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Perinatal tissues refer to tissues that are discarded at birth, such as the placenta, umbilical cord, cord blood, and amniotic
fluid, and different stem and progenitor cell types can be isolated from these tissues. Regenerative medicine has found in
the perinatal medical wastes one of the most promising sources of various cells and tissues for use in cell therapy and
tissue engineering, both in experimental and clinical settings. The primary source of perinatal stem cells is cord blood.
Cord blood has been a well-known source of hematopoietic stem/progenitor cells. Other perinatal tissues contain non-
hematopoietic cells with potential therapeutic value. Indeed, in advanced perinatal cell therapy trials, mesenchymal
stromal cells are the most commonly used.
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| 1. Introduction

The overall interest in stem cells is due to their specific biological nature and their therapeutic potential, since they can
divide and self-renew without limits to maintain their population and develop into many different cell types promoting the
repair response of damaged tissues. The primary source of perinatal stem cells is cord blood. Cord blood has been a
well-known source of hematopoietic stem/progenitor cells since 1974. Biobanked cord blood has been used to treat
different hematological and immunological disorders for over 30 years. In addition to hematopioietic cells, non-
hematopoietic cells with potential therapeutic value can be isolated from the perinatal tissues that are routinely discarded
as medical waste. In fact, in advanced perinatal cell therapy trials, the most used are mesenchymal stem cells (MSC).
The placenta is a complex and temporary organ that forms the interface between the fetus and the mother responsible
for fetal development and which ceases to function at week 40 of pregnancy. The two main components of the placenta,
the fetal and the maternal, must interact efficiently to achieve a healthy pregnancy. The main functions of the placenta are
to ensure the supply of nutrients to the fetus, remove metabolic products and prevent immune rejection to the conceptus.
The placenta also has major endocrine functions and acts as a selective barrier protecting the fetus from maternal and
environmental stressors, such as maternal hormones, xenobiotics, pathogens, and parasites. Different stem and
progenitor cell types can be isolated from the different parts of the placenta making it a particularly interesting tissue for
regenerative medicine. The umbilical cord (UC) that attaches the embryo to the placenta, guaranteeing the continuous
supply of nutrients and oxygen to the fetus, is also an important source of mesenchymal stem cells (MSC) forming the
mucoid connective tissue surrounding the umbilical vessels named Wharton’s jelly. Amniotic fluid protects a developing
fetus in the uterus and contains a heterogeneous cell population according to their morphology and growth, as well as in
vitro biochemical characteristics and in vivo potential.

To get clinical benefit from the variety of stem cells in the perinatal environment, it is essential to study and define the
most suitable cell to apply to a specific treatment, characterizing its safety and its ability to repair, replace or restore the
biological function of the damaged tissue or organ. Many reviews collect knowledge about the characteristics of the
different perinatal stem cells and there are also numerous clinical trials using perinatal-derived cells in a variety of
diseases based on the benefits found in the use of these cells in preclinical models of human diseases W. The
ClinicalTrials.gov (http://www.clinicaltrial.gov) and the EU Clinical Trials Register (http://www.clinicaltrialsregister.eu) are
two of the twelve international trial registries where clinical trials of advanced cell therapies using perinatal cells can be
found [&. Although some of the completed trials have not yet published results, several others have demonstrated the
safety and therapeutic benefits of perinatal stem cells.

| 2. Stem Cells in the Perinatal Tissues

Although umbilical cord blood has been used in transplants for over 30 years, the use of the placenta and the fetal
annexes as a source of stem cells started around 10-15 years ago. In addition to the hematopoietic stem cells from the
cord blood (HSC), different types of stem cells as epithelial stem cells, trophoblasts and mesenchymal stromal cells



(MSC) can be isolated from perinatal structures including the amniotic and the chorionic membranes, the chorionic villi,
the chorionic plate and the decidua, in the placenta, the umbilical cord, and the amniotic fluid (Figure 1). The most well-
known perinatal cell types are perhaps the hematopoietic stem cells (HSC) from umbilical cord blood and mesenchymal
stromal cells (MSC) isolated from umbilical cord blood and tissue, also known as Wharton’s jelly. The amniotic membrane
that covers the placenta and the umbilical cord has a mixture of MSC and epithelial stem cells. Other parts of the placenta
such as chorion membrane and the decidua, and even the amniotic fluid, are all rich sources of stem and progenitor cells,
collectively known as perinatal cells !,

