
Ratan Kumar Choudhary
Shanti Choudhary   Editors

Stem Cells in 
Veterinary 
Science



Stem Cells in Veterinary Science



Ratan Kumar Choudhary •
Shanti Choudhary
Editors

Stem Cells in Veterinary
Science



Editors
Ratan Kumar Choudhary
Department of Bioinformatics
College of Animal Biotechnology
Ludhiana, Punjab, India

Shanti Choudhary
Department of Microbial and Environmental
Biotechnology
College of Animal Biotechnology
Ludhiana, Punjab, India

ISBN 978-981-16-3463-5 ISBN 978-981-16-3464-2 (eBook)
https://doi.org/10.1007/978-981-16-3464-2

# The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature Singapore
Pte Ltd. 2021
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by
similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore



Preface

Stem cells have high hopes for regenerative medicine in human health and treating
animal diseases. In recent years, it has gained significant momentum. Stem cells are
unspecialized cells with profound self-renewal capability and differentiation ability
into cells with specialized functions. Therefore, stem cell therapies are used to repair
the body’s inability to regenerate damaged tissues after acute or chronic ailments.
Among the various stem cell types, mesenchymal stem cells hold promising thera-
peutic applications in treating many diseases because of the simplicity of isolation
from various tissue sources and the lack of ethical concern regarding their usage.
With the paucity of universal stem cell markers and the high plasticity of stem cells,
biomarker-based identification may not precisely quantify stem cells. Administering
incorrect doses of stem cells often results in unsuccessful outcomes both in human
and veterinary medicine. This book provides the best and most updated information
to students, clinicians, young budding veterinary scientists, professionals, and
researchers. Reaching out current information to the young mind is critical for
scientific research and teaching. Merits of stem cell therapy for the animal disease
are naïve but poorly understood; therefore, they have not been practiced widely. The
importance of stem cell research should not be underestimated. This book reviews
the principle, practices, and up-to-date knowledge of animal stem cells therapeutic
applications in veterinary medicine. We hope that our efforts will provide readers
updated information about the application of stem cells in regenerative medicine of
the animal diseases and techniques of characterizing them. It may provide a refer-
ence book of stem cell applications in veterinary and animal sciences.

Ludhiana, Punjab, India Ratan Kumar Choudhary
Ludhiana, Punjab, India Shanti Choudhary
2021
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Overview and Introduction



Overview of Stem Cells and Their
Applications in Veterinary Medicine 1
Ratan K. Choudhary

Abstract

Stem cell therapy has high hopes, and several veterinary diseases may be treated
using stem cells. Recent advances in stem cell isolation, characterization, and
studies parallel in human medicine have advanced this field. Stem cells possess
self-renewal ability and infinite capacity to divide and differentiated into func-
tional cells. The therapeutic potential of either autologous or allogeneic trans-
plantation—the regeneration potential of stem cells gained through
immunomodulatory functions by secreting growth factors and many cytokines.
Many studies demonstrated in various animal models that stem cell transplanta-
tion is beneficial, especially in chronic and problematic diseases. This chapter
describes different types of animal stem cells, mechanisms of their action, and
some of the diseases in which treatment has shown promising effects in curing the
ailments. The application of mesenchymal stem cells, derived from variety of
tissues, in diseases of livestock species and pet animals is noteworthy.

Keywords

Stem cells · Types · Application · Mechanism · Veterinary medicine

1.1 History of Stem Cells

Stem cells (SCs) are blank or non-specialized cells capable of differentiating into
various types of cells of the body. Self-replication, the capacity to differentiate into
several cell types, and unlimited proliferation are the specialized properties of a stem

R. K. Choudhary (*)
Department of Bioinformatics, College of Animal Biotechnology, Guru Angad Dev Veterinary and
Animal Sciences University, Ludhiana, Punjab, India
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Ltd. 2021
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cell. The existence of stem cells was shown long back in 1959 when DeOme and his
colleagues characterized hyperplastic nodular lesion of mouse mammary tumour
virus (MMTV) in mouse mammary gland (DeOme et al. 1959). By that time,
investigators had developed the technology of removing endogenously developing
epithelial cells form fat pad (called “cleared pad”) under the mammary gland of mice
and the ability to develop epithelium from exogenously infused cells in the cleared
pad. There were many other investigators during 1960s who discovered similar
regeneration properties of specialized cells in spleen and other organs. Later, slow
proliferating clonogenic precursor cells of hemopoietic tissue were discovered where
the successive passage of initial colonies of precursors cells retained the capacity to
form stromal tissue like that of their hemopoietic organs (Friedenstein et al. 1974).
Discovery of the pluripotent embryonic stem-like cells from inner cell mass (ICM)
(Martin 1981; Evans and Kaufman 1981), where cells could form descents of all the
tissue layers of the adult, has set a new promises of stem cell research. In the year
2007, the discovery of induced pluripotent stem cells (iPSCs) independently by two
scientists namely, Shinya Yamanaka from Kyoto University, Japan (Takahashi and
Yamanaka 2006) and James Thomson of University of Wisconsin-Madison, USA
(Yu et al. 2007) led the revolution of stem cell research for therapeutic applications.

Though, it is hard to pinpoint when, where, and who discovered the foundation
work of stem cells but the first blood transfusion attempted soon after the discovery
of blood circulation system in 1628 by William Harvey. Key properties of stem cells
defined by McCulloch and till in 1960s in mice spleen appears to be the one of the
earliest discoveries of blood forming cells, hematopoietic stem cells or HSCs
(Becker et al. 1963). Thus, the foundation of stem cell research lies with adult
stem cells (HSCs) but not with the embryonic stem cells. Finally, the discovery of
iPSCs has fuelled tremendous impetus to the regenerative medicine.

1.2 Types of Stem Cells

Stem cells, based on the source, has been classified into three types: (1) embryonic
stem cells (ESCs), (2) adult stem cells (ASCs), and (3) artificially induced pluripo-
tent stem cells (iPSCs). Another classification based on potency and differentiation
capacity includes (1) totipotent, (2) pluripotent, (3) multipotent, (4) unipotent, and
(5) progeny of stem cells called progenitor cells (Fig. 1.1). Cells derived from inner
cell mass (ICM) of blastocysts are the source of ESCs. Somatic or adult stem cells
are the undifferentiated cells present in various organs after its development. The key
role of ASCs is the healing, growth, and repair of tissue in the event of damage.
Among the various types of ASCs, the name of these cells depends on the tissue
from where cells have been derived. They are mesenchymal stem cells (MSCs) of
bone marrow, neural stem cell (NSCs), hematopoietic stem cells, skin stem cells,
mammary stem cells, and so on. ESCs and ASCs are obtained from the body, but
iPSCs are created or manmade stem cells that are induced from differentiated cells
by rewiring various pluripotency transcription factors (OCT4, SOX2, c-Myc, and
KLF4) of the genome of differentiated cells to behave like embryonic stem cells.

4 R. K. Choudhary



Capacity of totipotent stem cells includes the generation of embryonic (embryo
proper) plus extra-embryonic tissues such as placenta. Cells of zygote and up to
morula stage (solid balls of 16–32 celled stage) are totipotent. Cells derived from

Fig. 1.1 Various types of stem cells and their differentiation
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inner cell mass (ICM) of blastocysts are pluripotent and are the source of ESCs.
Pluripotent stem cells classified into naïve and primed ESC based on their in vitro
growth characteristics and potency to give rise to all somatic cell linages. In mouse
embryo proper, naive ESC are the cells’ pre-implanted blastocysts whereas primed
ESCs are of post-implanted blastocysts (Takahashi et al. 2018). In comparison to
toti- and multi-potent stem cells, proliferative potential and differentiation ability of
multi-potent stem cells are limited and produces only few varieties of cells. Gener-
ally, variety of cells are derived from closely related lineages. Adult stem cells
(ASCs) are the good examples of multi-potent stem cells. Unipotent stem cells
have very limited differentiation potential but have a unique repeated divisional
capacity (Zakrzewski et al. 2019). Features of repeated divisional capacity make
unipotent stem cell a good candidate for therapeutic application. Stem cell of skin
that divides and produces dermatocytes is the good example of unipotent stem cell.

1.3 Stem Cells of Veterinary Importance

Embryonic Stem Cells Isolation of human ESCs in 1998 provided the first evi-
dence of pluripotency and given rise to more than 200 cell types (Thomson 1998).
Identification of pluripotency transcription factors namely OCT4, SOX2, NANOG,
c-Myc, and KLF4 in ESCs provided the core internal circuit of pluripotency. Later, it
was demonstrated how interplay between these pluripotency transcription factors
determines differentiation of cells during transition phase in progenitor cell. For
example, transcriptional circuit dynamic analysis showed OCT4 and SOX2 proteins
maintain ESC identity by suppressing neural ectodermal differentiation while SOX2
promotes neural differentiation by suppressing mesodermal differentiation in pro-
genitor cells (Thomson et al. 2011).

Use of ESCs in therapeutic applications is still controversial due to ethical
concerns especially with human ESCs. In animals, in addition to ethical concern,
the use of animal ESCs also involves religious issues. Therefore, the exploration of
animal ESCs is yet to be explored fully. Moreover, lack of specific marker to identify
ESCs in various animal species, the vulnerability of ESCs for teratoma formation
(Solter 2006), and genomic instability of ESCs occurring during in vitro passaging
(Tosca et al. 2015) caused to explore the alternate source of creating embryonic-like
stem cells called induced pluripotent stem cells.

1.4 Adult Stem Cells

Mesenchymal Stem Cells (MSCs) MSCs are the alternative source of stem cells
present in adult tissue. Though the origin of MSCs is not fully understood and
hypothesized to derive from pericytes (Crisan et al. 2008), perivascular cells of
microvasculature present in every organ and thus MSCs are harvested from bone
marrow, adipose tissue, umbilical cords, dental pulp, and other organs including
tonsils. MSCs are not only available in plenty but also lack ethical issues of tissue
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harvest and least immunogenic upon autologous and heterologous application.
MSCs are multipotent and give rise to bone, cartilage, tendon, ligaments, fat cells,
skin, muscle, and connective tissues. Thus, the application of MSCs received the
greatest attention in regenerative medicine. In companion animals, dogs, cats, and
horse MSCs were harvested from (1) bone marrow, (2) adipose tissues, (3) placenta,
(4) Wharton’s jelly, (5) synovial fluids, (6) peripheral blood, (7) muscle and perios-
teum, (8) umbilical cord blood, and (9) muscle (reviewed in Voga et al. 2020). With
the graded success of MSC therapy, various animals were depended on the source of
stem cells and the species. Conventionally, MSCs are collected from either bone
marrow or from adipose tissues. Cells from bone marrow are aspirated from femur of
dogs and cats and from sternum of horse for the prospective isolation of MSCs
(Marx et al. 2015). Bone marrow-derived MSCs are brought to the lab in special
condition and proceed with either direct applications (after centrifugation to collect
mononuclear cells) into the patients or culture for further purification and expansion
and later applied to the patients. While the direct application of bone marrow-derived
MSCs is not the pure population of MSCs but the mixtures of other cell types,
growth factors and hormones and hence may provide quicker and better results.
However, the culture and expansion of MSCs in the laboratory provides enriched
population and abundant quantity for heterologous transplantations of cells into
more patients. After fourth passages, MSCs are usually ready for clinical use and
up to tenth passage cells can be harvested (Lee et al. 2014; Markoski 2016). In the
later passage, MSCs loose in vivo characteristics and tends to differentiate,
evidenced by the morphological characteristics and gene expression studies.

Applications of adipose-derived MSC for the treatment of inflammation of mam-
mary gland, mastitis are noteworthy. Intra-mammary infusion of fetal adipose tissue-
derived MSC into S. aureus-induced mastitis reduced somatic cell counts in bovine
milk, indicating the possibility of allogenic transplantation of MSCs in the cow is
safe for therapeutic application (Peralta et al. 2020). Fetal bovine MSC secretes anti-
proliferative factors and antibacterial peptides. In vitro studies indicated conditioned
media of MSC decreased about 30% of bacterial population (Cahuascanco et al.
2019) and contained proangiogenic factors that supports neovascularization (Tao
et al. 2016). One report on the application of adipose tissue-derived MSCs to treat
goat mastitis indicated the efficacy of somatic tissue-derived stem cells in morpho-
functional differentiation of cells into milk-producing epithelial cells (Costa et al.
2019). Such studies are indicating promising capabilities of adult stem cell’s
multipotentiality and immunomodulation properties as an alternative to the treatment
of mastitis. Biotechnological and clinical potential of MSCs in livestock species and
prospectus of its therapeutic applications has been described here (Hill et al. 2019).

Hematopoietic Stem Cells (HSCs) Similar to MSCs, HSCs are also available in
plenty of amount from the bone mammary of developed (adult) tissue. Like that of
MSCs, HSCs are multipotent stem cells which can give rise to different cells of
immune systems, red and white blood corpuscles (RBCs and WBCs), and platelets.

1 Overview of Stem Cells and Their Applications in Veterinary Medicine 7



Mammary Stem Cells (MaSCs) Application of MaSC for the use of treatment of
mastitis is yet to be explored. Based on the work of secretome of MSC that enabled
identification of healing processes by participating in inflammation, cell prolifera-
tion, remodelling of tissue repair and bacterial clearance (Krasnodembskaya et al.
2010; Cortés-Araya et al. 2018), MaSC-derived mammosphere has led the identifi-
cation of factors and molecules that promoted angiogenesis, cell migration, and
enhance cellular defence in the secretome (Ledet et al. 2018).

iPSCs The possibilities of use of iPSCs in veterinary science may bring great
possibilities. In comparison to adult stem cells, use of iPSCs involves more safety
challenges as all the induced cells are pluripotent and hence liable to uncontrolled
division and tumour formation. Additionally, embryonic-like stem cells divide
symmetrically (2 identical daughter cells) rather than asymmetrical (2 non-identical
daughter cells, say one differentiated and the other stem cell). For the safety and
tissue regeneration point of view, asymmetrical cells division is advantageous than
the symmetrical division because it repairs the tissue while maintaining the stem cell
pool. Moreover, upon receiving the differentiation signal, iPSCs tends to differenti-
ate on all and none principle meaning all iPSCs will either terminally differentiated
or none of them will differentiate. Adult stem cells have default asymmetrical
divisional capacity in which they divide, differentiate, and maintain the stem cell
pool in the tissues.

Remarkable works have been done on exploring the possibilities of ESCs and
later iPSCs in pigs and other ungulates by Bhanu and his team. Difficulty in the
identification of ICM (the source o ESCs) due to lack of ICM cell marker in
ungulates hampered the research in those biomedically important species (Telugu
et al. 2010). However, later the group successfully developed iPSCs from pig and
other ungulates and showed capabilities of iPSCs to produce differentiated cells
(Zhao et al. 2016). Potential of ESCs and iPSCs for committed progenitor cells and
finally terminally differentiated cells for tissue or organ development is yet to come.
In conclusions, a number of diseases can be treated with the applications of ESCs
and ASCs (Fig. 1.2).

1.5 Mechanisms of Stem Cell Actions

Regeneration potentials of stem cells are achieved through re-epithelization,
immunomodulations, remodelling of extracellular matrix and proangiogenic factors.
Stem cells secrete growth factors, cytokines, growth regulators, anti-inflammatory
factors, and some antibacterial peptides (Wangler et al. 2021). Initially, it was
thought that stem cells, upon proliferation, provides (1) differentiated cells at the
site of injection, or (2) migrate to distantly located tissue sites when injected into the
circulation. Under the hypoxic condition, which is the microenvironment where
stem cells maintain ‘stemness’ and the cell releases angiogenic growth factors like
SDF-1, VEGF, FGF-2, angiopoietin-1, growth suppressor like TGF-alpha and
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TGF-beta and many cytokines like IL-1, IL-6, IL-10 (Spees et al. 2016) and even
miRNAs loaded in extracellular vesicles (Asgarpour et al. 2020).

Transfer of Extracellular Vesicles (EVs) EVs include microvesicles, exosomes,
and ectosomes that are generated either inward or outward budding of cellular
plasma membrane. EVs are the lipid bilayer structures loaded with the cargos like
proteins, fats, lipids, metabolites, nuclei acid (miRNA, mRNA), and other molecules
has emerged as a significant cellular communicator (Raposo and Stoorvogel 2013).
These EVs travel long distances inside the body and release from the healthy and
diseased cells. Thus, stem cells also release EVs and transfer cargos to the other cell
as a means of cellular communication. EVs was shown to increase the concentration
of cytokine IL-10 (Park et al. 2019), IL-22, IL-23 (Hyvarinen et al. 2018), and
TFG-beta (Crain et al. 2019). Communications between MSCs and cancer cells
induces hybrid cell formation, indirectly evidenced by the presence of exosomes and
micro-vesicles, which either promote or inhibit tumour (Melzer et al. 2018). Roles of
EVs in stem cell biology has been discussed in detail elsewhere (Hur et al. 2020).

Paracrine Signalling Initial efforts to use stem cell therapy for the purpose of
tissue regeneration was centred on the directed differentiation of these cells to the
intended cell types. More recently, however, it is becoming apparent stem cells
secrete factors which mediate action via paracrine fashion, rather than stem cell
differentiation and repopulation. Paracrine mode of signalling is the cell-to-cell

Fig. 1.2 Applications of stem cells for therapeutic purposes in various diseases of animals
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communication method where, signalling molecule is released by one cell and the
changes are induced in neighbouring cells. A resultant shift in research and the
emergence of studies aiming to elucidate the paracrine mechanisms of stem cell
action underlies tissue repair and regeneration mechanisms. Release of TGF-beta
causes cell proliferation, differentiation, wound healing and angiogenesis. Appro-
priate regulation of TGFβ by the osteocytes in the tissue homeostasis has been
emphasized for the management of bone diseases (Xu et al. 2018). This was based
on the hypothesis that the eroded bone matrix of diseased patient releases TGFβ that
has mitogenic and pro-survival activities, thus contributing to tumorigenesis (Portela
et al. 2014). In addition, cardiac levels of IL1β and TNFα, factors implicated in
angiogenesis, following bone marrow-MSC transplantation into ischemic myocar-
dium showed optimal therapeuptic potential of stem cell (Kamihata et al. 2001).

Immunomodulation There are number of evidences showed that MSCs interact
with innate and adaptive immune cells and bring immunomodulatory activities.
MSCs inhibited CD4+ Th1 and Th2 cells, CD8+ T cells and NK cells proliferation
and functions. Inhibition of T-cell was mediated by soluble cytokines and factors
including TGFβ and human growth factors (Zhao et al. 2016). By understanding
mechanisms by which MSCs modulate inflammation and contribute to healing will
benefit the investigation of cellular therapy of animals. Animal models like pigs for
cardiovascular diseases (Murphy et al. 2003) and goats for osteoarthritis (Shake et al.
2002) are currently used in understanding human diseases. It is a well-known fact
that MSCs are hypoallergic due to low expression of HLA class I and no expression
of HLA class II molecules and hence devoid of allogenic tissue rejection (Ryan et al.
2005). In addition to the release of soluble cytokines by MSCs, apoptotic and
metabolically inactive MSCs also possess immunomodulation properties (Song
et al. 2020), indicating cytokine independent mechanism. Apoptotic tissues-derived
MSCs reduced rat mortality after sepsis induction, resulting in significantly low
levels of circulating TNFα and T-cells (Chang et al. 2012). The current status of
cellular and molecular mechanisms of MSC-mediated immunomodulation by live
MSCs, dead MSCs and apoptotic MSCs has been discussed in the literature (Weiss
and Dahlke 2019).

Mitochondrial Transfer Dysfunction of mitochondria has been associated with
ageing and certain diseases like Alzheimer’s disease, Parkison’s disease, and type
2 diabetes. Mitochondrial dysfunction contributes to reactive oxygen species (ROS)
production which ultimately disturbs homeostatic mechanism. Apart from the thera-
peutics mechanisms of stem cells, directly by cell differentiation, or indirectly via
paracrine signalling, EVs, and immunomodulation, stem cells have also been shown
to transfer mitochondria to the diseased cells. Mitochondrial transfer mediated in
bone (Guo et al. 2020) and renal proximal tubular epithelial cells (Konari et al. 2019)
enhanced cell proliferation, migration, and cellular differentiation in the tissue.
Co-culture experiments of PC12 cells (neuronal cell line) with bone marrow-derived
MSCs showed protective effects of neuronal cells under ischemic condition (Sarmah
et al. 2020). Increasing evidences suggest that stem cells can directly donate
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mitochondria in order to recover from cell injury, thus cells rescue mitochondrial
damage-provoked tissue degeneration (Li et al. 2019). Mitochondrial transfer by
stem cells thus could represent an emerging therapeutic approach for tissue regener-
ation of treating animal diseases. Various possible patterns of mitochondrial transfer
from stem cell to somatic or diseased cells are presented (Fig. 1.3).

Homing Mechanisms of Stem Cells Homing is the process where stem cells
migrate to specific tissue sites in response to chemoattractant gradients, released
by the damaged tissue. Chemotactic factors like cytokines released from the dam-
aged tissue. Understanding homing of stem cells is essential to enhance and refine its
clinical significance in therapeutic settings. Chemo-attractive signals are perceived
by the receptors present on the surface of stem cells. For example, stromal cell-
derived factor 1 (SDF-1) and osteopontin (OPN) are the chemokine released by the
damaged tissue sends chemoattractive signals to the cells expressing CXCR4 (Wynn
et al. 2004) and integrin-β1 (Chen et al. 2014), respectively. There are many other
factors like hepatocyte growth factor, insulin-like growth factor, TGF-beta1, dimers
of vascular cell adhesion molecule 1 and very late antigen 4 (VCAM 1-CLA 4),
matrix metalloproteinases 2 (MMP-2) and tissue inhibitor of metalloproteinases
3 (TIMP-1), PDGFR, and others (Becker et al. 1963).

Fig. 1.3 Patterns of mitochondrial transfer from stem cell to stromal cell or diseased cell. These
mechanisms include, (1) fusion of stem cell with the stromal cell, (2) transfer of mitochondria
through gap junction (connexons, a transmembrane tunnel protein), (3) via extracellular vesicles
(EVs) and (4) intracellular tunnelling nanotube (TNT) formation. Formation of TNT is regulated by
TNFα/NFKβ and TNFαip2 signalling pathway (Jiang et al. 2016)
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Homing of stem cells depends on the route of administration of the cell. Local
injection of stem cells is preferred but an invasive method like intraperitoneal
injection. Intravenous injection of stem cells is the least invasive but suffers with
many limitations. The limitations of intravenous injections of stem cells are (Voga
et al. 2020): (1) stem cells have to exit circulation in order to reach the site of injury,
(2) cells are squeezed in dimension to the size of narrowest capillary, particularly in
lungs where the average diameter of capillary is 14 μm in comparison to the cell’s
diameter (25–30 μm), (3) high expression of integrin-beta 1 by lung epithelium
attracts more number MSCs which blocks the availability of MSCs by cell entrap-
ment, (4) systemic injection of stem cells may require high dose of stem cells to have
a sufficient number of stem cells reaching to the site of injury, and (5) circulation of
stem cells in the blood for a longer period (more than 24 h) may not provide viable
MSCs to the damaged tissue. However, long-term effects of MSCs have been
reported which likely to be mediated through non-viable and apoptotic MSCs.

1.6 Clinical Applications of Stem Cells in Regenerative
Veterinary Medicine

Worldwide, investigators and veterinary clinicians are working on applications of
stem cell for therapeutic potential in autologous and allogenic fashions either freshly
isolated or cultured and expanded stem cell in the laboratory for the treatment of
various diseases of animals. This indicates that the stem cell therapy in veterinary
science is a reality. Existing literatures support that the stem cell transplantation is
safe and beneficial to the animal health.

Diseases of Reproductive System Reproductive diseases in animals causes great
loss to farmer’s profit. Inflammation of uterus (endometritis), poorly developed
ovarian follicles in female, and testicular degenerative disease in males are some
of the reproductive disorders. In mares, endometritis is the main cause of reproduc-
tive failure and an incurable disease. Application of bone marrow-derived MSC did
not restore ovarian functions in aged mares (Grady et al. 2019). However, in human
MSCs therapy appears to restore ovarian functions (Yoon 2019). One may argue that
the failure of MSC therapy in mare could be (1) due to old age of mare as fertility is
naturally reduced in aged animals, (2) source of stem cells as MSCs can be derived
from various tissue namely adipose, bone marrow, umbilical cord, menstrual blood
in human, amniotic fluid, and (3) insufficient dose of MSCs. Study showed that, in
human, multiple doses of MSCs (1–5� 106 cells/kg body weight) improved ovarian
functions in primary ovarian insufficiency (Gadkari et al. 2014), whereas in mice
1 � 106 to 5 � 108 cells (Kalhori et al. 2018) were used for clinical applications.
Mechanisms of stem cell action in restoring ovarian functions have been shown to
help in folliculogenesis, prevention of granulosa cell apoptosis, regulation of repro-
ductive hormones and vasculogenesis.
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Stem cells treatment could offer solutions to infertility related disease. Testicular
degeneration in dogs often leads to the production of defective sperms and affects
fertility. Viability and fertility of frozen-thawed canine sperm were improved using
adipose tissue-derived MSCs (Qamar et al. 2020) and exosomes derived from
conditioned media of MSCs (Qamar et al. 2019). These results showed that like
the availability of frozen semen from cattle, we may use freeze pure breed canine
sperm for artificial insemination of female dogs. It is well known that during
cryopreservation, cellular injury to organelles like plasma membrane, mitochondria,
and nucleus occurs that affects post-thaw sperm motility and hence impaired fertil-
ity. The possible mechanisms of improved fertility of canine were due to the
secretion of proteins like annexin, dysferlin, and fibronectin by MSCs (Qamar
et al. 2020). These proteins are involved in the repairing process at a cellular level
at many ways like prevention of cells from apoptosis and improvement of membrane
integrity. Other possible mechanisms of restoring canine fertility are also possible
like regulating glucose metabolism of sperm (Hsiao et al. 2019) that provides more
energy to the cell for enhanced motility.

Musculoskeletal Disease Treatment of horse musculoskeletal disease using MSCs
has been fairy a good success. Many reports with varying successful results have
been reported since more than a decade (Wilke et al. 2007; Broeckx et al. 2014,
2019). Intra-articular administration of adipose tissue-derived MSCs in horse
resulted no lameness after 3 months of treatment (Nicpon et al. 2013). Properties,
cultural characteristic, and potential applications of MSCs in the management of
equine diseases have been described (Gugjoo et al. 2019a, b). Ready-to-use stem cell
containing products (like Arti-Cell Forte from Boehringer Ingehlheim and Investi-
gational Veterinary Product or IVP from Dechra Limited, UK) are also available for
the clinically applications in treating horse’s degenerative disease.

Autologous stem cell therapy using adipose tissue-derived MSCs treated chronic
osteoarthritis in canine (Black et al. 2007). MSCs derived from umbilical cord
(UMSCs) have also shown promising results in treating osteoarthritis in dogs. No
adverse reactions were reported in using UMSCs (Kim et al. 2019). Interestingly,
allogenic transplantation of MSCs appears to be safe in dogs for osteoarthritis (Shah
et al. 2018). In vivo studies summarizing the clinical effects of MSCs in canine
osteoarthritis are given in Table 1.1. Majority of the results of stem cell applications
for canine disease therapy are positive; however, investigators consider the results
inconclusive (Gugjoo et al. 2019a, b), suggesting more basic research are needed to
understand the biology of MSCs or other stem cell types for positive and conclusive
results.

