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Preface

The establishment of stem cell (SC) lines in large animal species could lead to impor-
tant improvements in the biomedical field as well as in agriculture and animal science.

In particular, domestic animal SC would have a positive impact on the health and
production traits of these species through genetic engineering. At the same time,
because of their great similarity to humans in morphological, physiological, and
immunological functions, large animals are a very effective and suitable animal
model for biomedical studies and preclinical trials, allowing us to select the most
appropriate species for a specific pathology to be addressed.

However, although proven mouse and human SC lines have been established, no
fully validated SC lines are available in large animal species. We discuss here some
of the factors that make the establishment of SC lines in animal species other than
mouse and human a very slow process and address aspects related to the specific
mechanisms ensuring and controlling pluripotency and cell commitment in these
species. We believe that this topic is meeting increasing interest because of the great
potential of domestic animal species as biomedical models intermediate between
the mouse and the human.

Data from the literature suggest that similar regulatory pathways are likely to
exist among different species. Coupling of these pathways with their distinct expres-
sion patterns, the relative concentrations of pluripotency-related molecules, the tim-
ing of embryo development, and specific microenvironmental conditions all vary in
a species-specific manner. We believe that understanding of these subtle but mean-
ingful diversities may provide beneficial information about the isolation of genuine
stem cells in large animals.

This brief is intended as a handy, easy-to-read overview of the main concepts
related to stem cells in large animal species with their potential applications in
genetic engineering and animal modeling for preclinical biomedical applications.

Milan, Italy Tiziana A.L. Brevini
Fulvio Gandolfi
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Chapter 1
Early Embryo Development in Large Animals

Abstract In this chapter, all the main events taking place during the first phases of
embryo development are examined. Syngamy and the first mitotic spindle forma-
tion are described, as well as the processes of cleavage, compaction, and blastula-
tion. The importance of the integrity of the first mitotic spindle is highlighted
because it is fundamental for normal and correct embryo development and cell com-
mitment. Gastrulation and subsequent inner cell mass cell differentiation with the
definition of the three germ layers and establishment of the body axis are also illus-
trated. In fact, each cell constituting an embryo is the target, as well as the source,
of specific signals. These signals regulate cell differential gene expression and
epigenetic restrictions that gradually limit cell potency to a phenotype-related
expression pattern. The hypothesis according to which each cell present in the
embryo maintains a memory of its own proliferation history and positional changes
during development is also discussed.

1.1 Syngamy and Spindle Formation

The process by which the spermatozoon and the egg unite is known as fertilization.
In mammalian species, this event occurs in the ampullary region of the oviduct. In
domestic animals, with the exception of dogs, the oocyte arrested at metaphase of
meiosis II enters the oviduct via the infundibulum. It is approached by the capaci-
tated spermatozoa, which interact and penetrate the zona pellucida (ZP) and then
fuse with the oocyte plasma membrane. Immediately after the entry of the sperma-
tozoon, the oocyte undergoes the activation process that induces the cortical reac-
tion, stimulates the second polar body extrusion, and leads to initiation of embryonic
development. In particular, at the time of fertilization the female gamete contains, in
its pro-nucleus, a haploid set of chromosomes, as well as its male counterpart. The
latter increases its volume by chromatin decondensation, after the entry into the
oocyte, through a reduction of disulfite crosslinks, made by glutathione, and a

T.A.L. Brevini and F. Gandolfi, Pluripotency in Domestic Animal Cells, 1
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Fig. 1.1 Fertilization and syngamy. At fertilization, the arrested MII oocyte extrudes the second
polar body. The male pro-nucleus increases its volume by means of chromatin decondensation and
approaches the female pro-nucleus, moving toward the center of the oocyte. At syngamy, male and
female pro-nuclei are fused, giving rise to a diploid genome distinctive of the zygote

replacement of sperm polyamines with histones from the oocyte. Finally, the sperm
centrosome organizes the aster that captures the female pro-nucleus, drawing it near
the male pro-nucleus, and these move toward each other in the center of the oocyte.
At the time of nuclear envelope dismantling, the pro-nuclei are fused and syngamy
takes place. The diploid genome of the zygote is thus created (Fig. 1.1).

One of the first fundamental events necessary for correct early embryo cleavage
is the formation of a new mitotic spindle. The spindle comprises spindle microtu-
bules that originate at the centrosome, a non-membrane-bound cytoplasmic organ-
elle composed of several protein complexes that organize interphase microtubule
arrays (Fig. 1.2).

In this context, it is important to elucidate the essential role played by the sperm
centrosome during fertilization; this is possible by taking a step back and carefully
considering the gamete maturation process.

Initially spermatids and primary oocytes show, in common with somatic cells, a
typical centrosome organization, characterized by the presence of a pair of centri-
oles surrounded by pericentriolar material.

This somatic cell-like centrosome undergoes extensive modification or degener-
ation during the final stages of gametogenesis to meet the specific needs of gamete
function and fertilization.

Indeed, in mammals, centrosomes are reduced during spermiogenesis, and
mature spermatozoa retain the centrioles but lose most of the pericentriolar centro-
somal proteins. More in detail, mature male gametes of large animals show an intact
proximal centriole (Fig. 1.3) whereas the distal centrioles are mostly disorganized
or highly degenerated together with y-tubulin and centrosomal proteins.

In contrast, during oogenesis, female gametes lose the centrioles and retain only
a stockpile of centrosomal proteins. Until the pachytene stage, in fact, fetal oocytes
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Fig. 1.2 Centrosome structure. Centrosomes are composed of two orthogonally arranged cylinder-
shaped centrioles (blue) surrounded by an amorphous matrix of electron-dense proteins referred to
as pericentriolar material (PCM; white circle). Centrioles contain centrin, cenexin, and tektin and
display a 9+0 pattern of nine triplet microtubules and no central pair of microtubules. The PCM
contains a protein complex responsible for microtubule (orange) nucleation and anchoring, includ-
ing y-tubulin, pericentrin, and ninein

and oogonia display a normal set of centrioles although these organelles are absent
in the mature oocytes (Fig. 1.4). This degenerative process has been demonstrated
in many large animals, including sheep, cows, and pigs.

Because of this reciprocal reduction of centrosomal constituents, sperm and
mature oocytes are complementary to each other. Indeed, in large animals, early
embryo development requires maternal and paternal contribution and, in particular,
needs their elements to restore a normal and functional centrosomal structure. In
fact, although in rodents there is no evidence of a functional centriole in the sperm
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Fig. 1.3 Centrosome reduction in male gamete. Spermatids possess an intact centrosome contain-
ing centrioles and centrosomal proteins. During spermiogenesis, centrosomes are reduced, and the
mature spermatozoon retains only the intact proximal centriole

and they are maternally inherited, in other mammalian species, the spermatozoa
contribute the proximal centriole during fertilization (Fig. 1.5).

At the time of fertilization, sperm and egg equally contribute haploid genomes as
well as the relative centrosome components, forming a new functional centrosome
in the zygote. In agreement with this, the sperm tail and its centriole-harboring con-
necting piece are incorporated into the ooplasm together with the sperm head
whereas most of the other sperm cytoplasmic structures including mitochondria,
microtubules, and fibers are eliminated. The sperm head decondenses and the
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Fig. 1.4 Centrosome reduction female gamete. Oogonia possess standard centrosomes containing
centrioles and centrosomal proteins. During oogenesis during spermiogenesis, centrosomes are
reduced and mammalian primary oocytes display a complete loss of both centrioles, resulting in
acentriolar and anastral poles during meiotic I and II divisions. During the nondividing stages, the
pericentriolar proteins are dispersed in the cytoplasm of the oocyte, whereas during dividing
stages, they are distributed as concentric poles of the barrel-shaped spindles

proximal centriole remains intact, forming the sperm aster sited around the male
pro-nucleus subjacent to the oocyte cortex. The sperm aster enlarges and moves
within the oocyte cytoplasm, ensuring male and female pro-nuclei apposition and
formation of a single mitotic metaphase plate with a bipolar spindle.