Figure 1. Schematic representation of perinatal tissues and perinatal stem cells. Anatomy of the human term placenta
and its fetal annexes representing the main regions from which different types of perinatal stem cells have been isolated.
AMSCs, amniotic membrane mesenchymal stromal cells; AEC, amniotic membrane epithelial cells; CMSCs, chorionic
membrane mesenchymal stromal cells; CP-MSCs, chorionic plate mesenchymal stem cells; CV-MSCs, chorionic villi
mesenchymal stromal cells; AFC, amniotic fluid cells; AFSC, amniotic fluid stem cells; AF-MSC, amniotic fluid
mesenchymal stromal cells; UCB-HSPC, umbilical cord blood hematopoietic stem/progenitor cells; UCB-MSC, umbilical
cord blood mesenchymal stromal cells; UC-MSCs, umbilical cord mesenchymal stromal cells; and DMSC, decidua-
derived mesenchymal stromal cells. Created with BioRender.com.

2.1. Amniotic Fluid

Amniotic fluid (AF) contains stem cells that can be isolated and used in the future for clinical therapeutic purposes. AF is
harvested in the second trimester of pregnancy, between the fifteenth and nineteenth week of gestation, during routine
amniocentesis for prenatal diagnosis testing. The remaining sample is used for cell stem cell isolation (Figure 1). AF
contains a heterogeneous cell population according to their morphologies and growth, in vitro biochemical characteristics
and in vivo potential. AF mainly includes three types of cells: epithelioid (E) type cells derived from fetal skin and urine,
amniotic fluid (AF) type derived from the fetal membranes and trophoblast, and fibroblastic (F) type cells derived from
fibrous connective tissues and dermal fibroblasts &, which vary proportionately in line with gestational age &. Based on
plastic adherence, two populations of amniotic fluid cells can be isolated: the amniotic fluid mesenchymal stem cells
(AFMSC) and the amniotic fluid stromal cells (AFSC).

AF-MSC are isolated from the second and third trimester AF and present characteristics of MSC. The differentiation
potential of AFMSCs includes the mesodermal lines of adipocytes and osteocytes, as well as neuronal cells EILZE]

AFSCs are a population of multipotent stem cells able to differentiate into mesoderm (bone, fat, cartilage, muscle,
hematopoietic), endodermal (endothelial, hepatic) and ectodermal lineages (neuronal) QILALLIZMN3] AFSC have already
demonstrated therapeutic potential for cardiovascular (ischemia-reperfusion injury, myocardial infarction), gastrointestinal
(necrotizing enterocolitis), hematopoietic (congenital hematological diseases), musculo-skeletal (muscular dystrophy,
regenerate bone in collagen alginate scaffolds), neurological (Krabbe globoid leukodystrophy, traumatic brain/ nerve
injury, stroke, in utero treatment of spina bifida), respiratory (hyperoxia lung injury, lung hypoplasia) and urinary disorders
(acute tubular necrosis, Alport syndrome) 14115,

2.2. Amniotic Membrane

The amniotic membrane (AM) is the inner layer of the amniotic sac or extra-embryonic fetal membranes and is composed
of three layers: an epithelial monolayer, an acellular basement layer, and a mesenchymal cell layer (Figure 1). AM is
usually collected at term pregnancies after birth. AM includes two cell types, the amniotic membrane mesenchymal



stromal cells (AMSC) and the amniotic epithelial cells (AEC) derived from the amniotic mesenchymal and the amniotic
epithelial layers, respectively [LEIL7,

Besides differentiating into the characteristic mesodermal lineages (osteogenic, chondrogenic, adipogenic), AMSC have
the ability to differentiate into other cell types, such as neural and glial cells, skeletal muscle cells, cardiomyocytes,
pancreatic and hepatic cells 28, AM-MSCs have been used to treat lung fibrosis 12 and musculoskeletal disorders 29,

AEC are multipotent cells with the capacity to differentiate toward cells of the three germ layers (2. AEC efficiently
differentiate in vitro into osteocytes, adipocytes, cardiomyocytes, and myocytes (mesodermal), pancreatic and hepatic
cells (endodermal), neural, and astrocytic cells (ectodermal). The therapeutic effects of AEC have been studied in a broad
variety of pathologies including ocular diseases 22, lung fibrosis 19, familial hypercholesterolaemia 23, cardiovascular
pathologies 24, liver fibrosis 25!, musculoskeletal disorders 28], and neurological diseases such as spinal cord injuries 24,
Parkinson's disease 28], traumatic brain injury 22 and multiple sclerosis 24,