Liver Diseases Liver diseases (acute and chronic) are common in canines. Viral or
bacterial infection, cancer, trauma, ingestion of toxic substances, and endocrine
disturbances can cause liver disease in dogs. Many studies have tried the adminis-
tration of autologous and allogeneic MSCs treatment with varied success.
Mechanisms by which MSCs repair liver tissue is the generation of different cell

1 Overview of Stem Cells and Their Applications in Veterinary Medicine 13



Ta
b
le

1.
1

V
ar
io
us

st
ud

ie
s
an
d
th
ei
r
re
su
lts

of
ca
ni
ne

m
es
en
ch
ym

al
st
em

ce
ll
th
er
ap
y
fo
r
os
te
oa
rt
hr
iti
s
(t
ab
le
ad
ap
te
d
fr
om

S
as
ak
i
et
al
.2

01
9)

S
ou

rc
e

In
je
ct
io
n/
tr
an
s-

pl
an
ta
tio

n
C
om

bi
na
tio

n
us
e

C
el
l
nu

m
be
r

(m
ill
io
n)

M
od

el
E
va
lu
at
io
n
m
et
ho

d

B
on

e
m
ar
ro
w

S
in
gl
e
in
tr
aa
rt
ic
ul
ar
,

au
to
lo
go

us
–

7–
8

P
ar
tia
l
th
ic
kn

es
s

ar
tic
ul
ar

ca
rt
ila
ge

de
fe
ct

H
is
to
lo
gy

A
di
po

se
tis
su
e

S
in
gl
e
in
tr
aa
rt
ic
ul
ar
,

au
to
lo
go

us
–

7–
8

P
ar
tia
l
th
ic
kn

es
s

ar
tic
ul
ar

ca
rt
ila
ge

de
fe
ct

M
or
ph

ol
og

y,
hi
st
ol
og

y,
fl
uo

re
sc
en
ce

an
al
ys
is

A
di
po

se
tis
su
e

F
ou

r
tim

es
in
tr
aa
rt
ic
ul
ar
,

al
lo
ge
ne
ic

–
5
(t
hr
ee

tim
es
),

66
(o
nc
e)

In
ta
ct

P
ai
n
an
d
la
m
en
es
s
sc
or
in
g,

im
m
un

oh
is
to
ch
em

is
tr
y

B
on

e
m
ar
ro
w

T
ra
ns
pl
an
ta
tio

n
w
ith

sc
af
fo
ld
,a
llo

ge
ne
ic

S
ca
ff
ol
d

0.
01

F
ul
l-
th
ic
kn

es
s
ca
rt
ila
ge

de
fe
ct

H
is
to
lo
gy

,i
m
m
un

oh
is
to
ch
em

is
tr
y,

m
ic
ro
-C
T

S
yn

ov
iu
m

S
in
gl
e
in
tr
aa
rt
ic
ul
ar
,

au
to
lo
go

us
H
ya
lu
ro
ni
c

ac
id

0.
05

,5
or

50
P
ar
tia
l
th
ic
kn

es
s

ar
tic
ul
ar

ca
rt
ila
ge

de
fe
ct

H
is
to
lo
gy

A
di
po

se
tis
su
e

S
in
gl
e
in
tr
aa
rt
ic
ul
ar
,

al
lo
ge
ne
ic

P
la
te
le
t-
ri
ch

pl
as
m
a

10
C
ra
ni
al
cr
uc
ia
te

lig
am

en
t
tr
an
se
ct
io
n

L
am

en
es
s
sc
or
in
g,

fo
ca
l
co
m
pr
es
si
on

st
re
ng

th
,

ex
tr
ac
el
lu
la
r
m
at
ri
x
co
m
po

si
tio

n,
hi
st
op

at
ho

lo
gy

,r
ea
l-

tim
e
P
C
R

B
on

e
m
ar
ro
w

S
in
gl
e
in
tr
aa
rt
ic
ul
ar
,

al
lo
ge
ne
ic

H
ya
lu
ro
ni
c

ac
id

10
P
ar
tia
l
th
ic
kn

es
s

ar
tic
ul
ar

ca
rt
ila
ge

de
fe
ct

G
ro
ss

ap
pe
ar
an
ce
,m

ag
ne
tic

re
so
na
nc
e
im

ag
in
g,

hi
st
ol
og

y,
im

m
un

oh
is
to
ch
em

is
tr
y

U
m
bi
lic
al

co
rd

S
in
gl
e
in
tr
aa
rt
ic
ul
ar
,

al
lo
ge
ne
ic

–
1

S
ur
gi
ca
l
m
an
ip
ul
at
io
n

of
ar
tic
ul
ar

ca
rt
ila
ge

M
ag
ne
tic

re
so
na
nc
e
im

ag
in
g,

ra
di
og

ra
ph

y,
ul
tr
as
on

og
ra
ph

y,
bl
oo

d
te
st
,s
ca
nn

in
g
el
ec
tr
on

m
ic
ro
sc
op

e

14 R. K. Choudhary



types of the liver (hepatocytes, Kuffer cells, and hepatic stellate cells) and the
secretion of various cytokines that modulates the immune system, apoptosis, and
vasculogenesis. In canines, the liver fibrosis model to establish with autologous
transplantation of bone-marrow-derived MSCs and documented improved liver
fibrosis without adverse effect (Matsuda et al. 2017). However, caution should be
kept in mind that prolongs immunomodulation and anti-inflammatory conditions to
treat liver fibrosis may have adverse effects and thus, alternative strategies must be
taken to improve outcomes of stem cell therapy for prolong use in treating chronic
conditions. Strategies to improve liver stem cell success may include modification of
stem cell niche, pretreatment or co-treatment of the recipient and gene modifications
(Hu et al. 2019). Intravenous injection of adipose tissue-derived MSCs experimen-
tally induced liver injury and caused restoration of liver function (Teshima et al.
2017), indicating the possibility of stem cell therapy for hepatic disease in dogs.

Kidney Diseases Chronic diseases of kidney is one of the common issues of old
aged cats and dogs. The disease is manifested by fibrosis, nephritis, and tubular
atopy. Currently, only the renal transplantation is the therapeutic solution to the
chronic kidney disease (Voga et al. 2020). Very few studies conducted the same
investigator (Quimby et al. 2016; Quimby and Dow 2015) and reported various
strategies to look critically for MSCs-based therapy for the feline chronic kidney
diseases. More research is required to know about the best source of MSCs (bone-
marrow vs adipose tissue-derived cells), route of cell administration, dose of cells,
stages of MSCs including the impact of age/health/status of tissue donor animals
(SAGE 2018).

Joint Diseases To study the effects of stem cells therapy in bovine, caprine could be
the alternative model animal. Bovines are heavy and especially grazing animals have
locomotor issues. One such study aiming to test the efficacy of autologous MSCs for
superior cartilage repair, bone marrow harvested cells were injected intra-articularly
and demonstrated hyaline like cartilage regeneration in goats (Nam et al. 2013),
suggesting potential applicability of stem cell therapy in livestock animals. In horse,
bone spavin is a degenerative joint disease of horse and cattle evidence by bony
outgrowth within the lower hock joint caused by osteoarthritis. Result of a study
conducted in horses with intraarticular autologous transplantation of adipose tissue-
derived MSCs suggested positive and long-lasting effect of stem cell therapy and
had no signs of lameness after 180 days of the treatment (Nicpon et al. 2013),
indicating long-lasting effects of stem cell therapy. There are many other studies in
pet animals showing improved and promising results of stem cell treatment in joint
diseases.

Digestive Tract Diseases Application of stem cell therapy has gained importance in
treating inflammatory conditions of the digestive disorders especially inflammatory
bowel diseases (IBD). In canine, a single dose (at two million/kg body weight) of
adipose tissue-derived MSCs has reduced gastrointestinal inflammation (Pérez-
Merino et al. 2015). Not much work has been done on this aspect in other animals.
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Robust stem cell isolation and in vitro propagations protocol, characterization of
different subsets of stem cells for various diseases of digestive system and under-
standing of digestive disorders are the keys to establish stem cell therapy.

Eye Diseases Dry eye disease or keratoconjunctivitis sicca (KCS) is one of the
prevalent eye diseases affecting up 35% of human and 4–20% of dogs. The
mechanisms of the development of the disease are not really understood. However,
the most common cause of KCS immune-mediated inflammatory response targeted
against the production of tear by affecting lachrymal glands. It causes discomforts,
visual disturbances, and damage to the ocular surface. Treatment of KCS is difficult
and effective and safe treatment of this disease is lacking (Villatoro et al. 2015).
However, in 2016 Bittencourt et al. reported that even a single dose of allogenic
administration of MSCs in canine has positive effects on KCS over the long period
(up to a year).

Heart Diseases Cardiac diseases in animal include myocardial infarction, dilated
cardiomyopathy, degenerative valvular disease, congestive heart failure, and other
heart problems. Research has indicated the ability of cardiomyocytes (cells of the
heart) to regenerate after myocardial injury, indicating the possibility of therapeutic
interventions. In an interesting study, one study claims for improved heart functions
in dogs suffered with chronic valvular disease when administered with puppy’s
deciduous teeth stem cells (Petchdee and Sompeewond 2016). In a study conducted
on Dobermans with retrograde coronary venous, allogeneic administration of adi-
pose tissue-derived MSCs did not increase days of survival but the method of stem
cell treatment was safe (Pogue et al. 2013). In addition to intracoronary infusion and
intramyocardial injection of stem cells, retrograde coronary venous infusion (RCVI)
is one of the methods of stem cell administration aimed for improved cardiac
functions (Gathier et al. 2018). A combination of two stem cells—mesenchymal
(MSCs) and cardiac stem cells (CSC)—administered intra-cardially to
immunosuppressed swine (model animal for human research) showed (Quijada
et al. 2015) twofold reduction in scar tissue formation improved left ventricular
compliance and contractibility in comparison to placebo animals.

Skin and Wound Healing Skin wound healing is a complex process and well-
orchestration of inflammation, matrix formation and tissue remodelling. Cell
therapies bring combined actions of immune modulation, growth factors, angiogen-
esis, extracellular matrix production, and cell differentiation (Giles et al. 2015).
Chronic wounds are difficult to heal, as they are associated with other underlying
diseases. Generally, in a normal wound healing process, skin infection is prevented
and tissue integrity and functions are restored. Faster rate of healing to prevent
infection, but compromised healing process resulting in scar formation. Cell-based
therapy has actively been used for the treatment of dermal wounds in dogs.
Multipotent stem cells and progenitor cells have high proliferative potential, ability
to differentiate and secrete different types of growth factors and cytokines that
improves wound healing. Cells like endothelial progenitor cells, bone marrow-

16 R. K. Choudhary



derived mesenchymal stem cells (BM-MSCs), and adipose-derived stem cells
(ASCs) are being used for cellular therapy. Interestingly, allogenic transplantation
of ASCs in canine is possible and results in improved wound healing (Enciso et al.
2020). In a recent study conducted using BM-MSCs, both fresh and frozen cells
were capable of promoting wound healing (Bharti et al. 2020), suggesting stem cells
have promising potential to treat the cutaneous wound in clinical cases.

Mastitis Economic loss due to mastitis is huge. In the United States alone, mastitis
causes approximately $2 billion dollars annual loss to the dairy industry (Donovan
et al. 2005). The current treatment of mastitis is to use broad-spectrum antibiotics to
control bacterial infection but do not address the tissue regeneration. In vitro study
suggests antibiotics induce hypoxia inducing factor 1 alpha (HIF1A) and causes
oxidative damage (Elliott and Jiang 2019) that may even slow down the growth of
mammary epithelial cells and tissue regeneration. Although antibiotic is the best
available method to control mastitis, but has been associated with antibiotic resis-
tance and milk residue. Recent study showed the potential application of stem cells
in treating bovine mastitis. S. aureus induced mastitis in Holstein Friesian cows
treated intramammarily with antibiotics (control group: days 4 and 5) or a suspen-
sion of adipose tissue-derived stem cells (2.5 � 107 cells: day 4 and 5) showed
reduced colony formation unit (CFU/ml of milk) of bacterial in stem cells quarters
(Peralta et al. 2020). Interestedly inoculation of repeated doses of allogenic stem
cells was safe to use in healthy cows demonstrating possible cell-based therapy for
mastitis treatment. In another study, conditioned DPBS from amniotic membrane
stem cells injected into the induced mastitis mammary gland of cow showed
improved milk quality of milk of the treated cow in comparison to the antibiotic-
treated cow. Upon injection of conditioned media into the teat canal, pH value and
titratable acidity of milk were significantly different in the experimental group (Ting
et al. 2020), indicating another possibility of using AMSC-derived secretome as an
alternative therapy in replacing antibiotics in treating bovine mastitis.

Neuromuscular Diseases Spinal cord injury due to trauma is one of the common
injuries in dogs. Sometimes, naturally occurring intervertebral disc disease in larger
breeds of dogs like German Shepherd has also been observed whose conventional
treatment of the disease has very limited success. Injury to the spinal cord is because
neuromuscular disease is manifested by the altered gait, pain, and sometimes
permanent locomotor disability. Autologous and allogenic bone marrow MSCs
therapy alone or in combination with conventional therapy showed some locomotor
recovery in dogs. However, naturally occurring degenerative disc disease in German
Shepherd dogs did not show positive clinical outcome after 1, 6, and 12 months of
MSCs treatment (Steffen et al. 2017).
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1.7 Conclusions

With advancement in understanding biology of stem cells and their applications in
animal diseases and trail results, it seems possible to use healing properties, immu-
nomodulatory activities, and low immunogenicity of adult stem cells, in particular
mesenchymal stem cells, for therapeutic applications in various diseases of livestock
species and pet animals.
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Introduction to Mammary Gland and Its Cell
Types 2
Tajeshwar Preet Kaur, Ramneek Verma, and Ratan K. Choudhary

Abstract

The mammary gland is a highly dynamic organ. Histostructural composition of
mammary tissue varies with the animal’s physiology determined by the hormones
produced at the different physiological stages. Mammary parenchyma contains
various cell types: adipocytes, fibroblasts, epithelial cells, myoepithelial cells,
inflammatory cells, and mammary stem cells (MaSCs). Among these various cell
types, MaSC regulates mammary gland development and has a pivotal role in
tissue regeneration. This chapter aims to introduce various cell types of the
mammary gland and their roles in gland development and milk production.
This chapter also discusses mammary stem cells, which explain the dynamic
behavior of the gland.

2.1 Prenatal Development of the Mammary Gland

The development of the mammary gland starts when the animal is in the fetal stage.
The first discernable structure of cells during the early developmental stage is the
“mammary band.” In bovine, the mammary band appears as early as 32 days after
conception and ectodermal in origin. During this developmental process, epithelial-
mesenchymal interactions play a role where mammary bud develops from the
ectodermal cell. The mesenchymal signaling network brings modifications (expan-
sion, placing cells to mammary line, and elongation) to mammary bud. These
modifications confer sexual dimorphism of the mammary glands in a species-
specific manner (Rowson et al. 2012). Transcription factors and other signaling
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molecules that are involved in early embryonic mammary developments are fibro-
blast growth factors, wingless-related integration site (WNT), Homeobox gene
family (HOX), and T-Box family (TBX) (Carroll and Capecchi 2015).

2.2 Postnatal Development of the Mammary Gland

2.2.1 Early Development

In newborn female calves, mammary parenchyma is barely palpable as mammary
cells exist in negligible quantities. Mammary parenchyma extends threadlike mass
dorsally above each teat (Meyer et al. 2006). The mammary parenchyma consists of
a gland cistern and a ductal system lined with 2–3 layers of epithelium accompanied
by terminal alveolar structures (Daniels et al. 2009). Mammary stem cells (MaSCs),
present in the mammary gland, are vital for maintaining mammary homeostasis and
repair. The mammary gland develops significantly postnatally from heifers to
lactating stages and again back to prepubertal-like stages, which emphasizes the
pivotal roles of adult stem and progenitor cells on the mammary gland (Zhou et al.
2019).

2.2.2 Prepubertal Development

From birth to the time until estrous is attained is called the prepubertal phase of
mammary development. This stage is essential because the amount of mammary
parenchym formed during this stage will mark the performance of the first lactation
and the future lactations. During this period, mammary epithelial cells grow in the
mammary fat pad, and ductal branching and elongation occur. Classical ovariectomy
experiments led to the conclusion that the development of the mammary gland
heavily relies on steroid hormones (estrogen and progesterone) produced in the
ovary (Velayudhan et al. 2015). In addition, there are other hormones like growth
hormone (GH), insulin-like growth factor (IGF-1), and IGF-1/GH axis that bring
proliferation to mammary parenchyma (Berry et al. 2003). Positive allometric
mammary growth in heifers commences at 2–3 months of age (Sinha and Tucker
1969). As an estimate, this growth corresponds to a 60-fold increase in mammary
parenchymal mass at 3 months of age in comparison to the mammary mass at birth
(Meyer et al. 2006). Progesterone receptors are expressed in the embedded layer of
mammary epithelium in prepubertal bovine (Choudhary et al. 2013), indicating that
progesterone has a role in the proliferation of mammary epithelium during the
prepubertal stage. Following ovariectomy, PR becomes undetectable (Velayudhan
et al. 2015).

Other tissue compartments and factors are impacting prepubertal mammary gland
development, and they are: (1) plane of nutrition, (2) stromal compartment, (3) fat
pad, (4) myoepithelial cells, and (5) other factors like prolactin, epidermal growth
factor, transforming growth factor-β, and insulin.
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2.3 Mammary Growth During Pregnancy

The mammary gland undergoes an exponential phase of growth during the pubertal
stage and then during pregnancy. These dynamic morphological changes of the
mammary gland during various physiological stages of animals are brought by the
hormones and the stem cells. For example, during puberty, mammary gland devel-
opment occurs through unipotent progenitor cells, such that all basal cells arise from
basal progenitor cells alone and all luminal cells from luminal progenitors (Van
Keymeulen et al. 2011; van Amerongen et al. 2012). The pubertal gland comprises
diverse stem and progenitor cell populations, including bipotent stem cells that
generate luminal and myoepithelial cells of the duct (Rios et al. 2014). The mam-
mary epithelium shows dramatic regenerative potential. It can undergo several
cycles of growth and involution, signifying that the mammary gland epithelial
compartment comprises mammary epithelial stem cells are single epithelial cells
capable of generating the entire epithelial architecture (Inman et al. 2015). The entire
functional mammary gland can be derived from a single cell (Kordon and Smith
1998; Shackleton et al. 2006; Stingl et al. 2006), supporting the idea that mammary
epithelium comprises a stem cell population. Various investigators showed the
existence of stem-like cells in the mammary gland of various species and established
hierarchical organization of cells and their molecular players.

The majority of mammary growth happens throughout pregnancy. Mammary
growth is an unceasing, exponential process from conception to parturition. There is
the highest increase in parenchymal tissue mass during late pregnancy, evident by
increased udder size. The elongation of mammary ducts, the development of alveoli,
and the lessening of identifiable fat cells in the fat pad result increased udder size.
MEC complete differentiation during pregnancy and milk synthesis commences.
The alveoli show secretory activities in the last month of pregnancy, and the
increment in udder size begins due to the accumulation of the secretory material.
The simultaneous rise in blood concentrations of steroid hormones, namely estrogen
and progesterone, is the primary cause of mammary growth during pregnancy. High
levels of nutrition help increase future lactation potential and improve mammary
development. It was found that with each pound rise in body weight at first calving,
there is an upsurge in milk yield during the first lactation. A study showed that
feeding high energy levels during pregnancy causes considerable enhancements in
subsequent milk production (Macias and Hinck 2012).

2.4 Mammary Growth During Lactation

Mammary gland growth continues in early lactation, which may account for less
than 10% of total mammary gland development in ruminants. A gradual decline in
milk yield is seen after peak lactation (45–60 days after calving). Peak milk
production relies on the number of differentiated alveolar cells secreting milk during
lactation. Moreover, lactation (maintaining peak milk yield) is a function of the
continued survival of those milk-secreting cells. There has been comparatively little
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concentrated exploration on mammary growth during lactation in dairy cattle.
However, numerous studies are observing the growth in rats and swine. An increase
in total mammary DNA has been seen from parturition until weaning in rats. The rise
in DNA represents an upsurge in cell number, and this growth is significant in
determining milk production.

2.5 Post-lactational Mammary Gland Involution

Drying off period and lactation are routine management practices for optimal milk
production in ensuing lactation. Various methods have been described to stop
milking without affecting gland healthy and prepare cow to cease lactation. These
methods of stopping milk secretion include reducing milking frequency, modulating
the plane of nutrition from high to low plane, and antibiotic dry cow therapy (Vilar
and Rajala-Schultz 2020). Dairy cows undergo a “regenerative involution” (Capuco
et al. 1997; Capuco and Ellis 2013), where cell death and proliferation co-occur.
Post-lactational regression has been established to be a two-stage process through
murine models. The initial stage is reversible, while the later stage is irreversible.
Suckling by pups can successfully recommence milking if the offspring are returned
during the initial phase despite extensive cell death. The second irreversible stage
sets in about 48 h onwards, causing further cell death and tissue remodeling (Hughes
and Watson 2012).

Interestingly, in cows having abrupt discontinuation of milking at mid-lactation
for seven days, milking reinitiates (with comparable milk yield and composition) to
that observed before the onset of involution (Singh et al. 2015). At the point of
involution or “drying off,” animals exhibit “parallel pregnancy” involution signature
(Hughes and Watson 2018), indicating cell death and proliferation co-occurs. The
extent of apoptosis of mammary cells is reduced during concurrent pregnancy
(Capuco et al. 2002a, b). However, there is an earlier onset of apoptosis in pregnant
mice while undergoing natural weaning (Quarrie et al. 1996). The involution process
in mice that are concurrently pregnant differs notably in non-pregnant mice in terms
of cell death dynamics, histo-morphology, and patterns of gene expression (Quarrie
et al. 1996).

2.6 Gross Morphology of Ruminant Mammary Gland

The first recognizable sign of mammary development that occurs during prenatal life
is the mammary line’s development. Postnatal development of mammary gland
involves a series of complex physiological processes occurring during distinct
physiological stages of the animal, namely, prepubertal, pubertal, pregnancy, lacta-
tion, and involution. These processes involves interactions of hormones, growth
factors, and suppressors act in an orchestrated fashion to bring desired growth of the
gland. Understanding the mammary gland’s cellular and molecular development is
imperative because its gross structure and tissue architecture differ among species.
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The mammary gland develops in a tree-like fashion composed of hollow branches of
ducts—tubuloalveolar structure. At the end of the ductal branches, a bunch of grape-
like structures of mammary alveoli is visualized. It is composed of many histological
lobes separated from each other by interlobular connective tissue. The lobes are
subdivided into lobules and are lined with connective tissue strands (intralobular
connective tissue). Lobules contain many alveolar structures. Thus, mammary
glands parenchyma comprises alveoli, a network of ducts and bundles of connective
tissue. The alveolus is the elementary secretory unit. It is sac-like or vesicle of
unequal size lined by a single layer of mammary epithelial cells (MEC). They are
made of flattened or cuboidal epithelial cells with a round nucleus. Myoepithelial
cells present the basal side of MEC are responsible for squeezing of alveoli at the
time of milk production, also hypothesized to contain mammary stem cells.
Myoepithelial cells (Myo) are surrounded by the basement membrane separating
epithelial cells (Myo and MEC) from the stroma (Fig. 2.1).

Fig. 2.1 Tree-like structure of the mammary glands of a ruminant with developed alveolar
structure
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2.7 Histomorphology of Mammary Gland

Gross morphology: The mammary gland’s histological structure comprises two
types of tissues: parenchyma and stroma. The parenchyma originates from the
embryo’s ectoderm and corresponds to the secretory part of the gland. The stroma
is constituted of lymph, blood vessels, adipose, connective, and nervous tissues
(Delouis and Richard 1991). Histological study reveals that the mammary gland’s
structure differs during various physiological stages. Following the difference in the
mammary glands during various physiological stages, we can say that during the
prepubertal stage, MEC are arranged in 2–3 layers of cells, and they are called
terminal ductal lobular unit (TDLU) (Choudhary et al. 2018) (Fig. 2.2). While during
the non-lactating stage, gland structure is similar to the prepubertal stage, but instead of
TDLU, shrunken and inactive alveoli are present. Milk is synthesized in the secretory
cells only during the active lactation stage. MECs are arranged in a single layer
surrounded by the basement membrane in a spherical structure called alveoli
(Fig. 2.1). Thus mammary gland is a very dynamic and complex organ whose
histomorphology changes drastically depending upon the animal’s stage. The mam-
mary gland’s dynamism is regulated by the presence of undifferentiated mammary
epithelial cells called mammary stem cells (MaSCs) (Choudhary et al. 2018).

The mammary gland undergoes several alterations in its volume, internal struc-
ture, and composition during gestation and lactation. Structural alterations have a
substantial impact on the quantity and quality of milk production. During pregnancy,
no differences in udder weights are found until day 120, after which weight increases
significantly. The majority of udder growth is observed between the last 30 days of
pregnancy and the first 10 days of lactation. The modification of mammary gland
tissue composition is apparent during gestation and lactation and during the first
15 days of gestation. During this time, parenchymal tissue modification occurs with
a declination of the amount of fatty tissue and fluid-rich tissue upsurges. After that,
constant change in mammary gland composition is observed throughout late gesta-
tion and the entire lactation period. The alterations in parenchyma composition can

Fig. 2.2 Prepubertal and lactating glands of bovine. Histomorphology of the prepubertal (left
panel) and lactating (right panel) bovine mammary tissue section stained with hematoxylin
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be directly related to fluid accumulation in the gland due to the increment of milk
secretion.

Morphology of mammary epithelial cells is polarized and becomes columnar.
During polarization, the cell’s nucleus is pushed toward the basal side (plasma
membrane close to the basement membrane). In contrast, the terminal differentiation
of cells results in the development of microvilli on the apical surface (side close to
the lumen of alveoli). Mammary alveoli are surrounded by a thin layer of fibroblasts
and capillaries. All these alterations can be related to the mammary gland’s prepara-
tion for milk production. Indeed, the lobular-alveolar system’s development is
essential to produce and store milk. The number of secretory alveolar epithelial
cells increases during early and mid-lactation and diminishes during late lactation
(Elsayed et al. 2009). Likewise, the surface of alveoli is smaller during late lactation
compared to early and mid-stages of lactation.

Additionally, alveoli numbers are reduced, and stroma tissue increases during late
lactation. Also, during mid and late lactation, the alveoli number and sizes are
reduced, and stromal tissue increases. There are immature alveoli with a thin
lumen and cuboidal epithelial cells with a large nucleus during late gestation.
Some alveoli are filled with secretion and lipid droplets in the epithelial cells (Colitti
and Farinacci 2009). During late gestation and onset of lactation, alveoli size/number
and lumen area progressively increase.

On the other hand, the stroma tissue is substituted to accommodate adequate
secretory cells to produce milk. These changes are due to the secretion of matrix
metalloproteinases that reorganize stromal tissue. The modification of the epithelial
cells’ shapes and the presence of secretory vesicles is also a variation essential for
milk production. In conclusion, the mammary gland undergoes massive structural
alterations in its cell shape, differentiation, secretory capacity, number of secretory
cells, and the area of alveoli during the various stages of lactation, including from
immature to mature stage at early lactation (Akers 2002; Cadar et al. 2012).

2.8 Types of Cells in the Mammary Gland

The mammary gland consists of secretory tissue, mammary epithelial cells (MEC),
and connective tissue (stromal cells, adipose tissue, nerve cells, blood vessels, and
inflammatory cells). The amount of secretory tissue or the number of secreting MEC
is the limiting factor for the udder’s milk-producing capacity. It is a consensus that a
big udder produces more milk due to the high capacity of the gland. However, this is
not true because a big udder might comprise more adipose and connective tissues
instead of milk-secreting cells.
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2.9 Mammary Epithelial Cell (MEC)

In the mammary gland, epithelial cell is the main component and considered the
cause of the mammary gland’s maximum activity. Mammary epithelial cells (MEC)
can broadly be classified into basal and luminal cells. Luminal epithelial cells line
mammary ducts and alveoli. MEC contains cytoplasm, nucleus, endoplasmic reticu-
lum, Golgi apparatus, mitochondria, and lysosome. The ribosomes attached to the
outside of the rough endoplasmic reticulum are the sites of protein synthesis (Tyler
and Ensminger 2006). The Golgi apparatus releases casein and lactose-containing
secretory vesicles as well as the site of protein modifications. There are numerous
mitochondria present, the organelles that house the energy-releasing reactions, and
their number increases as energy demand during lactation increases. The purpose of
the lysosome is to destroy old nonfunctional MEC to make an area for new cells.
Tight junctions create a milk/blood barrier limiting transportation between the cells
to separate each separate component. In the ducts, tight junctions are present in
continuity, but their distribution is somewhat discontinuous around alveoli. Luminal
epithelial cells play a role in milk synthesis, storage, and secretion. The primary role
of epithelial cells is to remove nutrients from adjacent blood capillaries and use them
to synthesize milk (Bauman et al. 2006; Tyler and Ensminger 2006). During the
transition/periparturient period (14 days before and after parturition), cows may
experience excessive metabolic load and decrease the immune system and hence
vulnerable to metabolic disorders and mammary infection. An increasing amount of
milk production from early lactation to peak lactation (usually 2–3 months after the
parturition in cow) is accounted by the increasing rate of MEC proliferation.
Estrogen and progesterone hormones stimulate MEC proliferation (Capuco et al.
2001). MEC differentiation depends on the hormones prolactin and glucocorticoids.
Prolactin is involved with the development of the Golgi apparatus and secretory
vesicles. Glucocorticoids, the primary one cortisol, develop the rough endoplasmic
reticulum (Akers 2002).

Upon reaching lactation at peak, milk production decreases due to an increased
rate of programmed cell death and decreased cell proliferation. During the dry
period, the MEC components regress, proliferate, and differentiate. In bovine,
regression and proliferation of MEC coincide, with the ultimate goal of maximizing
milk production in the subsequent lactation (Martignani et al. 2014). Surprisingly,
during this period, there is no MEC loss, and hence this period is called “regenerative
involution.” During the dry period, increasing cell proliferation rate is hypothesized
to enhance regeneration of the mammary gland and likely to reduce the non-lactating
and non-productive dry period (60 days). Mammary stem cell manipulation in cows
after peak lactation may increase cell proliferation or decrease the apoptosis of MEC
and hence likely to improve lactation persistency (Stelwagen et al. 2013; Choudhary
2014). Therefore, the productivity of dairy cows can be changed by changing MEC
numbers by understanding the homeostasis of mammary stem cells during the dry
period and during the late lactation.
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2.10 Myoepithelial Cells

Dyce et al. (2002) and Samuelson (2006) described that the mammary gland
secretory units are surrounded by myoepithelial cells. Frandson et al. (2009)
described that the alveoli and ducts are surrounded by contractile myoepithelial
cells, also called basket cells. The alveoli are surrounded by branched, stellate,
myoepithelial cells, the contraction of which aids in the emptying of the alveoli.
The myoepithelial cells also are located along the ducts and alveoli. Morphologi-
cally, myoepithelial cells resemble smooth muscle cells and present on the outer side
of MEC. Myoepithelial cells separate epithelial cell compartments from the stroma
and are mesenchymal in nature. However, they also exhibit some features of
epithelial cells, like an expression of specific cytokeratins. When contracted,
myoepithelial cells provide compression on the alveoli and ducts milk to be directed
toward the lactiferous sinus. There is a contraction of alveoli when the hormone
oxytocin circulates and brings milk let down. In addition to alveolar contractions,
cells also do a variety of functions, namely, modulation of cell proliferation,
mammary gland morphogenesis during all the developmental stages, differentiation
of luminal cells, and also protects from mammary cancer. Thus, myoepithelial cells
act as a nature suppressor of mammary tumors (Goodwin and Nelson 2018).