In agreement with this, several studies, carried out in cattle and sheep, have dem-
onstrated that, following insemination, sperm centrioles duplicate during the pronu-
clear stage, and at syngamy, centrioles are located at opposite poles of the first
mitotic spindle (first embryo cleavage), together with the surrounding pericentriolar
material of the oocyte that nucleates the microtubules.

Together, these observations suggest that zygote centrosomes represent the ori-
gin of embryonic, fetal, and adult somatic cell centrosomes.

In contrast, a recent study by Manandhar et al. revealed that in the pig, sperm
centrioles are lost in the zygote after in vitro fertilization and are not detectable until
the late blastocyst stage. Accordingly, early preimplantation cleavages show broad
and anastral spindle poles, whereas only blastomeres of the hatched blastocysts
develop centrioles comparable with those of culture cells.
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Fig. 1.5 Centrosome inheritance in domestic animals. The mature male gamete contains a proxi-
mal centriole, whereas the MII oocyte displays a meiotic spindle with acentriolar centrosome. At
the time of fertilization, the proximal centriole is introduced by the sperm in the oocyte cytoplasm.
It replicates forming the aster that, at syngamy, relocates to opposite poles to form the centers of
the mitotic spindle poles and drives the first embryo mitotic division

1.2 Cleavage, Compaction, and Blastulation

At the time of fertilization, meiosis is completed and cells return to the mitotic cell
cycle. The zygote has inherited from the oocyte the complete molecular and struc-
tural composition necessary to initiate the first cleavage: this is usually completed
within 24 h (depending on the species; see Table 1.1) after ovulation and leads to the
formation of two blastomeres that contain a full copy of the new embryo genome. A
series of successive mitotic divisions take place without cellular growth and the
cells become smaller and smaller. During this development the embryo maintains
the same total volume because the original cytoplasm is split among the newly
formed blastomeres and remains surrounded by the zona pellucida for several days.

Embryonic cleavage begins during the transport of the embryo along the mater-
nal oviduct. The embryo then enters the uterus to implant. This event is character-
ized by species-specific timing (Table 1.2).

During oocyte maturation, maternal transcripts and proteins are stored in the
ooplasm. These molecules are required for driving initial embryonic development
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Table 1.1 Timing of preattachment embryogenesis in domestic species and in the human

Two-cell ~ Four-cell Eight-cell

Species  stage stage stage Morula  Blastocysts Hatching Gestation
Bitch 3-7 days - - - - 13-15 days 60 days
(dog)
Cow 24 h 1.5days 3 days 4-7 days 4-10days 9-11days 270 days
Ewe 24 h 1.3 days 2.5 days 3-4days 4-10days 7-8 days 150 days
Mare 24 h 1.5days 3 days 4-5 days 6-8 days 7-8 days 330 days
Sow 14-16 h 1 day 2 days 3.5days 4-5days 6 days 114 days
Woman 24 h 2 days 3 days 4 days 5 days 5-6 days 270 days

Table 1.2 Timing and Days after
related embryo stages of Species  Stage ovulation
passage from the oviduct into -
the uterus Pig 4-8 cells 2
Sheep 8-16 cells 3
Cow 8-16 cells 3-35
Horse Morula 5-6
Dog Blastocyst 8
Table 1.3 Timing of Species Genome activation
genome activation Pi Four-cell stage
in different species g . sag
Cow Eight-cell stage
Dog Eight-cell stage

Horse Eight- to 16-cell stage
Sheep Eight- to 16-cell stage

and govern at least the first cleavage. After fertilization, in fact, transcripts and
proteins present in the oocyte are gradually degraded and, at a species-specific stage
of development, embryonic genome activation is required (Table 1.3). The initial
transcription is very limited and increases later.

The following phase is characterized by the formation of the morula, formed by
a large number of identical blastomeres. Subsequently, the blastomeres start to
change and differentiate, under the control of specific transcription factors, namely
CDX2 and EOMES (Fig. 1.6). This event is known as compaction and gives the
embryo a smoother surface. In particular, the outer cells constitute the trophecto-
derm, or trophoblast cells, that attach with neighboring cells and form tight junc-
tions and desmosomes. These specialized intercellular structures contribute to
intercellular sealing and tissue integrity, critical for vectorial transport and blasto-
coele cavity formation.

Moreover, compaction is also characterized by species-specific timing: in the pig
it occurs at the 8-cell stage (early embryo development), whereas in cattle it hap-
pens around the 16- or 32-cell stage (later embryo development).

The following step is known as the blastulation phase, during which the tropho-
blast cells secrete a fluid into the central cavity, the blastocyst cavity or blastocoele,
lining the cavity. This event transforms the embryo into a blastocyst and usually
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Fig. 1.6 Representative scheme of first differentiation process. After morula compaction, blasto-
meres begin to change and differentiate. Some cells activate the expression of CDX2 and EOMES
genes and others continue to express OCT4. The first group of cells gives rise to the trophectoderm
cells; the second group maintains the pluripotent status, forming the inner cell mass cells

occurs during the first week of development. One pole of the blastocyst is occupied
by the inner blastomeres, which give rise to the inner cell mass (ICM) and will form
the embryo proper. In contrast, the other cells form the trophectoderm and will give
rise to the embryonic placenta. The activity of a sodium pump located in the cell
membranes of the trophoblast cells causes a blastocyst volume increase, drawing
water into the central cavity. The blastocyst expansion may lead to rupture of the
zona pellucida, which allows the blastocyst to escape through the opening. When
this phenomenon does not occur, a blastocyst-secreted protease, known as strypsin,
and proteolitic enzymes produced by the endometrium degrade and lyse the glyco-
proteins forming the zona pellucida. This process, known as hatching, enables the
trophoblast cells to directly bind to the uterine cavity (Fig. 1.7).

Around the time of hatching, ICM cells further differentiate into two cell popula-
tions, the hypoblast and the epiblast cells (Fig. 1.8), and the blastocyst cavity
becomes flattened and delaminates. To obtain the first type of cells, the hypoblast
cells, activation of GATA-binding factor 6 (GATA-6), a fundamental transcription
factor driving the formation of the primitive endoderm, is necessary. These cells
have an epithelial morphology, with cuboidal shape closer to the blastocoele that
will form the inner epithelium of the yolk sac. The second type of cells, the epiblast
cells, will form the embryo proper and all the different tissue types that can be found
in an organism. Furthermore, epiblast cells need the expression of NANOG, and
their proliferation and differentiation are regulated by the hypoblast through forma-
tion of a basement membrane.