In addition, intact human AM is a biocompatible scaffold with adequate mechanical properties, low immunogenicity, and
anti-inflammatory, anti-microbial, and anti-fibrotic properties 1. It has been explored for a variety of clinical applications
such as skin wounds 32, endometrial fibrosis B3], reconstruction of the oral cavity 34, and ocular diseases 231,

2.3. Chorionic Membrane

The chorionic membrane (CM) is the outer layer of the human extra-embryonic fetal membranes and connects the fetus to
the maternal tissues (Figure 1). The CM is in close contact with the decidua and is separated from the amniotic
membrane by a spongy layer of collagen fibers. The CM is composed of two layers: a mesenchymal layer and a
trophoblastic layer from where MSCs from the chorionic membrane (CMSC) can be isolated B8I37. CMSC have the
multipotent capacity to differentiate into mesodermal (adipocytes, osteocytes), endodermal (pancreatic-like cells), and
ectodermal (neuronal-like cells) lineage cells 8. In recent years, CM has also been explored for use as a bioactive
scaffold alone or together with AM in tissue engineering and regenerative medicine strategies for wound healing, burns,
bone, and vascular diseases 22,

2.4. Chorionic Plate

The chorionic plate is made up of the amniochorionic membrane and the fetal vessels (Figure 1). The stem cells are
isolated from the closest region to the umbilical cord once the amniotic membrane is removed and the isolated cells have
a mesenchymal type phenotype and known as chorionic plate MSC (CP-MSC) 9, CP-MSC are able to differentiate into
adipogenic, osteogenic, chondrogenic, and hepatogenic lineages. The therapeutic effect of CP-MSC has been studied in
hepatic diseases 21221 neurological disorders such as optic nerve injury 48], and ovarian dysfunction 24,

2.5. Chorionic Villi

Chorionic villi (CV) are finger-like projections that sprout from the chorion, and together with the maternal tissue of the
basal plate form the placenta (Figure 1). CV is a source of cells with a typical morphology and phenotype of multipotent
mesenchymal stromal cells (CV-MSC) [25]. CV-MSC differentiate toward adipocytes, osteocytes, chondrocytes, neurons,
and hepatocyte lineage under appropriate induction conditions 42461 C\-MSC have been used to prevent endothelial
dysfunction associated with diabetes and cardiovascular disease 44 in an in vitro model of breast cancer 48 and in
cartilage tissue engineering 49,

2.6. Umbilical Cord

The umbilical cord (UC) attaches the embryo to the placenta guaranteeing the continuous supply of nutrients and oxygen
to the fetus during pregnancy (Figure 1). UC is composed of two umbilical arteries, one umbilical vein and a mucoid
connective tissue surrounding the umbilical vessels (i.e., Wharton’s jelly). UC is an important source of both hematopoietic
stem/progenitor cells (HSPC) and mesenchymal stromal cells (MSC) 2251152

HSPC are multipotent cells that have self-renewal capacity and the ability to differentiate into all the different blood cell
types (i.e., white blood cells, red blood cells, and platelets) that comprise the blood-forming system during the
hematopoiesis process. HSPC from UCB have been widely used in clinical settings for the treatment of severe
hematological disorders, such as leukemia and Wiskott—Aldrich syndrome, and for regeneration of healthy blood cells
after chemotherapy both in family-related and family-unrelated UC blood patients 531541,



In addition, the HSPC, MSC-like cells can be collected from UCB although they are present at very low frequency 25I[56]
[57158] | fact, MSC are only successfully isolated from approximately 40% of UCB units Bl. UC blood MSCs can be
differentiated into osteocytes, chondrocytes, and adipocytes [27[58],

MSC are also isolated from Wharton's Jelly (UC-MSC), the tissue surrounding the umbilical cord vessels by enzymatic
digestion or explant methods. UC-MSC are multipotent cells that can be differentiated toward cell types from all germ
layers such as adipocytes, osteoblasts, chondrocytes, skeletal myocytes, cardiomyocytes, neuronal cells, hepatocyte,
insulin-producing cells, endothelial cells, and germ-like cells BICAELIEE3I6A[6S]6E]67]68] yC-MSC have been extensively
used in the treatment of numerous pathologies such as autoimmune diseases, immunologic post-transplant
complications, lung injury, cardiovascular diseases, liver pathologies, musculoskeletal disorders, diabetes mellitus, and
neurodegenerative disorders (reviewed in [£).

