
topoietic markers CD34, CD45, and CD14.2035%7
hAMSCs have proliferated well in culture and can
be expanded through 15 passages without the use of
exogenous growth factor supplementation, resulting
in an idealized (theoretical) yield of 5 x 10® cells/
amnion.”® Furthermore these cells have illustrated
the capacity to differentiate down an osteogenic,
chondrogenic, adipogenic, and endothelial lineage;
however, affinity for differentiation toward a spe-
cific lineage seems to be dependent on the isola-
tion method used.’**%* In addition, these cells have
differentiated toward hepatocytes, pancreatic cells,
and cardiomyocytes.*# Interestingly, in compara-
tive cultures with CM-derived stem cells, hAMSCs
secrete significantly higher concentrations of he-
patocyte growth factor and basic fibroblast growth
factor.”” Furthermore, in response to coculture with
activated T-lymphocytes, hAMSCs produce signifi-
cantly higher concentrations of prostaglandin-E2;
a well-known immunomodulator, compared with
CM-derived stem cells.

C. Human Chorion Mesenchymal Stem
Cells

Stem cells derived from the human CM have been
less extensively characterized compared with the
stem cell populations obtained from the AM. They
are reported as being more primitive and metaboli-
cally quiescent, as indicated by a more simplistic
ultrastructure.* Koo et al.*® recently performed a
series of studies to characterize this population of
cells. Their findings illustrated that hCMSCs display
a typical fibroblast-like morphology and express the
mesenchymal stem cell markers CD73, CDI105,
and CD90. Furthermore, these cells have the capac-
ity to differentiate toward the classical mesodermal
lineages and produce anti-inflammatory cytokines,
including interlukin-1 receptor agonist as well as
interlukins-6, -8, and -10.*’ Similar to hAECs and
hAMSCs, hCMSCs lack HLA-DR and hematopoiet-
ic markers; however, a small percentage of cells did
express the leukocyte marker CD11b.% In compara-
tive studies with their AM-derived stem cell coun-
terparts, hCMSCs seem to have an increased affinity
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for osteogenic and chondrogenic differentiation, as
indicated by higher proportions of hCMSCs staining
positively for collagen type 11, alkaline phosphatase,
osteocalcin, and collagen type I during directed dif-
ferentiation in vitro.’® Of note, a larger proportion
of hCMSC:s stained positive for MHC class I mole-
cules compared with hAECs and hAMSCs obtained
from third-trimester placentas, potentially indicat-
ing a reduced capacity for immune tolerance. Most
recently, stem cells derived from the human CM
have been shown prevent activated macrophages
from polarizing into an M1 phenotype; rather, the
presence of hCMSCs shifted macrophages into an
anti-inflammatory M2 phenotype, which may have
positive implications for their utility in tissue regen-
eration applications.*#

V. APPLICATION OF FETAL MEMBRANE ECM
AND STEM CELLS FOR ORTHOPEDIC APPLI-
CATIONS

A. Cartilage Regeneration/Osteoarthritis

The American Academy of Orthopedic Surgeons
has estimated that approximately 4 million knee
arthroscopies are performed annually worldwide
(nearly 1 million of which are performed in the
United States) and that 20-60% of these procedures
reveal focal chondral or osteochondral defects.
These lesions, which can be caused by wear and
tear over time, traumatic injury, or metabolic dis-
orders, result in persistent pain and functional dis-
ability and, if left untreated, may progress to os-
teoarthritis (OA). Current biologic repair strategies
for cartilage restoration, including microfracture,
osteochondral autograft transfer/mosaicplasty, and
matrix-assisted chondrocyte implantation, have
shown promise; however, shortcomings with these
approaches remain. Furthermore, if debilitating OA
develops, pharmacological interventions to quell
associated inflammation, viscosupplementation,
and joint resurfacing or arthroplasty with metallic
and polymeric implants may be warranted. OA was
recently ranked as the 11th highest contributor to
global disability.”! To date, preclinical studies using
stem cell therapy in conjunction with the use of scaf-
folds have illustrated promise for the treatment of
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chondral and osteochondral defects®?; however, an
ideal stem cell source and delivery vehicle has yet
to be determined. Furthermore, intra-articular injec-
tions of stem cells have improved pain and disability
scores in patients with OA; however, further clinical
investigations are needed.”® Thus, fetal membrane
ECM allografts and/or its resident stem cells may
represent excellent alternatives in cartilage regener-
ation applications and for use in disease-modifying
approaches targeting OA.

As mentioned previously, the stem cell popula-
tions found within the AM and CM have demon-
strated the capacity to differentiate into a chondro-
genic phenotype. Nogami and colleagues® describe
a subpopulation of hAMSCs with the ability to pro-
liferate for 50 population doublings over the course
of approximately 250 days in culture. Chondrogenic
differentiation of hAMSCs (as indicated by the pro-
duction of the mature isoform of collagen type 1IB)
required media supplementation with bone morpho-
genetic protein (BMP)-2.>* With respect to the fea-
sibility of using these stem cells in vivo, hAMSCs
survived for up to 8 weeks following seeding on
poly(lactic-co-glycolic) acid scaffolds and implan-
tation into 5-mm-diameter defects in the knees of
New Zealand White rabbits. Tumorigenicity and
excessive inflammatory infiltrate was not elicited
by the implants.** Predifferentiated hCMSCs seeded
onto atelocollagen scaffolds have also maintained
chondrogenic differentiation, generated cartilagi-
nous constructs in a subdermal implantation model,
and promoted lacunae formation when implanted
into 2-mm-diameter osteochondral defects in the
patellar groove of nude rats.”> Taken together, this
research indicates the potential safety and efficacy
of implanting stem cells derived from fetal mem-
branes for the regeneration of cartilage.

Alternatively, others have investigated the use
of AM ECM to promote cartilage regeneration and/
or serve as a delivery vehicle for chondrocytes. Tan
et al.* illustrated successful chondrogenic differen-
tiation of rabbit BMSCs seeded on scaffolds derived
from human AM that had been devitalized via a
series of wash steps and processing via freeze- or
air-drying coupled with gamma-irradiation. Similar
studies were undertaken by Krishnamurithy and col-
leagues,’” with similar outcomes. Jin et al.’® denuded
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the amniotic epithelial layer of the human AM ECM
before seeding articular chondrocytes on either the
apical surface (basement membrane) or the stromal
surface (layer immediately adjacent to the chorion).
They found that seeding chondrocytes on the stro-
mal surface resulted in improved cell attachment,
infiltration into the AM ECM, and collagen type 11
expression.>® Alternatively, chondrocytes seeded on
the basement membrane surface of the AM ECM
resulted in increased proliferation compared with
those seeded on the stromal surface.’® It was sug-
gested that this differential effect is the result of
differences in ECM components and growth factors
found within the membrane. Upon implantation into
osteochondral defects in rabbits, Jin et al. noted
improved International Cartilage Repair Society
histological scoring and the regeneration of hyaline
cartilage in defects treated with chondrocyte-seeded
AM compared with cell-free AM ECM. Diaz-Prado
et al® studied the efficacy of using cryopreserved
human AM ECM as a delivery vehicle for chondro-
cytes that could be used as a restorative covering
for the surface of hyaline cartilage afflicted by OA.
They seeded human chondrocytes on the stromal
layer of AM ECM and applied the constructs to
6-mm-diameter cartilage discs in vitro that had been
obtained from patients with OA. Results from this
study indicated limited collagen type II staining,
proteoglycan production, integration with adjacent
osteoarthritic cartilage, and repair tissue with a fi-
brous appearance.** Of note, the authors attempted
to culture chondrocytes on the epithelial side of the
membrane; however, they were unable to infiltrate
past the hAECs.*® An alternative approach was
used by Lindenmair et a/.* in which the investiga-
tors evaluated the ability of intact AM containing
hAECs and hAMSCs to undergo chondrogenic
differentiation using various formulations of induc-
tion media. The primary findings suggest that stan-
dard chondrogenic media, as well as chondrogenic
media supplemented with basic fibroblast growth
factor could induce differentiation of the stem cell
populations found within the intact AM. Moreover,
they suggested that this induction methodology pre-
dominantly supported hAMSC chondrogenic differ-
entiation compared with that of hAECs within the
membrane, suggesting that hAMSCs preferentially
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undergo chondrogenic differentiation.” Alterna-
tively, Ma et al.*®® found that effective chondrogenic
differentiation of hAECs requires the presence of
BMP-7, again indicating a difference between the 2
cell types in the AM.