2.11 Adipocytes

The mammary gland is exclusive in its requirement to develop a close association
with a depot of adipose tissue called “mammary fat pad.” The mammary fat pad
represents mainly two types of adipocytes—white and brown fat cells, depending on
the number of cellular compartments that are unilocular and multilocular, respec-
tively. White fat cells are unilocular, while the brown fat cells are multilocular. It
makes a complex stromal microenvironment and plays a role in tissue homeostasis
and gland growth (Hovey and Aimo 2010). Mammary adipose tissue forms a local
environment and provides signaling cues to mammary parenchyma. Hormones like
prolactin are synthesized by mammary adipose tissues and play a role in prolactin-
mediated mammary growth and lactation. Fat cells and associated stromal cells of
mammary tissue are the target site for estrogen hormone. Estrogen receptor (ER) has
been localized in the mammary adipocytes and fibroblasts of heifers (Meyer et al.
2006). The mammary fat pad also provides local IGF-1-medicated growth of ductal
epithelium. IGF-I mRNA expression was observed in the fat pad in the proximity of
the parenchymal tissue in the ewe (Hovey et al. 1998). In addition to this, mammary
adipocytes secrete vascular endothelial growth factor (VEGF), hepatocyte growth
factor (HCF), leptin, and other metabolites (Hovey and Aimo 2010). In bovine,
distinct expression of the gene expression profile of mammary fat pad and stromal
tissue was detected and identified 124 estrogen-responsive genes (Li et al. 2006). A
recent study indicated that adipocytes (PDFGRα-positive) might serve as the reser-
voir of mammary epithelial progenitor cells (Joshi et al. 2019), indicating the role of
adipocytes in mesenchymal to epithelial transition in the development of the
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mammary gland. Thus, mammary adipocytes are the complex microenvironment
and provide signaling cues to the mammary gland’s development and functions.

2.12 Mammary Stem/Progenitor Cell

Stem cells are specialized cells showing the self-renewal capacity and the ability to
proliferate and differentiate into various cell types. Mammary stem cells (MaSCs)
were shown to generate a semi-functional mammary gland (functional alveolar
subunits without a complete excretory network) in mouse (Shackleton et al. 2006)
and human (Stingl et al. 2006). The proliferation of mammary stem cells in the
bovine mammary gland may also influence milk production (Capuco et al. 2009).
Mammary stem cells differentiate into cells of the myoepithelial and luminal
lineages (Choudhary 2014). The mammary stem cells are epithelial in origin and
exist in conjunction with cells of the connective tissue and fat pad, which are of
mesenchymal origin (Choudhary 2014). Precise identification and then the charac-
terization of MaSCs are conflicting and need further investigation in terms of their
dynamics and complexity (Joshi et al. 2010; Kaimala et al. 2012). Identifying
different MaSC subtypes will allow precise targets to be found for optimal manipu-
lation for increased milk production in the dairy animals and hypogalactia mother.
Mammary stem cells serve as a source of cells for the mammary gland’s growth
during puberty and gestation. MaSCs have been isolated from human and mouse
tissues and cell lines derived from mammary epithelial cells. Single cells can give
rise to both the luminal and myoepithelial cell types of the gland and have the ability
to produce the entire organ in mice (Liu et al. 2007). Transplantation studies showed
the existence of MaSC in enzymatically dissociated mouse mammary epithelial
tissue when seeded into the cleared (epithelium-free) fat pads of immunodeficient
mice (Wagner et al. 2002). Due to their self-renewal property, stem cells divide in
two different fashions—symmetric and asymmetric cell division. Symmetric divi-
sion gives rise to two identical daughter stem cells or two differentiated cells. The
asymmetric division produces two asymmetrical cell types—one stem cell and the
other progenitor cell or differentiated cells. Progenitors can undergo cell division
several times before finally differentiating into a mature cell. The first evidence of
mammary stem and progenitor cells’ presence was suggested by a tissue fragment
transplantation experiment when investigators transplanted epithelial tissue
fragments into mammary fat pads cleared of the epithelium. Cell surface protein
markers have been used to identify the MaSCs population using multiparameter cell
sorting. It is seen that virtually any part of the mammary gland could reprise the
entire glandular structure on transplanting into cleared mammary fat pads, indicating
a candidate stem cell population’s localization along the entire ductal tree (Stingl
et al. 2006). A study on the human female mammary gland reveals that the gland
undergoes dramatic changes during pregnancy. Even though lobules are present
before pregnancy, the gland’s complete development and differentiation occur only
after the end of the first full-time pregnancy. Proliferating cells morphologically
similar to pale staining cells observed in the murine mammary gland were observed
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in the human breast, signifying stem cells’ presence. These cells were pale-stained,
with a round shape, and possessed large nuclei and clear cytoplasm. The distribution
of organelles like mitochondria and endoplasmic reticulum was scanty, and these
cells possessed terminal bars and tight junctions. In the pubertal bovine mammary
gland, four-cell sub-populations were characterized by multiparameter cells sorting.
They were, (1) basal lineages committed cells—CD49fhigh, CD24neg, CD10+,
KRT14+, vimentin+ and PROCR+; (2) luminal cells (CD49flow)—CD24neg; (3) lumi-
nal cells (CD49flow)—CD24pos; and (4) mammary stem cells—CD49fhighCD24pos.
Mammary stem cells were not pure but a mixture of cell types with varying
expression levels of CD10, KRT14, and KRT7 (Finot et al. 2018). In-depth charac-
terization of bovine mammary epithelial sub-populations provided insights into the
lineages and cell commitment in mammary gland development. The emerging
diversity among MaSC and progenitor populations of the mammary epithelium in
humans is likely to underpin breast cancer characteristics. Incidences of mammary
cancer in ruminant are rare.
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Mammary Stem Cells: How Much Do We
Know? 3
Alok Kumar and Satish Kumar

Abstract

Mammary stem cells are fundamental to the process of glandular development
and homeostasis. Understanding the mammary gland biology is essential to
delineate the processes that, in sync with the female’s systemic hormones,
maintain the supply of stem cells with multilineage differentiation potential.
Like hematopoietic stem cells, the mammary stem cells also differentiate
hierarchically through asymmetrical divisions and give rise to a daughter stem
cell and a progenitor cell with lineage-restricted differentiation capabilities.
Identification of such stem cells and the key signaling events that may initiate
malignant transformations or lead to the mammary tissue’s functional recovery
will be the desired outcomes of the ongoing endeavors. These overwhelming
possibilities assure that decoding the associated molecular factors/pathways that
tightly regulate MaSCs activities will substantially add to our current understand-
ing of breast oncogenesis, dairy animal productivity, and post-mastitis
management.
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3.1 Introduction

The mammary gland is unique to the class Mammalia. As one of the critical factors
for their reproductive success, it has been instrumental in contributing to the
mammalian species’ remarkable survival fitness. This unique organ contributed
significantly to the establishment of placentation in mammals, which led to the
transition from oviparity to viviparity. This tissue had also impacted human history
as it evolved and transitioned from hunters and gatherers to practicing agriculture
and domesticating dairy animals. All of this had a strong correlation with the
functional properties of this organ. The mammary gland’s distinctive ability to
secrete milk for the nourishment and the well-being of the young ones adds a new
dimension to the maternal mode of investment into reproduction. This encouraged a
generation of researchers to study the physiology of the gland.

Post puberty, the mammary gland goes through distinctive phases of growth,
development, and functional activity well spread across the female individuals’
reproductive age. The ability to lactate is a transient functionality that begins at
each postpartum event and ceases once the infant's requirements for the milk
decreases, reverting the gland to its pre-pregnancy state. This repetitive event of
functional development and regression in the mammary gland during each cycle of a
successful pregnancy and parturition event supported and strengthened the concept
of mammary stem cells (MaSCs) in the gland. Inside a normal mammary gland, the
MaSCs are a population of histologically undifferentiated epithelial cells that either
forms two identical stem cells or stem cells and a progenitor cell with a committed
cell lineage identity following a round of symmetrical or asymmetrical cell division,
respectively. These stem cells and a few progenitor cells, and the rest of the somatic
cells respond and proliferate in synchrony with the cyclical changes of the female's
reproductive cycle (Capuco and Choudhary 2020).

The presence of MaSCs and the potential progenitor cells with single or
bi-lineage differentiation capabilities (ductal and lobular) has been demonstrated
through multiple studies that involved cell transplantation techniques in mice models
(Smith and Medina 1988; Kordon and Smith 1998). The coordinated activity of
these cells in response to systemic female hormones supports growth, development,
and homeostasis maintenance in the gland (Fig. 3.1).

Thus, MaSCs, which are uniformly distributed across the mammary parenchyma,
participate in the cyclic event of development and involution during each cycle of
pregnancy and lactation. Such cells with self-renewing capacity and the ability to
differentiate into multiple lineages are well accepted, but such cells' exact identity is
still elusive. In this book chapter, we will discuss in some detail the identity of
MaSCs.
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3.2 Discovery, Isolation, and Characterization of MaSCs

The development of new cellular assays and techniques over a couple of decades had
led to a significant increase in our understanding of the MaSCs and their biology.
The successful isolation and characterization of MaSCs population, mostly in rodent
models and to some extent in humans, had added much to our current understanding
of mammary tissue homeostasis and the causes of oncogenesis. The transplantation
studies where the multipotent stem cell population was isolated from the mouse
mammary gland using the specific cell-surface markers showed that a single cell,
when provided the stromal microenvironment, can reconstitute and develop in vivo
into a mammary gland. Such observations indicated that an independent stem cell
has the required potential to regenerate the entire gland. The initial experiment by
DeOme et al. (1959), where he transplanted tissue fragments into the cleared mouse
mammary fat pads, established an excellent in vivo model for future studies.
Through his pioneering work, DeOme et al. showed that any portion of the mam-
mary tissue has a specific population of cells that can contribute to tissue regenera-
tion and homeostasis akin to the one observed during the successive cycles of
pregnancy and lactation. Follow-up studies by Smith and Medina (1988)) also

Fig. 3.1 The cycling phases of mammary epithelial cells development and regression during each
session of pregnancy, lactation, and involution. The H&E sections of the mouse mammary gland at
three different time points show how drastically the mammary epithelial turnover occurs during a
single cycle of pregnancy, lactation, and involution
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showed that epithelial cells that can form the entire ductal tree upon transplantation
exist in the whole life span of the adult female mouse. Using the retrovirally marked
mammary epithelial cells, Kordon and Smith (1998) later confirmed stem cells'
existence in the mammary tissue. However, the isolation of a refined population of
MaSCs is still elusive due to the lack of defined markers that characterize the MaSCs
population.

Attempts like depleting the freshly dissociated mammary cell populations of
hematopoietic and endothelial cells while selecting specific cell-surface markers
like CD24, CD29, or CD49f was some of the initial approaches used for MaSCs
isolation by Shackleton et al. (2006) and Stingl et al. (2006). These integrin markers
in vivo form a functional alpha 6-beta1 integrin heterodimeric complex and facilitate
interaction between the epithelial cells and the mammary stroma. So, transplantation
experiments with these double-positive cell populations that express high levels of
CD24 and CD29 or CD49f into the cleared fat pad at limiting dilutions showed that
these subsets are enriched for mammary stem cell populations. Later it was also
revealed that most of these double-positive cells express markers for myoepithelial
cells, have low levels of Sca-1, and acquire a basal position in the mammary
parenchyma (Stingl et al. 2006). Interestingly, among these are small proportions
of cells that do not express myoepithelial lineage markers but have substantial
potential to contribute to the development of lobuloalveolar structures during preg-
nancy. Such groups of cells that exhibit this multilineage differentiation potential are
considered MaSCs (Shackleton et al. 2006; Asselin-Labat et al. 2006).

3.3 Single MaSC Can Form an Entire Mammary Gland

The in vivo labeling studies using analogs like bromodeoxyuridine (BrdU) and
[3H] thymidine had shown that inside the mammary gland exists an actively cycling
population of cells that retain a template of their immortal DNA strand (Smith 2005).
This capability of asymmetrical cell division helps track the long-term label-
retaining cells that are also enriched for stem cell populations. Although the correla-
tion between the long-term label-retaining cells and MaSCs is not well understood,
studies using Hoechst33342 and pyronin Y staining showed that most of such
cycling cells constitute the G1 or S-G2-M fractions (Shackleton et al. 2006).

Shackleton et al. and Stingl et al. through their studies, showed that a single cell
from the population sorted for CD29hi/CD24+ (Shackleton et al. 2006) or CD49fhi/
CD24+ (Stingl et al. 2006) markers can repopulate a cleared fat pad and can in vivo
reconstitute a functional glandular structure. The evidence for this multilineage
differentiation potential of the cells with the above-described markers was derived
from the clonal outgrowth of the transplanted cells in the recipient mice (Shackleton
et al. 2006) and from the in vitro colony-forming assays (Stingl et al. 2006). This
asymmetrical division of the transplanted cells into a daughter progenitor cell and a
stem cell points to a probable epithelial lineage hierarchy within the gland, which
may add to the understanding if delineated precisely step by step of the dynamics of
the residing stem cell population. Accordingly, in the mouse mammary gland, based
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on earlier transplantation experiments, multipotent cell types capable of forming
three distinct lineages have been identified (Smith 1996). But the precise identity of
such cells that give rise to ductal or lobular or the entire mammary outgrowth is still
elusive. It is hypothesized that, like hematopoietic stem cells, broadly, the MaSCs
may also consist of multiple bi- and unipotent progenitor cells with long-term and
short-term repopulating capabilities in addition to the expected multipotent stem
cells.

Inside the mammary parenchyma cell adhesion molecules of the integrin family-
like α6-integrin and β1-integrin play crucial roles in mediating epithelial cells’
attachment to the stroma and cell maintenance polarity. During pregnancy, alveolar
architecture formation in the mammary gland of β1-integrin conditional mutants is
severely compromised even though no effect was observed on the ductal morpho-
genesis and branching pattern. The attempts to repopulate the recipient mice cleared
fat pads using mammary tissues from the above mutant mice were also unsuccessful
(Li et al. 2005). However, no such anomalies were observed in CD24-deficient mice.
Together these two cell adhesion markers seem to have deterministic roles in
maintaining the MaSC population and its self-renewal. So, sorting of the dissociated
mammary epithelial cells for these cell adhesion molecules yield MaSCs-enriched
population. Even though the expression of CD24 marker is widespread across all
sorts of epithelial cells present inside the mammary gland, the findings of Sleeman
et al. (2006) showed that this specific cell adhesion molecule (CD24) could be useful
for segregating luminal, myoepithelial, and non-epithelial cells from the freshly
dissociated gland. Mostly, the epithelial cells that show high stem cell activity is
low for CD24 and are quickly sorted out as a group of CD24lo population of cells.
This study holds much significance compared to the similar findings described above
because Sleeman et al. showed that based on the level of expression of this single cell
surface marker CD24, mammary epithelial cells could be sorted into distinct subsets
of varying potency. Likewise, a subset of epithelial cells characterized by low levels
of either CD29 or CD49f but high levels of CD24 were enriched for progenitor cells
that are committed to a luminal fate (Shackleton et al. 2006; Stingl et al. 2006). Still,
the above subset of cells fails to yield an outgrowth during the transplantation
experiments.

3.4 Endocrine Regulation of MaSCs

The studies to locate and identify the MaSCs populations within the mammary gland
will undoubtedly have a significant impact on breast cancer biology and veterinary
sciences. The considerable expansion in the mammary stem cell populations in the
MMTV-wnt-1 transgenic mice during the preneoplastic phase (Shackleton et al.
2006) suggests that wnt-1 plays a crucial role in MaSCs self-renewal. The absence of
a similar phenomenon of expansion in stem cell activity in MMTV-neu/erb2 trans-
genic mice signifies that in this transgenic model, a progenitor cell, down in the
epithelial hierarchy, is the target. To further understand the complex regulation of
MaSCs activity and study its effect on mammogenesis by systemic endocrine
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factors, ovariectomy experiments were done. The determination of ERα and PR
expression patterns in the mammary gland revealed that MaSCs had an ER-
α-negative and PR-negative identity (Asselin-Labat et al. 2006). The luminal pro-
genitor populations had a significant number of cells having receptors for steroid
hormones. Such distribution of steroid hormone receptors meant that the epithelial
cells would vary remarkably in their repopulating potential. So, a hierarchy of stem
cells should exist inside the mammary gland. Based on this understanding, it was
hypothesized that an ERα-MaSC at the top of this hierarchy goes through the process
of self-renewal or differentiation to form either luminal or myoepithelial restricted
progenitor cells. Next, these predominantly ERα-luminal progenitor cells down the
hierarchy commit either to ductal or alveolar epithelial cells. During this process, a
transition to ERα+ phenotype happens, and the resulting ductal cells are now ERα+.
Later, during puberty or pregnancy, these ERα+ cells in response to increased
estrogen activity direct the expansion of mammary epithelial cells and MaSCs in
paracrine fashion leading to complete glandular morphogenesis (Fig. 3.2).

The findings from the ovariectomy experiments thus revealed that estrogen and
other systemic ovarian factors are critical for mammary development and stem cell

Fig. 3.2 The proposed hierarchy of mammary epithelial cells. Adapted from Visvader and
Lindeman (2006) and created with BioRender.com
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activation, all mediated in a paracrine or juxtacrine fashion because most of these
proliferating cells lack estrogen receptor alpha (ERα). Apart from Erα that functions
as a mediator, studies by Cheng et al. (2004) in mouse models had shown that ERβ
might also participate in estrogen-mediated mammogenesis. The role of these
mediators (ERα and ERβ) varies across the mammalian species as Schams et al.
(2003) had shown that bovine mammary glands are very low on ERα expression.
Localization studies by Capuco et al. (2002) and Berry et al. (2003) had
demonstrated that ERα expression in the parenchymal portion of the bovine mam-
mary gland is very much confined to the constituent epithelial populations rather
than the stromal ones, and among these embedded epithelial cells, approximately
one-third do express ERα. This ERα expression pattern is similar to the one reported
in humans and rats (Anderson et al. 1998; Russo et al. 1999) but different from the
patterns reported in murine mammary glands (Shyamala 1997; Haslam and Levely
1985). The marked increase in the percentage of these proliferating ER-negative
cells estimated either through BrdU labeling or Ki67 staining from 85–90% to 99%
(Capuco et al. 2002) post estrogen treatment probably supports the initial observa-
tion that the progenitor and the stem cells that constitute a majority of the
proliferating epithelial cell populations are mostly ERα-negative. Together these
findings suggest that there are two distinct populations of cells inside the mammary
gland, one that detects an estrogen signal and another that responds by proliferating,
both connected via a paracrine mode of communication between the two cell
populations. Contrary to this, Zeps et al. (1996) reported that in mouse mammary
glands are present a small population of slowly proliferating ERα-positive cells. A
similar study by Dontu et al. (2003) shows that around 40% of the existing stem cell
populations in the human mammary gland expresses ERα. Later, Clarke et al. (2003)
and Dontu et al. (2004) came up with an explanation that these ERα-positive stem/
progenitor cells are mostly quiescent cells that give rise to rapidly dividing ER-
α-negative cells, which also acts as the leading population of proliferating cells in the
gland.

3.5 Significance and Relevance to Dairy Animals and Humans
Health

The maintenance of persistent lactation in dairy animals is an economically desirable
trait for the dairy industry. However, attempts to achieve this feat are mostly unmet
due to the majority of reasons and factors that affect mammary parenchyma growth
and maintenance. The damage to the mammary parenchyma due to bacterial
infections during mastitis severely affects milk productivity. In mastitis, the bacterial
endotoxin leads to oxidative stress, and Spitzer et al., had shown that the observed
reduction in the milk production capacity is due to the induction of apoptosis in the
mammary epithelial cells (Spitzer et al. 2020). The development of antibiotic-
resistant pathogenic bacterial strains has further compromised the conventional
measures meant to prevent and treat mastitis. Alternative approaches, like using
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antimicrobial proteins (Kumar et al. 2019; Neerukonda et al. 2019) and our current
understanding of mammary stem cell biology, if exploited, may address this issue.

The studies on the bovine mammary stem and progenitor cells provide multiple
challenges, avenues, and research targets in the field. Issues like reduced milk
production during lactation, which happens due to the apoptotic cell death of
mammary epithelial cells, are a significant cause of concern in dairy animals
(Capuco et al. 2001; Boutinaud et al. 2004). The ability to alter the epithelial cell’s
proliferation/apoptosis rates in such cases will have a long-lasting effect on the
persistence of lactation. Understanding the crucial events that control MaSCs activ-
ity and the corresponding epithelial cell dynamics would help mitigate the impact of
processes that negatively affect epithelial homeostasis. The development of a scien-
tific approach and methods to increase epithelial cell turnover inside the mammary
gland by stimulating the MaSCs activity will substantially add to the secretory
capacity per cell during lactation.

The incidence of mammary oncogenesis is pretty high in humans than the
ruminants (Acland and Gillette 1982; Foreman et al. 1990; Kato et al. 1998). This
striking contrast makes it attractive to understand why mammary carcinoma is so
rare in herbivorous mammals. Multiple hypotheses were drafted to explain this
notable difference between the humans the ruminants. The first and the most
prominent argument is that most of these ruminant females undergo prolonged
lactation phases or repetitive cycles of pregnancy and lactation, while human
females do not. Pregnancy and lactation in females had been shown to confer
protection against the occurrence of breast cancer (Rudas et al. 1994). However,
the mammary gland biology in humans is so complex that many a time, a majority of
mammary tumors are first reported during pregnancy (Chiedozi 1985; Donegan
1979; Kuerer et al. 1997). Another argument is that majority of these female
ruminants do not live for more than ten years, so the incidences might get
underreported. One impressive view is that the product of fermentation in ruminant
mammals protects against mammary carcinoma. Butyrate for long has been known
to act as a histone deacetylase and shown to promote apoptosis in tumor cells when
introduced to the culture medium (Heerdt et al. 1999; Gaschott et al. 2001). The
increased update of dietary fibers may lead to an increase in the production of
butyrate inside the human gut. But rarely, the butyrate produced inside the human
gut is able to reach peripheral circulation because a majority of it either gets
metabolized by the gut epithelium or gets processed in the liver. A study in support
of this hypothesis was conducted on rats. It was discovered that there was a 50%
reduction in the incidences of mammary tumors in the group that was fed to sustain
an increased level of butyrate in their circulation (Belobrajdic and McIntosh 2000).
A detailed investigation into the differences in mechanism between different mam-
malian species would thus be useful to test novel approaches and get a deeper
understanding of the mammary stem cells' physiology and dynamics and alteration
of which results in mammary tumorigenesis.
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3.6 Conclusion

Mammary stem cells are directly related to the observed dynamics of epithelial cells
and their turnover rate inside the mammary gland. Therefore, MaSCs are of immense
interest to the current scientific community. Strategies that can boost and regulate the
MaSCs activity can benefit animal husbandry and regenerative medicine. Candidate
molecules like xanthosine and inosine (Capuco et al. 2012; Choudhary and Capuco
2012) that promote the resident stem cell populations via increased symmetric
division need further elucidation as this may add to ongoing mammary epithelial
cell proliferation. Together these findings offer a promise of improving lactation
efficiency and well-being of the dairy animals.
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Methods of Identification
and Characterization of Stem Cells 4
Shanti Choudhary

Abstract

Stem cells are identified and characterized by their prolonged divisional capacity
and capacity to differentiate into functional cell types. Moreover, these cells
generate several lineages by transdifferentiation (called plasticity) due to their
pluripotency and multipotency state. Identification of correct stem cell types from
various tissues, followed by their characterization, will provide a way to investi-
gate their mechanisms of self-renewal and differentiation potential. Increasing the
efficiency of characterizing and expanding adult stem cells is the most challeng-
ing field of biology and veterinary regenerative medicine.

Keywords

Stem cell · Identification · Characterization

4.1 Introduction

Stem cells are rapidly dividing undifferentiated cells and are unique in their
properties from other differentiated cells. The presence of stem cells in any tissue
depends on their renewal rate and hence are found in large numbers in tissue with
high renewal rates like the vascular tissue, blood, and epithelia. On the other hand,
tissues with less or little renewal state, such as the central nervous system (CNS) or
myocardial muscle, will have fewer stem cells (Lemoli et al. 2005). Before becom-
ing fully differentiated, stem cells generate progenitors and more differentiated
precursors, also called intermediate cell types. Progenitors and precursor cells are
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the medical field’s future because of their potential to treat many incurable diseases,
such as heart diseases and diabetes. Stem cells co-exist in a population with other
cells. So, it is essential to know and identify the stem cells among other cells, and for
the identification, there are some methods available for the screening of stem cells
from other cells. Stem cells are potent and can transform into any cell type according
to need. They divide asymmetrically, resulting in one differentiated and one stem
cell, a key and unique feature of stem cells to keep their number growing and
maintaining their population.

Based on the potency, stem cells are divided into four groups as follows:
Totipotent cell: Totipotent cells are the cells that can differentiate into all types of

cells including embryonic and extraembryonic cell types, such as the fertilized egg.
These cells can successfully make a whole viable organism (Bindu and Srilatha
2011).

Pluripotent cells: Pluripotency refers to the ability of cells to differentiate into any
cell type of the three germ layers, namely, ectoderm, endoderm, and mesoderm.
They are also termed as descendants of totipotent stem cells that can develop into
almost all types of cells. A single pluripotent stem cell can produce cells of all three
germ layers. Examples include embryonic stem cells, cells formed during early
differentiation of stem cells, and cells derived from the germ layers viz, mesoderm,
ectoderm, and endoderm.

Multipotent, oligopotent, and unipotent cells: Multipotent stem cells can success-
fully differentiate into all closely related types of cells. The limiting factor for
multipotent stem cells is their only specificity for home tissue. For example, the
multipotent stem cells from bone marrow can give rise to all types of blood cells
(RBCs, WBCs, and platelets). Oligopotent stem cells differentiate into only a few
cells, like lymphoid or myeloid stem cells. As the word “uni” suggests, unipotent
stem cells can differentiate into only one cell type or lineage. They can be found in
adult tissues.

Based on the origin, stem cells are divided into three groups as follows:
Embryonic stem cells (ESCs): Embryonic stem cells are derived from the blasto-

cyst stage and are pluripotent. ESCs can be isolated from the embryo’s inner cell
mass from the developmental blastocyst stage. ESC is self-replicating in nature, and
they are capable of forming all cells derived from all three germ layers. The term
“embryonic stem cell”was coined byMartin (1981) and the characteristics feature of
“pluripotency” can be a treatment for many incurable diseases like Parkinson’s
disease, diabetes, liver diseases, and cardiovascular disease (Khan et al. 2018).
Embryonic stem cells (ESC) are a distinct category of stem cells that can divide
indefinitely and have self-renewal capacity. ESCs can give rise to all somatic cell
types present in the embryo (Vazin and Freed 2010). ESCs role in initiating organ
structures and developing specialized cells is complex, and ESC can be a useful tool
in understanding the underlying mechanism. ESCs can be a valuable tool for
understanding the complex mechanisms involved in tissue regeneration and growth.
Because of their unique properties of self-renewal and plasticity, they can be
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harvested and grown in vitro, and this way, they can be used in regenerative
medicine.

Adult stem cells (ASCs): Stem cells of fully differentiated tissue are called adult
stem cells. The critical function of the adult stem cells is to maintain the adult tissue
specificity by tissue regeneration and homeostatic cell replacement (Wagers and
Weissman 2004).

Induced pluripotent stem cells (iPSCs): In the year 2006, Yamanaka and his
group, for the first time, showed that a cocktail of four transcription factors, namely,
Oct4, Sox2, Klf4, and c-Myc, were able to reprogram fibroblast to gain a
pluripotency state leading to the generation of induced pluripotent stem cells
(iPSCs) (Takahashi and Yamanaka 2006). Subsequently, in 2007 human iPSCs
were derived (Takahashi et al. 2007) as an alternative source of human ESCs.

Viral and non-viral mediated delivery of core reprogramming factors and other
molecules allowed the generation of iPSCs from various animals (Table 4.1).

The generation of reproducible protocols in different animal species is yet to be
explored. The low efficiency of iPSC generation is another issue that scientists are
dealing with in the successful creation of iPSCs. The iPSCs generation protocol may
provide these cells with transgenic technology to create new breeding and therapeu-
tic applications.