1.3 Cell Commitment

During the embryo development, cells derived from one single zygote are able to
differentiate, taking on many fates in the body, including all of the more than 230
different cell types present in the adult mammalian organism. These embryo-derived
cells respond to specific stimuli at a specific time and, at the end of the differentia-
tion process, each cell is highly committed to a distinct determined fate, giving rise
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Fig. 1.7 Early embryo development and hatching. Trophoblast cells release a fluid into the central
cavity of the blastocyst, forming the blastocoele. The inner cell mass cells move toward one pole
and, finally, the zona pellucida is lysed (hatching), enabling the trophoblast cells to directly bind to
the endometrium of uterine cavity
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Fig. 1.8 Inner cell mass (ICM) cell differentiation. At time of blastulation, ICM pluripotent cells
differentiate into epiblast (NANOG-expressing cells) and hypoblast (GATA6-expressing cells)
cells

to a specialized tissue. At present the major goal of developmental biology is to
understand how a particular cell differentiates into its final cell type. In this regard,
cell proliferation, cell movement, cell specialization, and cell interaction are consid-
ered to have key roles and have been shown to be involved in cell commitment,
specification, and determination. It has also been demonstrated that each cell consti-
tuting an embryo retains a memory of its own cell proliferation history and its posi-
tional changes. These complex interactions are regulated by epigenetic modification
and differential gene expression that gradually limit cell potency to a phenotype-
related expression pattern. These processes have been described in the famous
Waddington landscape where a small ball represents a cell of an embryo committing
to a certain cell fate by rolling from a noncommitted, pluripotent condition down a
hill marked by slopes and valleys. Those (slopes and valleys) address the ball along
a progressively more restricted potency pathway, toward a favored position at the
bottom of the hill, where the cell is unipotent and is characterized by a tissue-
specific differentiated state. This model proposes a “developmental canalization”
that allows an organism to develop from the fertilized egg. The entire set of genes
expressed by the differentiating organism and their interactions lead to the composi-
tion of a “developmental system” that produces a phenotype.

Interestingly, many recent studies carried out in human and murine stem cells
have shown that differentiated cells of an adult organism retain a memory of their
own cell differentiation history and can be forced in an upstream, countercurrent
direction up the differentiation hill, along different states of increased potency.
However, it is important to remember that to achieve these results overexpression or
activation of additional factors is needed; this leads to the production of induced
pluripotent stem cells (iPSCs) that may represent an unlimited source of autologous
pluripotent cells, eliminating the immune rejection risk. In contrast, the permanent
integration of viral vectors into the host genome to generate iPSCs poses a severe
limit to their current therapeutic use. This limitation has stimulated the development
of several protocols for a virus-free iPSC derivation, but at present, these approaches
are generally more technically demanding and less efficient. Moreover, a recent
study carried out in humans has described an alternative method for reprogramming
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human cells, increasing cell potency through a brief demethylation step achieved
with DNA methyltransferase inhibitor 5-aza-cytidine (5-aza-CR).

In vivo and in vitro cell commitment and differentiation are driven by cell-
intrinsic properties that control the specification process through an asymmetrical
cleavage that leads to an unequal distribution of cytoplasmic determinants (proteins,
mRNA, etc.). At the same time, cell specification needs cell-extrinsic signals that
derive from cell-to-cell interactions as well as from soluble molecules, known as
morphogens, that carry inputs for cell differentiation control.

The major morphogen families directly involved in the formation of specific
concentration gradients that drive cells to their correct spatial position and that are
fundamental for cell induction toward a specific lineage are as follows.

e Fibroblast growth factor (FGF) family: Multifunctional proteins with a wide
variety of effects. These proteins are critical during normal development of both
vertebrates and invertebrates and have regulatory, morphological, and endocrine
effects. The functions of FGF proteins in developmental processes include meso-
derm induction, anteroposterior patterning, limb development, and, in mature
tissues/systems, angiogenesis and keratinocyte organization. They are also
important in neurogenesis, axon growth, and differentiation during development
of the central nervous system, and they promote endothelial cell proliferation and
the physical organization of endothelial cells into tube-like structures. Thus,
FGFs promote angiogenesis, the growth of new blood vessels from the preexist-
ing vasculature; and stimulate repair of injured skin and mucosal tissues by stim-
ulating the proliferation, migration, and differentiation of epithelial cells;

* Hedgehog (HH) family: The hedgehog signaling pathway transmits information
to embryonic cells required for proper development. It is present at different
concentrations in diverse parts of the embryo and is involved in the developmen-
tal pattern formation of various organs, such as the eye, brain, gonad, muscle,
heart, lung, gut, and trachea. Hedgehog signaling has also been implicated in the
development of several human cancers.

»  Wingless (WNT) family: Secreted lipid-modified signaling glycoproteins that act
as ligands to activate the different Wnt pathways via paracrine and autocrine
routes. This family has a key role in body axis formation, particularly the forma-
tion of the anteroposterior and dorsoventral axes. It is also involved in cell pro-
liferation, migration, and differentiation to prompt formation of organs such as
the lungs and ovaries. Furthermore, modulation of Wnt signaling under specific
cellular influences can either promote or prevent the early and late stages of
apoptotic cellular injury in neurons, endothelial cells, vascular smooth muscle
cells, and cardiomyocytes;

o Transforming growth factor-f (TGF-f) family: Proteins that control prolifera-
tion, cellular differentiation, and other functions in most cells. This family has
different important functions related to osteoblast differentiation, neurogenesis,
ventral mesoderm specification, angiogenesis, extracellular matrix neogenesis,
immunosuppression, apoptosis induction, gonad growth, placenta formation,
and left-right axis determination.
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1.4 Naive Versus Established Epiblasts

Embryonic stem cells (ESC) can be captured in vitro in two distinct states of pluri-
potency known as “naive” and “primed” (Fig. 1.9).

Naive cells can be integrated into a blastocyst and can be converted efficiently to
germline chimeras. Furthermore, these cells can be obtained from mouse strains of
nonpermissive genetic background and can be modified genetically by homologous
recombination.

Recent data showed that it is possible to capture efficiently by including specific
cytokines during the establishment of new cell lines from mouse blastocysts or con-
vert primed cells to the naive state by switching culture conditions after the disso-
ciation of epiblasts into single cells. In contrast, in nonrodent species naive ESC
have not yet been isolated from preimplantation embryos. Stem cell lines derived
from pig embryos share features of primed pluripotency. Furthermore, ESC derived
from domestic animals cultured under strictly conditions to force the conversion to
a naive state are highly unstable.

It is widely acknowledged that true ESC can only be derived from mouse and
nonhuman primate embryos. Cell lines derived from these species share some major
properties such as unlimited replication in vitro (self-renewal), expression of core
pluripotency factors such as OCT4, SOX2, and NANOG, capacity to differentiate into
any of the different tissues that form the body, and formation of teratomas if injected
into immunodeficient mice. However, recently, following the derivation of primate
ESC, it became progressively clearer that they present substantial differences when
compared to mouse ESC (mESC), even if they share the same definition of ESC.

Differences begin in the derivation of cells. In fact, mouse ESC can be derived
only from a small number of ‘permissive’ strains, whereas primate ESC show no
limitations related to a specific genetic background (Fig. 1.10). Mouse ESC require

Pre-implantation Post-implantation
blastocyst embryo

trophectoderm

epiblast

endoderm \- g
Maive ES Primed EpiSC
e — _—— e

ey L e e W e —

Fig. 1.9 Origin of naive and primed pluripotent stem cells
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Fig.1.10 Comparison of pluripotent cell line derivation protocols for mouse and primate embryos.
This image highlights the difference in timing of mouse and human development in vivo. It is
important to note that the long period of culture that is required for the appearance of human
embryonic stem cells would allow explanted cells to progress in vitro to the equivalent of the post-
implantation mouse embryo, from which epiblast stem cells (EpiSCs) are derived

Table 1.4 Different origin of naive and primed stem cells

Naive Primed

Mouse preimplantation ICM Mouse postimplantation epiblast
Primate preimplantation ICM

leukocyte inhibitory factor (LIF) and bone morphogenetic protein (BMP)-4 in the
culture medium to maintain the undifferentiated state of proliferating mouse ESC;
primate ESC require activin A or basic fibroblast growth factor (bFGF or FGF2) in
the medium because stimulation of the same pathways in primate ESC promotes the
differentiation. Moreover, mESC form small, compact, and domed colonies,
whereas primate ESC grow in larger and flat colonies. All these differences, and
others that are summarized in Table 1.4, have been unexplained for many years,
until pluripotent cell lines were derived from the epiblast of postimplantation mouse
embryos as opposed to standard preimplantation embryos. These cell lines were
named epiblast stem cells (EpiSC). The major property of EpiSC is to share the
main characteristics that differentiate human and nonhuman primate ESC
from mESC.