With respect to the application of fetal mem-
brane ECM to ameliorate arthritic conditions, one
of the earliest publications describing the use of
AM to treat OA was published in 1965.9! This study
evaluated the use of human AM as an interpositional
matrix graft implanted within arthritic hips of dogs,
a procedure termed amniotic arthroplasty. During
this study, regeneration of synovium was observed
2 months postoperatively and range of motion was
reestablished. Furthermore, no signs of rejection or
inflammation were observed in the animals. Subse-
quently, in the 1980s patients with tuberculosis in-
fections of the hip were treated via amniotic arthro-
plasty in which multilayered constructs composed
of AM were overlaid on arthritic femoral heads.®
At 24-30 months of follow-up, 25 of the 28 patients
reported a significant reduction in pain and regained
functional performance. The investigators observed
the formation of fibrocartilage and a pseudo-synovi-
al membrane in joints receiving treatment.®* Tuncel
et al.® more recently used amniotic arthroplasty
to treat experimentally induced fibrous ankylosis
formation in the temporomandibular joints of New
Zealand white rabbits. Mandibular range of mo-
tion in rabbits receiving amniotic arthroplasty was
significantly increased and no fibrous adhesions
were observed compared with rabbits that were
treated with gap arthroplasty alone.®® Willett and
colleagues® intra-articularly administered a micron-
ized form of dehydrated and devitalized human AM/
CM ECM as a prophylactic treatment for OA in a
rat meniscus transection model. Despite observing
a moderate inflammatory response and foreign body
reaction to the material, histological and biochemi-
cal assessment illustrated a significant reduction in
the number of erosion sites and reduced proteogly-
can loss within the cartilage of joints that had been
treated with micronized fetal membranes. Further-
more, an initial preclinical safety study evaluating
the inflammatory effects of intra-articular injection
of allogeneic and autologous placenta-derived stem
cells was examined in healthy horses.® Findings in-
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cluded variable lameness and marked inflammatory
infiltrate in all injected joints, regardless of the cell
source, illustrating the possibility of using alloge-
neic placental stem cells for orthopedic applications
in horses.

B. Bone/Dental Regeneration

It has been estimated that nearly 500,000 bone graft-
ing procedures are performed annually in the United
States, accounting for $700 million in bone graft
and bone graft substitute sales.®® Furthermore, it has
been noted that bone is the second most common
transplanted tissue, eclipsed only by blood.®” Com-
mon procedures that use bone grafts include resec-
tion of bone tumors, revision hip or knee arthroplas-
ties, spinal fusions, trauma procedures, and a limited
number of dental procedures. Therefore, the devel-
opment of bone tissue engineering strategies using
synthetic bone substitutes and stem cells may be an
effective alternative or, at the very least, may lessen
the burden of having to harvest significant numbers
of autografts and allografts to keep pace with yearly
demands. Mohr et al.%® illustrated that hCMSCs de-
rived from the first-trimester chorionic villi or term
CM can be induced toward an osteogenic lineage
following seeding onto cell-free human CM—de-
rived ECM. Similarly, hCMSCs seeded onto poly-
urethane foams show similar promise and exhibit
the ability to deposit mineral in vitro.*® Lindenmair
et al.” placed intact human AM in osteogenic dif-
ferentiation media in an attempt to drive differen-
tiation and bone formation. Their findings suggest
the preferential differentiation of hAECs toward an
osteoblast-like phenotype, as was indicated by posi-
tive staining for calcium deposition and osteocalcin
staining in the epithelial layer. Furthermore, the
ability of ovine amniotic epithelial cells (0AECs) to
contribute directly to bone formation was investi-
gated by Barboni and colleagues’ following seed-
ing onto a hydroxyapatite/B-tricalcium phosphate
matrix and implantation into a maxillary sinus aug-
mentation in sheep. The 0AECs stimulated osteo-
genesis within the scaffold by directly participat-
ing in the bone formation process. Compared with
porous implants without oAECs, those seeded with
fetal stem cells illustrated enhanced boney matrix
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deposition and significantly higher expression of
VEGF at early study time points while exhibiting a
reduction in inflammation and in-growth of fibrous
tissue.”! Rosen’ reported a case study in which a
composite allograft of mesenchymal stem cells and
human AM/CM ECM matrices were fabricated into
a barrier used to fill an osseous void created by sig-
nificant bone loss under the molars of a 62-year-old
human patient. Radiographs 6 months postopera-
tively indicated that the class III furcation was filled
with new bone. Similarly, Wallace and Cobb” used
commercially available AM/CM ECM matrices as
a covering for particles of cancellous and cortical
bone graft placed into an alveolar bone defect fol-
lowing tooth extraction in a cohort of 7 patients.
On average, approximately 54% of the defect areas
were filled with new bone at an average of 13 weeks
following the intial procedure. In addition, no in-
flammatory cell infiltrate was present.”” The authors
stated that the rapid maturation of bone observed
may have been due in part to the presence of the
biological factors derived from the AM/CM ECM.
Although conclusive evidence was not provided in
this study, research by others has shown that the AM
does in fact contain BMPs.

C. Tendon Regeneration

Damaged tendons account for nearly 4.5 million
physician visits and 300,000 surgical procedures an-
nually in the United States, resulting in an estimated
total cost of $3 billion.”*” A significant number of
studies have illustrated the ability of the AM and the
stem cells it contains to promote the regeneration of
healthy tendon tissue. Yang et al.”® created a partial
tendon laceration model in the Achilles tendon of
rabbits and wrapped the defect with commercially
available bovine-derived AM ECM. At 2 weeks the
investigators noted a significant reduction in the
number of inflammatory macrophages and neutro-
phils within the treatment group. Furthermore, by
4 weeks tendon modulus was significantly greater
in the treatment group compared with lacerated
controls, suggesting an advantageous contribution
of the AM to early tendon healing.”® Zelen and col-
leagues”” performed a prospective, randomized
clinical trial to study the effects of administering
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micronized dehydrated AM/CM ECM composite
in 45 patients with refractory plantar fasciitis. They
observed significant improvement in pain, function,
and alignment scores in patients receiving AM/CM
ECM injections versus saline-injected controls. Zel-
en et al. did not observe any adverse events in the
treatment group. AM ECM has also reduced the for-
mation of peritendinous adhesions following flexor
tendon surgery without inhibiting the healing pro-
cess in chickens.” The use of AM-derived stem cells
have the capacity to aid in tendon regeneration and
healing via multiple mechanisms. Barboni et al.” il-
lustrated that oAECs can, in fact, undergo tenogenic
differentiation via indirect coculture with fetal and
adult tenocytes/tendon explant tissues and directly
contribute to tendon matrix formation. The 0AECs
were able to maintain low HLA-A, -B, and -C ex-
pression and no HLA-DR throughout the coculture
period and exhibited improved differentiation when
cultured in the presence of fetal tendon tenocytes/
explants. In addition, studies using undifferentiated
allogeneic 0AECs injected under ultrasound guid-
ance into sheep Achilles tendons defects have shown
that oAECs can survive up to 30 days without caus-
ing any adverse events.* Furthermore, histological
examination indicated an increase in the number of
reparative cells at the injection site, suggesting that
the fetal stem cells can also play an orchestrating
role in the healing process via paracrine signaling.%
Philip et al.®' performed a similar study using a rat
Achilles tendon defect model to assess the therapeu-
tic efficacy of injecting hAMSCs or their cytokine
extracts. The primary findings illustrated that the
mechanical properties of tendons receiving hAM-
SCs exhibited a significantly larger cross-sectional
area, Young’s modulus, and yield strength 4 weeks
after implantation compared with tendons receiving
hAMSCs condition media.?! Results suggest that
implanting hAMSCs compared with hAMSC con-
dition media yield improved healing likely due to
ECM production and/or sustained release of hAM-
SC-derived growth factors. Allogeneic AECs also
have been injected into digital flexor tendon lesions
in a small population of horses.® Treatment was tol-
erated well, and no tendon failures were observed
6 months after injection. Similar studies were car-
ried out in horses exhibiting superficial digital flexor
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tendon injury; however, 0AECs were injected.®® The
authors found improved clinical ultrasound healing
scores and the presence of 0AECs 60 days after in-
jection. Furthermore, injected 0AECs produced col-
lagen type I and seemed to be aiding in blood vessel
formation and the proliferation of neighboring re-
parative cells.® No evidence of a severe immune or
inflammatory response was noted; however, a few
membrane-labeled 0AECs were phagocytosed with-
in macrophages. oAECs also were allotransplanted
into Achilles tendon defects of sheep using a fibrin-
based delivery vehicle.* Cell labeling indicated that
0AECs were found at the injury site 28 days after
injection. In addition, the cells seemed to reside ini-
tially in healthy tendon tissue adjacent to the injury
site and eventually migrated into the wound. Pro-
liferation of the 0AECs was observed, along with
an early increase in collagen type III, which was
expeditiously replaced by aligned collagen type I
by 28 days.* The authors also observed an increase
in blood vessel infiltration as well as VEGF and
transforming growth factor-f expression within the
0AEC-treated group compared with untreated con-
trols. Taken together, these data suggest that these
cells, which exhibit stem cell-like characteristics,
can directly produce tendon matrix as well as influ-
ence healing and adjacent cells via the production of
soluble signals.