Table 4.1 Viral and non-viral mediated methods for generating induced pluripotent stem cells
(iPSCs) in various species

Species of which iPSCs were generated References

Viral mediated reprogramming

Rat Liao et al. (2009)

Dog Shimada et al. (2010)

Pig Esteban et al. (2009)

Monkey Liu et al. (2008)

Sheep Bao et al. (2011)

goat Ren et al. (2011)

Horse Nagy et al. (2011)

Cattle Han et al. (2011)

Buffalo Deng et al. (2012)

Non-viral mediated reprogramming

Human Using plasmid Yu et al. (2009)

Mouse Using recombinant proteins Zhou et al. (2009)

Human Using modified mRNA, called RNA-iPS cells (RiPS) Warren et al. (2010)

Mouse Using small molecules - BIX-01294, BayK8644 Shi et al. (2008)

Bovine Transposon mediated Talluri et al. (2015)
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4.2 Identification and Isolation of Stem Cells

4.2.1 Embryonic Stem Cells

Martin pioneered the first isolation of embryonic stem cells from mice embryo in
1981. Martin noticed that the subclonal cultures derived from isolated single cells
were able to differentiate into a broad category of cell types. However, ESCs came
into light in 1998 with Thomson and his team’s innovative discovery, who showed a
technique for the first time to successfully isolate ESCs from human embryos
(Thomson et al. 1998). This was a revolution in science and research. Because of
their potential to differentiate into all types of cells present in the body, including
cardiomyocytes (Pal et al. 2013), hepatocyte-like cells (Cho et al. 2007), neural cells
(Sundberg et al. 2010), and islets of Langerhans (Baharvand et al. 2006), ESCs are
targets for many incurable human diseases such as liver disease, diabetes, and
cardiovascular diseases. The most crucial part of using them as therapeutic agents
is to isolate them, and isolation is the biggest challenge. Further propagation can be
done only after successful isolation of human embryonic stem cells (hESC) from the
ICM of the human embryo (Khan et al. 2018; Löser et al. 2010) (Fig. 4.1). ESC can
also be isolated from the frozen or cryopreserved embryos, used cryopreserved
human zygotes, cultured them to the blastocyst stage, and isolated inner cell mass
(ICM) via microsurgery (Meng et al. 2010).

After the isolation of the first embryonic cells from the mouse by Martin, several
other methods were developed to isolate inner cell mass from a single human
embryo. The following methods are being used for the isolation of ICM:

1. In vitro cultivation: In general, most of the ESC lines available today are from
mice, not humans, and the fundamental protocol for the generation of ESCs is
similar for all species. ESCs are pluripotent stem cells generated from early-stage
embryos. The cells are harvested from the inner cell mass of 10–20 cells from
blastocyst 4–5 days post-fertilization. The blastocyst consists of an outer layer
called the trophoblast, a fluid-filled cavity called the blastocoele, and an inner cell
mass of 10–20 cells. The inner cell mass, also called the embryoblast, is removed
for culture. The inner mass cells are placed in the suitable culture medium, and the
viable cells are selected for further expansion. However, the generation of ESCs
in the culture medium is inefficient; thus, many cells do not adapt to in vitro
conditions and do not survive.

2. Identification using ESC markers: The common embryonic stem cell markers,
such as pluripotency transcription factors (OCT4, SOX2, NANOG, KLF4) and
other markers like stage-specific embryonic antigen (SSEA)-3, SSEA-4, LIN28,
and TRA-1-60. TRA-1-60 is a cell surface antigen of human ESC, and is
expressed along with other two stem cell surface antigens SSEA-3 and SSEA-4.

3. Mechanical dissection of ICM: In addition to that, ESCs can be harvested from
inner cell mass (ICM) of blastocysts using mechanical dissection, laser dissec-
tion, and immunosurgical procedures (Khan et al. 2018). Mechanical dissection
of ICM can be an effective way to derive new hESC lines, but laborious and time-
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consuming exercises. Laser dissection is an expensive procedure but the most
promising technique for isolating the pure population of ESCs. Interestingly, a
laser-based system for the isolation of the inner cell mass (ICM) allowed the
harvest of live human ESCs that can be used to develop cell lines (Turetsky et al.
2008). Other ESCs isolation procedures like immunosurgery and microdissection
have a limited success rate.

4. Enzymatic and other markers: Several different marker systems have been used
for the stem cell identification and isolation of ESCs. These additional markers
are enzymes like alkaline phosphatase and telomerase-based reactions. Lectins
and small peptides which bind to ESC via affinity and specificity can also serve as
markers for ESCs identification (Zhao et al. 2012). Many developmentally
regulated glycans, displayed on cell surfaces, have been identified as lectin
receptors of mouse ESCs (Mandai et al. 2010). Lectin is being used as a marker
to define the developmental stages of mouse embryogenesis. A series of small
peptides, conjugated with fluorescent probes, were able to target mouse, monkey,
and human ESCs (Table 4.2).

4.2.2 Adult Stem Cells

Adult stem cells (ASCs) are the stem cells present in various developed tissues.
ASCs have two essential properties, long-term self-renewal and the capacity to
differentiate into mature cells with a distinct morphology. Before terminally
differentiating into mature cells, ASCs produce intermediate cells having profound
proliferation capacities called progenitor cells. Progenitor cells finally differentiate
into functional mature cells.

Unlike that of ESCs, ASCs are rare. The prime functions of ASCs are to maintain
the steady-state function of cells by replacing dead and apoptotic cells and
maintaining a constant stem cell pool in the tissue. ASCs have no actual locale
within the tissue. Moreover, there are no definite means of characterization of ASCs;
various types of ASCs are harvested from various tissues. The list of ASCs present in
various tissues is growing and includes mammary parenchyma, bone marrow,

Table 4.2 Small peptides can also be used as markers of ESCs

ESCs Peptides References

Mouse ESCs GTYNLPNPPPPL, KHMHWHPPALNT,
SAHGTSTGVPWP, VPTATLMGASAR,
WAETWPLAQRPP, LLADTTHHRPWT

Zhao et al.
(2010)

Macaca
monkey ESCs

APWHLSSQYSRT, LDVRPWYVTPLP,
TPLINMNALTVT GYPHPWTLWHLN,
WAPEKDYMQLMK

Lu et al.
(2010)

Human ESCs APWHLSSQYSRT, DLNYFTLSSKRE,
HGEVPRFHAVHL, NRQSNWPIHKTI,
QLSEECSYLISRP, SNPQPYTILPPV QLTKNVPTYKSS,
SPLITSTLIPQR, TALATSSTYDPH, TTLVSTGQRTHP

Derda et al.
(2010)
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adipose tissue, peripheral blood, brain, dental pulp, muscles, blood vessels, gut, skin,
cornea, retina, umbilical cord, placenta, pancreas, and liver. Recently, pluripotent
and multipotent stem cells have been found in milk (Ninkina et al. 2019; Cregan
et al. 2007). Examples of ASCs are mesenchymal stem cell (MSC), mammary stem
cell (MaSC), neuronal stem cell (NSC), hematopoietic stem cell (HSC), endothelial
stem cell, pancreatic stem cell, liver stem cell, germinal stem cell, intestinal stem
cell, cardiac stem cell, renal stem cell, corneal stem cell, retinal stem cell, dental stem
cell, hair follicle stem cell, skin stem cell, and others.

Specific cell types have distinct morphological forms that can be examined under
a microscope. For example, fully mature cardiomyocytes are elongated, rod-shaped
mononuclear cells, whereas ESCs are oval and with round and prominent nucleus
and a thin rim of cytoplasm. Stem cells have a poorly developed rough endoplasmic
reticulum. Stem cells lack desmosomes and gap junctions, whereas differentiated
cells have well-developed junctional complexes. The majority of the investigators
rely on morphological evidence and cell surface markers’ expression. Some
investigators also showed functional assays by differentiation of ASCs into three
germ layers if they claim cells to be pluripotent or many cell types if it is multipotent.

Isolation and adult stem cells culture varies with their types and tissue origin.
Compared to ESCs, adult stem cells’ frequency in different tissues varies dramati-
cally but remained intrinsically low. Isolation of ASCs thus requires in vitro expan-
sion before therapeutic applications. Primitive ASCs are slowly cycling under
normal physiological conditions demonstrated by label-retaining experiments (Liu
et al. 2016; Lu et al. 2010; Capuco 2007) and cell sorting experiments based on
metabolic activities (Spangrude and Johnson 1990). Ideally, an ASC should repopu-
late genetically identical types of cells (clonogenic), which ultimately give rise to
differentiated cell types. Demonstration of clonogenic potential of ASC is difficult,
where the fate of stem cells is followed throughout the entire lifetime. With recent
advancements in lineage tracing experiments, a stochastic genetic-labeling strategy
is being utilized to mark a single cell and its progeny in situ in the mammary gland.
Studies revealed clonal expansion of progenitor cells contribute either luminal or
basal cell lineages and sporadically gave rise to cells of branching ducts or alveoli
(Davis et al. 2016; Lloyd-Lewis et al. 2018). This study showed the utility of genetic
lineage tracing of a single cell (stem cell/progenitor cell) is proliferative and gives
rise to differentiated cells throughout the mammary epithelium.

4.3 Characterization of Stem Cells

Teratoma formation assay: The standard gold test for characterization of pluripotent
stem cells is the teratoma formation and chimera formation assays. When pluripotent
stem cells are injected into immunocompromised mice, they form teratoma,
consisting of cells of all three germ layers of ectodermal, mesodermal, and endoder-
mal origins (Wesselschmidt 2011). Pluripotent stem cells relies on the chimera
approach, where pluripotent stem cells are microinjected into pre-implanted mouse
blastocysts. They were able to make various cell types during normal developmental
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processes. Thus, mouse embryonic chimera remained a valuable tool for studying
the mammalian developmental process (Tam and Rossant 2003).

Colony formation assay: ESC grows in tightly packed colonies and maintains
defined borders at the colonies’ periphery. High nucleus to cytoplasm ratio and
prominent nucleoli is typical features of ESCs.

Expression of cell surface markers: Another exciting feature of ESCs is the
expression of cell surface marker and high expression of pluripotency transcription
factors in the nucleus. Identification of stage-specific embryonic antigen-4 (SSEA-
4), SSEA-3, and TRA-1-60 antigens, along with the nuclear expression of Oct4,
Nanog, Sox2, and Klf4 (Vazin and Freed 2010), can be evaluated using RT-qPCR at
the transcript level and Western blot and immunohistochemistry at the protein level.
The absence of lineage-specific cell differentiation markers is considered ESC
negative marker. Multiparameter cell sorting is used to identify various types of
ASCs from enzymatically digested tissue. Markers to identify various ASC are listed
in Table 4.3.

Analysis of telomerase enzyme activity: The ability of stem cells to grow in
culture for a prolonged period with no differentiation of cells is called the self-
renewal capacity of ESC. The ability is evaluated by estimating the telomere length
and measuring the telomerase activity. ESCs have long telomere length and high
telomerase activity (Carpenter et al. 2004). A repetitive sequence present at the end
of the chromosome is called a telomere, which gets shortened after each cell cycle
division. Telomerase is the enzyme that adds a species-dependent telomere repeat
sequence to the 30 end of telomeres and thus maintains telomere length constant even
after many cell divisions.

Table 4.3 Major and novel types of ASCs and markers

Types of ASC Localization Markers

Hematopoietic
stem cell (bovine)

Bone marrow, blood,
and other tissue (?)

Lin-CD34+CD11b-CD14 (Pessa-Morikawa
et al. 2021)

Mesenchymal
stem cell (human)

Bone marrow CD45+, CD34+, CD14+, CD19+, HLA-DR+
(Dominici et al. 2006)

Mesenchymal
stem cell (canine)

Bone marrow CD73+, CD45+, CD34+
(Hodgkiss-Geere et al. 2012)

Mesenchymal
stem cell (bovine)

Endometrium CD29+, CD166+, CD105+, CD73+, CD44+
and CD90+ (de Moraes et al. 2016)

Hepatic stem cell
(mouse)

Liver CDCP1+CD90+CD66� (Zhang et al. 2018)

Mammary stem
cell (bovine)

Mammary gland CD24medCD49f+ (Rauner and Barash 2012);
CD49fhighCD24+ (Finot et al. 2018)
NR5A2, HNF4A, FNDC3B (Choudhary et al.
2013; Choudhary and Capuco 2021)

Mammary stem
cell (human)

Milk Nestin+ (Cregan et al. 2007)
OCT4, SOX2, NANOG (Hassiotou et al. 2012;
Ninkina et al. 2019)

Mammary stem
cell (bovine)

Milk CD90+, CD73+, and CD105+, SOX2, OCT4
(Pipino et al. 2018)
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Differentiation potential: Functional confirmation of pluripotent and multipotent
nature of stem cell are examined by testing their potential to differentiate into
ectoderm, mesoderm, and endoderm cells in vitro and in vivo. In vitro, stem cells
form an embryoid body (EB) which are aggregate of cells in suspension culture
(Reubinoff et al. 2000). Examining all the three germ layers in EB is performed
either immunocytochemically or by measuring mRNA expression of germ layers
markers by RT-qPCR. The in vivo test for pluripotency of ESCs is evaluated by
teratoma formation in immunocompromised mice (Nelakanti et al. 2015).

Adult stem cells present in postnatal tissues are of various types. They possess
two essential stem cells: the extended self-renewal and differentiation ability. Due to
a great diversity of ASCs, isolation of mesenchymal stem cells from bone marrow is
done and finds use in many therapeutic applications. Knowledge of true isolation and
characterization of ASCs from various tissue types and their difference in potency
will help in the future to understand their more comprehensive application.
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Potential of Stem Cell Therapy to Combat
Mastitis in Dairy Animals 5
Neelesh Sharma, Sapna Devi, and Goran Bacic

Abstract

Mastitis is the inflammation of the secretory or alveolar part of the udder and is
the most expensive disease of the dairy industry. The estimated economic loss in
the US dairy industry alone is approximately $2 billion annually. The substantial
increase in economic losses, owing to the high occurrence rate and low recovery
rate, is alarming for the dairy industry, which allures the heed of researchers,
policymakers, veterinarians, and dairy owners. Therefore, there is an increasing
necessity to treat and prevent the highly prevalent disease in dairy animals using
the most efficacious protocol. Moreover, since the last more than 70 years,
numerous pharmacological and animal husbandry-based approaches are being
practiced to control mastitis in dairy herds, but results are below the expectations.
This chapter discusses causative agents of mastitis, the pathophysiology of its
development, and the potential application of stem cells as regenerative medicine.
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5.1 Mastitis

Bovine mastitis can be defined as “inflammation of mammary parenchyma” and is
one of the most common dairy cows’ diseases and poses heavy economic loss to the
dairy industry. It is one of the most challenging diseases of dairy animals because it
causes numerous complications to milk processing, milk production, and quality of
milk and milk products, resulting in huge economic losses to the dairy industry. The
quality of milk, like physical, chemical and bacteriological, and other properties, is
negatively affected by mastitis. Mastitis is a dairy affliction that represents an
impediment to the development of the dairy industry. Mastitis milk contains patho-
genic organisms and their toxin; the disease is also important from the consumer’s
standpoint. Bovine mastitis is presenting majorly in two forms: clinical and subclin-
ical mastitis. The clinical form of mastitis shows several visible signs such as
changes in the udder, including swelling, redness, pain, heat, and disturbed function
or changes in milk such as clots or watery secretions and systemic reaction in
varying degrees. The major changes in mastitis milk include discoloration, the
presence of clots, a large number of leukocytes, etc. Mastitis subclinical form is
characterized by not showing visible changes in milk appearance and is the most
prevalent form in a dairy herd.

Mastitis is responsible for approximately $2 billion losses in the US dairy
industry, which is similar to the impact in Europe (Donovan et al. 2005). Due to
the high occurrence rate and low recovery rate, the substantial increase in economic
losses is alarming for the dairy industry, which allures the heed of researchers,
policymakers, veterinarians, and dairy owners. Therefore, there is an increasing
necessity to treat and prevent the highly prevalent disease in dairy animals using
the most efficacious protocol. Moreover, since the last more than 70 years, numerous
pharmacological and animal husbandry-based approaches are being practiced to
control mastitis in dairy herds, but results are below the expectations (Halasa et al.
2007, 2009; McDougall et al. 2009; Nickerson 2009). Although antibiotics treatment
is effective in managing mastitis, antibiotic therapy is unable to address the repair of
mammary secretory tissue. Moreover, blind use of antibiotics is responsible for
antimicrobial resistance worldwide (Peralta et al. 2020).

Based on data available and clinicians’ feedback, there is presently no single
therapeutic strategy to revert more than 50% of tissue damage caused by mastitis.
Improving the mammary gland’s structural defects can be done using adult stem/
progenitor cells (Sharma and Jeong 2013).

5.2 Etiology of Mastitis

Most cases of intramammary inflammations are due to bacterial pathogens. Although
most of the bacteria in milk are harmless or often beneficial, several are pathogenic.
Pathogenic bacteria are capable of causing disease in animals as well as in humans.
Bovine mastitis is characterized by mammary gland inflammation and is caused
mainly by microorganisms that attack the udder, multiply, and produce toxins
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harmful to the mammary tissue. The major mastitis-causing organisms are
Staphylococci (Staphylococcus aureus and Staphylococcus epidermidis),
Streptococci (Streptococcus agalactiae, Streptococcus dysgalactiae, Streptococcus
uberis, and Streptococcus bovis), and coliforms (mainly Escherichia coli and Kleb-
siella pneumoniae) (Sharma et al. 2007, 2018). Coagulase Negative Staphylococcus
(CNS) is also a prevalent bacterial pathogen in udder infections, particularly in
heifers mastitis (Kour et al. 2020). Mastitis caused by CNS is extremely insignificant
and typically remains subclinical. Moreover, S. aureus is predominating bacteria
among all mastitis-causing microorganisms.

5.3 Mammary Gland

The mammary gland is a secretory reproductive organ exclusive to the class
Mammalia. The mammary gland has the property of milk synthesis and secretion
of the milk components, which is well nutritious and supplies nutrition to their
young. Milk is the whole shebang and easily digestible nutrient source, provide all
required nutrients, including sugars, proteins, lipids, minerals, and vitamins, for
growth. Besides nutrients, milk also offers immunological constituents, such as
immunoglobulins and white blood cells, which support the protecting neonate
from various diseases. The mammary gland passes through four different develop-
mental stages: mammogenesis, lactogenesis, galactopoiesis, and involution. It is a
must to understand the basic information about mammary gland structure and its
functional anatomy before studying the mammary stem cells’ pathophysiology.

5.4 Structure

The mammary gland structure varies from species to species, with some having
udder, breasts, rows of teats, etc. The mammary gland is a more complex productive
organ that consists of secretory epithelium with cells of the stroma. It has an atypical
development and takes place at diverse stages of the lifecycle of the animal. The
mammary gland’s growth occurs in the manner of branching morphogenesis, in
which the distal epithelial bud outspreads and divides to form an extensive network
of ducts. It is well established that most of the mammary gland develops after birth,
mainly the fundamental ductal part develops before puberty and the lobulo-alveolar
part during pregnancy. During lactation, animal performance depends on the
organized process of cell proliferation and the mammary gland’s growth during
pregnancy and cell repair during the involution period. Mammary cell development,
differentiation, and their secretory functions have been explored in vitro. Numerous
studies on rats and mice have been conducted to study the effect of hormones in
mammary gland development and their milk production ability.
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5.5 Effect of Mastitis on Mammary Gland Structure

The infection enters the mammary gland through the teat canal. Upon overcoming
the anatomical barriers, bacteria evade the mammary gland cellular and humoral
defense mechanisms to establish disease. Infection is when the pathogens multiply
rapidly and invade the mammary tissue. After the invasion, the pathogen population
may be established in the teat canal and, with this as a base, a series of
multiplications and extensions into mammary tissue may occur, with infection of
mammary tissue occurring frequently or occasionally depending on its susceptibility
(Fig. 5.1). An inflammatory response is initiated upon the bacteria’s entrance into the
mammary gland, which is the body’s second line of defense (leukocytes). Bacteria
initially affect tissues lining the large milk collecting ducts and cisterns by inflicting
damage to small areas of mammary tissues. Then bacteria enter small ducts and
alveolar regions of the lower portions of the gland, probably by multiplication and
milk currents produced by cow movement. Bacteria multiply and produce toxins,
enzymes, and cell-wall components which stimulate the production of numerous
mediators of inflammation by cells (Jones 2009). The bacterial products and other
irritants cause swelling and death of milk-producing cells and leukocytes. In the
event of non-elimination of infection, bacterial levels in the mammary gland rise to a
level and cause damage to the mammary epithelial cells and sometimes complete
loss of the affected quarter (Fig. 5.2). Intramammary infection severely damages
secretory cells, which results in a significant decrease in milk production.

Polymorphonuclear leukocytes (PMNs) are the most critical cellular elements of
the antimicrobial self-defense mechanism. PMN can potentially harm the mammary
gland, which exact mechanism is still unknown. Neutrophils may promote tissue
injury and disturb mammary function via reactive oxygen metabolite generation
(i.e., the respiratory burst) and granular enzyme release (i.e., degranulation) (Paape

Fig. 5.1 Stepwise progression of infection and damage of mammary parenchyma in the mastitis
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et al. 2002). After leukocytes cross blood vessels and move through udder tissues
toward damaged tissue sites, they accumulate around alveoli, ducts, and cisterns
before entering milk. During migration, the leukocytes may release enzymes that
cause local destruction of milk-producing cells.

The last stage of inflammation is the “chronic proliferative phase,” which is
characterized by tissue degeneration, regeneration, and formation of fibrotic tissue.
On account of persistent infection, mammary ducts remain clogged, milk
accumulates in the alveoli, exerting pressure on milk-producing cells. After the
destruction, alveolar structures are permanently replaced by scar tissue (fibrosis),
leading to reduced milk yield in the current and subsequent lactation. After the
destruction of mammary parenchyma, the affected mammary gland gets atrophied.

Gangrenous mastitis is caused by Staphylococcus aureus, which is highly dam-
aging to milk-producing tissues due to the release of injurious toxins and enzymes.
S. aureus produces α, β, γ and δ toxins, leukocidins, hemolysins, exfoliative toxins,
enterotoxin, toxic shock syndrome toxin, and coagulase. Of these, α-toxin appears to
be the most toxic. Gangrenous mastitis is characterized by a patchy blue discolor-
ation, coldness of the affected tissue, and leaking of blood serum through the teat
skin and sometimes eventually sloughs.

Streptococcal mastitis is caused by Streptococcus agalactiae, which inhabits
ducts and cisterns of the gland. This organism primarily infects the cisterns and
the duct system of the lower portion of the udder. It causes an inflammation that
blocks the ducts, leading to decreased milk production or produce agalactia,
increased stem cell count, and eventually to involution.

Coliform mastitis is caused by coliform bacteria, mainly E. coli. Once the
infection has occurred, the E. coli bacteria proliferate in great numbers and die and
lyse; endotoxin is released from the cell wall. This massive and sudden liberation of
endotoxin results in severe, life-threatening toxemia. Tissue damage caused by
coliform toxins can be found in the teat cistern, gland cistern, and large ducts within
1 h after the invasion.

Fig. 5.2 Complete loss of left
forequarter in a cow after
intramammary infection
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5.6 Stem Cell Biology

Stem cells are the undifferentiated cells that have the capability to continuously
divide and differentiate into various kinds of cell(s). Stem cells are founder cells that
act as a foundation for other types of cells. Stem cells have important characteristics,
such as they are unspecialized and can renew themselves for a longer period of time.
Stem cells are capable of giving rise to specialized cell types under certain
conditions. There are two types of stem cells from animals and humans: embryonic
and adult stem cells (Fig. 5.3). Stem cell biology offers promise for revealing the
next generation of molecular targets for various diseases.

5.7 How Does Stem Cell Technology Work to Combat?

Regenerative medicine is an emergent area in medicine that uses stem cells or their
secreted products to treat a variety of diseases in animals and humans. Stem cells are
commonly defined as cells having the capability of self-renewal through replication

Fig. 5.3 Major types of stem
cells and various sources of
stem cells
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and differentiating into specific lineages. The progeny of stem cells is called
progenitor cells that can self-renew and generate differentiated progenies. Besides
this, stem cells have the important property of unlimited divisional capacity that
helps restore internal tissue repair. In human and veterinary research, adult stem cells
have promising features for disease treatment where plasticity and low immunoge-
nicity have the potential for their high anti-inflammatory (Gao et al. 2015).

Bovine mammary stem cell therapy offers significant application in repairing
damaged udder with minimal side effects (Sharma and Jeong 2013). Many
investigators are working on adult stem cells and are trying to invent simple
protocols to grow immense quantities of adult stem cells in laboratories for further
clinical applications. They attempt to manipulate stem cells to generate specific cell
types for further possible applications to treat specific disease conditions or repair
post mastitis mammary parenchymal tissue injury. An undifferentiated cell, present
in the organ tissue, has an ability to self-renew and differentiate into specialized cell
types called adult stem cells. Their primary function is to maintain the tissue growth
and repair in which they are found. There are plenty of data on human and mouse
mammary gland stem cells from normal biological process to cancer studies (Jiang
et al. 2010; Bruno and Smith 2011; VanKeymeulen et al. 2011; Pond et al. 2013). On
the contrary, the information on other species, including large animals, mammary
gland stem cells, and their progeny, is very limited. It has been reported that
mammary epithelial/stem cells play an important role in the udder defense against
intramammary infection (Wellnitz and Kerr 2004). The research on bovine stem
cells is very meager. Applications of stem/progenitor cells have future opportunities
in the post-mastitis mammary tissue repair in dairy animals. Foundations of works
on bovine mammary stem cells are available in the literature (Capuco et al. 2012;
Choudhary et al. 2012, 2013). A recent study showed the application of MSCs on
bovine mastitis (Peralta et al. 2020).

Mammary gland biology has an important feature of regenerating ability of
functional mammary epithelium during the involution period in the successive
cycles of lactation. It has been reported that upon implantation of any part of the
mouse mammary epithelial tree into a syngeneic gland-free mammary fat pad can
reproduce as an entire or functional mammary gland. A study on transgenic mouse
models has been recommended that pre-committed mammary epithelial progenitors
can regenerate mammary ducts and secretory mammary lobules.

Transplantation of transgene-marked mammary epithelial cells derived from
primary cell culture was carried out under conditions of limiting dilution, which
varied the results. Interestingly, it is likely that the entire cellular section of the
mammary gland is formed from the single antecedent cell. The research on the
possible role and use of a stem cell-based approach for repairing mammary paren-
chyma in dairy animals is in the fancy stage. There are few recent reports on the
possible use of varied stem cells in the management of mastitis in dairy animals.
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5.8 Bovine Mammary Stem/Progenitor Cells

It has been discovered that murine mammary gland has a strong regeneration ability,
which may be due to the presence of distinct cells that can proliferate and generate
both lobular and ductal structures of the mammary gland, which are called “mam-
mary adult stem cells”. Several studies have endorsed the division of the mammary
epithelial cells (MEC) into several sub-divisions. Bovine mammary epithelial/stem
cells have been established for further applied research to manage mastitis and
improve milk production (Kaushik et al. 2013; Sharma et al. 2015). The major
function of mammary stem/progenitor cells is in the growth and maintenance of
mammary epithelium (Capuco and Ellis 2013).

The mammary gland has the regenerative capacity, which is evidenced during the
regression phase in successive reproductive cycles (Smith and Chepko 2001). The
development of the mammary gland during the next cycle of pregnancy and lactation
occurs due to the existence of self-renewing stem cells (Capuco 2007).

The mammary gland tissue is a well-arranged branched ductal network compris-
ing of the bilayered system, including luminal (secretory epithelial cells) and basal
(myoepithelial) (Muschler and Streuli 2010). The internal layer of columnar/luminal
cells of bovine mammary epithelial cells (bMECs) is characterized by cytokeratin
18 (CK18), cytokeratin 19 (CK19), and external layer like myoepithelial cells, which
are categorized by CK14, α-smooth muscle actin (α-SMA) and p63. Several studies
have been done in mice and humans, on mammary gland stem cell research,
predominantly in cancer therapy. However, stem cell research in bovine is still in
its early stages. Several studies in stem/progenitor cells in human and mouse
mammary glands fetch some expectations for use in bovines and other families of
animals. These progenitors may be therapeutically executed to correct the structural/
cytological defects in the bovine udder due to mastitis. Concealed factors of stem
cells carry multiple positive effects. They show a distinct role in the formation of the
latest blood vessels and arouse the relocation of cells; both cells are integral in
healing tissue damaged by mastitis. Some secreted factors defend epithelial cells
from damaged tissue that occurred due to bacterial toxins; others proved to be
antimicrobial peptides. A recent study by Rauner and Barash (2012) has described
the bovine mammary stem cell/progenitor hierarchy with their specific markers.

In a recent study, researchers have been working on the stem cell-based thera-
peutic management of mastitis through transfection of bMECs with antibacterial
peptide (Lactoferricin) and found good leads in the in-vitro study (Sharma et al.
2017). They have successfully transfected the antibacterial peptide in the bMECs
using the PiggyBac transposon system. It offers evidence that the PiggyBac trans-
poson system has the potential to carry antibacterial peptides into bMESCs.

Ledet et al. (2018) studied the MSCs-derived secretome and found that the
mammosphere-derived cells (MDC)-derived secretome can stimulate angiogenesis,
epithelial cell migration, and having immunity enhance proteins; those are required
for damaged mammary tissue repair. Furthermore, it has also been reported that
MDC-derived secretome maintains their effectiveness even after freezing and
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thawing, which is important for better therapeutic potential. This approach opens
new avenues in the use of stem cell-based therapy for the management of mastitis.