2.7. Decidua

The decidua is the maternal component of placental tissues and is divided into three regions: the decidua basalis that
originates at the site of embryo implantation, the decidua capsularis that encloses the embryo, and the decidua parietalis
that covers the rest of the uterus and fuses with the decidua capsularis by the fourth month of pregnancy (Figure 1). Both
decidua basalis and decidua parietalis are a source of MSCs known as decidua-derived mesenchymal stromal cells
(DMSC) A pMSC are multipotent cells that can be differentiated in vitro toward multiple cell types from all germ
layers such as adipocytes, osteoblasts, chondrocytes, skeletal and cardiac myocytes, neuronal cells, hepatocytes and
pulmonary cells FAZA73 pMSC have been used to treat breast cancer affecting their growth and development 4], in
multiple sclerosis modulating the clinical course decreased inflammatory infiltration of the central nervous system 22, in
diabetes protecting endothelial cells from the toxic effects of high glucose 28, and in preeclampsia reducing inflammation,
tissue damage and blood pressure 4,

| 3. Immunological Properties of Perinatal Stem Cells

A clear advantage of the use of perinatal derived cells in regenerative medicine lies in their low immunogenicity. It is
known that the placenta plays an important role during pregnancy by modulating the maternal immune system and
offering immunological protection to the fetus, and perinatal stem cells are in a state of immune tolerance. Perinatal stem
cells do not express HLA class Il antigens (HLA-DR) or the co-stimulatory molecules CD40, CD80, and CD86 that are
required for T cell activation 2879 However, HLA-DR expression increases after in vitro stimulation with IFN-y or when
cultured without serum. In addition, perinatal stem cells express HLA-G, a non-classical MHC class | molecule, which is
known to inhibit natural killer (NK) cells and CD8*T CD4*T cell proliferation 8. HLA-G expression is also induced by IFN-
g on perinatal stem cells B, although the precise role of IFN-g on its immunomodulatory functions is still unclear.

Besides affecting the innate immune response, perinatal stem cells also affect the adaptive immune system and show
potent immunosuppressive properties. Perinatal stem cells suppress the in vitro proliferation differentiation, and the
function of immune cells such as T cells, dendritic cells (DC), and NK cells. This ability to suppress immune cells was
observed in a cell-cell contact, in a trans-well system and using conditioned media suggesting that the
immunomodulatory activity of perinatal stem cells is provided by a paracrine mechanism 2182 Several molecules are
involved in the paracrine effect of perinatal stem cells which include the secretion of prostaglandin E2 indoleamine 2, 3-
dioxygenase, NO, transforming growth factor-1, hepatocyte growth factor, and leukemia inhibitory factor, insulin like
growth factor, and interleukin 1L-10 B3Il78] The Jow immunogenicity and immunomodulatory properties of perinatal stem
cells encourages their use in allogeneic clinical applications and in inflammatory and autoimmune diseases.

| 4. Nanotechnology for Perinatal Stem Cells

Nanotechnology used to treat diseases and prevent health issues is called Nanomedicine 4, In the continuous search for
a successful regenerative medicine, nanomedicine linked to stem cell-based strategies appears as a useful tool capable
of improving the replacement of injured or damaged tissues. In the field of stem cells and regenerative medicine,
nanotechnology based approaches have been developed to control the differentiation process, to label and track
transplanted cells, to improve the stem cell regenerative process and to facilitate drug delivery B3B8l Several scaffolds
based on hydrogels, nanofibers, nanotubes and nanoparticles (NPs) have been used to control stem cell proliferation and
differentiation.

Chorion-derived MSCs grown and differentiated over gold-coated collagen nanofibers (GCNFs) showed a significant
increase in proliferation and a more advanced differentiated state for neuronal and cardiac differentiation, compared to
control without substrate. The differentiation could be further accelerated by electrical stimulation due to the



characteristics of these electrically conductive GCNFs B2, Hydrogel matrix prepared by polymerizing carbon nanotubes
into collagen type | supported the differentiation of human decidua parietalis stem cells into neural cells serving as a tool
for future applications to obtain mature neurons at the site of injury B8 AFC cultured in unmodified hydrogel-based
scaffolds showed high levels of osteogenic differentiation, whereas AFC cultured over hydrogels coated with extracellular
matrix (ECM)-derived oligopeptides maintained the pluripotency suggesting that interactions with ECM are important to
support or inhibit the differentiation ability of ASC [, The treatment of bone loss and nonunion fractures is still a great
challenge to achieve. UC-MSC showed increased osteogenesis and angiogenesis capacity in vivo when seeded in a
recently developed nanocomposite scaffold made of a bioactive glass/gelatin mixture to treat critical size calvarial defects
(991 The combination of nanotechnology and perinatal-derived MSC could be a relevant and highly promising research
field and provide significant contributions in the area of the musculoskeletal disorders.