VI. CLINICAL USE AND COMMERCIAL AVAIL-
ABILITY OF FETAL MEMBRANE-DERIVED ECM

Over the past century allogeneic matrices derived
from fetal membrane ECM have found clinical util-
ity in human patients for treating ocular wounds,
skin ulcers, burns, wounds, and mucopolysacchari-
dosis.®"*># These matrices possess antibacterial,
anti-inflammatory, antiadhesive, antiangiogenic,
and immunomodulatory properties, which make
them ideal candidates for use in tissue regeneration
therapies.? > A query of the National Institute of
Health’s clinicaltrials.gov website for the terms am-
nion and allograft or amnion and stem cells returned
approximately 15 enrolling, ongoing, or completed
clinical studies using fetal membrane—derived ECM
matrices. The purpose of the majority of these in-
vestigations is to evaluate the efficacy of using fetal
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membrane matrices for wound healing, preventing
intrauterine adhesion, skin grafting, treating diabetic
ulcers and glaucoma, as well in using them as an
absorbable hemostatic agent. There are, however, a
handful of studies enrolling or underway to estab-
lish the safety and efficacy of AM ECM in patients
with orthopedic conditions including hallux rigidus
due to OA, plantar fasciitis, peroneal tendon repair,
lateral epicondylitis, bone augmentation following
tooth extraction, and spinal fusion (i.e., evaluating
AM to enhance spinal fusion or its effectiveness in
preventing soft-tissue adhesions following posterior
lumbar instrumentation removal).

A wide variety of AM-based products are
currently commercially available. Most of these
products are classified as allografts and are thus
controlled through the FDA’s 361 HCT/P regula-
tions (discussed in detail in the next section). The
one notable exception to this is PROKERA, which
is regulated as a class II medical device. The pri-
mary differences between these products have been
outlined succinctly in Table 1, which includes in-
formation regarding their components, processing
method, and intended use.

VIl. REGULATORY INFORMATION ON AM-
NION- AND CHORION-DERIVED MATRICES
AND STEM CELLS FOR COMMERCIAL USE

ECM matrices derived from human fetal membranes
are currently considered allografts and thus are typi-
cally screened, processed, and prepared at facilities
that have been accredited by the American Associa-
tion of Tissue Banks, which must register with the
FDA. The American Association of Tissue Banks
standards provide comprehensive guidance for tis-
sue banking and are used as a model for state and
federal regulations. The FDA currently regulates
human cells or tissues “intended for implantation,
transplantation, infusion, or transfer into a human
recipient” as a human cell, tissue, and cellular- and
tissue-based product (HCT/P).*® These HCT/Ps are
regulated by the Center for Biologics Evaluation and
Research (CBER) under the Code of Federal Regu-
lations Parts 1270 and 1271. These regulations es-
sentially require those who are collecting, process-
ing, and distributing allografts to follow established
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procedures to minimize/prevent the transmission
of communicable diseases via the establishment of
donor screening criteria and good tissue practices.
It should be noted that CBER does not regulate the
transplantation of vascularized human organs (e.g.,
liver, lungs, heart, kidney), nor does it regulate au-
tografts that are transplanted during the same surgi-
cal procedure from which the tissue was originally
obtained. CBER does, however, regulate AM when
used alone (or without added cells), bone, cartilage,
cornea, fascia, tendon, heart valve, ligament, pericar-
dium, and so on. Furthermore, the FDA states that
HCT/Ps can be regulated solely under Section 361
of the Public Health Service Act if the HCT/Ps meet
certain criteria, including HCT/Ps that have under-
gone only minimal manipulation (i.e., processing of
the HCT/P must not alter the tissue’s original relevant
characteristics), are for homologous use only (i.e.,
the HCT/P must perform the same basic function(s)
in the recipient as it did in the donor), and the manu-
facture of the HCT/P does not involve combining the
cells or tissue with another article). Thus establish-
ments that manufacture these “361 HCT/Ps” do not
have to undergo a regulatory approval process before
marketing their products. If the aforementioned cri-
teria are not met, however, manufacturers of HCT/
Ps not only have to fulfill requirements set forth in
21CFR1271, they must also gain regulatory approval
via the traditional device, drug, and/or biologic path-
ways (premarket notification, premarket approval,
investigational device exemption, investigational
new drug application, biologic license application,
and so on) before marketing their products.

So what does this mean with regard to the clini-
cal application of fetal membrane—derived ECM
and AM- or CM-derived stem cells? What are the
current thoughts of FDA regulators? In 2012 the
FDA’s Tissue Reference Group (TRG) revised its
regulations on the subject of considering the AM as
a 361 HCT/P when used as a wound covering.’’ The
group states that if the AM contains viable cells to
support tissue repair, that the function of the mem-
brane itself is dependent on the metabolic activities
of cells, which would designate it as a biologic. Fur-
thermore, the TRG made the statement that if the
AM is used for bone tissue regeneration it does not
satisfy the 361 HCT/P requirement of homologous
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TABLE 1: of Commercially Available Fetal Membrane—Derived Extracellular Matrix Products