5.9 Caprine Mammary Stem Cells

The anatomical structure of the goat mammary gland is a tubule-alveolar that
consists of two lineages of epithelial cells, which consists of luminal cells (alveolar
and ductal) and myoepithelial cells. Their ductal and terminal ductal lobular parts are
similar to the human mammary gland. In rodents, the epithelium is in straight contact
with adipose stromal cells. In contrast, in adult humans and in ruminants, adipocytes
are not closely associated with the epithelium, which normally grows enclosed by a
loose connective tissue (Hovey et al. 1999). Goat mammary tissue has been utilized
in lactation studies, host-pathogen interactions, and the establishment of epithelial
cell lines (Pantschenko et al. 2000). The expression of cytokeratins in goat mammary
gland tissue has been proven to vary consistent with developmental status. The
authors of this chapter are performing on the goat model to develop the stem cell-
based approach to manage mastitis.

5.10 Murine Mammary Stem Cells

In the murine mammary gland, Kordon and Smith (1998) employed retroviral
tagging to demonstrate the existence of multipotent MaSCs capable of regenerating
a functional mammary gland. In mice, epithelium of mammary cells stained with
Blue-Azure II dye identified various populations of pale-staining mammary epithe-
lial cells and hypothesized to represent MaSCs. These pale cells were categorized by
light staining of the cytoplasm, an outsized round nucleus, sparse cytoplasmic
organelles, and tight junctions (Smith and Medina 1988). The more darkly staining
cells were reflected more differentiated cells. These pale staining cells were refrac-
tory to differentiation signals, evidenced by their lack of casein immunostaining in
mammary explants that were cultured in the presence of lactogenic hormones. On
the idea of quantitative and morphological properties (cell frequency, shape, size,
organelle distribution, staining characteristics, and nuclear morphology), Chepko
and Smith (1997) established a model for epithelial cell lineage in rat and mouse
mammary glands. Pale staining cells were sectioned into small light cells (SLC) and
enormous light cells (LLC). The richness of SLC was unaltered across physiological
developmental stages, and these were concluded to be stem cells. These SLC
(putative MaSCs) were characterized by morphological features, including small
cell size, high nucleus to cytoplasm ratio, condensed chromosomes, and unspecial-
ized cytoplasmic organelles. In the human breast, a study of proliferating cells
provided proof for the existence of cells that are morphologically almost like the
pale staining cells in rat and mouse mammary glands (Ferguson 1985).
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5.11 Mesenchymal Stem Cells (MSCs)

Stem cells have anti-inflammatory properties, and paracrine expression of cytokines
accelerates wound healing and suppresses inflammatory reactions in mastitis (Ting
et al. 2020). Ting et al. (2020) have used conditioned-Dulbecco’s pluripotent stem
cells (DPBS) from amniotic membrane stem cells (AMSCs) in treating bovine
mastitis and found good results in comparison with the antibiotic-treated group.

Stem cells modified with therapeutic agents can also be used to combat mastitis.
Cloning the bovine lactoferricin gene (LFcinB) into the PiggyBac transposon vector
was feasible for making MSCs having a heterologous expression of the hybrid
antimicrobial peptide LfcinB (Sharma et al. 2017). These cells would then confer
high antibacterial activities against bovine mastitis (S. aureus and E. coli) directly
into the mammary gland, providing strong innate udder immunity (Sharma et al.
2017).

MSCs-derived secretome encompassed all secretory factors and plays a crucial
role in various physiological processes, including tissue regeneration and cellular
cross-talk (Hathout 2007; Toh et al. 2014). The MSCs secretome dower in healing
processes through inflammatory reactions, propagative, and remodeling stages of
tissue repair. They can also increase the bacterial clearance by the assembly of
antimicrobial peptides (AMP) (Krasnodembskaya et al. 2010; Harman et al. 2017).

In a recent study, adipocyte-derived MSCs are wont to study the security and
efficacy of MSCs in S. aureus mastitis (Peralta et al. 2020). They have also reported
that cows didn’t persuade changes in clinical or hematological parameters, and
organic phenomenon silhouettes in peripheral blood leukocytes (PBLs) linked to
activation (CD4, CD8, CD25, CD62L, and CD69) and pro-inflammatory cytokines
(IL2, CXCL3, CCL2, CCL5, IFNγ, and TNFα) (Peralta et al. 2020).

5.12 Adipose Stem Cells

The fat is a crucial and abundant source of stromal cells/mesenchymal stem cells,
low invasive collecting with an outsized amount of cells, which magnetizes those
cells’ clinical application in the various disease conditions. Adipose-derived stem
cells (ASCs) exist in various fat depots of the animal body, and culture looks like
fibroblast-like cells. The International Fat Applied Technology Society has stated
that the term ASC should be used for committed adipogenic progenitors
(pre-adipocytes). Pre-adipocytes have the capability of multilineage differentiation
into myocytes, osteoblasts, chondrocytes, and adipocytes (Zuk et al. 2002). The
multipotency property of ASCs has opened the window for more research on ASCs
(Sampaio et al. 2015). These cells have potential applications in the tissue repair and
regeneration ability of acute and chronically affected tissues (Mizuno et al. 2012).

Costa et al. (2019) have been worked on the therapeutic potential and regenera-
tive ability of ASCs in the repair of mastitis udder and milk production in goats.
They have suggested that ASCs have possible regeneration potential of fibrotic
mastitis lesions in the mammary gland. It has also recommended that ASCs be
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used to rehabilitate milk productivity in the chronically damaged udder tissue due to
mastitis in goats, which is suggestive of promising clinical alternative in chronic
mastitis and angiogenesis property (Casteilla et al. 2011). On intramammary injec-
tion of ASCs in the chronic mastitis udder, they are able to restore its functionality,
since it’s a richly vascularized organ.

5.13 Limitations

The prevalent hurdles that are averting more frequent use of stem cell therapy are the
lack of accessibility and very expensive technique. All of those procedures require
expertise and enormous well-equipped hospitals or labs for the preparation of stem
cell lines and administration of stem cells in the mammary gland. Additionally, the
prices related to stem cell therapy are often in the thousands. If stem cell therapy is
resolute to be the simplest course of action for a specific animal, setting realistic
expectations with clients is of the utmost significance and can be among the toughest
discussions to possess. Stem cell therapy remains in its initial stages, and positive
outcomes can’t be guaranteed and should even be elusive or temporary for several
that undergo the procedure. Additionally, albeit contrary events are rare, the proce-
dure requires anesthesia, which brings associated risks.

5.14 Conclusion and Future Needs

Mastitis is one of the foremost widespread and expensive diseases affecting the dairy
business worldwide: mastitis, a multi-etiological complex disease related to dairy
production, and economic losses related to mastitis. Unluckily, the present therapeu-
tic strategies are unable to enhance the post-mastitis physical impairment quite 50%
in the mammary gland. The most important concern is that currently available
therapeutic strategies are not able to revert the mammary tissue damage due to
mastitis. For a previous couple of years, stem cell technologies are being applied
as a therapeutic tool for regenerative medicine in human, but it’s still deficient in the
treatment of varied, stimulating infirmities in animals due to the self-renewal capa-
bility and, therefore, the successive generations with mutable grades of differentia-
tion capabilities, the powerful effect of those cells in research, and the application of
the therapeutic approach. Hence the main factor of those cells might be helpful to get
the tissue that will effectively repair damaged tissue in the udder. Two main cell
types, epithelial and myoepithelial stem/progenitor cells, are of serious therapeutic
interest in mammary gland tissue.

These can sustain a vascular network’s development (endothelial and smooth
muscle cells) in the mammary gland. Furthermore, an in-depth study is needed to
seek out stem/progenitor cells markers of bovine for the healing of udder damage,
and consequently, easy and precise technology should be there to isolate the bovine
mammary epithelial/stem cells, and their further culture and storage protocols are
needed to develop.
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Fatty Liver Disease and Utility of Stem Cells
in Developing the Disease Model 6
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Abstract

Fatty liver disease (FLD) is one of the most prevalent disorders of the
periparturient dairy cow. The deleterious effects of FLD are multifaceted. First,
FLD decreases milk production, and second, co-morbidities (e.g., ketosis,
displaced abomasum) associated with FLD contribute to the loss in production.
Fatty liver disease is a common disorder with approximately half of all dairy
cattle accumulating lipid in the liver to some degree. Treatment options are
limited, and diagnosis rarely occurs outside of research settings because a liver
biopsy is the most reliable method for detection currently available. Therefore,
management of FLD is focused on decreasing further adipose lipid mobilization,
in part through enhancing gluconeogenesis to promote insulin secretion and
suppression of lipolysis. A second strategy is to promote hepatic lipoprotein
synthesis, but this synthetic pathway is limited in ruminants. A final strategy to
promote the resolution of FLD is to enhance mitochondrial function and increase
disposal of fatty acids through oxidative metabolism. However, FLD in bovine is
not fully understood, and thus prevention of the disease through nutrition and
metabolism is the only viable option for disease mitigation currently available to
producers. This chapter describes the basic histological structure of liver tissue
and describes various in vitro methods to study fatty liver disease. Recent
advances in understanding the human liver’s non-alcoholic fatty liver disease
(NAFLD) have been discussed and the potential application of bovine liver for
the modelling of human liver disease has been advocated. The application of
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these recent tools and techniques will transform basic biological research and
understanding of bovine FLD.

6.1 Histology of Liver

The liver, one of the body’s largest organs, is involved in a number of roles such as
synthesis of several plasma proteins, storage of vitamins and iron, production of bile,
carbohydrate metabolism, and detoxification of many toxins and drugs. Histologi-
cally, the liver consists of many functional units, viz., hepatic lobule, portal lobule,
and liver acinus. These functional units work in unison to perform a variety of
functions. In hepatic lobules, liver epithelial cells (hepatocytes) are arranged radially
outside of the central vein, just like the spokes of a bicycle wheel, and forming
hexagonal plates. These hexagonal plates are packed on top of each other, and
hepatic sinusoids traverse the space between the hepatocytes, ultimately draining
into a centrally located central vein. The portal lobule is the liver’s polygonal mass
containing three adjacent hepatic lobules with a centrally located portal vein. This
triangular area of the hepatic region performs exocrine functions by secreting bile
juice that empties into the common bile duct—the third functional unit of the liver—
called acinus, which is oval. The short axis of liver acinus is represented by the
distance between two adjacent hepatic lobules with the portal triad, and the long axis
is represented by the imaginary line between the two central veins (Fig. 6.1).

The liver is comprised of four distinct components that are called the paren-
chyma, stroma, sinusoids, and the perisinusoidal spaces (or space of Disse). The
parenchyma of the liver consists mainly of hepatocytes. Hepatocytes are hexahedral
(six surfaces) shaped cells, making 80% of the liver tissue. They are often
polynucleated cells containing 4–6 nuclei per cell. The space between the
hepatocytes is called bile canaliculi and is about 1–2 μm in diameter. Hepatic cells
contain various organelles like smooth endoplasmic reticulum, rough endoplasmic
reticulum, Golgi apparatus, mitochondria, peroxisomes (contains catalase and oxi-
dase enzymes), glycogen deposits, lysosome (iron storage in the form of ferritin),
and lipid droplets. The stroma is made of connective tissue (type III collagen) and
blood vessels and is the continuation of Glisson’s capsule. It provides integrity and
support to liver parenchyma and sinusoidal space. Sinusoids are the capillary that
travels between hepatocytes. The space between hepatocytes and vein (sinusoids) is
the perisinusoidal space. Hepatocytes extend villi into perisinusoidal space to
exchange materials with the blood. Hepatic stellate cells (star-shaped cells) are
present in the perisinusoidal space, and are the primary storage site for vitamin A
inside the cytoplasmic lipid droplet. Hepatic stellate cells are also responsible for
collagen deposition at the time of tissue injury and cause fibrosis. Hepatic stellate
cells originate from mesenchymal stem cells (MSCs) during embryo formation
(Cassiman et al. 2006). Other types of cells present in the liver are Kupffer cell,
fibrocyte, hepatic stem cells (HSCs), and HSC-derived myofibroblasts. The locali-
zation of the various cell types is illustrated in Fig. 6.2.
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6.2 Pathology of the Liver and Altered Histology

Liver Fibrosis Hepatic stellate cells (HSCs) constitute 10% of the liver mass and
are originated from MSCs. Under normal physiological conditions, MSCs are
quiescent and primarily function as vitamin A storage sites. Hepatic stellate cells
are located in the space of Disse. In the event of fibrogenic liver injury, these tissues,
including stellate cells and fibroblasts release the profibrogenic cytokine TGFβ, then
activates quiescent HSCs (Xu et al. 2014) that down-regulate the formation of lipid
droplets containing vitamin A and differentiate into Type 1 collage and alpha-
smooth muscle actin (A-SMA) expressing myofibroblasts (Forbes and Parola 2011).

Bovine Fatty Liver Diseases (FLD) Fatty liver disease or hepatic lipidosis is a
significant metabolic disease of the cow during the first four weeks after parturition.
FLD develops when the accumulation of lipid exceeds oxidation; then, lipids are
stored in the form of triacylglycerol (TAG) and secreted out from the liver. As TAG
accumulates in the liver, hepatic and, consequently, metabolic functions are
impaired (Drackley 1999). During this transition period, increased demand for the
nutrients for both lactation and maintenance is insufficient, and thus to balance this
need, non-esterified fatty acids (NEFAs) are mobilized from the adipose tissue (e.g.,
subcutaneous fat). The degree of NEFA mobilization is usually far exceeded the

Fig. 6.1 The three functional liver units. The hexagonal shape represents the haptic or classical
lobule having a central vein in the middle. The portal lobule is indicated by a triangular red colour
shadow marked by dotted lines with the portal triad in the middle. Hepatic acinus is demonstrated in
a blue colour oval shaped by central veins and portal triads
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needs of the cow needs, particularly in over-conditioned cattle, because of the
relatively abundant supply of energy reserves (McNamara 2000). Acutely, particu-
larly after parturition, the concentration of TAGs can dramatically increase, reaching
liver lipid percentages from 5% to >25%, in cattle can happen within 38–48 h from
the onset of lactation, and thus resulting in hepatic steatosis or fatty liver disease
(Haass and Paul 1984).

When an excess accumulation of TAG occurs in the liver, the physiology of the cell
becomes dominated by the growing lipid droplet. This phenomenon is readily
observable at the microscopic level and also to a lesser extent at the macroscopic
level when observing the gross morphology of the liver, which becomes round,
swollen (ballooning), and pale to yellow with enlarged size and prominent lipid
infiltration resulting in a soft consistency of the liver that is easily mechanically
disrupted. Furthermore, white discolouration of peripheral adipose depots may be
evident due to accelerated lipolysis. In acute cases, other pathological findings
include necrosis of the kidney, myocarditis, inflammation, ulceration of the gastro-
intestinal tract, and involution of the pancreas (Bobe et al. 2004). Non-specific signs
of FLD are anorexia, weight loss, depression, weakness associated with recum-
bency, decreased milk production, and reduced rumen motility.

The manifestation of FLD in liver histology includes altered cellular architecture
and gross morphology as well as impaired functionality of cellular organelles as
evidenced by the formation of fatty cysts in the liver parenchyma, hypertrophic

Fig. 6.2 Structure of hepatic lobule. Various liver cells, including hepatocytes, hepatic stem cells
(HSCs), Kuffer cell, bile canaliculi, and central vein, are shown
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expansion of hepatocyte volume, and decreased volume of cell organelles, including
damaged mitochondria, rough endoplasmic reticulum, sinusoids, and reduced
nucleus to cytoplasmic ratio (Bobe et al. 2004).

6.3 Characteristics of the Transition Period

The transition period is a time of severe metabolic strain for the dairy cow that is
commonly defined as three weeks before calving and three weeks after calving
(Drackley 1999). Roughly speaking, the transition period is the period before and
after parturition when metabolic adaptations must occur to support a substantial shift
in energetic partitioning from supplying energy to the gestating calf to producing
milk that in normal circumstances would be consumed by the calf and support
growth in early life before rumen development. Dairy cattle have, however, been
genetically selected to maximize the production of milk at the expense of all other
metabolic processes. Thus, this periparturient period is when the limits of metabolic
flexibility are seen. The cow either adapts to partition energy towards milk produc-
tion by the mammary or will not adapt and suffer metabolic disorders of calving such
as fatty liver disease, ketosis, displaced abomasum, and various infectious diseases.

The defining feature of the transition period is that the cow can only consume
enough energy to meet about 75% of her requirements, with most of that energy
going towards supporting lactation at the expense of body condition (Bell 1995;
Drackley 1999). To adapt to this negative energy balance (NEB), the cow will utilize
the energetic reserves of her body (i.e., adipose and muscle tissue) to supplement the
functional deficiency created by her limited intake. Herein lies the origin of the
metabolic disorders’ characteristic of the transition period. For purposes of this
chapter, we will focus on the interaction of adipose tissue and the liver. However,
it is worth noting that the proteolysis of muscle is also a contributor to the overall
energy supply to the cow in glucogenic and ketogenic amino acids.

6.4 Homoerotic Shifts in Glucose Partitioning Support
Lactation

Plasma insulin and glucose concentrations decrease after calving (Locher et al.
2011), as would be expected in a period of NEB, similar to the onset of starvation.
Glucose is preferentially shunted to the mammary gland to produce lactose, the
primary osmolyte of milk. Because milk and blood must be equal in osmolarity,
increased lactose production results in increased milk yield (Drackley 1999).

Shunting of glucose to the mammary gland is accomplished via whole body
alterations in glucose metabolism. After calving, insulin sensitivity of peripheral
tissue other than the mammary gland decreases, resulting in adipose and muscle
tissues utilizing less glucose. This adaptation allows for the limited glucose supply to
be taken up by the mammary gland and a decrease in the expression of insulin-
responsive glucose transporter GLUT4 in those same tissues (Bell and Bauman
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1997). Because insulin suppresses lipolysis (Chakrabarti et al. 2013), decreased
insulin sensitivity and overall decreased circulating insulin concentrations support
the mobilization of triacylglycerol stores (Janovick et al. 2011). Decreased periph-
eral tissue sensitivity to insulin also supports the facilitated uptake of glucose via the
GLUT1 and GLUT12 transporters and transport by the sodium co-transporters
SGLT1 and SGLT2 (Zhao and Keating 2007).

6.5 Altered Glucose Partitioning Promotes Mobilization
of Energetic Reserves in Adipose Tissue

The ruminant obtains virtually no glucose from the diet; glucose is supplied exclu-
sively by hepatic gluconeogenesis. Because glucose is being removed from circula-
tion to support the production of lactose, glucose concentrations are low in the
periparturient period, which results in low circulating insulin and elevated
circulating glucagon. As previously mentioned, insulin blocks lipolysis, and with
insulin concentrations low and glucagon high, extensive lipolysis occurs, helping to
supplement the energetic deficit of the transition period (Fig. 6.3). The amount of
triacylglycerols mobilized through conversion to non-esterified fatty acids (NEFAs)
is largely dependent on the severity of the negative energy balance, and the body
condition score (BCS) of the cow, and the quantity and composition of feed given
during the dry period, which all indicate the amount of NEFA available for mobili-
zation. Fatty liver disease (hepatic steatosis), known historically as “fat-cow syn-
drome” (Morrow 1976), is a disorder that results when the mobilization and transport
of NEFAs from adipose stores to the liver overwhelms the capacity of the liver to
dispose of those fatty acids through repackaging and distribution through the body
via very-low-density lipoproteins (VLDLs) or by oxidation in the mitochondria of
the liver. The severity of the fatty liver disease can be expressed in a variety of ways,
one of which is the percentage triacylglycerol (TAG) in the liver.

6.6 Mobilization of TAG from Adipose Tissue
in the Periparturient Period

Blood NEFA concentrations steadily decrease from the beginning of the dry period
(approximately 60 days before expected calving) to 15 days before calving and then
steadily increase, reaching peak concentrations between 7 and 14 days in milk (DIM)
(Weber et al. 2013). The majority of NEFAs are mobilized from white adipose
tissue. About 1/3 of the entire energetic requirements between calving and the third
week of lactation are met by mobilization of stored triacylglycerols (Block et al.
2001). Adipocytes have β-adrenergic receptors responsive to glucagon and epineph-
rine that, when signalled, convert AMP to cAMP. An increase in the concentration of
cAMP phosphorylates and activates protein kinase A (PKA). Increased activity of
PKA activates phosphorylation of perilipin. Triacylglycerols then are hydrolysed to
diacylglycerol and monoacylglycerol and then glycerol sequentially, releasing
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NEFAs at each step (Duncan et al. 2007). Because NEFAs are not water-soluble,
their transport to the liver is facilitated by complexing with the blood protein
albumin.

6.7 Limited Protein Intake Results in Impaired VLDL Secretion
and Mitochondrial Dysfunction

During the transition period, overall dry matter intake is limited, and therefore,
protein intake is insufficient. Ruminants are limited in their capacity to synthesize
and secrete VLDL because of a limited capacity to synthesize apolipoproteins
necessary to assemble the VLDL (Oikawa et al. 1997; Wu et al. 2020). The other
route of lipid disposal by the liver is through β-oxidation of fatty acids by the
mitochondria. β-oxidation by the mitochondria is also impaired in the transition

Fig. 6.3 Lipolysis in adipose tissue. NEFAs are released from the hydrolysis of TAG to DAG,
MAG, and glycerol after glucagon or epinephrine (β-adrenergic) signal stimulated the G-protein
coupled receptor-mediated conversion of AMP to cAMP activates PKA. Fatty acids are hydrolysed
off the glycerol backbone in a stepwise fashion using specialized lipases. Mobilized NEFA are
trafficked out of the cell by FABP4, where they are complexed with serum albumin and shuttled to
the liver for distribution as cargo of VLDL. NEFA Non-esterified fatty acid, TAG triacylglycerol,
DAG diacylglycerol, MAG monoacylglycerol, PKA protein kinase A, β-AR β-adrenergic receptor,
ATGL adipose triglycerol lipase,HSL hormone-sensitive lipase,MGLmono-glycerol lipase, FABP4
fatty acid-binding protein 4
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dairy cow, firstly because protein intake is limited, and thereby limiting carnitine
supply. Carnitine is an essential component of the carrier system responsible for
importing fatty acids into the mitochondria to undergo β-oxidation and is limited
during times of feed restriction. Feed-restricted lactating cattle supplemented with
carnitine accumulated less lipid in the liver and had a greater capacity for β-oxidation
(Cassiman et al. 2006). Because mitochondria are dysfunctional during the transition
period, considerable oxidative stress occurs during this period from the formation of
reactive oxygen species and other radical species. Oxidative stress depletes NADPH
(generated from glucose in the pentose phosphate pathway) to regenerate reduced
glutathione. Besides, mitochondria that are not functioning to their capacity tend to
not wholly oxidize fatty acids, resulting in ketone bodies like beta-hydroxybutyrate
and acetoacetate. Mitochondrial metabolism predicts a dairy cow's productive
lifespan, with decreased inflammation and increased mitochondrial function being
positively correlated with lifespan (Huber et al. 2016). Impaired mitochondrial
function can be measured by lysine acetylation and is positively correlated with
liver triacylglycerol content and serum beta-hydroxybutyrate concentrations
(García-Roche et al. 2019).

Peroxisome proliferator-activated receptor alpha (PPARα) is a transcription fac-
tor that is activated during times of energy deficit. It is a downstream target of the
AMPK and PKA pathways—key nutrient-sensing pathways responsible for adapta-
tion to energy deficit. This transcription factor is a significant enhancer of lipid
catabolism (acting opposite of PPARγ) and regulates the expression of fibroblast
growth factor 21 (FGF-21) (Lundåsen et al. 2007). During the periparturient period,
PPARα and co-activator peroxisome proliferator-activated receptor gamma
co-activator 1-alpha (PGC-1α) expression are significantly increased (Louet et al.
2002; Liang and Ward 2006; Schlegel et al. 2013), which result in up-regulation of
FGF-21 expression (amongst other changes promoting catabolism and fatty acid
disposal). In cows with ketosis, FGF-21 concentration in blood is 41 times higher
than that in non-ketotic, cows indicating FGF-21 plays a large role in the catabolism
of fatty acids, although it seems that FGF-21 alone does not enhance complete
oxidation of fatty acids (Akbar et al. 2015). Furthermore, PPARα expression
enhances the expression of carnitine-palmitoyltransferase 1A (CPT1α), which
directly facilitates the entry of fatty acids to the mitochondria by carnitine-mediated
transport increasing β-oxidation (Brown et al. 2018; Akbar et al. 2015).

6.8 The Immune System is Impaired in the Transition Period
Because of Inadequate Glucose and Elevated NEFA

An increase in circulating NEFA also can impair immune function (Goff 2006;
Lacetera et al. 2004) as adipose tissue mobilization and inflammation are closely
linked. In early lactation, it is well established that elevated circulating NEFA and
immune system function are inversely correlated. Specifically, neutrophil and lym-
phocyte function is significantly decreased, as are proliferation and oxidative burst of
peripheral blood mononuclear cells (PBMCs (Ster et al. 2012)) during early lactation
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(Goff 2006). Another aspect of the transition period is impaired gluconeogenesis. It
has been estimated that the transition dairy cow is approximately 500 g of glucose
deficient per day (Drackley 1999), which corresponds precisely with the estimated
glucose requirements of the activated immune system (Kvidera et al. 2017),
indicating that, in addition to inflammation, limited glucose supply during the
transition period is likely partially responsible for the increased incidence of infec-
tious diseases.

6.9 Impaired Hepatic Function Results in Impaired
Gluconeogenesis

Ruminants obtain little glucose from dietary sources, but rather glucose is produced
from the hepatic conversion of gluconeogenic precursors such as propionate, amino
acids, and glycerol to glucose. In the early lactation cow, glucose is limited for the
reasons already mentioned (preferential use by mammary, impaired hepatic function,
increased oxidative stress, increased demand for glucose by the immune system); so,
triacylglycerol-induced impairment of hepatic function is exceptionally detrimental
because the low glucose concentrations do not stimulate insulin secretion allowing
lipolysis to proceed unchecked (Contreras et al. 2017).

6.10 Early Lactation Requires Coordinated Shifts in Lipid
and Glucose Metabolism

Successful adaptation to early lactation is made by a coordinated suppression of
hepatic TAG accumulation (enhanced disposal) and by enhancing gluconeogenesis
(elevated insulin inhibits lipolysis (Contreras et al. 2017)). Enhanced gluconeogene-
sis is the result of a combination of increased availability of gluconeogenic
precursors and through upregulation of expression and activity of phosphoenolpyr-
uvate carboxykinase (cytosolic), which converts oxaloacetate to phosphoenolpyr-
uvate and ultimately glucose (She et al. 2000).

6.11 MCJ and Mitochondrial Function: Decreased
Triacylglycerol Accumulation

Methylation-controlled J protein (MCJ/DNAJC15) is a methylation-controlled J
protein present in the mitochondria that regulates the electron transport chain in
response to impaired metabolic function. In MCJ knockout mouse models, the
absence of MCJ prevents the accumulation of lipids in the liver (Hatle et al. 2013).
Mouse models also have shown increased β-oxidation of fatty acids and lower
concentrations of liver lipids when MCJ expression is decreased (Barbier-Torres
et al. 2020). MCJ has been found in the bovine liver (Choudhary et al. 2020) and is a
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promising target for increasing β-oxidation of FA and preventing lipid accumulation
in dairy cows.

6.12 Bovine FLD as a Model of NASH and NAFLD

Because dairy cattle are readily available and experience severe metabolic stress
during the periparturient period, cattle could be used as a model organism for
studying metabolic disorders, emphasizing hepatic disorders. For example, with
the rising rate of obesity in humans, non-alcoholic fatty liver disease (NAFLD)
and non-alcoholic steatohepatitis (NASH) are common co-morbidities. The inci-
dence rate of fatty liver disease in humans is estimated to be 25% worldwide
(Younossi et al. 2019; Younossi et al. 2020). This increased FLD prevalence is
estimated to cost $245 billion annually (Younossi et al. 2019). Most FLD research
involving dietary interventions has been done in mice. However, FLD progression to
fibrosis is challenging to accomplish in the mouse due to their high metabolism rates
relative to humans, often requiring extreme diets such as the methionine-choline-
deficient diet or long feeding periods (Anstee and Goldin 2006). Additionally, the
ability of rodent models to recapitulate human disease is inconsistent (Takao and
Miyakawa 2015). Finally, humans are more closely related genetically and in terms
of physiology to farm animals, including cattle, than they are with rodents
(Humphray et al. 2007; Tellam et al. 2009), making them a potentially important
biomedical model of human disease (Hamernik 2019).