14 1 Early Embryo Development in Large Animals

Extraembryonic ectoderm

Epiblast

-]
/
Extraembryonic endoderm =

L]
o o
@ \
e 0 o
| °.&
Trophoblast

Fig. 1.11 Rodent embryos form the egg cylinder, which requires a thorough reorganization of the
epiblast that assumes a cup shape surrounded by hypoblast

ESC and EpiSC

It is now clear that ESC and EpiSC derive from two different stages of embryonic
development: one has been defined as a naive epiblast and can be found in the
mouse preimplantation blastocyst, and the other is defined as primed epiblast and is
found in nonrodent preimplantation blastocysts and mouse postimplantation
embryos. Early embryonic development of rodent species has been extensively
studied, and the mouse has been the major model for developmental studies.
However, rodent embryos have been shown to possess a distinct and unique aspect
that is not common to domestic animals. Following implantation, the mouse embryo
forms a polarized and complex structure known as the egg cylinder (Fig. 1.11).
During implantation, the blastocyst hatches from the zona pellucida, attaches the
wall of the uterus, and implants. Implantation, in rodents, occurs by a mechanism
that is completely different from that operating in the large domestic species. After
implantation, the ICM has differentiated into the epiblast and hypoblast (also known
as primitive endoderm) and a preamniotic cavity appears in the epiblast (Fig. 1.12).
In the mouse, this is the result of two counteracting signals: a signal inducing
apoptosis in epiblast cells and, at the same time, a still unknown survival signal. The
latter signal protects the cells in direct contact with the basal lamina from apoptosis
and, moreover, ensures that one layer of epiblast cells maintains the pluripotency.
These cells now form the embryonic lining of a preamniotic cavity, part of which
will later form the amnion, whereas the abembryonic wall of the amnion is formed
by so-called amnioblast or extraembryonic ectoderm derived from the upper portion
of the epiblast. The mechanism of the formation of the preamniotic cavity in humans
and mice is completely different from that operating in the large domestic species.
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Fig. 1.12 Schematic representation of the development and derivatives of the ICM in mouse
embryo. ICM of the murine embryo grows into the blastocyst cavity and forms the egg cylinder

Two aspects of early embryonic development are typical of rodent species: the
formation of the egg cylinder and the possibility for early embryos to enter into
diapause. Diapause is a phenomenon that can occur in rodents when embryos are
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Fig. 1.13 Scheme of the embryonic disc in nonrodent blastocyst. Stage of the loss of polar troph-
ectoderm (Rauber’s layer) and of the emergence of the embryonic disc. After blastocyst formation
in mammalian embryos, the epiblast delaminates, originating the hypoblast and together they form
a flattened multilayered structure known as the embryonic disc

produced in a suckling mother. In diapause, the embryos advance to the blastocyst
stage, hatch from the zona pellucida, and segregate the epiblast and hypoblast, but
they remain in an unimplanted, nonprogressive state until estrogen is restored. In
these circumstances, the epiblast is capable of a low rate of self-renewal, which is
supported by LIF secretion by the uterine wall.

In contrast, in domestic animals, around the time of hatching, the ICM differenti-
ates into two cell populations: those facing the blastocyst cavity become flattened
and delaminate, forming a inner cell sheet referred to as the hypoblast; and the
remaining cells form the multilayered epiblast. In domestic species, the polar troph-
ectoderm covering the epiblast (known as Rauber’s layer) gradually disintegrates
and is lost, exposing the epiblast to the uterine environment (Fig. 1.13). These dif-
ferences seem to be among the reasons why it is difficult to derive embryonic stem
cells in domestic animal species.
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Table 1.5 Different basic properties in naive and in primed stem cells

Naive Primed

Cell line Rodent embryonic Human ESC and rodent epiblast
stem cells (ESC) stem cells (EpiSC)

In vitro pluripotency + +
Colony morphology Domed Flattened
Self-renewal Rapid Slow
Teratomas + +
Pathway to maintain pluripotency LIF/BMP-4 FGF-2/activin
Chimera formation + -
Single-cell dissociation + -
Clonogenicity + -

Naive cells require the presence of leukocyte inhibitory factor (LIF) and bone morphogenetic
protein (BMP)-4 in the culture medium to maintain their undifferentiated state. By contrast, primed
stem cells need activin A and/or basic fibroblast growth factor (bFGF or FGF2) in the culture
medium. Naive and primed differ also in their morphology: small, compact, and domed colonies
are typically formed by naive cells whereas primed stem cells grow in larger, flat colonies. Naive
colonies are propagated after dissociation to single cells, but the same treatment would rapidly kill
primed stem cells whose colonies need to be detached from the feeder layer and fragmented
mechanically. One of the most striking properties of naive stem cells is certainly their capacity to
form chimeras when injected into a host blastocyst. The generation of chimeras has been attempted
several times with primed stem cells but has never been achieved

ESC Cells in Domestic Animals

Since pluripotent cells were first derived from the ICM of mouse blastocysts,
attempts to establish ESC lines have been tried from various mammal species,
including pigs, cattle, rats, primates, and humans. Several studies have been con-
ducted with the aim of establishing ESC lines from porcine embryos of various ori-
gins. However, bona fide pluripotent stem cells from this species are not yet available,
and a much better defined conceptual framework has emerged thanks to the recogni-
tion of the difference between naive and primed epiblast stage and between ESC and
EpiSC. Within this framework, it looks as if cell lines belong to the EpiSC type and
as such they can sustain a robust self-renewal and form teratomas;their derivation is
not restricted by the genotype but is not prone to chimera formation (Table 1.5).
Recently, several studies have reported the induction of the pluripotent state in estab-
lishment of porcine somatic cells using reprogramming factors. All these cell lines
displayed characteristics attributed to primed pluripotent state cells, with flattened
morphology and FGF and nodal/activin signaling pathways similar to mouse EpiSC
and human ESC. Because it is possible to convert mouse EpiSC into ESC by simply
exposing EpiSC to ESC culture medium, it will be interesting to see if EpiSC derived
from embryos of domestic animals, for example, the pig, will show the same plastic-
ity and will provide a reliable source of ESC. Recently, studies reported pluripotent
stem cells derived from porcine embryos using various exogenous factors.

It will be interesting in the future to see if other methods can be developed to
reprogram ungulate EpiSC into naive ESC working on the epigenome.
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Chapter 2
Pluripotency in Domestic Animal Embryos

Abstract The derivation of stem cells in domestic animal species represents a great
improvement in developmental biology and could provide a powerful tool for regen-
erative medicine and genetic engineering. Despite the enormous efforts and work
dedicated to the establishment of stem cell lines from large animals, no conclusive
results have been obtained so far, and validated lines have yet to be established.

Here we summarize the data presently available on functional key pluripotency-
maintaining pathways and stemness-related marker molecules that can be used to
reliably investigate pluripotency in domestic animals.

2.1 Expression, Restriction, and Interactions of Molecules
Involved in the Control of Cell Potency and Commitment

Epiblast formation has been extensively described in the mouse. During the first
embryonic cleavages, blastomeres are developmentally equivalent: they are all toti-
potent and all express the transcription factor OCT4.