The field of nanomedicine is now focusing on developing nanocarriers for targeted drug delivery combined with on-site
drug release. Achieving targeted delivery of medication will improve efficacy and reduce side effects on non-target tissues.
NPs have been widely investigated as carriers for targeted drug delivery to treat cancer. However, nanotechnology has
not yet achieved a long tern stability of the nanoparticles, nor a specific localization in tumor tissues. Human MSC from
the decidua of the human placenta (DMSC) have been observed migrating toward tumors in a preclinical model of breast
cancer 74, This characteristic makes them excellent cellular vehicles for drug-loaded nanoparticles that could also be
modified to have a controlled release of the payload to avoid side effects and the premature death of the carrier cells 21
(921 pifferent strategies can also be used to load the nanoparticles with both, genes and drugs to improve therapeutic

strategy and these nanoparticles and perinatal MSC can be used as transporters to release the therapeutic molecule on-
demand (231941,

For the use of perinatal cells in cell therapy applications there is a lack of reliable methods to monitor their biodistribution
and pharmacokinetics once transplanted. There are only a few studies in which these parameters are investigated in
perinatal cells, such as the use of fluorescent nanodiamonds to trace and quantify the biodistribution of MSC derived from
the choriodecidual membrane of human placenta in miniature pigs [©3; or the use of polyethylene glycol-coated
superparamagnetic iron oxide nanoparticles to label the placenta-MSC and to track their migration and distribution pattern
into a clinically relevant glioblastoma mouse model 28!,

In the long term, additional studies are necessary to provide insights into how research findings related to
nanotechnology-based therapies can be applied to the use of perinatal derived stem cells. It is expected that new and
exciting nanotechnology-perinatal stem cell platforms will arise.

| 5. Future Directions and New Prospects

The rapid advances in basic stem cell research using perinatal-derived cells and several reports of effective cell-based
interventions in animal models of human disease have created high expectations for their use in regenerative medicine
and cell therapies. There are many questions to be resolved to help the understanding of the role of perinatal stem cells in
the human body and different therapeutic strategies have been used to treat diseased, injured, or aged tissues. However,
there are many obstacles when translating in vitro science to the in vivo preclinical environment in order to take full
advantage of their effect later in clinical settings 7.

Although some advances in the understanding of MSC biology have been made, several questions regarding the use of
some of the cells derived from perinatal tissues have to be resolved before their clinical use. The most frequently
perinatal-derived cells used in humans are UC-MSC, and MSC have different functional properties depending on how
they are isolated, expanded, and administered [28!. A deeper understanding of the characteristics, properties, and function
of the different stem cells derived from the perinatal tissues would help to decide which to use to treat each particular
disease.

It is also important to reach a better understanding of their paracrine mechanisms of action and their immunomodulatory
properties. In addition, it is essential to determine the best culture conditions for their isolation and expansion under good
manufacturing practices (GMP), the cell dose to use, and the regimen treatment for clinical approaches all requiring
authorization from the European Medicines Agency (EMA) in Europe and the FDA in the United States. It is now well
known that placental-derived stem cells exert their effects mostly due to paracrine mediators which act on endogenous
cells to induce tissue repair and/or regeneration. Therefore, it is essential to identify which molecules are responsible for
their therapeutic effects, as a cell-free treatment would be possible and would have several advantages such as safety
concerns of cell transplantation and would also promote the differentiation of quiescent resident stem cells into the injured
tissue. The therapeutic mechanisms of the different types of stem cells isolated from the placenta are poorly understood.



Umbilical cord blood has been used and biobanked to treat hematological disorders for over 30 years. Recently, other
perinatal stem cells have been used in patients in several indications including acute myocardial infarction, stroke, cancer,
rheumatoid arthritis, and most recently to treat COVID-19 pneumonia with 26 registered clinical trials. Given that most
clinical trials testing advanced perinatal cell therapies in humans are at an early stage, it is easy to think that this field is
set to grow rapidly in the years to come. It is to be expected that UCB biobanks will also be important in the growing field
of advanced perinatal cell therapies and will help to ensure their effectiveness and safety by having perinatal cells reach
the clinic maintaining their properties and biological function.

The combination of nanotechnology and perinatal stem cell research is a new and highly promising field that could have a
significant impact on human healthcare. However, the use of perinatal-derived MSCs in combination with nanoengineered
devices and structures for cell therapy and tissue regeneration is still in its infancy, and more intensive in vivo and in vitro
research is still required to be applied in humans.
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