6.13 In Vitro Models of NAFLD

To understand FLD's mechanistic regulation and to intervene in the occurrence of
the disease, several in vitro studies have been conducted. Isolation of bovine
hepatocytes from the liver tissue has been presented but is complicated. Perfusion
technique is the established method of hepatic cell isolation in the cow (Ehrhardt and
Schmicke 2016; Donkin and Armentano 1993) and buffalo (Panda et al. 2015),
human (Shulman and Nahmias 2013), and mice (Hewitt et al. 2007). Using a
non-perfusion technique with disaggregating liver tissue in a collagenase solution,
a primary hepatocytes culture was established (Spotorno et al. 2006). However, such
studies were performed on either calves or steers’ liver tissues, and thus actual
physiology of fatty liver might not be addressed. Our lab established a mixed culture
of bovine primary hepatic cells from adult cows to mimic in vivo conditions and
modelled for bovine hepatic lipidosis (LaCasse et al. 2020). Our group successfully
isolated primary hepatic cells from cow liver, and FLD was induced in the presence
of 0.4 mM palmitate, 20 ng/mL TNFα, and a cocktail of 0.4 mM palmitate and
20 ng/mL TNFα. The control cells were grown in complete growth media (DMEM +
10% FBS +1� antibiotics) without treatments. We aimed to induce FLD mixed
hepatic culture and investigate the mitochondrial complex I inhibitor (iC1) gene’s
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functional role. First, we successfully showed the in vivo expression of iC1 in the
bovine liver and then in vitro expression of iC1 in primary hepatic cells in aliquots of
conditioned media collected 24 h after the treatment of primary hepatic culture.
Results of RT-qPCR, immunocytochemistry, and capillary-based Western blot
suggested successful expression of iC1 in bovine. Altogether, we showed the
expression of mitochondrial complex 1 inhibitor gene and protein in bovine liver
tissue, primary hepatic cells, and the conditioned media (Choudhary et al. 2020). Our
future research is to find a way to mitigate the effect of induced FLD by altering the
expression of iC1 in dairy cows.

Isolation of donor-derived hepatic cells and 2D culture of hepatocytes is consid-
ered ‘gold standard’ short-term methods to study the human liver’s functionality.
However, hepatocytes’ short-term culture and survival issue variability in donor
tissue are the major drawbacks. The difference in age, sex of donor tissue, isolation
procedures, and differences in proportions of cells isolated from tissue leads to
variations in experimental results and poor reproducibility. Nevertheless, the free
fatty acid dose-dependent response of lipid accumulation in 2D hepatic culture was
studied. Results showed hepatic cells' fibronectin activation, TGFβ increased expres-
sion, and proliferation of endoplasmic reticulum (ER) stress protein in NAFLD
events (Wanninger et al. 1811; Muller and Sturla 2019).

The disadvantages of 2D culture include the lack of other cell types and
dimensions. The liver comprises hepatocytes and other cells like stellate cells and
Kupffer cells. The inclusion of different cell types in 2D culture—called the 2D
co-culture model, increases the complexity of in vitro model and overcomes some
drawbacks of the 2D system. Exposure of human hepatic cell line (HuH 7) co-culture
with human stellate cells with free fatty acids for 24 h produced lipid accumulation in
both the cell types (Xu et al. 2005). Our laboratory showed the mixed culture of
murine primary hepatic cells treated with palmitate and TNFα and a cocktail of
palmitate plus TNFα induced lipid accumulation in hepatocytes and stellate cells
(Fig. 6.4; unpublished photomicrograph).

Furthermore, significant advances in 3D monoculture cell models and 3D
co-culture cell models have further complexity to the in vitro hepatic models. The
3D cell culture system mimics in vivo situations and successfully been validated by
producing spheroid from human hepatocytes and showing up-regulation lipogenic
genes in steatotic phenotypes (Kozyra et al. 2018).

Microfluidic-based models to study the pathophysiology of liver disease have
also been investigated. Liver-on-a-chip takes advantage of microfluidic technology
and integrates biology and engineering on a small device to mimic biological fluids’
flow and improve experimental conditions. This device allows live-cell imaging,
computation modelling, and flow-through analysis in the temporal dimension.
Human hepatoma cells were cultured in a quasi-3D fashion analogous to a liver
sinusoid’s endothelial barrier. This unique arrangement of microfluidic perfusion
allowed continuous diffusion of nutrients to grow cells and removing their end
products. Long-chain FFAs (palmitic acid and oleic acid) were added to the medium,
and intracellular lipid accumulation, cell viability, oxidative stress was measured.
Results showed higher cell viability and minimal oxidative stress than the 2D
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culture. Surprisingly, the intracellular lipid accumulation is gradual and lower than
2D culture (Gori et al. 2016). Recently, FLD’s pathophysiology studied liver-on-a-
chips, which opens a promising integrated multidisciplinary research, including
biology, pharmacology, and clinical medicine (Hassan et al. 2020).

6.14 Stem Cells as an Alternative Source of Individual-specific
Hepatic Cells

Hepatic cells can be derived from stem cells like induced pluripotent stem cells
(iPSCs). Somatic cells are reprogrammed by the ectopic coexpression of
pluripotency transcription factors (OCT4, SOX2, c-Myc, Nanog) to iPSCs, which
further can be used to generate patient-specific hepatocyte-like cells (HLCs) (Sauer
et al. 2014). HLCs derived from iPSCs are being used to study pazopanib-mediated
hepatotoxicity (Choudhury et al. 2017) and lethal acute liver toxicity (Park et al.
2019). Small molecule-derived differentiation of iPSCs into HLCs demonstrated
fundamental haptic marker expression and hepatic functions in differentiated HLCs
(Gao et al. 2020). Recent reports on iPSC-derived HLCs with zone-specific
properties of hepatocytes have also been identified. Acquisition of zone-specific
properties of HLCs was achieved by WNT signal modulators like WNT7B and
WNT8B secreted from hepatocytes and cholangiocytes (Mitani et al. 2017). iPSC-
derived HLCs have the potential to increase survival rate in mice when implanted in
acute liver failure, indicating functional differentiation of HLCs into hepatocytes
(Nagamoto et al. 2016).

Fig. 6.4 Murine primary hepatic cell culture (P1) treated with TNFα-induced lipid accumulation in
the cells. Oil red staining of lipid droplets shown in red colour. (Photo source: Eric’s lab;
unpublished data)
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The lipid profile of hepatocytes and fatty acid (FA) composition of the cell culture
media at different stages of iPSCs-derived HLCs was described using biochemical,
functional, and gene expression analyses. Results demonstrated an improved under-
standing of exogenous metabolite supply and cellular biosynthesis essential for
iPSC-HLC differentiation and function (Kiamehr et al. 2017). At the later stage of
cellular differentiation, polyunsaturated phospholipids and sphingolipids with a very
long FA were observed, suggesting a differential expression of lipid-associated
genes during hepatic cell differentiation. Thus, HLCs differentiated from iPSCs
may offer an alternative model to primary hepatic cells to study aberrations in
lipid metabolism and associated alternations in gene expression profiling. In a recent
study, in vitro experimental model of NAFLD and non-alcoholic steatohepatitis has
been characterized and validated in iPSCs derived HLC in humans. Normal dermal
fibroblasts were reprogrammed to generate iPSCs and then induced differentiation
into HLCs using hepatocyte maturation medium containing non-essential amino
acids and dexamethasone and supplemental oncostatin M. On day 5, iPSCs were
differentiated into HLCs, evidenced by hepatic gene expression (Cyp3A4, Cyp1A2,
glucose transporters—Glut2, Glut4). Functional characterization of HLCs for glu-
cose uptake assay (insulin-dependent glucose uptake) was similar in both primary
human hepatocytes and iPSC-derived HLC (Deepak et al. 2020), demonstrating the
utility of HLCs as an alternate in vitro cellular model for studying fatty liver disease.
Interestingly, iPSCs-derived hepatocytes harvested from patients of NAFLD liver
displayed distinct disease-specific gene signature in comparison to the healthy
controls (Duwaerts et al. 2020) and identified hepatic markers and gene pathways
of steatosis (Parafati et al. 2018). These results demonstrate that iPSCs-derived
hepatocytes are like tissue-derived hepatocytes and may serve as an alternative
source of cells.

Like the mitochondrial complex I inhibitor (iC1) gene, sirtuin 1 (SIRT1) is
another key gene that can be therapeutically targeted for fatty liver disease. SIRT1
appears to be a negative inflammatory regulator protein in a high-fat diet or fatty
liver disease. SIRT1 down-regulate NF-κB transcription activity by deacetylating
NF-κB (Ding et al. 2017). By activating SIRT1 using the SIRT1 activator (SRT1720)
for four weeks, modulated NF-κB pathways and protected high-fat diet-induced liver
injury in mice (Niu et al. 2018). In a unique approach, human livers were genetically
bio-fabricated using rat livers. Rat livers were repopulated with human mesenchymal
cells, fibroblasts, macrophages, and human SIRT1 knockdown iPSC-derived
hepatocytes modelled human fatty liver conditions. Results showed the development
of macrosteotosis and inflammatory phenotype of iPSC-derived fatty liver whose
metabolic profile was akin to human non-alcoholic steatohepatitis (NASH) liver
(de l’Hortet et al. 2019). Biofabrication of livers of other species using stem cells
could be a novel and vital tool to investigate liver diseases’ mechanisms.
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6.15 Other Possible Hepatic Cell Culture Models of Bovine FLD

In addition to in vivo models and existing in vitro models being utilized to under-
stand bovine FLD, it pertinent to adopt some new methods to investigate and
elucidate the mechanisms using advances in understanding human liver diseases.
New approaches would aid novel functions of FLD biomarkers. A complex in vitro
model would better validate drugs and prevent occurrences of the disease. Stem cell-
based methods these new methods can include understanding FLD even in geneti-
cally susceptible cows (Fig. 6.5).

6.16 Conclusions

Recent promising results of iPSC-derived HLCs and co-culture models include 2D,
3D, liver-on-a-chip, and fabrication; investigators found encouraging information on
NASH and NAFLD. We propose using FLD-in-a-dish-models on hepatocytes

Fig. 6.5 Stem cell-based methods and novel approaches to study bovine fatty liver disease
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derived from genetically susceptible cow-specific iPSCs, which considers individual
differences in this complex metabolic disease and propose that future studies utilize,
at the least, 2D and 3D mixed culture models rather than the conventional 2D
monoculture bovine hepatocyte model which is less physiologically relevant.
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Mammary Epithelial Cells: A Potential
Cellular Model to Understand the Impact
of Heat Stress on Mammary Gland and Milk
Production in Dairy Animals

7
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Abstract

Heat stress affects the production potential of the dairy animals. Elevated temper-
ature of the barn and high humidity negatively affects feed intake thus, affects
milk production. Alveolar epithelial cells are the major cell types of mammary
gland and responsible for the milk secretion. Therefore, analyzing changes of
mammary epithelial cells (MECs) during pre- and post-heat stress can provide
insight into the protective mechanism. Enhanced expression of heat shock
proteins (HSP) 70 during heat stress is critical for developing tolerance and
protection. This chapter examines the responsiveness of MECs to heat stress in
various studies and reviews its suitability in developing an in vitro cellular model
to examine cellular heat stress response.

Keywords

Heat stress · Mammary epithelial cell · In vitro model

7.1 Introduction

The heat stress phenomenon induced by global warming has become a significant
challenge for the world dairy sector as it affects all the aspects of dairy animals such
as production, reproduction, growth, immunity, physiology, and overall well-
beingness (Chase 2013; Salak-Johnson and McGlone 2007; Marai and Haeeb
2010; Hansen 2013; Wohlgemuth et al. 2016; Tao et al. 2018; Liu et al. 2007).
Heat stress is now a leading environmental factor that is expected to have substantial
economic implications in times to come for the dairy industry worldwide. There has
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been a consensus among the livestock researchers that excessive heat load directly
affects animal performance. Its impact has to be minimized for optimal production,
especially in tropical and subtropical regions. The exact mechanism associated with
heat stress-induced impairment in dairy animals’ functional traits is not fully under-
stood because of the complexity and involvement of multiple animal response
factors. One of the simplest explanations of the negative impact of heat stress on
milk yield is a reduction in feed and nutrient intake by the animal (Gaughan et al.
2010). The milk synthesis in dairy animals is believed to be reduced when the
temperature-humidity index (THI) crosses 72 (Du Preez et al. 1990; Armstrong
1994). At higher THI, the animal experiences heat stress because it cannot maintain
the body’s thermal balance by dissipating adequate heat. The dairy animals tend to
maintain their core body temperature within a narrow range to control normal
physiological and metabolic processes. Therefore, the optimal genetic potential of
dairy animals is generally achieved within their thermo-neutral environmental
conditions (THI < 72), wherein dairy animals maintain the equilibrium between
heat production and heat loss (Roenfeldt 1998). The thermoneutral zone (TNZ) of
the dairy animals’ ranges from 16 �C to 25 �C, where they maintain a normal
physiological body temperature of 38.4 �C to 39.1 �C. The higher ambient tempera-
ture (above an animal’s upper critical temperature) dramatically alters the behavior,
health, and productivity of dairy animals.

7.2 Economic Consequences of Heat Stress on Livestock
Production

The livestock-based economy is an essential component of the world’s economy. It
provides milk, dairy products, meat, manure, skin, horn, and bone to sustain millions
of people (Herrero and Thornton 2010). The dependencies on livestock products are
expected to increase by 70%, especially when the world population is expected to
reach 9.6 billion by 2050 (FAO 2015). However, the livestock sector, mainly the
dairy sub-sector, faces enormous challenges due to changing climate patterns,
resulting in producers’ economic burdens and levitating serious animal welfare
apprehensions (Baumgard and Rhoads 2013; Rhoads et al. 2013). The dairy sector
is continuously changing over time globally, especially with the replacement of
well-adapted local breeds with high-yielding exotic breeds. It is a known fact that
elevated temperature and humidity negatively affect livestock feed intake, leading to
decreased milk production (Gaughan et al. 2010). The heat stress phenomenon is
causing substantial economic loss to the dairy industry (St-Pierre et al. 2003; Rhoads
et al. 2013; Smith et al. 2013). The decrease in milk production caused by heat stress
results in an annual loss of $1.2 billion to the US dairy sector (Key and Sneeringer
2014). Even India, a humid tropic country, loses about 1.8 million tons of milk
production to heat stress (Upadhyay et al. 2009). Per projected estimate, global
warming will negatively impact India’s milk production further by 15 million tons
by 2050 (Sreenivasaiah 2016).
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7.3 Heat Stress and Milk Yield

In many studies, heat stress has been established as a significant environmental
factor that reduces milk yield in dairy animals (West 2003; Brouček and Šoch 2009;
Zhu et al. 2016). Elevated core body temperature reduces milk output and changes
the milk composition like percentages of milk protein, fat, solids, and lactose (Key
and Sneeringer 2014). Above 35 �C, heat stress directly affects the feed intake,
thereby creating a negative energy balance, which ultimately affects milk synthesis
(Wheelock et al. 2010; Das et al. 2016). Studies have shown that with a per unit
increase in THI beyond 72, there is a reduction of 0.2 kg in milk yield in dairy cows
(West 2003; Ravagnolo et al. 2000). About 1 �C increase in air temperature beyond
TNZ has been shown to reduce feed intake by 0.85 kg, which results in an approxi-
mately 36% decline in milk production (West 2003; Rhoads et al. 2009). It has been
recognized that only 35% of the reduction in milk yield is due to decreased feed
intake, while the remaining 65% reduction is due to the direct physiological effect of
heat stress (Rhoads et al. 2009). The decline in milk production during heat stress is
contributed by decreased nutrient absorption, hormonal imbalance, and the rumen’s
alteration (Bernabucci et al. 2010). The consequences of heat stress are far more
damaging to high-yielding cows, which are already under substantial metabolic
strain (Bajagai 2011). Reports have also revealed that cows conceived during heat
stress conditions also experience a decline in milk production (Ominski et al. 2002;
Nardone et al. 2010). Interestingly, Dikmen et al. (2014) observed that cows calved
during the summer season produced lesser milk production than the cows calved
during winter. Holstein cows with high rectal temperature during summer stress also
showed a reduction in milk yield (Dikmen et al. 2015). A report has also shown that
heat stress also affects the cow’s udder, making them more susceptible to infection
like mastitis (Igono et al. 1988).

7.4 Impact of Heat Stress on Mammary Gland of Dairy Animals

The mammary gland is a complex organ made up of a tubulo-alveolar ductal
structure of secretory epithelium and diverse cells of the supportive stroma with
different types of accessory cells, such as adipocytes, fibroblasts, myoepithelial cells,
and endothelial cells. The mammary gland of dairy animals has always drawn
researchers’ attention because of its unique role in milk synthesis and secretion.
The development of the mammary gland in dairy animals is a complex process that
involves a series of structural and functional changes from early lactation to the
involution period. These coordinated alterations are responsible for the difference in
composition and yield of milk and several developmental and hormonal changes
(Neville et al. 2002; Bionaz and Loor 2007). During different physiological stages,
the mammary gland exhibits marked variation in its milk-producing capability.

Furthermore, the expression of a defined set of transcripts associated with milk
production increased substantially. There was a dramatic rise in milk production
during early lactation in bovine (Neville et al. 2002; Sorensen et al. 2006). A gradual
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decrease follows the peak lactation period until the mammary gland involutes before
entering the non-lactating or dry period.

The heat stress or environmental heat load affects mammary gland functioning in
dairy animals (Tao et al. 2018). Also, severe HS mammary glands use a negative
regulatory feedback mechanism to reduce milk production (Silanikove et al. 2009;
Baumgard and Rhoads 2012). The negative effect of heat stress on mammary gland
function is mainly characterized by a reduction in mammary epithelial cell prolifer-
ation, reduced macrophages and lymphocytes, and an increase in neutrophils and
apoptotic cells (Tao et al. 2011). Such changes affect immunity and make dairy
animals more susceptible to infection, mostly by mastitis-causing pathogens
(Wohlgemuth et al. 2016). Heat stress is reported to reduce glucose uptake by the
mammary gland, limiting glucose availability and lactose synthesis (Wheelock et al.
2010). The induction of acetyl CoA carboxylase and fatty acid synthetase genes
expression in the mammary gland during heat stress reflects that more energy is
being partitioned toward fatty acid synthesis rather than mammary cell proliferation
(Adin et al. 2009). Besides, heat stress has also been shown to affect the synthesis
and secretion of key hormones that, in turn, alter mammary gland development and,
subsequently, milk yield. Interestingly, reports have also shown that heat stress
affects mammary gland involution, characterized by autophagy (Zarzynska and
Motyl 2008) and apoptosis (Wilde et al. 1997; Sorensen et al. 2006).

For a long time now, it is known that a cow’s core body temperature directly
affects the mammary gland’s internal temperature (Bitman et al. 1984). The higher
core body temperature during heat stress also elevates the mammary gland tempera-
ture (West 2003). The mammary gland’s internal temperature also affects mammary
cells, especially mammary epithelial cells (MECs), by inducing a heat shock
response. The series of studies have shown the induction of heat shock proteins
(HSPs) in MECs (Kapila et al. 2016; Kapila et al. 2013; Collier et al. 2006a, b) as
well as in other cell types like peripheral blood mononuclear cells (Sharma et al.
2019; Lacetera et al. 2006) and skin fibroblast (Shandilya et al. 2020) in dairy
animals. The induction of HSPs in different cell types during heat stress indicates
the primary response of cells to maintain homeostasis and cell survival. These HSPs
act like a molecular chaperone and help in the folding of denatured protein during
heat stress. Additionally, studies have also shown that heat stress affects the gene
expression or folding/denaturation of proteins and affects cellular morphology. Shyy
et al. (1989) have reported that the cytoskeleton of mouse primary MECs gets
reorganized during heat stress. The exposure of mouse primary MECs to heat stress
conditions (43–45 �C) even for 15–30 min degraded the actin filaments and retracted
the keratin filaments. Interestingly when the same cell type was exposed to relatively
milder temperature (41 �C), there was no change in cytoskeleton structure (Shyy
et al. 1989), which provided an important clue that the cellular response of MECs
depends upon the degree of heat shock treatment. In a significant study by Collier
et al. (2006a, b), the exposure of MECs to 42 �C resulted in reduced ductal structure.
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7.5 Mammary Epithelial Cells as a Cellular Model
to Understand the Heat Stress Response

While conducting any biological research on the mammary gland, the critical issue
has always been the availability of a suitable cellular model that could mimic the
mammary gland’s functioning (Jedrzejczak and Szatkowska 2014). Many times,
while conducting in vivo studies, it is difficult to get a mammary-specific response as
the experimental condition or treatment will cause other systemic effects on animals
(Ogorevc et al. 2009; Rose et al. 2002). Therefore, to understand the mammary
specific changes to any external stimuli or experimental conditions, there had been a
widespread consensus to establish an appropriate in vitro cellular model to under-
stand the physiological, biochemical, and immunological functions of the mammary
gland in a more precise manner (Zhao et al. 2010; Tong et al. 2012). In the past,
mammary tissues or explants have been widely used as in vitro models during
various experimental settings (Rabot et al. 2007). However, with mammary
explants, the major limitation is distinguishing between primary mitogens and
secondary regulators of mammary gland function and development. To study
cMECs several cell culture methodologies were developed. These cells are the
predominant cell types in the lactating mammary gland and thus crucial in
synthesizing and secreting milk into the mammary lumen. Any change in cell
function of MECs due to experimental conditions could provide an insight into the
mechanism happening in the mammary gland. Several cell lines of MECs across
different species such as human (Gaffney et al. 1976), mouse (Danielson et al. 1984;
Kittrell et al. 1992), cow (Jedrzejczak and Szatkowska 2014; Rose et al. 2002;
German and Barash 2002), pig (Kumura et al. 2001; Zheng et al. 2010), buffalo
(Anand et al. 2012; Kaushik et al. 2013), sheep (Düchler et al. 1998; Ilan et al. 1998),
and goat (Tong et al. 2012; Ke et al. 2012; Zheng et al. 2010) have been established.
These cell lines have been successfully utilized in understanding the mammary gland
functioning of respective species under wide arrays of experimental conditions.
Subsequent studies were also designed to record mammary epithelial cells’
responses to heat stress (Collier et al. 2006a, b; Du et al. 2008; Du et al. 2008; Liu
et al. 2007; Li et al. 2015; Chen et al. 2020). These studies led to the development of
an in vitro cellular model to delineate molecular mechanisms, which was otherwise
not possible because of the complexity of mammary gland tissue. With the advent of
an appropriate cellular model of the mammary gland, several studies related to cell
differentiation during lactation, the immune response to infections, and the response
to hormonal induction were conducted. Because MECs are primary secretary cells
involved in milk production and sensitive to environmental changes, these cells were
utilized successfully in various studies to understand mammary gland and lactation
biology (Liu et al. 2007; Du et al. 2008; Lauzon et al. 2005; Qian et al. 2004).

Li et al. (2015) studied the transcriptional response of cultured cow MECs to heat
stress. They successfully delineated the transcriptomic differences in global gene
expression data between heat-stressed and unstressed MECs. A total of 2716
differentially expressed genes involved in regulating the cytoskeleton, cell cycle,
and stress response processes were identified in heat-stressed MEC (Li et al. 2015).
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Following a similar approach, Kapila et al. (2016) identified several heat-responsive
genes and biological pathways in heat-stressed MECs of riverine buffaloes (Bubalus
bubalis). The impact of heat stress was reflected in inhibition of cell proliferation
ability, cellular viability, and induction of cellular apoptosis, necrosis, and lactate
dehydrogenase activity. The specifically up-regulated genes belonged to the heat
shock family, viz., HSPA6, HSPB8, DNAJB2, and HSPA1A.

Along with HSPs, genes like BOLA, MRPL55, PFKFB3, PSMC2, ENDODD1,
ARID5A, and SENP3 were also up-regulated. Majorly, the heat-responsive genes
belonged to chaperons, immune system, cell proliferation, and metabolism
categories. Even though these studies were performed in cell culture environments,
such studies helped provide a better understanding of heat stress’s impact on MECs
and the mammary gland in general. The effect of heat stress was also studied on
milk-derived somatic cells in Holstein Friesian cows (Garner et al. 2020). The
transcriptome data of somatic cells purified directly from the milk of animals
provided a vital clue about the impact of heat stress in vivo, which was not well
defined in dairy animals. Genes that were affected in milk somatic cells were
associated with the cellular stress response, apoptosis, oxidative stress, and glucose
metabolism. Their findings have also provided new insights into BDKRB1 and
SNORA19 candidate genes’ potential role during heat stress response in dairy cows.

The response of cow MECs to heat stress was also captured in another cell
culture-based study conducted by Han et al. (2010). The HSPs, Bcl-2 family,
caspases (3, �7, and � 8), and apoptosis-regulated genes (Bcl-2, Bcl-2A, and
Mcl-1) increased sharply post heat stress treatment. Further, the genes that act as
signaling factor for apoptosis-like; tumor necrosis factor receptor, p53, Apaf-1 genes
were also up-regulated. However, the caspase-6, nine, and pro-apoptotic genes like
Bax, Bak, and Bid were down-regulated in heat-stressed MECs. Based on the overall
data, Han et al. (2010) concluded that heat stress conditions promote cellular
apoptosis and de-regulate regular cellular activity in MECs of dairy cows.

Recently, Chen et al. (2020) have used MECs as an in vitro model to evaluate the
impact of heat stress on mitochondrial functioning. Through a series of cell culture
parameters, they successfully validated that heat stress disrupts the mitochondrial
functioning by inducing subtle changes in its morphology. The mitochondria gener-
ally undergo fusion and fission in a regulated manner. Few previous studies have
highlighted the importance of mitochondrial fusion in maintaining the healthy
mitochondrial population inside cells. The presence of a healthy mitochondrial
population helps to circumvent the effect of stress on cellular functioning
(Westermann 2010). It is now a well-established fact that heat stress causes an
imbalance in the fission and fusion process of mitochondria, leading to a change in
its morphology and induces fragmentation. Chen et al. (2020) have shown that
mitochondria in heat-stressed MECs become more fragmented, disrupting
mitochondria function. Their study reported many other cellular changes like reduc-
tion in ATP level, decreased mitochondrial membrane potential, antioxidant enzyme
activity, and increased respiratory chain complex I activity. Earlier, Qian et al.
(2004) have also reported the destruction of mitochondrial structure and function
in rats’ cardiomyocytes cells after heat stress. Similar findings have also been
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reported in neuronal cells, skeletal muscle, etc., suggesting that heat stress grossly
disrupts the mitochondrial function in different cell types. These studies have concluded
that heat stress causes morphological and functional damage to mitochondria.

Accumulation of reactive oxygen species (ROS) inside mitochondria is another
cause of oxidative stress during heat stress (Andreyev et al. 2005). The accumulation
of ROS is likely to damage mitochondria’s functionality by inducing mutations or
reducing the mitochondrial membrane potential through lipid peroxidation (Dodson
et al. 2014). The opening of mitochondrial permeability transition pore (MPTP) and
the inner membrane anion channel (IMAC) reduces the mitochondrial membrane
potential and increases the ROS production by the electron transport chain. This
phenomenon is known as ROS-induced ROS release (RIRR) and a critical factor in
causing mitochondrial dysfunction. RIRR leads to superoxide ions, further causes
oxidative damage to the cell.

An increase in cytosolic Ca2+ concentration during heat stress was another critical
observation made by several researchers (Chen et al. 2020; Xu et al. 2013; Han et al.
2010). This sort of Ca2+ accumulation and loss of calcium homeostasis in the cell
triggers the mitochondria’s free radical production. Recently, Chen et al. (2020)
investigated whether the mitochondrial fragmentation in MECs is linked with loss of
calcium homeostasis. The large increase in intracellular Ca2+ concentration in
response to heat stress confirmed their hypothesis. Previously, Xu et al. (2013) and
Han et al. (2010) also showed disruption in calcium homeostasis, potentially
disrupting the cellular process, including mitochondrial fission and fusion under
heat stress (Hom et al. 2010).

Additionally, cytochrome c expression (Cyto-c) level has also shown to be
increased substantially in heat-stressed MECs (Chen et al. 2020). During heat stress,
mitochondria participate actively in inducing oxidative stress and apoptosis by
promoting the release of Cyto-c from mitochondria to the cytoplasm. Cyto-c, a
component of the electron transport chain, is known to initiate apoptosis. The
Cyto-c release and mitochondria fragmentation, the two key factors for apoptosis
induction, is directly linked with each other (Estaquier and Arnoult 2007). Interest-
ingly, Chen et al. (2020) reported an increase in Cyto-c level only in the cytoplasm
and not in the mitochondria, which suggested that during heat stress, the Cyto-c
released from mitochondria induces cellular apoptosis.

The disruption in the mitochondrial network during heat stress has also been
reported through changes in the expression pattern of mitofusin1/2 (Mfn1/2), optic
atrophy protein-1 (Opa1), dynamin-related protein 1 (Drp1), and fission 1 (Fis1)
genes. Post heat stress, the high expression of Drp1 and Fis1 genes in MECs
associated with mitochondria fission induces mitochondrial fragmentation (Chen
et al. 2020). The up-regulation of the Drp1 gene has also been linked to mitochon-
drial fragmentation and cellular apoptosis by several other workers (Frank et al.
2001; Liot et al. 2009). In contrast, down-regulation of Mfn1 and Mfn2 genes in
heat-stressed MECs that provide protection and promote the fusion of outer mito-
chondrial membranes suggests a defect in Mfn1 Mfn2 function. This phenomenon
can further boost the fragmentation and apoptosis in mitochondria post heat stress.
The down-regulation of the Opa1 gene is another important indication of a defect in
the mitochondrial fusion process. The changes in expression of these genes could
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reflect the underlying mechanism of heat stress-induced disruption of mitochondrial
networks and fragmentation in MECs. Based on the available data from various
studies, heat stress-induced dysfunction of mitochondria is associated with the
disruption of different physiological homeostasis. They are the imbalance of mito-
chondrial fission/fusion process, increased intracellular Ca2+ concentration, reduc-
tion in mitochondria membrane potential, increased ROS information, changes in
mitochondrial dynamic networks, and induction of apoptosis. These studies
suggested that the response of MECs to heat stress plays a vital role in regulating
mammary gland function. The negative effect of heat stress on mammary gland
cells’ secretary activity is the primary factor for the decline in milk synthesis. Some
of the critical studies that have utilized MECs as a cellular model to understand
mammary gland functioning during heat stress are summarized in Table 7.1.