The first differentiation process consists of polarization, which leads to the gen-
eration of two main compartments, the trophectoderm (TE) and the inner cell mass
(ICM), both starting from their unique totipotent blastomere precursors. This polar-
ization is manifested by the clear restriction of OCT4 expression to ICM cells. More
specifically, it has been demonstrated that OCT4 downregulation in the TE is mainly
the result of an active repression exerted by the transcription factor caudal type
homeobox 2 (CDX2) (Fig. 2.1).

In the mouse, at the end of polarization, TE cells express CDX2 and ICM cells
express OCT4. However, this developmental scenario further and dynamically
develops with ICM cells that undergo further differentiation, leading to the forma-
tion of the hypoblast, which will lose OCT4 expression, and of the epiblast, that will
fully retain expression of the pluripotency-related transcription factor. The epiblast
is the tissue that will give rise to the three germ layers in vivo or will lead to the

T.A.L. Brevini and F. Gandolfi, Pluripotency in Domestic Animal Cells, 21
SpringerBriefs in Stem Cells, DOI 10.1007/978-1-4899-8053-3_2, © The Author(s) 2013



22 2 Pluripotency in Domestic Animal Embryos

Fig. 2.1 Representative
scheme of first polarization.
OCT4 expression is restricted
to inner cell mass (ICM)
cells; CDX2 is transcribed by
trophectoderm cells
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generation of both primate and rodent ESC when cultured in vitro. Epiblast
differentiation and OCT4 restriction to this tissue in the mouse are fully accom-
plished by day 3.5 of embryo development.

Human embryos go through the same modifications but following slower kinetics.
According to Rossant (2011), OCT#4 restriction to the epiblast is completed by day 6.

The first observations in domestic animals were carried out by our group in the
late 1990s. When we examined the distribution of OCT4 in bovine embryos, we
soon realized that the transcription factor was not as tightly restricted to ICM as
described in mouse and human embryos but was ubiquitously expressed also in
expanded blastocysts. Although these results were quite unexpected, they were the
first indication of a different and distinct restriction regulatory mechanism in domes-
tic species. Our early studies were, several years later, confirmed and extended to
later-stage embryos. In particular, it was determined that OCT4 restriction to the
epiblast is completed only by day 11 in bovine and by day 8-9 in pig embryos. In
cattle, hypoblast development is completed by day 10 but the overlying trophoblast,
called the Rauber layer, is eliminated a day later, and the epiblast is exposed to the
uterine lumen.

This sequence is evidently very different from what is described in the mouse
and human. As a consequence, many assumptions that were drawn in domestic
animals, based on murine biology, resulted in very misleading concepts and theories
in domestic animal gene function.

It has been reported that that the upstream regulatory region of bovine OCT4 is
dissimilar from that of mouse and, differing from the mouse, a short sequence is
sufficient to counteract CDX2-induced downregulation of OCT4 in the bovine epi-
blast. This observation is supported by the experiments recently carried out, wherein
fusing the bovine OCT4 upstream region with the mouse gene resulted in the pre-
vention of OCT4 restriction to the ICM and allowed expression of the transcription
factor in the TE as well.

Epiblast/hypoblast differentiation from their common ICM precursor reflects
the differences just mentioned and related to the various species. In the mouse, this
process is regulated by fibroblast growth factor (FGF), which activates a mitogen-
activated protein kinase and results in the upregulation of GATAG6 expression while
repressing the transcription of Nanog. In humans, the mechanisms are less well
understood. FGF does not seem to have an effect; as a consequence, it is unclear
how epiblast formation is regulated. In cattle, a further regulatory mode is likely to
take place, where FGF inhibits NANOG but has no control of GATA6 expression.
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It remains an open question whether these significant species variations exert a
limiting effect on the possibility of deriving domestic animal pluripotent cell lines.

2.2 Species-Specific and Stage-Specific Pluripotency
Markers

Can we do without OCT4?

Classic molecules accepted as pluripotency markers in human and mouse ESC
are still not the gold standard for large animal species. OCT4, SSEA1, SSEA4, and
alkaline phosphatase are indeed expressed by ungulate ICM and embryo-derived
cell lines. However, the same genes are also expressed in the trophectoderm, which
greatly hampers an accurate and reliable evaluation of putative cell lines

For example, the OCT4 expression mode in the porcine model is debated. Many
reports demonstrate that both ICM and trophectoderm express this molecule. On the
other hand, other laboratories show an inner cell mass-confined restriction of OCT4
in embryos at the expanding hatched blastocyst stage.

In our studies we find that OCT4 mRNA is present at the time of porcine ICM
plating and during the following passages. However, by passage seven to ten, its
expression is completely downregulated or, when expression persists, immune posi-
tivity extends to the cytoplasmic compartment and is not only restricted to the
nucleus (Fig. 2.2).

One interesting aspect to keep in mind is that this downregulation of OCT4 does
not appear to affect cells, because when we cultured them for several further months,
no signs of changes in their morphology and no expression of specific differentia-
tion markers were present.

Altogether, these findings imply that, even though OCT4 is likely to be a marker
of stemness in the pig also, it does not appear to be either the only or the key tran-
scription factor playing a pivotal part in the maintenance of pluripotency in this
species. One hypothesis that may explain these observations is that OCT4 might
exert an indispensable effect in plating and early culture of pig epiblast, but may
then be replaced by other pluripotency factors such as NANOG, which is another
well-characterized marker for human and mouse stemness.

NANOG is consistently expressed in porcine cell lines and is reported to be
strongly downregulated in caprine trophectoderm while being strongly expressed in
the ICM (Fig. 2.3). It also appear to be a specific marker of pluripotency for rumi-
nants because both its mRNA and protein are found in the ICM and strongly down-
regulated in the trophectoderm

Further understanding is needed, but we propose that NANOG may be able to
maintain pluripotent cells in an undifferentiated state, and also in the absence of the
simultaneous expression of OCT4.

On the other hand, we may hypothesize that NANOG expression, in the absence
of OCT4, indicates a “stand-by”” mode, wherein a cell is prevented from committing
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Fig. 2.2 OCT4 and NANOG mRNA expression in porcine cultured ICMs. OCT4 mRNA is
present at the time of ICM plating; however, by passage seven to ten, its expression is completely
downregulated. By contrast, NANOG is consistently expressed in porcine cell lines
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Fig. 2.3 Scheme of leukemia inhibitory factor (LIF), fibroblast growth factor (FGF), and activin
pathways in pig. These molecules act in the pig through a cascade that involves phosphoinositide-
3-kinase (PI3K), serinethreonine protein kinase (AKT) (a key effector in the PI3K pathway), and
phosphatase and tensin homologue deleted on chromosome 10 (PTEN). The activinsnodal signal-
ing pathway controls the maintenance of pluripotency, controlling the expression of NANOG,
which in turn limits the transcriptional activity of the Smad2/3 cascade, and blocking progression
along the activin‘nodal-dependent mesoendoderm differentiation
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Fig. 2.4 The presence of LIF WHITOUT LIF WITH LIF
in the culture medium
inhibits the differentiation
process and prevents
embryoid body formation

to differentiation but at the same time is not fully pluripotent; the simultaneous
expression of both factors (and possibly many others) is required to maintain cells
in a truly pluripotent state. Certainly the dispensability of OCT4 in pigs has been
recently shown with experiments that allowed for the derivation of pig induced
pluripotent stem cells (iPS) with a protocol that only used three reprogramming fac-
tors and did not take advantage of the forced expression of OCT4.