o Known
Company Product Key Characteristics Indications Acknowledged Orthopedic
for Use Use(s) . .
Applications
szlrlirrlldg. Tissue voids; tissue
ioMT™ 5 . .
AmnioM Cryopreserved localized soft defects, loca.hzed Yes
. inflammation
tissue filler
Membrane: Resorbable | Dura and interspinal
. . AmnioDryFlex®™ / adhesion muscle protection Yes
AmnioGenix dehydrated . .
barrier protection
Wound covering;
Membrane: non- Resorbable, soft tissue repair;
AmnioExCel . T natural periodontal defects; Yes
crosslinked; dried .
scaffold boney defects; sinus
coverage
Membrane and
NEOX®Cord 1k™ umbilical cord, ‘Wound Dermal ulcers;
. CRYOTEK™ . No
Wound Matrix covering dermal defects
processed (deep
freezing)
Membrane;
NEOX®100 CRYOTEK™ Wound .
Wound Matrix processed (deep covering Not described No
freezing)
Membrane and
NEOX®100 umbilical cord; Wound Minor and
Quick-Peel Wound CRYOTEK™ . superficial dermal No
. covering
Matrix processed (deep wounds
. freezing)
Amniox -
Medical, Inc. Membrane and Bcllllat.?ralt MT?
CLARIX®Cord umbilical cord; Surgical Elae(i: d?lrsny’
1k Regenerative CRYOTEK™ covering, ~ap Yes
. Bunionectomy;
Matrix processed (deep wrap Peroneus Brevis
freezing) Tendon Repair
CLARIX®100 Membrane; Surgical
. CRYOTEK™ . .
Regenerative covering, Not described No
Matrix processed (deep wrap
freezing)
CLARIX®100 Membrane and .
Quick-Peel umbilical cord; Surgical
. CRYOTEK™ covering, Not described No
Regenerative
Matrix processed (deep wrap
freezing)
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o Known
Company Product Key Characteristics Indications Acknowledged Orthopedic
for Use Use(s) o
Applications
Dry-powder
NEOX®FLO (injectable) form Wound Dermal ulcers; No
. Wound Matrix of NEOX® Wound covering dermal defects
Amniox Matri
N atrix
Medical, Inc. D 1
(Continued) | CLARIX®FLO | onboweer .
Regenerative (injectable) form Surgical Not described No
. of CLARIX®Cord covering
Matrix . .
Regenerative Matrix
Therg)reutlc Tendonitis; joint
Nanofactor™ Membrane . pain; arthritis; Yes
augmentation .
. cartilage damage
and repair
Amnio Biceps tendonitis;
Technology / Therapeutic hip labral repairs;
Arthrosurface Membrane; contains f;)r plantar fasciitis;
Nanofactor™ Flow ’ . patellar tendonitis; Yes
cells augmentation .
. rotator cuff repair;
and repair . o
epicondylitis;
bursitis
Membrane (chorion- llszsfi)_rtll?:sl;l:, Not
Xwrap® ECM free); non-cross- Not Described .
. wound Described
linked .
covering
Fibrosis
Membrane (chorion- | minimization,
XWrap® Dry free); dry-packaged; soft-tissue Not Described No
acellular wound
covering
Adhesion Carpal tunnel;
Applied Membrane (chorion- | minimization, rotator cuff and
Biologics Xwrap® Hydro free); saline- soft tissue achilles tendon Yes
Plus .
packaged; acellular wound repair; bone fracture;
covering nerve repair
Membrane and Soft tissue Tendonopothy;
F16Graft® fluid (chorion-free); enthesopothy; Yes
defect filler
cryopreserved wound closure
Membrane and . Muscle strains/
. . Injectable .
~ fluid (chorion- . partial tears;
FloGraft® N pain . ..
free); injectable; epichondylitis; facet- Yes
Freedom management L
cryopreserved; non- based pain; joint
. allograft .
steroidal pain
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o Known
Company Product Key Characteristics Indications Acknowledged Orthopedic
for Use Use(s) . .
Applications
Ptergium;
conjuntivochalasis;
corneal defects;
Membrane: Ocular tissue | trabeculectomies;
Amniograft® Vo reserve’ d replacement; | leaking glaucoma; No
yop ’ wound repair chemical burns;
Stevens-Johnson
syndrome;
strabismus
Bio-Tissue Membrane; Biologic
AmnioGuard® v reserve’ 4 glaucoma Not described No
Tyop ’ shunt grant
Superficial
Ocular corneal erosion;
Membrane in a surface and nzuri?ﬁre?gilgecfzzsal
ProKera® thermoplastic ring; corneal priAc > No
cryopreserved wound recalcitrant corneal
Ty healin inflamm; acute
& burns; Stevens
-Johnson syndrome
Dura protection
. Resorbable (lamir}ectomy,
BIODEFENCE® | Membrane; saline- | =y on craniotomy, Yes
packaged barrier discectomy);
intraspinal muscle
protection;
Tissue voids
BIODFACTOR® Placental tissues; Woupd an'd defects; No
cryopreserved covering localized areas of
inflammation
BioD, LLC Resorbable
Membrane; . .
BIORESTORE™ . adhesion Not described No
morselized, flowable .
barrier
Dura protection
(laminectomy,
Membrane; Resorbable Zgzségtgﬁy’
BIODRYFLEX® | DryFlex® processed adhesion misco discecto};;l ): Yes
(dehydrated) barrier ),

intraspinal muscle
protection; nerve
bundle protection
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TABLE 1: Continued
Indications Acknowledged Known
Company Product Key Characteristics g Orthopedic
for Use Use(s) o
Applications
Corneal epithelial
Extracellular Scaffold for defects; corneal
BioD, LLC membrane; ocular tissue | ulcers; pterygium,;
(Continued) BIODOPTIX® DryFlex® processed | repair and band keratopathy; No
(dehydrated) regeneration | bullous keratopathy;
ocular surface burns
Patellar tendon
o Tendon and mﬂamma}t} on
AmnioFix® Composite tissue; soft tissue tendonitis; Yes
PURION® processed o tendonosis; plantar
injuries ... .
fasciitis; tennis
elbow
MiMedx o Diabetic foot ulcers;
Composite tissue venous leg ulcers;
(epithelial cell layer, Acute and pressure ulcers;
- basement membrane, . arterial ulcers;
EpiFix® . chronic . No
avascular connective wound repair inflammatory ulcers;
tissue); PURION® p acute and chronic
processed burns; Mohs; scar
revision
Bioactive amniotic Tissue
NuCel® . growth and Not described No
suspension .
reapair
NUTECH . . Membrane and fluid; .
™ 4
Medical NuShield™ Spine dry-packaged Wound patch Dura protection Yes
NuShield™ Membrane and fluid; Surgical protection
. Wound patch of tendons and Yes
Orthopaedics dry-packaged
nerves
Wound site
preservation;
extraction and
Membrane and ridge augmentation;
SNO.A SIS BioXclude™ chorion; PURION® Woupd periodontal Yes
Medical covering

processed

intrabony defect;
hard-soft tissue
deformities;
mandibular furcation

use.” In addition, the TRG states that allogeneic,
cryopreserved, AM-derived powder is more than
minimally manipulated and thus is not considered a
361 HCT/P. In general, it seems that the prevailing
regulatory winds will require manufactures of fetal
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membrane—based products to follow the regulatory
approval process of a new drug or biologic. Further-
more, to the best of our knowledge, to date there
are currently no FDA-approved stem cell treatments
for orthopedic regenerative medicine applications.
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Those that are currently being investigated in clini-
cal trials must undergo a regulatory pathway similar
to that of most drug companies; thus the regulatory
hurdles are significant.

VIIl. SUGGESTIONS FOR FUTURE RESEARCH

To date, research aimed at investigating the util-
ity of fetal membrane—derived ECM matrices and
stem cells for orthopedic applications have centered
on completing basic characterizations. Of the more
than 20 articles reviewed that specifically focused
on evaluating the utility of these matrices and stem
cells for musculoskeletal applications, only 6 articles
used cells and tissue from human fetal membranes;
of these, only 3 evaluated the efficacy of human fetal
membrane—derived stem cells alone (isolated from the
fetal membrane ECM matrices) within in vivo mod-
els of orthopedic conditions. The remaining articles
evaluated animal-derived fetal membrane ECM and/
or their resident stem cell populations. Thus the first
suggested research directive for further investigation
would be to focus on evaluating human-derived AM
and CM ECMs and stem cells. Differences between
species certainly exist, and thus results obtained from
nonhuman cells and tissues should be cautiously in-
terpreted because direct extrapolation to the human
equivalent may not be possible. Second, studying the
effects of human AM-and CM-derived ECMs and
resident stem cells independent of each other would
be advantageous, such that their contributions to the
therapeutic mechanism of action for orthopedic ap-
plications can be elucidated. It is becoming clear that
both the fetal membrane—derived ECM and resident
stem cells both possess therapeutic potential and can
contribute to musculoskeletal tissue regeneration.
The ECM contains soluble growth factors, cytokines,
chemoattractants, and structural proteins that together
may promote tissue regeneration.®*** Fetal mem-
brane—derived stem cells have the ability to differ-
entiate into various musculoskeletal tissue lineages
and produce appropriate ECM, which contributes di-
rectly to tissue formation and strength, while produc-
ing growth factors and other paracrine signals.?*8!:1%
Thus careful study design and subsequent evaluations
should help determine the individual and cumulative
therapeutic effects of AM and CM ECMs and stem
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cells. A third area of suggested research is to com-
pare the efficacy of fetal membrane—derived stem cell
populations with that of more traditional sources of
stem cells, including adipose- and bone marrow—de-
rived cells. Direct comparisons should be made un-
der identical experimental conditions, such that the
potential advantages of using one particular cell type
over the other can be determined.