Table 7.1 Bovine mammary epithelial cell as in vitro models for studying heat stress

S. No. Title of the study
Livestock
species References

1 Use of gene expression microarrays for evaluating
environmental stress tolerance at the cellular level in cattle

Cow Collier et al.
(2006a, b)

2 Establishment of a bovine epithelial mammary cell line and
its ultrastructural changes when exposed to heat stress

Cow Du et al.
(2008)

3 Hyperthermia causes bovine mammary epithelial cell death
by a mitochondrial-induced pathway

Cow Du et al.
(2008)

4 In vitro culture and characterization of a mammary
epithelial cell line from Chinese Holstein dairy cow

Cow Hu et al.
(2016)

5 Cytoprotection of vitamin E on hyperthermia-induced
damage in bovine mammary epithelial cells

Cow Liu et al.
(2007)

6 The global effect of heat on gene expression in cultured
bovine mammary epithelial cells

Cow Li et al.
(2015)

7 Effect of heat stress on markers of autophagy in the
mammary gland during the dry period

Cow Wohlgemuth
et al. (2016)

8 Impact of heat stress on cellular and transcriptional
adaptation of mammary epithelial cells in Riverine Buffalo
(Bubalus Bubalis)

Buffalo Kapila et al.
(2016)

9 The effect of heat stress on gene expression and synthesis
of heat-shock and milk proteins in bovine mammary
epithelial cells

Cow Han et al.
(2010)

10 The influences of heat stress on bovine mammary gland
function

Cow Tao et al.
(2018)

11 Gene expression of the heat stress response in bovine
peripheral white blood cells and milk somatic cells in vivo

Cow Garner et al.
(2020)

12 Heat stress induces apoptosis through disruption of
dynamic mitochondrial networks in dairy cow mammary
epithelial cells

Cow Chen et al.
(2020)

13 Milk yield, milk composition, and milk metabolomics of
dairy goats intramammary-challenged with
lipopolysaccharide under heat stress conditions

Goat Salama et al.
(2020)
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7.6 Conclusion

Mammary epithelial cells (MECs), the secretory cells of the mammary gland of dairy
animals, are directly affected by heat stress. The MECs harvested from the mammary
gland of dairy animals have been successfully utilized in numerous studies to
understand the cellular response to heat stress. Since MECs are the predominant
cell types of the mammary gland, its analysis during pre- and post-heat stress can
provide insight into the mechanism giving protection. The enhanced synthesis of
heat shock proteins like HSP70 post heat stress is critical for developing tolerance
and heat stress protection. Recent studies have confirmed that heat stress disrupts
mitochondrial morphology and functioning in MECs. Responsiveness of MECs to
heat stress in various studies has suggested its suitability is an attractive in vitro
cellular model to delineate the genes, pathways, metabolic and cellular response
associated with the heat stress response. In the future, an extension of similar kinds
of approaches will also delineate the impact of other stressors on the mammary gland
of dairy animals.
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Milk and Milk-Derived Stem Cells 8
Ratan K. Choudhary

Abstract

Milk is a wholesome food not only for infants but also for adults. Except for fiber,
milk is composed of cellular and non-cellular components. Recent studies have
demonstrated that milk contains a population of cells displaying multipotent stem
cells’ features. This chapter briefly summarizes milk’s composition and outlines
the progress made in this newly emerging field of stem cell biology that is
pertinent to the investigators. This chapter covers milk-derived stem cells of
humans and discusses the perspective of the application of milk-derived stem
cells in regenerative medicine. Non-invasive source and unique properties of
milk-derived stem cells with low tumorigenic potential are likely to make these
stem or stem-like cells regenerative therapy in the future.

8.1 Milk Composition

Milk is a homogenous mixture of water, fat, proteins, minerals, vitamins, antibodies,
and cellular components like live cells, dead cells of hematopoietic and mammary
origins, exosomes, and stem cells. Exocrine secretions of mammary glands are
initially meant for the babies to support complete growth and development, and
thus milk is a nutrient-dense food. Milk’s composition and flavors vary greatly
depending on the species, age, diet, stage of lactation, environment, and seasons
(FAO technical bulletin). Cow milk contains 12–14% solid matter composed of
2.5–4% of proteins, 3–5% of fat, and about 5% of lactose—the milk sugar.
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Composition of one cup (240 mL) of cow’s milk (USDA food composition
database) is

• Calories: 149.
• Water: 88%.
• Protein: 7.7 g.
• Carbs: 11.7 g.
• Sugar: 12.3 g.
• Fiber: 0 g.
• Fat: 8 g.

The nutritional composition of cow milk is compared with human milk is given
(Table 8.1).

Table 8.1 Nutritional composition of cow milk vs. human milk (FAO of the US n.d., accessed
through www.vivahealth.org.uk)

Nutrients (per 100 g of milk)
Cow’s milk (semi-skimmed,
pasteurized)

Human milk
(mature)

Sodium (mg) 43 15

Potassium (mg) 156 58

Calcium (mg) 120 34

Magnesium (mg) 11 3

Phosphorus (mg) 94 15

Iron (mg) 0.02 0.07

Copper (mg) Trace 0.04

Zinc (mg) 0.4 0.3

Chloride (mg) 87 42

Manganese (mg) Trace Trace

Selenium (μg) 1 1

Iodine (μg) 30 7

Retinol (μg) 19 58

Carotene (μg) 9 24 (estimated value)

Vitamin D (μg) Trace Trace

Vitamin E (mg) 0.04 0.34

Thiamin (mg) 0.03 0.02

Riboflavin (mg) 0.24 0.03

Niacin (mg) 0.1 0.2

Vitamin B6 (mg) 0.06 0.01

Vitamin B12 (μg) 0.9 Trace

Folate (μg) 9 5

Pantothenate (mg) 0.68 0.25

Biotin (μg) 3.0 0.7

Vitamin C (mg) 2 4
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8.2 Milk Fat

Milk lipids are predominantly composed of triacylglycerol (TAG) and are about
98% of total milk fat (Dils et al. 1977) and contain short (C4–10), intermediate
(C12–16), and long-chain (C18) fatty acids (FAs). Synthesis of short-chain FAs
occurs within the mammary epithelial cells (MEC) from precursors like acetate,
butyrate, and pyruvate. Long-chain fatty acids are derived from the blood, meaning
they are directly coming from the diet. The endoplasmic reticulum (ER) synthesized
TAGs, which then migrated to the apical plasma membrane of the MEC, where they
are encapsulated by the membrane and pinched off from the cytoplasm into the
lumen. Secretion of milk fat by the MEC is not a continuous process but develops
during pregnancy under the influence of various reproductive hormones. The first
stage of differentiation occurs around mid-pregnancy, where branching of mammary
ducts followed by alveolar development occurs with the rise in progesterone levels.
Mammary alveoli consist of a single MEC layer, which upon functional differentia-
tion secrets milk protein. The second stage of differentiation, initiated at the time of
calving, reduces serum progesterone levels. The biosynthetic process of copious
secretion of milk starts at the second stage of differentiation. Lipogenesis in MEC
occurs by the two independently regulated, and temporarily distinct processes called
the “bipartite model of lipogenesis”. The first phase is characterized by an increased
adipophilin expression and other related genes that impair triglyceride lipolysis.
Increased expression of adipophilin and other molecules stabilizes the formation of
TAGs. The second phase is characterized by the dramatic increases in the rate of
diacylglycerol acyltransferase 1-dependent TAG synthesis (McManaman 2009).
The percentage of milk fat varies in different animals. Total fat % in the milk of
cow, water buffalo, sheep, and goats are 3.55, 6.2, 6.91, and 3.03%, respectively
(Rasheed et al. 2016). In general, lipid composition in cow milk varies between
3 and 4%.

There are no unequivocal opinions, and investigators defer in their opinion on the
effect of milk fat on human health. Traditionally, milk fat consumption, which is
composed of saturated fat, was shown to raise “bad” cholesterol (low-density
lipoprotein or LDL) and cause blockage of an artery leading to coronary heart
disease (Artaud-Wild et al. 1993). Based on such studies, dietary guidelines in
many countries recommend consuming low-fat dairy foods. On the other hand,
contrasting reports have emerged recently stating the benefits rather than dairy fat
harm. Fat of milk and dairy do not increase total and “bad” cholesterol levels (Lee
and Cho 2017; Chen et al. 2015). Whole milk significantly increases the level of
“good” cholesterol (high-density lipoprotein or HDL) in comparison to skimmed
milk (Engel et al. 2018; Chen et al. 2015). In addition to this, the fatty acids of milk
have anti-inflammatory properties. Multiple studies examined the effects of fatty
acids on various cell lines and found the opposite association with inflammation and
exhibited pro-inflammatory effects. Long-chain saturated fatty acids such as palmitic
and stearic may show pro-inflammatory effects in cell lines and mouse models.
However, in humans, no such pro-inflammatory effects of these saturated fatty acids
have been reported despite the abundance of these fatty acids in milk and dairy
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products (Lordan et al. 2018). Contrarily, saturated fatty acids such as lauric acid
(C12:0) may have neutral or anti-inflammatory effects; however, further research is
required to conduct humans (Da Silva and Rudkowska 2015).

8.3 Milk Protein

The next important component of milk is protein. Milk protein is a cheap source of
high-quality animal origin proteins in the human diet. Therefore, milk’s high protein
content is nutritionally beneficial, and it increases the milk quality. Biosynthesis of
protein occurs during lactation in MEC. Protein synthesis machinery requires amino
acids as primers and a large energy supply. Constituents of protein synthesis are
brought inside the cells with the help of ion and protein transporters, an active
process that requires 30–40% of the basal energy for the ion transport and about 10%
of the basal life of the protein re-synthesis (Baldwin et al. 1980). There is an
inversely opposite relationship between milk’s fat and protein contents. Administra-
tion of medium-chain and long-chain FA to the lactating animal negatively affected
milk fat content while the positive effect on milk protein content (Bauman et al.
2011). Although protein synthesis is reduced by anoxia and restricted calorie intake,
the quantity and quality of milk protein cannot be increased. The amount and
composition of milk protein are primarily determined by the animal’s genetic
makeup, breed, and species (Bionaz and Loor 2011). The importance of a large
supply of energy for protein synthesis is understood from the fact that the abomasal
infusion of casein protein failed to increase milk protein yield. In contrast, starch did
increase (Rius et al. 2010). Other factors that may affect protein synthesis included
specific amino acids, insulin (Griinari et al. 1977; Herbein et al. 1985), and the
increasing availability of metabolizable energy (Bionaz and Loor 2011).

8.4 Minerals, Antioxidants, and Vitamins in Milk

Calcium, selenium, iron, iodine, magnesium, and zinc are essential minerals present
in cow milk. The concentration of calcium in cow milk is about 1 g/L and provides
most of the daily calcium requirement to the population. For example, cow milk
provides more than 50% of the daily calcium requirement to most Americans (Insel
et al. 2003). A report that analyzed the global calcium intake of people in India
suggested low consumption of daily calcium intake than the recommended dose of
calcium. Though there are no current guidelines in India regarding calcium supple-
mentation in adults, 0.6 g of daily calcium is hypothesized as recommended dietary
allowance (RDA) of adult men (Raj et al. 2018). A meta-analysis of calcium intake
data of 74 countries revealed astonishing results. Except for European countries
whose daily calcium intake was more significant than 1 g, all other countries,
including India, had daily calcium intake <0.5 g (Balk et al. 2017). A low level of
calcium in the diet can increase bone-related diseases like fractures and osteoporosis.
Revisiting RDA guidelines for calcium and public health measures were suggested
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as a required step to tackle the morbidity of nutritional deficiency diseases in India
(Harinarayan and Akhila 2019).

Selenium is an essential micronutrient of human diets required for proper immune
functions, antioxidant system, DNA repair, and DNA synthesis. The concentration
of selenium is usually low and varies from 11 to 37 μg/L of cow milk (Haug et al.
2007). Role of selenium in some human diseases like cancer and asthma has been
suggested. However, selenium’s role in metabolism is undeniable because selenium
is a component of the enzyme involved in the thyroid hormone’s metabolism.

The antioxidants have a role in the prevention of oxidation of the milk. They also
provide protective effects to the milk-producing mammary epithelial cell during the
lactation process. The most critical antioxidants in milk are selenium and vitamins E
and A. Milk is a good source of a few vitamins, mainly vitamin A, vitamin B2
(riboflavin), and B12. Milk contains 1.83 mg riboflavin/L milk (Haug et al. 2007).
The daily recommended dose of riboflavin is 1.1 and 1.3 mg for women and men,
respectively (Insel et al. 2003). It plays a vital role in anti-oxidation and DNA repair.
The bioavailability of B2 and B12 vitamins in cow milk is good. Hence, increasing
proportions of cow milk in the diet can be an excellent alternative source to meet B
vitamins’ dietary guidelines.

8.5 Immunoglobulins in Milk

Immunoglobulins (Igs) or antibodies are the glycoproteins produced by plasm cells
and play a critical role in recognizing and biding specific pathogens toward their
destruction. Igs are present abundantly in colostrum and low amount in the milk of
all lactating species. About 70–80% of colostrum’s total protein content consists of
Igs, whereas in milk, they account for roughly 1–2% of the complete protein. There
are five known classes of Igs: IgA, IgD, IgE, IgG, and IgM. The major Ig classes in
both bovine and human milk are IgA, IgG, and IgM. IgG1 is the predominant Ig
class in bovine milk compared to IgA in human milk (reviewed in Kohronen and
Marnila 2009). Maternal colostrum and milk provide Igs and bioactive peptides to
newborn infants and provide passive protection against enteric pathogens. Neonates
of ruminant are born with virtually no Igs and therefore very susceptible to enteric
infections and other associated pathogens. Thus, the colostrum feeding within half
an hour of birth is essential to transfer colostral Igs to neonates for survival. Various
studies showed a complex supplementation mechanism of direct supply of mothers’
immune cells to the nursing babies that helps develop and functional regulation of
infant’s immunity-innate and adaptive immune systems. The effects of bovine Igs on
human health have also been studied. The stability and functional results of orally
ingested bovine Igs in milk products showed functionally active bovine Igs in the
human gut. A large volume of research has provided sufficient evidence of bovine
Igs in preventing rotavirus gastrointestinal tract infection (den Hartog et al. 2014;
Rump et al. 1992), upper respiratory tract infection (Loss et al. 2011),
lipopolysaccharide-induced inflammation, and even allergy (Collins et al. 1991).
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8.6 Milk Exosomes

These exosomes are present in various biological fluids like plasma, urine, saliva,
and other body fluids, including milk. Milk exosomes and milk microvesicles (MVs)
have recently been the focus of an investigation. These are released from mammary
epithelial cells of all mammals, including dairy cows (Zempleni et al. 2017; Melnik
and Schmitz 2019). Inward budding of cell membranes forms exosomes resulting in
membrane-surrounded multivesicular bodies secreted by fusion with the cell mem-
brane like milk fat globules. Milk has been called not just a nutritious food but also a
genetic transfection system that transfer miRNA to neonates and babies for postnatal
growth through the mechanistic target of rapamycin complex 1 (mTORC1) signaling
called “functional hypothesis of milk signaling” initially proposed by the Melnik
group in 2013 (Melnik et al. 2013). Exosomes communicate intracellularly via
messengers like RNA, miRNA, DNA, and proteins. Milk exosomes are viewed as
a culprit in the pathogenesis of many human diseases. Authors claim that dairy milk-
derived exosomes are hardy and resistant to heating and cooling. The cargo of
exosomes contributes to the pathogenesis of common diseases like allergy, fetal
macrosomia, obesity, type 2 diabetes, hyperphagia, and others. Hence milk
exosomes can be viewed as “critical pathogens” (Melnik and Schmitz 2019). The
cargo of Milk exosomes is available to the milk consumers as bovine exosomes are
resistant to pasteurization, cold, and any other methods of treatment (Fig. 8.1). As an
estimate, bovine milk exosomes contain nearly 400 different miRNA (Hata et al.
2010). These miRNAs and some selected proteins remain bioavailable to humans
when they consume milk.

Expression of miR-148a enhances mammary epithelial cell expression upon a
genetic selection of cows for increased milk production. Thereby, the potential
increase in milk secretion also increases milk exosome miR-148a content.
miR-148 is linked with cancer in human beings. Upregulated expression of
miR-148a occurs in glioma and osteosarcoma (Li et al. 2016). Milk exosomes also
contain miR-155 and transforming growth factor-β (TGF-β) and have been
associated with cancer-related inflammation (Guo et al. 2016). Since pasteurization
and other treatments have no significant effect on milk exosome integrity and their
cargo bioavailability, exosomes provided persistent entry of these cargoes into the
human food chain (Melnik and Schmitz 2019). Milk is the only biological fluid used
commercially to obtain natural exosomes (Sedykh et al. 2020). These exosomes are
harvested and being utilized in pharmaceutical industries.

Aside from milk being nutritionally dense food, it provides other biologically
active compounds, namely antimicrobial peptides, vitamins, minerals, fats, high-
quality proteins, probiotic bacteria, antioxidants, and others) which have crucial
impacts on human health (Górska-Warsewicz et al. 2019).
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8.7 Milk Probiotics

It is now realized that milk is a wholesome food and an excellent source of other
biologically active components, including probiotic bacteria, immune cells, and stem
cells (Fig. 8.2).

The presence of probiotic bacteria has been realized before, but its functional role
in milk is very recent and has not been underdeveloped. Experimental evidence
showed that lactating mother’s gut bacteria could enter the mammary gland via an
entero-mammary pathway. Lactobacillus salivarius (strain CECT 5713) isolated
from human milk was carried by the dendritic cells and β2 integrin (CD18+) cells
from the gut lumen to the mammary gland (Langa et al. 2012). It is worth to mention
here that CD18 is expressed on leukocyte pairs with several α integrin (CD11)
subunits, and heterodimer of these can bind a variety of ligands, including fibrinogen
and polysaccharides (Harris et al. 2000). Investigators started believing that mothers’

Fig. 8.1 Genesis of miR-148, miR-21, and another miRNA in bovine milk exosomes and their
constant availability in the human food chain. (Adapted from Melnik and Schmitz 2019)
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gut bacteria (such as L. salivarius and others) can be considered probiotic supple-
ment food for infants. They concluded that infants consume about 800 mL of milk on
a single day, which could comprise 10–100 million probiotic bacteria per day
(Witkowska-Zimny and Kaminska-El-Hassan 2017; Ninkina et al. 2019). It is a
well-known fact that good health of infants is provided by the availability of initial
milk of mother within half an hour after birth, especially mother’s milk. Though the
initial milk (colostrum) contains abundant immunoglobulins and another active
biological compound, the initial colonization of probiotic bacteria from mothers’
milk can be considered an essential factor in developing healthy physiology. These
commensal bacteria, including gut-associated anaerobic bacteria Bifidobacterium
breve, B. adolescentis, and others, can be beneficial to the young ones (Martin
et al. 2009; Cong et al. 2016). Likewise, cow milk might contain other commensal
bacteria suitable for calf and not for human babies may contribute to cow milk
allergies in some infants. Infants fed with hydrolyzed casein and probiotics showed
no to fewer server allergies with the cow milk. Such cow milk treatments could have
altered infants’ gut microbiome, which has helped them become resistant to cow
milk allergy (Berni et al. 2016).

Fig. 8.2 Cellular and non-cellular components of milk
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8.8 Milk-Derived Stem Cells

Various types of cells found in the milk can be broadly divided into two major
groups: blood-origin and mammary tissue origin cells, and in both these pools live
progenitor, and stem cells have also been identified in human (Cregan et al. 2007;
Hassiotou et al. 2012) and cow milk (Pipino et al. 2018). The presence of undiffer-
entiated cells (like stem cells or stem-like cells) and partially differentiated cells (like
progenitor cells) in milk remain enigmatic. Excluding blood-derived cells, the
largest population of epithelial cells in human milk was CK18+ and beta-casein
positive luminal/alveolar epithelial cells. In estimation, the total percentage of
mature luminal epithelial and myoepithelial cells together constitute almost 98%
(Hassiotou et al. 2013), indicating the remaining 2% of the cells are immature stem
and progenitor cells. Identify these immature cells, and their origin remains elusive.
Mammary stem cells are bipotent (van Amerongen 2014) or multipotent stem cells
(Smith and Medina 2018). These cells can give rise to the mammary epithelium and
myoepithelium cells or could produce various cell types, respectively. One of the
most critical questions that remains a conundrum is mammary stem cells’ nature—
are these cells unipotent or multipotent? (Joshi and Khokha 2012; Kaimala et al.
2012). Lineage tracing experiments addressed the elasticity of mammary epithelial
cells. Results have indicated that multipotent mammary stem cells present in embry-
onic placode after birth (postnatal) become unipotent and responsible for stage-
specific development and mammary tissue homeostasis (Seldin et al. 2017).

In the cow, stem cells were identified in milk. These cells showed a heterogenous
group of cell populations ranging from epithelial-like (E-type) to spindle-shaped
(F-type) colonies. Immunophenotype characterization of bovine milk-derived stem
cells (bmdSC) were positive with epithelial markers E-cadherin, cytokeratin-14
(KRT14), KRT18, and smooth muscle actin (SMA). E-cadherin marks the epithelial
cells, KRT14 and SMA are the markers of basal mammary epithelial cells, while
KRT18 is the marker of luminal milk secreting epithelial cells. This clearly shows
that milk-derived stem cells are partially differentiated and probably committed to
epithelial cell lineage (progenitor cells).

Interestingly, a subset (30–40%) of these heterogeneous cells showed typical
mesenchymal stem cell (MSC) surface markers, namely, CD90, CD73, and CD105.
Some MSCs showed co-expression of pluripotent stem cell markers (SOX2 and
OCT4) in the nuclei, indicating the multilineage potential of these subsets of MSCs.
Multilineage potential of MSCs shows nuclear expression of pluripotency transcrip-
tion factor demonstrated by cells’ differentiation ability into osteoblasts,
chondroblasts, and adipocytes (Pipino et al. 2018). Inconsistent with stem cells’
findings in human milk and bovine milk also contained multipotent stem cells. It can
easily be the source of multipotent stem cells used for regenerative medicine in
veterinary and animal science to improve animal health and milk production.

Breast milk-derived stem cells were multipotent. Gene expression analysis of
these multipotent stem cells revealed up-regulation of transcripts of pluripotency
transcription factors OCT4, SOX2, NANOG, and KLF4. These cells form all the
three germ layers—mesoderm, endoderm, and ectoderm, upon receiving
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differentiation signals. Differentiation of cells into cells of mesodermal (osteoblast-
like cells, chondrocytes, adipocytes, cardiomyocytes), endodermal (pancreatic beta-
like cells, hepatocyte-like cells), and endodermal origin (neuron-like cells) was
reported (Hassiotou et al. 2013; Twigger et al. 2013).

Phenotypic and genotypic expression of milk-derived stem cells are not the same
across the different lactation stages. A comparison of milk genetic signature from the
milk of preterm mother and full-term mother revealed intriguing differences. The
proportion of stem-like cells in these two types of milk samples were different, along
with the difference in the gene signature (Briere et al. 2017). The author speculated
that these differences could arise due to a symbiotic relationship between feeding
infants and nursing mothers. Though similar studies revealed different proportions
of stem-like cells in milk, highest proportions of stem cells were found in concurrent
lactating and pregnant mothers (Hassiotou et al. 2012). Experimental evidence of
cross-talk between the infant and mother via circulating cells was established. The
miRNAs appeared to be the critical regulators of milk components. The mRNA
controlled the body fluid balance, thirst, appetite, immune response, and infants’
development, implicating their functional role and cross-talk between infants and
mother (Alsaweed et al. 2016).

Progenitor cells seem to be present in milk and could be available for therapeutic
applications. Progenitor cells are seen as the critical source of adult stem cells for
medicinal purposes (Lloyd-Lewis et al. 2017; Visvader and Stingl 2014; Choudhary
2014). These cells have a profound proliferative capacity and could be advantageous
for cancer research. These cells may harbor clues of the understanding role of
proliferation-responsive factors. Mammary stem cells reside in a hypoxic state in a
niche in the basal layer and remain quiescent. Upon proliferative signal, stem cells
escape from the niche and the control mechanisms that hold them in quiescence state
(Choudhary et al. 2013; Tiede and Kang 2011; Capuco 2007; Hassiotou et al. 2012).
An early report on the presence of progenitor cells in mammary tissue was
demonstrated in humans where cytokeratin (KRT) 5� positive cells were able to
differentiate into two different types of cells, namely, alveolar epithelial cell or
myoepithelial cell lineage (Böcker et al. 2005).

Interestingly, such KRT5-positive cells were obtained from the donor mother’s
breast milk and remain an enigma for the investigators (Cregan et al. 2007).
Immunohistochemical evidence showed that KRT5-positive epithelial cells are in
the basal layer of mammary tissue, suggesting the possibility of cells coming from
the basal layer of epithelium during the milk secretion. However, the presence of
these progenitor cells in mammary alveoli can also be possible and subject to further
investigation.

8.9 Therapeutic Applications of Milk-Derived Stem Cells

Multilineage potentials of milk-derived stem cells might pave the way for a
non-invasive source of stem cell isolation and therapeutic applications. Milk-derived
stem cells possess low immunogenic and negligible teratoma formation upon
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transplantation (Hassiotou et al. 2012). Another significant advantage of harvesting
stem cells from milk is the patient-specific, repeated harvesting time, stage-specific,
and liable for autologous transplantation. A potential application of milk-derived
stem cells was explored and in vitro study showed differentiation of such cells into
neural stem cells, neuroglia, and neurons (Hassiotou et al. 2013; Hassiotou and
Hartmann 2014). Later in an in vivo study using a murine model, the presence of
breast milk stem cells has been demonstrated in blood and differentiation of cells
into neuronal cells and glial cell in the brain of suckling pup (Aydin et al. 2018). This
phenomenon of integration of mothers’ milk stem cells into the brain of suckling
mice pups has been referred to as microchimerism. Microchimerism is a phenome-
non similar to the exchange of stem cells between the mother and the fetus in utero,
and transferred cells survived in the chimeras for many years (Kinder et al. 2017).

Many animal studies are required before finding milk-derived stem cells’
applications in therapy for diseases like degenerative neuronal diseases and other
diseases like heart strokes. Three important aspects that need to be emphasized while
utilizing milk-derived stem cells are: (1) characterization of injected stem cells,
(2) divisional kinetics and differentiation ability, and (3) safety potential of injected
cannot induce teratoma.

In coming years, the development of new and improved stem cell isolation
methods from milk and harvesting a pure population of cells will improve its utility
rather than a heterogeneous one.
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Cryopreservation of Testicular Stem Cells
and Its Application in Veterinary Science 9
Tanushree Patra , Rakesh Bhaskar , and Mukesh Kumar Gupta

Abstract

Testis-derived spermatogonial stem cells (SSCs) and its in vitro counterpart, male
germline stem (GS) cells, can repopulate the empty seminiferous tubules of
infertile males and, therefore, are rapidly emerging as newer biotechnological
tools for the treatment of male infertility, posthumous reproduction, preservation
of elite germplasm and animal transgenesis. It also has potential application in the
preservation and restoration of fertility in males with diseases/treatments affect-
ing spermatogenesis. Consequently, the cryopreservation of SSC and GS cells is
becoming pivotal in assisted reproductive technology (ART) for male reproduc-
tion. Cryopreservation of testis-derived stem cells is particularly indispensable for
fertility preservation in pre-pubertal males, who have not yet begun their sperm
production. This chapter provides an overview of the indications, applications,
and strategies of fertility preservation through the cryopreservation of testicular
stem cells. Recent advances on freezing and vitrification techniques, assessment
of cryopreservation-induced injuries, and methods of their amelioration are also
discussed.
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9.1 Introduction

Mammalian testis is known to contain a pool of stem cells, known as spermatogonial
stem cells (SSCs), which maintains spermatogenesis throughout the adulthood.
These cells can be isolated and propagated in vitro as male germline stem
(GS) cells and are capable of initiating donor-derived spermatogenesis in germ
cell-depleted testis of infertile males for restoration of fertility. The GS cells can
also undergo in vitro spermatogenesis in an organ culture system to produce haploid
germ cells that can be used for the production of offspring by in vitro fertilization
(IVF), intracytoplasmic sperm injection (ICSI) or round spermatid injection (ROSI).
Under an appropriate culture system, the unipotent GSCs can also undergo
reprogramming events to generate multipotent adult germline stem (maGS) cells
or germline pluripotent stem (GPS) cells. Thus, testicular stem cells have potential
application in both infertility management and regenerative medicine. Further, the
testicular stem cells, combined with gene manipulation tools, can also be exploited
for production of transgenic animal.