Experience from our laboratory and others showed that pluripotency regulation/
repression via the LIEJAK/STAT3 pathway is very debatable in porcine cell lines
(Fig. 2.3) and suggests that these cells are likely to belong to the epiblast stem cell
(EpiSC) type. This finding indicates that the pig, and possibly other ungulates,
responds to culture conditions in a way that is more similar to primate embryos than
to murine embryos. On the other hand, although we have found that pig cell lines do
not express leukemia inhibitory factor (LIF) receptor, indicating that the addition of
this factor to the culture medium is not essential for the maintenance of pluripo-
tency, the cytokine appears to inhibit the differentiation process because its presence
in the standard medium used for embryoid body (EB) formation results in prevent-
ing cell commitment to germ layer specification and inhibited cell aggregation
(Fig. 2.4).

One possibility that cannot be ruled out is that LIF might exert its role in pluri-
potency maintenance through a nonclassical LRp-gp130 and STAT3 activation
pathway.

Also, LIF might exert its effect through alternative signaling pathways that have
been shown to participate in maintaining pluripotency.

Pluripotent porcine cells have been isolated and maintained in culture in a
medium containing either LIF and FGF2 or a very complex mixture of LIF, FGF2,
activin, and epidermal growth factor (EGF). Therefore, the fundamental role of each
of these molecules remains obvious.

When we examined the expression pattern of some of the genes involved, we
could observe that the receptor for FGF2 is constantly expressed in our porcine
cells, suggesting that pig stem cells may have culture needs more similar to those of
primate cells than to rodent cells.

A closer look gave us further interesting information. In particular, we could
demonstrate the expression of PI3K, AKT (a key effector in the PI3K pathway), and
PTEN (a negative regulator of the same pathway). The PI3K/AKT signaling
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cascade is known to be responsive to LIF and has been previously shown to trigger
the expression of NANOG and to facilitate efficient proliferation and survival of
murine ESC.

This observation is not inconsistent with our observation on the role of FGF2
because this molecule can also bind and activate the PI3K/AKT cascade. Therefore,
the good results obtained by different laboratories with the combined use of FGF2
and LIF may find an explanation when we consider that the two molecules can act
synergistically to promote self-renewal through common pathways.

Very interesting results have been recently obtained using day 10-12.5 elongated
pig blastocysts as a source (late, or primed epiblast) and culturing in a medium
enriched with FGF2 and activin A. These stem cell lines, defined as pEpiSC, can be
cultured for extensive periods and can be induced to differentiate to three somatic
germ layers, germ cell progenitors, and trophoblast. This study indicated the
involvement of the FGF/activin/nodal signaling pathway for maintenance of pluri-
potency in mammals.

All these important observations related to the stem cell can be exploited for
developing strategies addressed to the derivation of pluripotent ESC from ungulate
embryos rather than to LIF, therefore, with cell lines showing a robust self-renewal
and the ability to differentiate into precursor cells derived from all three germ layers
as well as into trophectoderm and germ cell precursors.
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Chapter 3
Use of Large Animal Models
for Regenerative Medicine

Abstract Regenerative medicine requires preclinical trials of new therapies before
starting human studies. In this context, animal models play a fundamental role for
investigating biological and functional activities of new cells and tissues. The rodent
species is extensively used in studies related to stem cell biology, providing impor-
tant information, but at the same time its use has important limitations for a variety
of disease categories because of the different body size and physiology relative to
humans. Large animal species, such as dogs, pigs, sheep, cattle, horses, and nonhu-
man primates, are better predictors of human responses than rodents, but in each
case it will be necessary to choose the best model for a specific application.

The knowledge of embryonic and induced pluripotent stem cells, as well as of
adult stem cells, requires significant effort for establishing and characterizing cell
lines, comparing behavior to human analogues, and testing potential applications.

Herein we describe the current status and advantages of the use of large animal
models in stem cell-based regenerative medicine.

3.1 Why Do We Need Stem Cell Lines from Large
Animal Species?

Experimental models provide a fundamental tool to investigate biological and func-
tional cell and tissue activities as well as to study diseases. Animals provide a
‘whole organism’ to test and perform preclinical trials of new therapies before start-
ing human studies. The use of animal systems also facilitates experimental design
by providing controls with matching genetic background, age, gender, and exposure
history.

These models are commonly divided in different classes: invertebrates (i.e., flies,
worms), small animals (i.e., fish, rodents), and large animals (i.e., swine, primates,
sheep).

T.A.L. Brevini and F. Gandolfi, Pluripotency in Domestic Animal Cells, 29
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b
Fig. 3.1 The murine model does not reliably reproduce human diseases because there are many

differences between these two species. Thus, the use of large animals is necessary to provide an
enhanced tool to predict clinical efficiency

As in many other areas of research, the murine species is extensively used in
studies related to stem cell biology. However, this model does not reliably repro-
duce human diseases, and there are many differences between these two species.
This problem represents an important limitation to using mouse embryonic stem
cells (ESC) as models for regenerative medicine. During past years, significant
progress has been made in the creation and use of humanized mice, which contain
human genes or modified tissues that allow the investigation of human mecha-
nisms, maintaining an in vivo context within the mouse. Nevertheless, the exist-
ing differences between donor and recipient animals continue to affect the survival
of transplanted stem cells because of species differences in the trophic properties
of tissues.

In this context, the use of large animals as models becomes necessary because
this approach provides an enhanced ability to predict clinical efficiency relative to
mice (Fig. 3.1). Moreover, the use of large animals as a model presents different
important advantages because these organisms have developed as outbred popula-
tions and their immune and physiology systems are closer to those of the human
than the mouse.

Obviously, a critical step in this respect is represented by the selection of the
animal that is most appropriate for each specific study. Usually the pig is considered
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as one of the best models to study human diseases because of its well-known
similarities in terms of anatomy, physiology, metabolism, and organ development
with the human. Furthermore, the creation of humanized pigs has been recently
reported, as well as the improvement of preclinical disease models created by
targeted genetic engineering; these would be very suitable models for testing stem
cell therapies.

3.2 What Are the Applications and Potentials?

Among the different large animal species, mini-pigs and full-size breeds have been
widely used for studies such as infectious diseases, cardiovascular disease, atheroscle-
rosis, ophthalmology, digestive processes, and cancers (Table 3.1). The importance of
this species as a biomedical model has been enhanced during past years by targeting
specific genomic sites for modification. Swine disease models created by targeted
genetic engineering include those for cystic fibrosis, Alzheimer’s and Huntington’s
disease, retinitis pigmentosa, hyperlipoproteinemia, and muscular dystrophy.

In our laboratory, we carried out studies for cardiac stem cell therapy and selected
porcine species as a model. Similar experiments carried out until now were pre-
dominantly performed on mice, but significant differences exist between cardiac
characteristics when mice are compared with the human (size, heart rate, coronary
architecture, and general anatomy). For this reason, in the particular field of cardio-
vascular pathologies, large animals such as dogs, sheep, and pigs are proposed as
alternative models.

Important limitations of working with sheep and ruminants derive from their
gastrointestinal and thoracic anatomy, which are very different from those of mono-
gastric species. In contrast, the dog represents a popular model for myocardial isch-
emia and infarction studies. The current reperfusion treatment guidelines for acute
coronary syndromes used in the human were developed in the dog some years ago.
However, during past years, some divergences have been detected and highlighted

Table 3.1 Similarities and differences among human, pig, and mouse

Body Longevity Gestation Heart Lung Liver
mass (g) (years) (days) weight (g) weight (g) weight (g)
Human  50,000- 70 280 320 1,200 1,500
90,000
Pig 60,000— 25 114 370 1,000 1,500
150,000
Mouse 40 1-3 21 0.05 0.15 1.50

The pig is considered the best model to study human diseases because it has well-known similari-
ties with the human in terms of anatomy (body mass; heart, lung, and liver weights) as well as
longevity and gestation, whereas many differences are present for the same characteristics between
human and mouse
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Table 3.2 Comparison of heart anatomy and physiology between human and the most common
heart disease animal models

Mouse Rabbit Dog Sheep Human Pig
Heart weight (g) 0.14-0.15  9-11 160-420  240-360  360-480  400-500
Heart rate/min 500-600 120-300  60-120 70-80 60-90 65-75

Systolic pressure 80-160 70-170 120-150  80-120 60-120 70-130
(mmHg)

when the dog was compared to the human (heart size, body weight, collateral
coronary circulation approximately four times more extended than that of humans).
Therefore, the new trend involves the use of the pig as a model.