From a translational perspective, the clinical
utility of fetal membrane—derived stem cells would
likely require that they be cryopreserved and banked
for autogenic or allogeneic transplant. Therefore un-
derstanding the effects of this process on the immu-
nomodulatory and immunological profile of these
cells with respect to time would be essential. Like-
wise, similar profiling studies should be completed
following in vitro expansion and differentiation
toward musculoskeletal phenotypes. Furthermore,
considering that these stem cells will be implanted
into musculoskeletal tissue and thus would interface
(directly or indirectly) with local somatic cells, ob-
taining an understanding of the potential reciprocal
influences of fetal membrane—derived stem cells
with other musculoskeletal cell types in a coculture
environment would be advantageous. Finally, with
respect to the therapeutic use of AM- and/or CM-
derived ECMs and stem cells, clinically relevant
dosing time points should be used in in vivo models
of human musculoskeletal conditions. For example,
if the effects of fetal membrane—derived stem cells
on OA are being studied, inducing OA in an in vivo
model (e.g., via medial meniscectomy and/or an-
terior cruciate ligament transection) and awaiting
disease progression until a clinically relevant time
point before applying the stem cells would be most
appropriate. Conversely, inducing OA and immedi-
ately (at time 0) apply the therapeutic agent without
allowing progression (i.e., evaluating a prophylactic
effect) would be less clinically relevant because this
would not likely represent the clinical reality for
targeting this pathologic process.

IX. CONCLUSION
The human AM and CM are abundant sources of

epithelial and mesenchymal cells that possess stem
cell characteristics. These cells express pluripotency

Critical Reviews™ in Biomedical Engineering



Tissues Reborn: Fetal Membrane-Derived Matrices and Stem Cells in Orthopedic Regenerative Medicine

markers and are found in quantities that are signifi-
cantly greater than their bone marrow— and adipose-
derived stem cell counterparts. They also exhibit the
capacity to differentiate toward musculoskeletal cell
lineages (including cartilage, bone, and tendon) under
various in vitro culture conditions and have produced
musculoskeletal tissue—specific ECM components.
Notably, hAECs, hAMSCs, and hCMSCs may each
exhibit a preference or predisposition to differentiate
toward a particular musculoskeletal lineage (hAECs
toward bone, hAMSCs and hCMSCs toward car-
tilage), which is dependent on the cell type and the
fetal membrane from which they originate. The ECM
of the fetal membranes is also of value for musculo-
skeletal tissue regeneration applications via the deliv-
ery of growth factors, cells, and immunomodulatory
molecules, while concurrently supporting stem cell
viability and differentiation toward various musculo-
skeletal phenotypes. The potential clinical utility of
the fetal membrane—derived ECMs and stem cells in
orthopedic applications is great; however, so too are
the imminent regulatory hurdles required to prove the
safety and efficacy of such products.

REFERENCES

1.  Martin JA, Hamilton BE, Osterman MJK, Curtin
SC, Mathews TJ. Births: final data for 2012. Natl
Vital Stat Rep. 2013;62(9):1-87.

2. Chapter 9: Healthcare utilization and economic cost
of musculoskeletal diseases. United States Bone and
Joint Initiative. The burden of musculoskeletal dis-
eases in the United States. 2nd edition. Rosemont
(IL): The American Academy of Orthopedic Sur-
geons; 2011. p. 219-52.

3. Farini A, Sitzia C, Erratico S, Meregalli M, Tor-
rente Y. Clinical applications of mesenchymal
stem cells in chronic diseases. Stem Cells Int.
2014;2014:306573.

4. Semon JA, Maness C, Zhang X, Sharkey SA,
Beuttler MM, Shah FS, Pandey AC, Gimble JM,
Zhang S, Scruggs BA, Strong AL, Strong TA, Bun-
nell BA. Comparison of human adult stem cells from
adipose tissue and bone marrow in the treatment of
experimental autoimmune encephalomyelitis. Stem
Cell Res Ther. 2014;5(1):2.

5. Baer PC, Geiger H. Adipose-derived mesenchy-
mal stromal/stem cells: tissue localization, char-

Volume 42, Numbers 3—4, 2014

10.

11.

12.

13.

14.

15.

16.

17.

265

acterization, and heterogeneity. Stem Cells Int.
2012;2012:812693.

Choudhery MS, Badowski M, Muise A, Peirce J,
Harris DT. Donor age negatively impacts adipose
tissue-derived mesenchymal stem cell expansion
and differentiation. J Transl Med. 2014;12:8.

Luckett WP. The development of primordial
and definitive amniotic cavities in early Rhe-
sus monkey and human embryos. Am J Anat.
1975;144(2):149-67.

Luckett WP. Origin and differentiation of the yolk
sac and extraembryonic mesoderm in presomite

human and rhesus monkey embryos. Am J Anat.
1978;152:59-97.

Dobreva MP, Pereira PNG, Deprest J, Zwijsen A.
On the origin of amniotic stem cells: of mice and
men. Int J Dev Biol. 2010;54:761-77.

Miki T, Lehmann T, Cai H, Stolz DB, Strom S. Stem
cell characteristics of amniotic epithelial cells. Stem
Cells. 2005;23:1549-59.

Miki T. Amnion-derived stem cells: in quest of clini-
cal applications. Stem Cell Res Ther. 2011;2:25.

Niknejad H, Peirovi H, Jorjani M, Ahmadiani A,
Ghanavi J, Seifalian AM. Properties of the amniotic

membrane for potential use in tissue engineering.
Eur Cell Mater. 2008;15:88-99.

Mamede AC, Varvalho MJ, Abrantes AM, Laran-
jo M, Maia CJ, Botelho MF. Amniotic membrane:

from structure and functions to clinical applications.
Cell Tissue Res. 2012;349(2):447-58.

Ockleford C, Malak T, Hubbard A, Bracken K, Bur-
ton SA, Bright N, Blakey G, Goodliffe J, Garrod D,
d’Lacey C. Confocal and conventional immunofluo-
rescence and ultrastructural localisation of intracel-
lular strength-giving components of human amnio-
chorion. J Anat. 1993;183(Pt 3):483-505.

Malak TM, Ockleford CD, Bell SC, Dalgleish R,
Bright N, Macvicar J. Confocal immunofluorescence
localization of collagen types I, III, IV, V and VI and
their ultrastructural organization in term human fetal
membranes. Placenta. 1993;14(4):385-406.

Strauss JF. Extracellular matrix dynamics and fetal
membrane rupture. Reprod Sci. 2013;20:140-53.
Riau AK, Beuerman RW, Lim LS, Mehta JS. Pres-
ervation, sterilization and de-epithelialization of hu-
man amniotic membrane for use in ocular surface
reconstruction. Biomaterials. 2010;31:216-25.



266

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Magatti M, De Munari S, Vertua E, Gibelli L,
Wengler GS, Parolini O. Human amnion mesen-
chyme harbors cells with allogeneic T-cell sup-
pression and stimulation capabilities. Stem Cells.
2008;26(1):182-92.

Sutton L, Gadd M, Mason DY, Redman CW. Cells
bearing class Il MHC antigens in the human placen-
ta and amniochorion. Immunology. 1986;58:23-9.