3.3 A Lesson from the Heart

Most of the experiments carried out until a few years ago in cardiac stem cells and
regenerative medicine were predominantly performed on mice and human. This
selectivity restricted quite significantly application of the results obtained in pre-
clinical studies that could not be performed using the human as a model and, at the
same time, were limited by the evident differences between mouse and human
(Table 3.2). In particular, human and mouse hearts diverge in coronary architecture,
the variations of which are much greater in humans compared to mice. Indeed, the
limited murine variations in heart vessel architecture consequently result in the size
and location of the ischemic area being fairly constant in the mouse while being
more varied in the human.

Differences can also be appreciated at the cellular level, as indicated by the
higher capillary density and larger cross-sectional area of myocytes in humans in
comparison to the mouse. Consequently, extrapolation of murine systems, particu-
larly after induction of cardiovascular stress, must be meticulously monitored when
applied clinically because of the obvious differences between the two systems.

The available literature demonstrates many similarities between pig and human
heart anatomy and shows that the pig represents an optimal model in therapy and
cardiovascular research as an intermediate animal, offering the ideal link between
the classical rodent models and the human and thus representing an experimental
tool that may more readily be used and translated in preclinical approaches. For
instance, coronary anatomy and the poor subendocardial to epicardial collateral net-
work of the swine heart are very similar to those of the human.

Studies carried out in the porcine model have confirmed this species to be an
optimal model for regenerative medicine after myocardial infarction and have
allowed us to demonstrate the presence of resident cardiac progenitors that, although
more abundant in early postnatal life, persist and assure local remodeling in the
adult organism as well. These cells were isolated from three different heart regions,
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Fig. 3.2 Cardiac progenitor cells isolated from explants of aorta, ventricle, and atrium of a healthy
adult pig heart

the aorta, ventricle, and atrium, respectively, indicating that this subpopulation of
committed, but still proliferating, cardiac progenitor cells is not confined to a spe-
cific region within the organ but is rather distributed to several areas (Fig. 3.2).
Interestingly enough, these cells seem to be more abundant in the outer layers of the
organ, indicating the epicardium as a possible site of origin for resident stem or
progenitor cell populations in the pig.

One limit to the use of these cells in translational experiments is the need for
immunosuppression in the pig, which is problematic and economically disadvanta-
geous. However, one promising strategy, the use of syngeneic animals obtained
through nuclear transfer, may allow us to overcome the problems connected with
immune response reactions (see Fig. 3.3).

Other important similarities between human and pig are represented by blood
glucose levels and insulin isoform/effect, which have led to using the pig as a source
for clinical pancreatic islet transplantation. Current therapy for diabetes is based on
an intensive administration of exogenous insulin for the control of blood glucose
levels; nevertheless, patients may often develop complications such as angiopathy,
nephropathy, retinopathy, or cardiopathy. Pancreatic islet transplantation for dam-
aged tissue replacement is one of the most attractive and promising strategies for
patients. In line with this, recent studies have shown the possibility of using human
islets for allogeneic transplantation, but two to three donors are required to cover the
needs of a single recipient. In contrast, whole pancreas transplantation requires only
one donor, but current pancreas preservation techniques are able to recover less than
half of the approximately 1 million islets present in a single pancreas. Xenogeneic
islet/tissue transplantation may be a useful tool to overcome the problem of the
scarcity of human islets (Fig. 3.4).
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Fig. 3.3 Diagram of nuclear transfer procedure. This technique allows obtaining syngeneic animals
that may be used to overcome the problems connected with immune response reactions
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3.4 Therapies with Mesenchymal Stem Cells in the Horse...
Are We There?

A Special Perspective

There are many cell sources for regenerative medicine but it is not clear which
option will prove to be therapeutically optimal. At the moment, the best hope for
effective different cell lines are mesenchymal stem cells (MSCs), previously known
as stromal stem cells.

The term mesenchymal stem cells was coined in 1991 by Arnold Caplan and
became widely adopted.

However, not more than a year ago Caplan proposed using the alternative term
medicinal signaling cells instead of mesenchymal stem cells. He believes that MSCs
are not stem cells, but progenitors. He thinks that cell definition should relate to its
functions. MSCs become activated in an inflammatory environment and express
their “medicinal” functions, which are, namely, immunomodulatory and trophic.
So, in a way the biological function of MSCs has nothing to do with stemness. He
supports this idea, sharing that scientists should focus on what these cells can do
medicinally instead of how they can differentiate. Furthermore, as the experimental
proof whether MSCs or even their subsets fulfill the stem cell definition is still lack-
ing on a single-cell level, the term stem cell seems to be inappropriate. Despite this,
if the MSCs qualify as stem cells remains a legitimate question; the term mesenchy-
mal stem cells has gained such global usage that professionals have not yet adopted
the new name “medicinal signaling cells.”

MSCs or MSC-like cells have been isolated from adult bone marrow, adipose
tissue, and amniotic fluid as well as from fetal blood, liver, bone marrow, and lung
(Fig. 3.5).

The first source reported to contain multipotent progenitor cells was the stromal
compartment of bone marrow. For this reason, bone marrow is currently the best
investigated origin of MSCs in domestic animals. MSCs derived from bone marrow
(BM-MSCs) can be directed toward the osteogenic, chondrogenic, and adipogenic
lineage (Fig. 3.6).

These cells have a different potency of differentiation compared to MSCs derived
from other sources. For example, chondrogenic differentiation capability is higher
in MSCs derived from bone marrow when compared to MSCs derived from adipose
tissue, but was inferior when compared to umbilical cord blood-derived MSCs.
Although BM-MSCs represent the cells commonly investigated for application in
human and veterinary regenerative medicine, it is important to remember that
BM-MSCs have a more limited potential than embryonic stem cells in terms of in
vitro proliferation ability. They also show minor plasticity and growth with increas-
ing donor age and in vitro passage number. Adipose tissue is another source of MSC
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Fig. 3.5 Mesenchymal stem cells (MSCs) can be isolated from adult tissues (bone marrow, fat,
skeletal muscle, peripheral blood) and fetal tissues (bone marrow, liver, placenta, umbilical cord)
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Fig. 3.6 MSCs derived from bone marrow (BM) and multipotent differentiation capacity.
BM-MSCs can generate multiple mesoderm-type cell lineages, such as osteoblasts, adipocytes,
and chondrocytes
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Fig. 3.7 MSCs secrete soluble factors that have beneficial effects on regeneration of injured
tissues, inhibit apoptosis, stimulate proliferation, and modulate immune reactions

frequently used in humans and animals. The encouraging results obtained with the
recovery of adipose-derived MSC in domestic animals suggests that fat is a promis-
ing MSC source for clinical application. In fact, these cells display a high prolifera-
tion rate and less senescence compared to MSCs from other sources. Furthermore,
MSCs derived from adipose tissue also showed high ability to differentiate into
mesodermal lineage.

MSCs have recently received much attention for their therapeutic potential in
regenerative medicine.

Several studies have demonstrated the capability of MSCs to secrete soluble factors
that have beneficial effects on the regeneration of injured tissues. They were also
found to inhibit apoptosis, limit pathological fibrotic remodeling, stimulate prolif-
eration and differentiation of endogenous stem-like progenitors, decrease inflam-
matory oxidative stress, and modulate immune reactions (Fig. 3.7).

In recent years, a number of studies have reported the results of stem cell therapy
in the treatment of domestic animals, focusing on the treatment of arthritis, atopic
dermatitis, and tendon injury.

The use of adipose-derived MSCs for the treatment of osteoarthritis was studied in
the dog. A mixed population of cells was transplanted with intraarticular injection and,
following treatment, the dogs showed a significant improvement in functional ability.

One major focus of regenerative medicine in large animals is the regeneration of
tendons and ligaments because several lines of evidence suggest that MSCs are
present also in these structures. Implantation of MSCs from different sources in far
greater numbers than are present normally within tendon tissue would have poten-
tial for regenerating or repairing the tendon. MSCs have been implanted into surgi-
cal defects in tendons in multiple in vivo experiments in laboratory animals with
mostly positive outcomes. It is still unclear whether the major contribution of the
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Fig. 3.8 MSCs derived from the umbilical cord have the potential to generate mesodermal lineages
(adipocytes, chondrocytes, osteoblasts) and they can also trans-differentiate into some cell lineages
from other germ layers (cardiac muscle cells and smooth muscle cells; endothelial cells from
mesodermal layer; neural cells from ectodermal layer; hepatic cells and pancreatic cells from
endodermal layer)

MSC:s to the healing process is the differentiation into tenocytes or rather the supply
of growth factors and thus the stimulation of residing cells within the tendon, or
whether a combination of the two mechanisms occurs. Several studies on horse
tendinopathies revealed that injected cells remain located within injected lesions
and that both autologous and allogeneic MSCs may be used without stimulating an
undesirable cell-mediated immune response from the host.

The available literature demonstrates the evidence of the benefit and safety of
adult MSC application for tissue engineering, an emerging field that offers out-
standing opportunities for regenerative medicine. However, the collection of bone
marrow and adipose tissue in several animal species, such as the horse, requires an
invasive procedure.

To overcome the invasive collection of bone marrow and adipose tissue, progeni-
tor cells derived from extra-fetal sources, such as the umbilical cord and amnion,
could represent alternative candidates (Fig. 3.8). In addition to the noninvasive
nature of the isolation procedure, the use of adnexal tissue suggests that cells may
have immunomodulatory characteristics that could decrease the risk of the recipient
rejecting transplanted stem cells immunologically.

The first amnion-mesenchymal cells (AMCs) were derived and characterized in
the horse. In these studies, when AMCs were compared to equine BM-MSCs,
AMCs and BM-MSCs both exhibited adult stromal cell-specific gene and protein
expression but showed differences in density of collection and their proliferative
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and differentiation potential. In fact, AMCs demonstrated high and rapid differen-
tiation ability compared to MSCs. In addition, equine amnion-derived cells can also
be frozen and recovered without loss of their functional integrity in terms of mor-
phology and differentiation ability.

The noninvasive nature, low cost of collection, and the rapid proliferation along
with a greater differentiation potential could make AMCs useful for cell therapy.

Comparative studies that employed cryopreserved heterologous AMCs and fresh
autologous BM-MSCs in spontaneous equine tendon diseases in vivo showed that
AMCs were well tolerated by horses, and all the clinical findings support the exer-
tion of beneficial effects by the injected cells. Moreover, the tendon and ligament
architecture is similar to that after injecting autologous BM-MSCs.

The encouraging results obtained with AMCs may result from the short interval
between extraction and injection at the selected site, before any ultrastructural
change occurs within the injured tendon. In fact, BM-MSCs when used as fresh
autologous cells require prolonged in vitro culture, limiting the timeframe for
implantation. The regenerated tissue could be less elastic and therefore functionally
inferior to a normal or native tendon.

Speedy implantation, together with higher plasticity and proliferative capacity of
the amniotic-derived cells compared to BM-MSCs, represent the main features of
interest for this novel approach to the treatment of equine tendon diseases.

Moreover, for equine embryonic stem cells and fetal-derived equine embryonic-
like stem cells, it is possible to speculate that AMCs, being less committed com-
pared to adult cells, exhibit higher levels of engraftment with respect to BM-MSCs.

3.5 What Are the Limits?

Unfortunately, there are many limits to using large animal models in preclinical
studies.

For example, there is limited availability of species-specific reagents, such as
antibodies. Time-consuming experiments are usually needed to assess the reliability
of results obtained using normally available reagents, because a very small number
of antibodies are raised specifically against the porcine, bovine, and sheep antigen.

Growth factors and nutrients to be added in the culture media are rarely prepared
and formulated for large animal species, and their efficacy in the latter must be
tested. A further limit is the incomplete understanding of the networks controlling
pluripotency and differentiation in large animals.

All these factors (see Fig. 3.9) make the task of designing a widely accepted
protocol for routine applications very complex.

Another large problem is the lack of bona fide embryonic stem cells in domestic
species. This limit has dramatically slowed the progression of experiments aimed at
regenerative therapies that use large animals as a model. The many reasons at the
base of the significant problems in generating stem cells in large animal species are
discussed in other sections of this volume.

This concern has been obviated in part by the creation of induced pluripotent
stem cells (iPSCs) from these species by standard reprogramming technologies
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Fig. 3.9 Several issues must be addressed to obtain pluripotent cells in large animals: correct
timing of isolation, and identification of standard methods for derivation, maintenance, and char-
acterization of cell lines

Table 3.3 Stem cells derived in domestic species

Putative embryonic Induced pluripotent

stem cells (ESC) stem cells (iPSC) Adult stem cell
Ovine (sheep) Dattena et al. (2006) Bao et al. (2011) Heidari et al. (2013)
Porcine (pig) Brevini et al. (2007) Wu et al. (2009) West et al. (2010)
Bovine (cattle) Pashaiasl et al. (2010) Han et al. (2011) Raoufi et al. (2011)
Canine (dog) Hayes et al. (2008) Luo et al. (2011) Choi et al. (2013)
Equine (horse) Saito et al. (2006) Li et al. (2006) Fortier and Smith (2008)

(Table 3.3). However, all these drawbacks have negatively impacted the wide and
reproducible use of domestic species as intermediate experimental models.

The lack of centralized resources where cell lines obtained from large animal
species can be characterized and stored represents a further limitation. Indeed,
availability of reliable and specific reagents could help in creating consensus proto-
cols and standardized procedures that would support the use of these alternative
models. Maintenance of databases for the wider biomedical community would also
help overcome these barriers and ensure an appropriate choice of animal models for
particular human disease conditions and medical applications.

In an attempt to solve these problems, a group of international scientists recently
founded the Domestic Animal Biomedical Embryology (DABE) Committee, which
has the aims of serving as an informational resource for studies of embryological
and developmental biology performed in domestic species and of working toward
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developing biomedical models for preclinical and translational research. DABE
focuses on research addressed to the derivation, characterization, and differentiation
of stem cells from farm and companion animals to provide a model for the develop-
ment of cell-based therapies, the use of transgenesis and cloning for the generation
of innovative biomedical models, and other research with similar scope.

The committee also provides a forum in which to exchange information on
resources, reagents, and protocols that may prove more advantageous when applied
to large animal species and that, as we have already discussed, represent a large
concern. Interestingly, strong emphasis is also given to a clear definition of the inter-
national regulatory requirements for the safe and legal transport of tissues and cell
lines for research purposes, which represent an area still greatly debated.

Itis clear that a little step forward has been taken. However, more effort is needed
and desirable to utilize this large range of animal models that would complement
the mouse, allowing for a more comprehensive approach which could then be
applied to humans.
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