Parolini O, Alviano F, Bagnara GP, Bilic G, Biih-
ring HJ, Evangelista M, Hennerbichler S, Liu B,
Magatti M, Mao N, Miki T, Marongiu F, Nakajima
H, Nikaido T, Portmann-Lanz CB, Sankar V, Son-
cini M, Stadler G, Surbek D, Takahashi TA, Redl H,
Sakuragawa N,Wolbank S, Zeisberger S, Zisch A,
Strom SC. Concise review: isolation and character-
ization of cells from human term placenta: outcome
of the first international Workshop on Placenta De-
rived Stem Cells. Stem Cells. 2008;26(2):300-11.

Kanellopoulos-Langevin C, Caucheteux SM, Ver-
beke P, Ojcius DM. Tolerance of the fetus by the
maternal immune system: role of inflammatory me-
diators at the feto-maternal interface. Reprod Biol
Endocrinol. 2003;1:121.

Guleria I, Sayegh MH. Maternal acceptance
of the fetus: true human tolerance. J Immunol.
2007;178:3345-51.

Gobert M, Lafaille JJ. Maternal-fetal immune toler-
ance, block by block. Cell. 2012;150:7-9.

Warning JC, McCracken S, Morris JM. A balancing
act: mechanisms by which the fetus avoids rejec-
tion by the maternal immune system. Reproduction.
2011;141:715-24.

Trowsdale J, Betz AG. Mother’s little helpers:
mechanisms of maternal-fetal tolerance. Nat Immu-
nol. 2006;7:241-6.

Toda A, Okabe M, Yoshida T, Nikaido T. The po-
tential of amniotic membrane/amnion-derived cells
for regeneration of various tissues. J Pharmacol Sci.
2007;105:215-28.

Yamahara K, Harada K, Ohshima M, Ishikane S,
Ohnishi S, Tsuda H, Otani K, Taguchi A, Soma T,
Ogawa H, Katsuragi S, Yoshimatsu J, Harada-Shiba
M, Kangawa K, Ikeda T. Comparison of angiogenic,
cytoprotective, and immunosuppressive properties
of human amnion- and chorion-derived mesenchy-
mal stem cells. PLoS One. 2014;9:e88319.

Alviano F, Fossati V, Marchionni C, Arpinati M,
Bonsi L, Franchina M, Lanzoni G, Cantoni S, Ca-

29.

30.

31.

32.

33.

34.

35.

36.

37.

Keeley, Topoluk & Mercuri

vallini C, Bianchi F, Tazzari PL, Pasquinelli G,
Foroni L, Ventura C, Grossi A, Bagnara GP. Term
amniotic membrane is a high throughput source for
multipotent mesenchymal stem cells with the ability
to differentiate into endothelial cells in vitro. BMC
Dev Biol. 2007;7:11.

Bilic G, Zeisberger S, Mallik A, Zimmerman R,
Zisch A. Comparative characterization of cultured
human term amnion epithelial and mesenchymal
stromal cells for application in cell therapy. Cell
Transplant. 2008;17:955-68.

Stadler G, Hennerbichler S, Lindenmair A, Peter-
bauer A, Hofer K, van Griensven M, Gabriel C, Redl
H, Wolbank S. Phenotypic shift of human amniotic
epithelial cells in culture is associated with reduced
osteogenic differentiation in vitro. Cytotherapy.
2008;10:743-52.

Pratama G, Vaghjiani V, Tee JY, Liu YH, Chan J,
Tan C, Murthi P, Gargett C, Manuelpillai U. Chang-
es in culture expanded human amniotic epithelial
cells: implications for potential therapeutic applica-
tions. PLoS One. 2011;6(11): €26136.

Fatimah SS, Tan GC, Chua KH, Tan AE, Haya-
ti AR. Effects of epidermal growth factor on the
proliferation and cell cycle regulation of cultured
human amnion epithelial cells. J Biosci Bioeng.
2012;114:220-7.

Steed DL, Trumpower C, Duffy D, Smith C, Mar-
shall V, Rupp R, Robson M. Amnion-derived cel-
lular cytokine solution: a physiological combi-
nation of cytokines for wound healing. Eplasty.
2008;8:¢e18.

Niknejad H, Khayat-Khoei M, Peirovi H, Abol-
ghasemi H. Human amniotic epithelial cells induce
apoptosis of cancer cells: a new anti-tumor thera-
peutic strategy. Cytotherapy. 2014;16:33—40.

In ’t Anker PS, Scherjon SA, Kleijburg-van der Keur
C, de Groot-Swings GM, Claas FH, Fibbe WE, Kan-
hai HH. Isolation of mesenchymal stem cells of fetal
or maternal origin from human placenta. Stem Cells.
2004;22:1338-45.

Portmann-Lanz CB, Schoeberlein A, Huber A, Sag-
er R, Malek A, Holzgreve W, Surbek DV. Placen-
tal mesenchymal stem cells as potential autologous
graft for pre- and perinatal neuroregeneration. Am J
Obstet Gynecol. 2006;194:664-73.

Wolbank S, Peterbauer A, Fahrner M, Hennerbichler
S, van Griensven M, Stadler G, Redl H, Gabriel C.

Critical Reviews™ in Biomedical Engineering



Tissues Reborn: Fetal Membrane-Derived Matrices and Stem Cells in Orthopedic Regenerative Medicine

38.

39.

40.

41.

42.

43.

44,

45.

46.

Dose-dependent immunomodulatory effect of hu-
man stem cells from amniotic membrane: a com-
parison with human mesenchymal stem cells from
adipose tissue. Tissue Eng. 2007;13(6):1173-83.

Sudo K, Kanno M, Miharada K, et al. Mesenchy-
mal progenitors able to differentiate into osteogenic,
chondrogenic, and/or adipogenic cells in vitro are
present in most primary fibroblast-like cell popula-
tions. Stem Cells. 2007;25(7):1610-7.

Diaz-Prado S, Rendal Vazquez ME, Muifios-Lopez
E, Ogawa S, Hiroyama T, Saijo K, Nakamura Y. Po-
tential use of the human amniotic membrane as a
scaffold in human articular cartilage repair. Cell Tis-
sue Bank. 2010;11(2):183-95.

Diaz-Prado S, Muifios-Lopez E, Hermida-Gémez T,
Rendal-Vazquez ME, Fuentes-Boquete I, de Toro FJ,
Blanco FJ.. Isolation and characterization of mesen-
chymal stem cells from human amniotic membrane.
Tissue Eng Part C Methods. 2011;17(1):49-59.

Otaka S, Nagura S, Koike C, Okabe M, Yoshida T,
Fathy M, Yanagi K, Misaki T, Nikaido T. Selective
isolation of nanog-positive human amniotic mes-
enchymal cells and differentiation into cardiomyo-
cytes. Cell Reprogram. 2013;15(1):80-91.

Tamagawa T, Oi S, Ishiwata I, Ishikawa H, Nakamu-
ra Y. Differentiation of mesenchymal cells derived
from human amniotic membranes into hepatocyte-
like cells in vitro. Hum Cell. 2007;20:77-84.

Ge X, Wang IN, Toma I, Sebastiano V, Liu J, Butte
MJ, Reijo Pera RA, Yang PC. Human amniotic mes-
enchymal stem cell-derived induced pluripotent
stem cells may generate a universal source of car-
diac cells. Stem Cells Dev. 2012;21(15):2798-808.

Tamagawa T, Ishiwata I, Sato K, Nakamura Y. In-
duced in vitro differentiation of pancreatic-like cells
from human amnion-derived fibroblast-like cells.
Hum Cell. 2009;22:55-63.

Pasquinelli G, Tazzari P, Ricci F, Vaselli C, Buzzi
M, Conte R, Orrico C, Foroni L, Stella A, Alviano F,
Bagnara GP, Lucarelli E. Ultrastructural character-
istics of human mesenchymal stromal (stem) cells
derived from bone marrow and term placenta. Ultra-
struct Pathol. 2007;31(1):23-31

Koo BK, Park IY, Kim J, Kim JH, Kwon A, Kim
M, Kim Y, Shin JC, Kim JH. Isolation and charac-
terization of chorionic mesenchymal stromal cells
from human full term placenta. J Korean Med Sci.
2012;27(8):857-63.

Volume 42, Numbers 3—4, 2014

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

267

Abumaree MH, Al Jumah MA, Kalionis B, Jawdat
D, Al Khaldi A, AlTalabani AA, Knawy BA. Pheno-
typic and functional characterization of mesenchy-
mal stem cells from chorionic villi of human term
placenta. Stem Cell Rev. 2013;9(1):16-31.

Abumaree MH, Al Jumah MA, Kalionis B, Jawdat
D, Al Khaldi A, Abomaray FM, Fatani AS, Cham-
ley LW, Knawy BA. Human placental mesenchymal
stem cells (pMSCs) play a role as immune suppres-
sive cells by shifting macrophage differentiation
from inflammatory M1 to anti-inflammatory M2
macrophages. Stem Cell Rev. 2013;9(5):620-41.

Bauer D, Hennig M, Wasmuth S, Baehler H, Busch
M, Steuhl KP, Thanos S, Heiligenhaus A. Amniotic
membrane induces peroxisome proliferator-activated
receptor-y positive alternatively activated macrophages.
Invest Ophthalmol Vis Sci. 2012;53(2):799-810.

Curl WW, Krome J, Gordon ES, Rushing 1J,
Smith BP, Poehling GG. Cartilage injuries: a re-
view of 31,516 knee arthroscopies. Arthroscopy.
1997;13(4):456-60.

Cross M, Smith E, Hoy D, Nolte S, Ackerman I,
Fransen M, Bridgett L, Williams S, Guillemin F, Hill
CL, Laslett LL, Jones G, Cicuttini F, Osborne R,
Vos T, Buchbinder R, Woolf A, March L. The glob-
al burden of hip and knee osteoarthritis: estimates
from the Global Burden of Disease 2010 study. Ann
Rheum Dis. 2014;73(7):1323-30.

Nooeaid P. Salih V, Beier JP, Boccaccini AR. Os-
teochondral tissue engineering: scaffolds, stem cells
and applications. J Cell Mol Med. 2012;16:2247-70.

Koh YG, Jo SB, Kwon OR, Suh DS, Lee SW, Park
SH, Choi YJ. Mesenchymal stem cell injections im-
prove symptoms of knee osteoarthritis. Arthroscopy
2013;29(4):748-55.

Nogami M, Tsuno H, Koike C, Okabe M, Yoshida
T, Seki S, Matsui Y, Kimura T, Nikaido T. Isolation
and characterization of human amniotic mesenchy-
mal stem cells and their chondrogenic differentia-
tion. Transplantation. 2012;93(12):1221-38.

Zhang X, Mitsuru A, Igura K, Takahashi K, Ichi-
nose S, Yamaguchi S, Takahashi TA. Mesenchymal
progenitor cells derived from chorionic villi of hu-
man placenta for cartilage tissue engineering. Bio-
chem Biophys Res Commun. 2006;340(3):944-52.
Tan SL, Sulaiman S, Pingguan-Murphy B, Sel-
varatnam L, Tai CC, Kamarul T. Human amnion
as a novel cell delivery vehicle for chondrogen-



268

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

ic mesenchymal stem cells. Cell Tissue Bank.
2011;12(1):59-70.

Krishnamurithy G, Shilpa PN, Ahmad RE, Sulaiman
S, Ng CL, Kamarul T. Human amniotic membrane

as a chondrocyte carrier vehicle/substrate: in vitro
study. J Biomed Mater Res A. 2011;99(3):500-6.

Jin CZ, Park SR, Choi BH, Lee KY, Kang CK,
Min BH. Human amniotic membrane as a deliv-
ery matrix for articular cartilage repair. Tissue Eng.
2007;13:693-702.

Lindenmair A, Niirnberger S, Stadler G, Meinl A,
Hackl C, Eibl J, Gabriel C, Hennerbichler S, Redl H,
Wolbank S. Intact human amniotic membrane dif-
ferentiated towards the chondrogenic lineage. Cell
Tissue Bank. 2014;15(2):213-25.

Ma Y, Zhang X, Wang J, Liu P, Zhao L, Zhou C,
Ao Y. Effect of bone morphogenetic protein-12 gene
transfer on posterior cruciate ligament healing in a
rabbit model. Am J Sports Med. 2009;37(3):599-609.

Volkov MV, Podkolzin VA. [Use of the amniotic tis-
sue of human placenta in arthroplasty]. Ortop Trav-
matol Protez. 1965;26(9):20-3.

Vishwakarma G, Khare A. Amniotic arthroplasty for
tuberculosis of the hip. A preliminary clinical study.
J Bone Joint Surg Br. 1986;68(1):68-74.

Tuncel U, Ozgenel GY. Use of human amniotic
membrane as an interpositional material in treat-
ment of temporomandibular joint ankylosis. J Oral
Maxillofac Surg. 2011;69:e58—-66.

Willett NJ, Thote T, Lin AS, Moran S, Raji Y, Sri-
daran S, Stevens HY, Guldberg RE. Intra-articular
injection of micronized dehydrated human amnion/
chorion membrane attenuates osteoarthritis develop-
ment. Arthritis Res Ther. 2014;16(1):R47.

Carrade DD, Owens SD, Galuppo LD, Vidal MA,
Ferraro GL, Librach F, Buerchler S, Friedman MS,
Walker NJ, Borjesson DL. Clinicopathologic find-
ings following intra-articular injection of autolo-
gous and allogeneic placentally derived equine
mesenchymal stem cells in horses. Cytotherapy.
2011;13(4):419-30.

Greenwald A, Boden S, Barrack R, Bostrom M,
Goldberg V, Yaszemski M, Heim C. The evolv-
ing role of bone-graft substitutes. Am Acad Orthop
Surg. 2010;83:98-103.

Werier JM. Oncology focus on . . . bone graft substi-
tutes in oncology, paediatrics, and hip arthroplasty
[article on the Internet]. Bone Joint. British Editorial

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Keeley, Topoluk & Mercuri

Society of Bone & Joint Surgery; 2012 [cited 2014
Nov 21]. p. 34-35. Available from: http://www.bo-
neandjoint.org.uk/content/focus/bone-graft-substi-
tutes-oncology-paediatrics-and-hip-arthroplasty

Mohr S, Portmann-Lanz CB, Schoeberlein A, Sager
R, Surbeck DV. Generation of an osteogenic graft
from human placenta and placenta-derived mesen-
chymal stem cells. Reprod Sci. 2010;17:1006—15.

Bertoldi S, Far¢ S, Denegri M, Rossi D, Haugen
HJ, Parolini O, Tanzi MC. Ability of polyurethane
foams to support placenta-derived cell adhesion and
osteogenic differentiation: preliminary results. J
Mater Sci Mater Med. 2010;21(3):1005-11.

Lindenmair A, Wolbank S, Stadler G, Meinl A, Pe-
terbauer-Scherb A, Eibl J, Polin H, Gabriel C, van
Griensven M, Redl H. Osteogenic differentiation
of intact human amniotic membrane. Biomaterials.
2010;31(33):8659-65.

Barboni B, Mangano C, Valbonetti L, Marruchella
G, Berardinelli P, Martelli A, Muttini A, Mauro A,
Bedini R, Turriani M, Pecci R,Nardinocchi D, Ziz-
zari VL, Teté S, Piattelli A, Mattioli M. Synthetic
bone substitute engineered with amniotic epithelial
cells enhances bone regeneration after maxillary si-
nus augmentation. PLoS One. 2013;8(5):e63256.

Rosen P. A case report on combination therapy using
a composite allograft containing mesenchymal cells
with an amnion-chorion barrier to treat a mandibular
class I1I furcation. J Periodontol Online. 2013;3:64-9.

Wallace S, Cobb MSC. Histological and computed
tomography analysis of amnion chorion membrane
in guided bone regeneration in socket augmentation.
J Implant Adv Clin Dent. 2011;3:61-72.

Moore M, McFetridge P. Placenta derived viable tis-
sue matrix leads to robust integration and regenera-
tion of implanted tissue scaffolds. 1-5 (2013).

Schlegel TF, Bushnell BD, Godfrey J, Boublik M.
Success of nonoperative management of adductor
longus tendon ruptures in National Football League
athletes. Am J Sports Med. 2009;37:1394-9.
Schlegel TF, Hawkins RJ, Lewis CW, Motta T,
Turner AS. The effects of augmentation with Swine
small intestine submucosa on tendon healing under
tension: histologic and mechanical evaluations in
sheep. Am J Sports Med. 2006;34:275-80.

Yang JJ, Jang E-C, Song K-S, Lee J-S, Kim
MK, Chang SH. The effect of amniotic mem-
brane transplantation on tendon-healing in a rab-

Critical Reviews™ in Biomedical Engineering



Tissues Reborn: Fetal Membrane-Derived Matrices and Stem Cells in Orthopedic Regenerative Medicine

78.

79.

80.

81.

82.

83.

84.

85.

86.

bit achilles tendon model. Tissue Eng Regen Med.
2010;7(3):323-9.

Zelen CM, Poka A, Andrews J. Prospective, ran-
domized, blinded, comparative study of injectable
micronized dehydrated amniotic/chorionic mem-
brane allograft for plantar fasciitis—a feasibility
study. Foot Ankle Int. 2013;34:1332-9.

Ozgenel GY. The effects of a combination of hy-
aluronic and amniotic membrane on the forma-
tion of peritendinous adhesions after flexor ten-
don surgery in chickens. J Bone Joint Surg Br.
2004;86(2):301-7.

Barboni B, Curini V, Russo V, Mauro A, Di Giacinto
O, Marchisio M, Alfonsi M, Mattioli M. Indirect co-
culture with tendons or tenocytes can program amni-
otic epithelial cells towards stepwise tenogenic dif-
ferentiation. PLoS One. 2012;7(2):e30974.

Muttini A, Mattioli M, Petrizzi L, Varasano V, Sci-
arrini C, Russo V, Mauro A, Cocciolone D, Turri-
ani M, Barboni B. Experimental study on allografts
of amniotic epithelial cells in calcaneal tendon le-
sions of sheep. Vet Res Commun. 2010;34(Suppl
1):S117-20.

Philip J, Hackl F, Canseco J, Kamel R, Kiwanuka E,
Diaz-Siso J, Caterson E, Junker J, Eriksson E. Am-
nion derived multipotent cells improve achilles ten-
don repair in rats. Eplasty. 2013;13:225-34.

Lange-Consiglio A, Corradetti B, Bizzaro D,
Magatti M, Ressel L, Tassan S, Parolini O, Cre-
monesi F. Characterization and potential applica-
tions of progenitor-like cells isolated from horse
amniotic membrane. J Tissue Eng Regen Med.
2012;6(8):622-35.

Muttini A, Valbonetti L, Abate M, Colosimo A,
Curini V, Mauro A, Berardinelli P, Russo V, Coccio-
lone D, Marchisio M, Mattioli M,Tosi U, Podaliri
Vulpiani M, Barboni B. Ovine amniotic epithelial
cells: in vitro characterization and transplantation
into equine superficial digital flexor tendon sponta-
neous defects. Res Vet Sci. 2013;94(1):158-69.

Barboni B, Russo V, Curini V, Mauro A, Martelli A,
Muttini A, Bernabo N, Valbonetti L, Marchisio M,
Di Giacinto O, Berardinelli P,Mattioli M. Achilles
tendon regeneration can be improved by amniotic
epithelial cell allotransplantation. Cell Transplant.
2012;21(11):2377-95.

Akle C, Welsh K, Adinolfi M, Leibowitz S. Im-
munogenicity of human amniotic epithelial cells

Volume 42, Numbers 3—4, 2014

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

269

after transplantation into volunteers. Lancet
1981;2(8254):1003-5.

Koob TJ, Lim JJ, Massee M, Zabek N, Denoziére
G. Properties of dehydrated human amnion/chorion
composite grafts: implications for wound repair and
soft tissue regeneration. J Biomed Mater Res B Appl
Biomater. 2014;102(6):1353-62.

Fetterolf D, Snyder R. Scientific and clinical sup-
port for the use of dehydrated amniotic membrane
in wound management. Wounds. 2012;24:299-307.

Suri K, Kosker M, Raber IM, Hammersmith KM,
Nagra PK, Ayres BD, Halfpenny CP, Rapuano CJ.
Sutureless amniotic membrane ProKera for ocular
surface disorders: short-term results. Eye Contact
Lens. 2013;39(5):341-7.

Tao H, Fan H. Implantation of amniotic membrane
to reduce postlaminectomy epidural adhesions. Eur
Spine J. 2009;18:1202—12.

Silini A, Parolini O, Huppertz B, Lang I. Soluble
factors of amnion-derived cells in treatment of in-
flammatory and fibrotic pathologies. Curr Stem Cell
Res Ther. 2013;8:6-14.

Shay E, He H, Sakurai S, Tseng SCG. Inhibition of
angiogenesis by HC*HA, a complex of hyaluronan
and the heavy chain of inter-a-inhibitor, purified
from human amniotic membrane. Invest Ophthal-
mol Vis Sci. 2011;52:2669-78.

Robson MC, Krizek T-J. The effect of human am-
niotic membranes on the bacterial population of in-
fected rat burns. Ann Surg. 1973;177:144-9.

Hori J, Wang M, Kamiya K, Takahashi H, Sakuraga-
wa N. Immunological characteristics of amniotic
epithelium. Cornea. 2006;25:S53-8.

Kang JW, Koo HC, Hwang SY, Kang SK, Ra JC,
Lee MH, Park YH. Immunomodulatory effects of
human amniotic membrane-derived mesenchymal
stem cells. J Vet Sci. 2013;13(1):23-31.

Zhang S, He H, Day AJ, Tseng SCG. Constitutive
expression of inter-o-inhibitor (Ial) family pro-
teins and tumor necrosis factor-stimulated gene-6
(TSG-6) by human amniotic membrane epithelial
and stromal cells supporting formation of the heavy
chain-hyaluronan (HC-HA) complex. J Biol Chem.
2012;287:12433-44.

U.S. Food and Drug Administration. Tissue &
tissue products [website on the Internet]. Sil-
ver Spring (MD): U.S. FDA, U.S. Department of
Health and Human Services [updated 2010 Dec 7;



270

98.

99.

cited 2014 Nov 21]. Available from: http://www.
fda.gov/BiologicsBloodVaccines/TissueTissue-
Products/default.htm

U.S. Food and Drug Administration. Vaccines,
blood & biologics: tissue reference group. [website
on the Internet]. Silver Spring (MD): U.S. FDA,
U.S. Department of Health and Human Services
[updated 2014 Oct 10; cited 2014 Nov 21]. Avail-
able from:http://www.fda.gov/biologicsbloodvac-
cines/tissuetissueproducts/regulationoftissues/
ucm152857.htm

Solomon A, Rosenblatt M, Monroy D, Ji Z, Pflug-
felder SC, Tseng SC. Suppression of interleukin 1al-

100.

101.

Keeley, Topoluk & Mercuri

pha and interleukin 1beta in human limbal epithelial
cells cultured on the amniotic membrane stromal
matrix. Br J Ophthalmol. 2001;85(4):444-9.

Kim JS, Kim JC, Na BK, Jeong JM, Song CY. Am-
niotic membrane patching promotes healing and
inhibits proteinase activity on wound healing fol-
lowing acute corneal alkali burn. Exp Eye Res.
2000;70:329-37.

Kueckelhaus M, Philip J, Kamel RA, Canseco JA,
Hackl F, Kiwanuka E, Kim MJ, Wilkie R, Cater-
son EJ, Junker JP, Eriksson E. Sustained release of
amnion-derived cellular cytokine solution facilitates
achilles tendon healing in rats. Eplasty. 2014;14:e29.

Critical Reviews™ in Biomedical Engineering