The testicular stem cells can be cryopreserved as a purified single-cell suspension
or testicular tissue fragments that house SSCs in their niche (Jung et al. 2020a;
Onofre et al. 2020). The cryopreservation of purified testicular stem cells can be
conducted by conventional freezing or vitrification protocols used for somatic cells
and are technically easier. However, SSCs are present in a very low number in adult
tissues [~0.03%; (Nakagawa et al. 2007)] and may be difficult to isolate from
biopsied specimens of testis. Consequently, newer and effective methods of cryo-
preservation for these novel cells are necessary. On the other hand, cryopreservation
of testicular tissue fragments, enriched in SSC, is more challenging and depends on
various factors such as the size of the tissue, permeation efficiency of cryoprotective
agents (CPA) and variations in cryobiological properties of their cellular and extra-
cellular matrix (ECM). The cryopreservation of testicular tissue fragments does not
require tissue dissociation steps for isolation of cells and can maintain complex
interaction between SSCs and testicular somatic cells (Leydig cells, Sertoli cells, and
Myoid cells) and cell-to-ECM, which are essential for SSC-derived spermatogene-
sis. The testicular tissue cryopreservation can also be combined with in vitro sper-
matogenesis system for in vitro production of spermatozoa and eliminating the need
for spermatogonial stem cell transplantation (SSCT). By preserving supporting
somatic cells and ECM, the testicular tissue cryopreservation may provide the
physical and molecular microenvironment required for survival, self-renewal, pro-
liferation, and differentiation of germ cells to haploid germ cells. However, the
superiority of cryopreserving testicular tissue fragments over testicular stem cells
remains debatable. Moreover, although in vitro spermatogenesis system has shown
promising results in rodents and primates for generating live offspring from
cryopreserved testicular tissue fragments, it is still under developing phase for
livestock animals and human.

This chapter provides an overview of various strategies for cryopreservation of
testicular stem cells, including GS, maGS and GPS cells, and discuss their
indications and applications in veterinary science. Suitable references are also
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drawn from human applications in which the technology is rapidly finding its clinical
applications. The details on cryopreservation of testicular tissue fragments is
discussed elsewhere (Patra et al. 2021).

9.2 Methods of Cryopreservation of Testicular Stem Cells

Semen freezing is a well-established procedure in animals for breed improvement
programs through artificial insemination. However, cryopreservation of testicular
stem cells is relatively recent technology and is still under experimental stage in
livestock animals and human. There are very limited systematic studies on the
development and optimization of cryopreservation protocols of testicular stem
cells. Most of the initial studies have used conventional somatic cell freezing
protocols with empirical modifications to cryopreserve the SSC, GS and GPS
cells. The post-thaw viability varied from lab-to-lab although the functionality of
frozen-thawed SSCs was confirmed by testicular transplantation assays as early as
1996 (Avarbock et al. 1996). Initial studies have also shown that the success of
freeze-thawing also varies with animal species, type, and concentration of
cryoprotective agents (CPAs), method of freezing and type of cryocontainers
(Kanatsu-Shinohara et al. 2003; Wu et al. 2012). However, attempts to directly
relate the post-thaw viability of testicular stem cells with variable factors have been
very limited.

More recently, ice-free vitrification has been explored as simpler, faster, and cost-
effective method for cryopreservation of testicular stem cells. Several strategies
ranging from conventional vitrification in plastic straws (PS) to ultrarapid
vitrification in microdroplets (MD), electron microscopy (EM) grid, nylon
membranes, open pulled straws (OPS), solid surface vitrification (SSV), etc. have
been attempted and were reported to support the cryo-survival of both somatic and
stem cells in testis (Patra and Gupta 2019, 2020). However, like stem cell freezing,
systematic studies on the vitrification of testicular stem cells have been limited.
Some studies have suggested vitrification to be superior to freezing due to its
simplicity, cost-effectiveness, and better post-warming viability. However, the
superiority of one over the other remains debatable (Pukazhenthi et al. 2015).
Systematic and controlled studies are needed to optimize the freezing and
vitrification protocols by analysing the influence of variable factors such as rate of
cooling, type of CPA, size or volume of the sample, cryopreservation device, storage
conditions, etc.

9.3 Freezing of Testicular Stem Cells

Freezing of testicular stem cells involves controlled crystallization of water by their
slow cooling in the presence of CPA such as glycerol, dimethyl sulphoxide
(DMSO), ethylene glycol (EG) or 1,2-propanediol (PROH). The rate of cooling is
so chosen to crystallize the extracellular water with minimal or no intracellular ice
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crystallization. The optimal rate of cooling varies with the cell type and species but
generally range between 0.3 �C and 10 �C/min in most mammalian cell types. In
testicular cells and stem cells, a cooling rate of 1 �C/min is considered critical during
their cooling from 4 �C to (�)40 �C or lower temperature (optimal window of
cooling rate). During this window of cooling, the extracellular water super cool and
starts crystallizing between (�)5 �C to (�)10 �C, which results in a gradual increase
in extracellular solute concentration and thereby, dehydrates the cells by osmotic-
driven efflux of intracellular water. Between (�)10 �C to (�)15 �C, the extracellular
ice expands and the sample become increasingly supercooled below (�)40 �C.
When the sample temperature reaches (�)40 �C or lower, it can be plunged into a
cryogenic agent such as liquid nitrogen or helium for intracellular vitrification
without ice crystallization. The frozen samples can then be stored in liquid nitrogen
for long-term storage. A working freezing-thawing protocol for cryopreservation of
mice SSCs is provided in Box 9.1. In the hands of the authors, the protocol also
works for the freezing of putative SSCs in goat.

Box 9.1 A Suggested Protocol for Slow Freezing of Testicular Stem Cells
in Mechanical Freezer
Uncontrolled slow freezing of SSCs:

1. Trypsinize the SSC clumps by using trypsin-EDTA to prepare single cell
suspension. Note: SSCs survive better in cell clumps of ~15 to 20 cells.

2. Centrifuge the cells at 500 g for 8–10 min and wash the pellets in a serum-
free SSC culture medium twice.

3. Count the cell concentration and dilute to a concentration of 2 � 106 cells
per ml.

4. Aliquot 0.5 ml of SSC cell suspension in 1.5 ml cryovials and slowly add
0.5 ml of SSC culture medium having 20% (v:v) DMSO.

5. Close the cryovials, rack on an insulated container (e.g. Stryrofoam rack)
and keep at �80 �C freezer for overnight (at least 4 h).

6. Quickly plunge the cryovials into liquid nitrogen for cryostorage.

Thawing of SSCs:

1. Identify and retrieve the cryovial from the liquid nitrogen container and
place it in a water bath set at 37 �C.

2. Transfer the thawed cell suspension into 9 ml of pre-warmed (37 �C) SSC
culture medium in a 15 ml centrifuge tube and centrifuge at 500 g for
8–10 min.

3. Wash the cell pellet with 10 ml of SSC culture medium twice.
4. Count the cell concentration and re-suspend the cells in complete SSC

culture medium (supplemented with GDNF) to the desired concentration
and plate in culture plates.
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The desired rate of cooling for freezing of testicular cells and stem cells can be
achieved by uncontrolled slow freezing in a vapour or mechanical freezer or by
controlled slow freezing in a programmable controlled rate freezer. Uncontrolled
slow freezing can be performed using simple devices that are usually available in
most laboratories and does not require expensive programmable freezers. Further, in
contrast to controlled rate freezing, it requires a much less volume of liquid nitrogen
(cryogenic agent) and the time required for the processing and freezing of the
samples. Consequently, uncontrolled slow freezing has been conventionally used
in most laboratories for cryopreservation of testicular stem cell suspensions in both
human and animals (Pacchiarotti et al. 2013; Sá et al. 2012; Yango et al. 2014). In
most conventional protocols, the cells are trypsinized to single-cell suspension,
treated with CPAs such as glycerol or DMSO, loaded in cryocontainers such as
plastic straws, cryovials or cryobags and cooled at 1 �C/min to (�)70 �C to (�)
80 �C, achievable by exposure to liquid nitrogen vapour or (�)80 �C freezer, which
is usually available in most laboratories. A number of devices such as Mr. Frosty™,
Cryo Cool™, CoolCell™, etc. are also available for maintaining uniform heat
transfer during the cooling process, although they are not absolutely necessary.
After freezing to (�)70 �C, which typically takes 5–20 min in liquid nitrogen vapour
and 4–8 h in the deep freezer, the samples are directly plunged into the liquid
nitrogen for storage until further use (Frederickx et al. 2004; Izadyar et al. 2002;
Redden et al. 2009). Some researchers have also used multistep slow freezing by
equilibration with CPA at 4 �C for 2 h, cooling at (�)20 �C for 2 h and freezing at
(�)80 �C before storage in liquid nitrogen (Zhang et al. 2015) but is not considered
essential. At the time of use, the cells can be thawed in water bath at 37 �C and
cultured in complete culture medium after removal of the CPA. In most freeze-thaw
protocols, the post-thaw viability of testicular spermatogonial cells was reported to
be as low as 50–60% (Izadyar et al. 2002). Nevertheless, frozen-thawed stem cells
retained their self-renewing capability and could restore spermatogenic function to
produce normal donor-derived offspring upon transplantation recipient testis without
any apparent genetic or epigenetic errors (Wu et al. 2012; Yuan et al. 2009).

In controlled rate slow freezing, the CPA-treated cells are cooled at a controlled
rate using a programmable controlled rate freezer. The rates of cooling vary with the
species, the volume of cell suspension, and the type and concentration of CPA and
may require optimization. Typically, controlled rate freezing of testicular stem cells
is performed in 0.25 ml plastic French straws and cooling is done at the rate of (�)
1 �C/min to (�)5 �C/min to cool the sample to (�)7 �C to (�)9 �C, following which
they are seeded for 7–15 min and then cooled at the rate of (�)0.3 �C/min to (�)
0.5 �C/min to (�)40 �C to (�)80 �C before plunging to liquid nitrogen for storage
(Frederickx et al. 2004). Seeding induces the ice nucleation by mechanical vibration
or rapid temperature reduction in the programmable controlled rate freezer. Some
experimenters have found that seeding step is not necessary for controlled rate
freezing of testicular stem cells when they were cooled at the rate of (�)1 �C/min
to (�)5 �C/min to (�)80 �C, and subsequently at the rate of (�)50 �C/min to (�)
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120 �C followed by plunging into liquid nitrogen for storage (Izadyar et al. 2002;
Pacchiarotti et al. 2013).

Rapid freezing has also been attempted for cryopreservation of testicular cells by
treating them with high concentration of CPA in step-wise manner and plunging into
liquid nitrogen (Gouk et al. 2011). However, it has met with limited success in terms
of post-thaw viability. Besides, rapid freezing lead to random intracellular ice crystal
formation that caused extensive cryoinjuries and high cell death. Thus, rapid freez-
ing is not normally used for cryopreservation of testicular cells and stem cells.

9.4 Vitrification of Testicular Stem Cells

Vitrification is a rapid and simple method of cryopreserving testicular stem cells. It
involves the solidification of both extra- and intra-cellular water into amorphous
glass-like vitreous state without ice crystal formation. Vitrification of living cells can
be achieved by ultrafast cooling (>106 �C/min) below their glass-transition temper-
ature (Tg) to cause an extreme elevation of viscosity to greater than 1015 poise and
result in molecular stasis and solidification without ice crystallization of water.
Typically, the cells are treated with a very high concentration of CPA for cryopro-
tective effect, loaded into a cryocontainer such as PS, cryovial, EM grid, OPS, etc.
and directly plunged into a cryogenic agent such as liquid nitrogen, liquid helium or
nitrogen slush for vitrification and storage. Since high concentration of CPA
required for vitrification is toxic to cells, an equilibration step of treating the cells
with low concentration of CPA (typically, half of the final concentration) is usually
necessary before their exposure to the full concentration of CPA (Gupta and Lee
2010; Jung et al. 2020b). The equilibration period is usually 1–3 min whereas the
incubation period in vitrification solution is usually restricted to 25–45 s and are to
be optimized for the type and concentration of CPAs, temperature of the solution and
volume of the sample (Gupta et al. 2007). A longer (5–15 min) equilibration time
with considerably low concentration of permeable CPA in the equilibration solution
may be used for high volume samples. At the time of use, the vitrified cells can be
warmed and rehydrated in a step-wise manner in the presence of a non-permeating
disaccharide (e.g. sucrose, trehalose, etc.) to remove the CPA. The non-permeating
disaccharides act as osmotic buffers and prevent the swelling and rupture of cells
during cell re-hydration. A working vitrification-warming protocol for cryopreser-
vation of mice SSCs is provided in Box 9.2. In the hands of the authors, the protocol
also works for the vitrification of putative SSCs in goat.
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Box 9.2 A Suggested Protocol for Vitrification of Testicular Stem Cells
by SSV
Vitrification of SSCs:

1. Trypsinize the SSC clumps by using trypsin-EDTA to prepare single cell
suspension. Note: SSCs survive better in cell clumps of ~15 to 20 cells.

2. Centrifuge the cells at 500 g for 8–10 min and wash the pellets in a serum-
free SSC culture medium twice.

3. Count the cell concentration and dilute to a concentration of 2 � 106 cells
per ml in equilibration solution [20% (v:v) EG in calcium- and magnesium-
free phosphate buffered saline (PBS)] for 90 s at 37 �C.

4. Expose the equilibrated cells to vitrification solution [40% (v:v) DMSO,
18% (w:v) Ficoll 70 (Sigma) and, 0.3 M Sucrose (Sigma) in calcium- and
magnesium-free PBS] at 37 �C.

5. Using a micropipette swiftly drop the cell laden-vitrification solution as
microdrop (~10 μl) on the pre-chilled dry surface of a metal block partially
(3/4th) submerged into liquid nitrogen. Ensure that the surface of metal
block is dry.

6. Upon visual observation of the vitrification, move the vitrified microdrops
(complete transparent microdrops) into 1.8 ml cryovials (Nunc cat.
No. 343958) using liquid nitrogen-cooled forceps and stored into liquid
nitrogen tanks until further analysis. The total duration between treatment
with vitrification solution and plunging in liquid nitrogen should be limited
to 30-45 s.

Warming and rehydration of vitrified SSCs:

1. Identify and retrieve the cryovial from the liquid nitrogen container and
allow the liquid nitrogen, if any, to evaporate.

2. Drop the vitrified microdrops from the cryovial directly into a petri dish
containing 1 ml of WS1 solution (0.5 M Sucrose in PBS) at 37 �C for 5 min.

3. Wash the cells through 10 ml of WS2 solution (0.25 M Sucrose in PBS) for
5 min and centrifuged at 300� g for 5 min.

4. Wash the cells through 10 ml of WS3 solution (PBS) for 5 min and
centrifuged at 300� g for 5 min.

5. Count the cell concentration and re-suspend the cells in complete SSC
culture medium (supplemented with GDNF) to the desired concentration
and plate in culture plates.

Vitrification of cells requires a shorter duration of CPA exposure, fewer
instruments and therefore is a rapid method of cryopreservation. Further, it does
not require any expensive equipment such as programmable controlled rate freezer
and therefore, is economical. Moreover, although debatable, the efficiency of
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vitrification is generally considered superior, or at least similar, to those of slow
freezing. Several studies have reported that lack of ice crystal formation reduced
cellular damage and improved the post-warming viability of testicular stem cells
(Poels et al. 2013). The vitrified-warmed testicular stem cells were shown to be
capable of undergoing complete spermatogenesis upon transplantation. Conse-
quently, it has been successfully used for cryopreservation of testicular cells and
stem cells in both human and animals (Patra and Gupta 2019, 2020; Yokonishi et al.
2014). However, although the results are encouraging, the vitrification procedure for
testicular cells and stem cells remain sub-optimal. Further, the success of vitrification
may vary with the experimenter. Several efforts are therefore being made to improve
the vitrification of testicular stem cells through optimization of sample volume, type
of cryocontainers, type and concentration of CPA, duration of CPA-exposure, use of
hydrostatic pressure, optimization of post-warming culture with additives such as
antioxidant, etc. (Patra and Gupta 2019, 2020; Saragusty et al. 2010).

9.4.1 Cryocontainers for Vitrification

Plastic cryovials and straws are the most used cryocontainers for holding the cells
during freezing. The same were later used to hold the cell suspension during
vitrification. However, it was soon discovered that minimizing the volume of cell
suspension, or increasing the surface area, can dramatically improve the post-
warming viability of cells. Consequently, several minimum volumes cryocontainers
such as EM grid, cryoloop, cryotop, OPS, cryotip, nylop loop, hemi-straw,
vitrification spatula, plastic blade, metal mesh, nylon mesh, paper container, etc.
became the containers of choice for vitrification for various cell types (Gupta and
Lee 2010; Kim et al. 2012; Patra and Gupta 2019). Some of these cryocontainers
such as EM grid and OPS allowed direct contact of the sample with cryogenic agent
for rapid heat exchange whereas other cryocontainers such as cryotop and closed
pulled straw protected the samples from direct contact with cryogenic agent for
safety. Accordingly, depending on contact or non-contact of the samples with
cryogenic agent during vitrification, the methods of vitrification can be classified
as “open vitrification” and “closed vitrification”, respectively (Kumari et al. 2016).
The open vitrification methods favour faster heat transfer than closed vitrification
methods but poses a risk of contamination with pathogens such as hepatitis B,
Brucella spp., which can survive in liquid nitrogen (Bielanski et al. 2000; Fountain
et al. 1997; Kumari et al. 2016; Tedder et al. 1995).

While vitrification of testicular stem cells can theoretically be performed by both
open and closed vitrification methods using a variety of cryocontainers, most studies
have used OPS for their vitrification. In this method, the SSCs, suspended in
vitrification solution, are loaded into thin OPS by capillary action and plunged into
liquid nitrogen for vitrification and storage. This method of vitrification was found to
be superior to both uncontrolled and controlled freezing of testicular cell suspensions
(Sá et al. 2012). It was also suggested that the risk of microbial contamination due to
direct contact with liquid nitrogen can be minimized using UV-C irradiated liquid
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nitrogen (Poels et al. 2013) and storing them in a pre-cooled cryotubes (Curaba et al.
2011).

Container-less vitrification methods such as solid surface vitrification (SSV),
nylon mesh and MD methods have also been used for open vitrification of testicular
cells and tissues (Abrishami et al. 2010; Higaki et al. 2017). The SSV method is a
relatively simple method of vitrification wherein the CPA-treated samples are placed
on the surface of sterile metal block, kept half-submerged in the liquid nitrogen, for
vitrification. Following vitrification, the vitrified samples can be transferred into
pre-cooled cryovials for storage in liquid nitrogen. A modified SSV (mSSV) method
has also been developed wherein the solid metal block is replaced with a readily
available aluminium foil that can be used like a floating boat on the surface of liquid
nitrogen (Gupta et al. 2007, 2010). The mSSV method was demonstrated to be
successful for vitrification of both testicular cells and tissues (Patra and Gupta 2019;
Abrishami et al. 2010; da Silva et al. 2019; Kaneko et al. 2013). The testicular cells,
cryopreserved by SSV or mSSV, were viable and could successfully re-initiate the
spermatogenesis process upon transplantation (Onofre et al. 2016). In a comparative
study, SSV was reported to be superior to OPS and MD vitrification as well as
controlled rate freezing for vitrification of testicular tissue (Dumont et al. 2015).
Thus, SSV and mSSV may offer excellent alternatives to both slow freezing and
OPS vitrification. However, studies on SSV of testicular stem cells are less explored.

More recently, encapsulation-vitrification of testicular cells in alginate hydrogels
have also been reported. We have shown that the testicular cells can be encapsulated
into alginate microdroplets by mixing them with sodium alginate solution and
allowing them to cross-link by dropping into calcium solution. The encapsulated
cells can then be vitrified by closed or open vitrification such as SSV or MD (Patra
and Gupta 2020). Following vitrification, the encapsulated cells can be retrieved by
vortexing them in citric acid solution. We have further shown that the post-warming
viability of encapsulation-vitrification varies with the size of microdroplets and can
be regulated by adjusting the concentration and flow rate of alginate solution and
calcium ion (Noguchi et al. 2006; Patra and Gupta 2020). The encapsulation-
vitrification offers several advantages over other methods: (1) encapsulation
provides a 3D structure which allows easy handling of cells during vitrification,
dilution and rehydration process without requiring a centrifugation step (Patra and
Gupta 2020); (2) encapsulation into alginate protects the SSCs against mechanical
damages and oxidative stress during vitrification (Pirnia et al. 2017; Poels et al.
2016); (3) encapsulation may support the stemness of SSCs (Pirnia et al. 2017);
(4) vitrified-warmed testicular stem cells, encapsulated in alginate microbeads, can
be directly cultured in bioreactors for their large-scale expansion for clinical use and;
(5) encapsulated cells can be used directly for transplantation (Gül et al. 2020).
However, studies on encapsulation-vitrification of testicular cells are very limited.
Furthermore, all studies on encapsulation-vitrification of testicular cells so far have
used alginate biomaterial for hydrogel formation. A number of other natural protein
(fibrin, collagen, gelatine, etc.) and polysaccharides (e.g. chitosan, dextran, etc.) or
synthetic organic (e.g. polycaprolactone, polytetrafluoroethylene, etc.) and inorganic
(e.g. Titania, silicon, etc.) biocompatible materials may be suitable for encapsulation
of testicular cells and are yet to be explored (Vermeulen et al. 2017).
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9.5 Cryoprotective agents (CPA) for Freezing and Vitrification

CPAs are the integral part of freezing and vitrification protocols for prevention of
cryoinjury. Two classes viz. permeating (e.g. glycerol, DMSO, EG, PROH) and
non-permeating (e.g. sucrose, trehalose, polyethylene glycol, hydroxyethyl starch)
CPAs are commonly used for protecting the cells from cryoinjury and improving the
cryosurvival during freezing and vitrification. The permeating CPAs can permeate
into the cells and modify their cryobiological properties to protect against chilling
injury by regulating ice crystallization. On the other hand, non-permeating CPAs are
generally used to reduce the requirement of high concentration of permeating CPA
and for increasing the membrane stability during dehydration (Lee et al. 2014a).
Among various CPAs, glycerol and DMSO have been the most used as CPA for
slow freezing whereas DMSO, EG and PROH have been the commonest CPAs for
vitrification of testicular stem cells.

In early studies, slow freezing of testicular cells and tissues was achieved using
glycerol at a concentration of 1 M, with or without non-permeating CPA such as
0.03–0.1 M sucrose and 10–80% (v:v) serum (Abrishami et al. 2010; Izadyar et al.
2002). However, it required a long duration of glycerization at low temperature and
hence, its use became less frequent with the development of more effective
permeating CPAs such as DMSO, EG and PROH (Keros et al. 2005; Travers et al.
2011). Among these permeating CPAs, 0.5–1.5 M DMSO (usually, 5–10%, v:v) has
been the most commonly used permeating CPA and is considered least cytotoxic for
better cell survival during slow freezing. Several studies have shown that SSCs
frozen in the presence of DMSO could retain their self-renewing, proliferating and
engraftment potential upon transplantation (Hermann et al. 2007). Combined use of
DMSO with 200 mM trehalose could further improve the success of SSC cryopres-
ervation (Jung et al. 2020b) and was superior to those of 2.5% polyethylene glycol
(PEG) and 200 mM trehalose although number of spermatogonial colonies were
higher from SSCs that were frozen thawed in 2.5% PEG with 200 mM trehalose (Lee
et al. 2013a, b). Additive effect of trehalose with DMSO was also shown in bovine
species (Kim et al. 2015).

The DMSO has also been used very commonly for vitrification of testicular cells
at a concentration of 3.0–5.5 M (usually, 30–40%, v:v) (Curaba et al. 2011;
Frederickx et al. 2004; Keros et al. 2007; Lee et al. 2014a; Pietzak 3rd et al. 2015;
Unni et al. 2012; Wu et al. 2012; Wyns et al. 2007; Yango et al. 2014). DMSO forms
transient pores in the plasma membrane, which favours cell dehydration and reduces
ice crystal formation during the cooling (Gurtovenko and Anwar 2007). It can also
interact with lipid bilayer of plasma membrane to increase its fluidity and protect
from mechanical injury caused by ice crystals. Moreover, DMSO can improve the
cryosurvival of cells by allowing supercooling of cells below (�)40 �C and
preventing intracellular ice crystallization (Mazur 1984). However, high concentra-
tion or longer exposure duration of DMSO can be cytotoxic and induce cell
differentiation, aberrant DNA methylation and histone modification and apoptosis
(Huang et al. 2008; Iwatani et al. 2006; Kawai et al. 2010). Consequently, several
alternative CPAs such as EG, PROH, formamide, HES, dextran, etc. have been tried,
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either alone or in combination to DMSO for reducing its cytotoxicity in various cell
types, including testicular cells. The EG has higher cell permeability that DMSO and
can weaken the hydrogen bond formation between solutes and water molecules
(Weng et al. 2011). It also reduces the osmotic shock during ice crystallization. Thus,
EG at a concentration of 1.5–3.0 M or 5.5–6.5 M has been viewed as a good
alternative to DMSO for freezing and vitrification, respectively (Frederickx et al.
2004). Nevertheless, till date, DMSO remains to be the most used CPA for both
freezing and vitrification of testicular cells. The DMSO and EG can also be used at
1:1 ratio to reduce the toxicity of individual CPAs by reducing their concentration
to half.

Natural antifreeze proteins and glycoproteins found in Antarctic fish and plants
that have adapted to extreme cold conditions have also been explored for use as CPA
(Cheung et al. 2017; Kim et al. 2017). These proteins can cause freezing point
depression and prevent the intracellular ice crystallization to reduce cryoinjury. They
can also maintain the stability of phospholipids and unsaturated fatty acids in plasma
membranes. However, studies on use of antifreeze proteins and glycoproteins have
been limited and, their usefulness for cryopreservation of testicular stem cells
remains to be explored.

9.6 CPA Toxicity and Strategies for Its Amelioration

All permeating CPAs are known to have cytotoxicity depending on their concentra-
tion and the duration of exposure. Commonly used CPAs such as DMSO, EG and
PROH have been reported to cause abnormal spindle morphology and aneuploidy in
oocytes and embryos (Huang et al. 2008), although such damage was not observed
in testicular cells and tissues (Li et al. 2009; Oblette et al. 2017; Song et al. 2016).
DMSO is also known to cause epigenetic aberrations in DNA methylation in
testicular cells and tissues (Iwatani et al. 2006; Kawai et al. 2010). Thus, titration
of concentration and duration of exposure is required to be optimized for effective
cryopreservation with minimal cytotoxicity. Toxicity of CPAs can also be reduced
by combining two or more permeating or non-permeating CPAs and reducing the
concentration of individual CPA. Experiments have shown that excellent
vitrification solutions can be formed by combining a strong glass former such as
DMSO with a weak glass former such as EG or formamide (Fahy et al. 2004). Thus,
the mixture of DMSO and EG in 1:1 ratio is occasionally used for reducing the
concentration of DMSO and its toxicity during vitrification of testicular stem cells
and tissues (Abrishami et al. 2010; Baert et al. 2012; Curaba et al. 2011; da Silva
et al. 2019; Dumont et al. 2015; Gholami et al. 2013).

Replacing the part of permeating CPA with non-permeating CPAs such as mono-
or di-saccharides, polyvinylpyrrolidone (PVP), PEG, Ficoll, dextran and polyvinyl
alcohol (PVA) offers another possibility for minimizing the CPA toxicity. In several
studies, DMSO was combined with sucrose (Curaba et al. 2011; Goossens et al.
2008; Gouk et al. 2011; Izadyar et al. 2002; Poels et al. 2014; Wyns et al. 2008),
trehalose (Lee et al. 2014b, b; Zhang et al. 2015) and dextran (Pacchiarotti et al.
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2013) to reduce its cytotoxicity and improve the cryosurvival of testicular cells and
tissues during freezing and vitrification. The EG has also been combined with
sucrose, trehalose and PVP to reduce its cytotoxicity and improve cryosurvival of
testicular cells and tissue (Kaneko et al. 2013; Poels et al. 2012). High concentrations
of blood serum, serum albumin, hyaluronan, anti-oxidants, etc. are the other
additives that may be used in freezing and vitrification media to improve the success
rates of cryopreservation. Since CPAs are known to induce apoptotic cascade,
inhibitors such as Z-VAD-FMK, Z-DEVD-FMK, sphingosine-1-phosphate, etc.
may also be useful in reducing the CPA-induced apoptosis (Men et al. 2006;
Onions et al. 2008).

9.7 Cryoinjury and Strategies for Its Amelioration

In addition to CPA, the chilling injury during freezing and vitrification procedures
can also cause thermal and biochemical stress to the cells and reduce their viability.
The chilling injury can occur due to improper cooling rate, osmotic stress and
mechanical damage caused by sharp ice crystals. The immediate outcome of these
chilling injuries is apoptosis and cell death, which may be observed in the form of
cellular degeneration, rupture of cell membrane and leakage of cytoplasmic contents.
Mechanism by which freezing and vitrification induce cell death is not fully under-
stood but both canonical and mitochondrial-mediated apoptosis pathways and oxi-
dative stress pathways have been shown to be involved. It may also cause
transcriptional stress to cells resulting in increased expression of responsive genes
such as Bax, Cirbp, Hsp90ab1 and Sod1 (Bebbere et al. 2019). Further, cryopreser-
vation may also cause dysregulated gene expression and stress resulting in epige-
netic aberrations of DNA methylation (Iwatani et al. 2006; Kawai et al. 2010).
However, despite these cryoinjuries, the birth of normal and fertile offspring has
been reported from the cryopreserved SSCs and testicular cell suspensions
(Goossens et al. 2011; Tanaka et al. 2015, 2018; Wu et al. 2012; Yuan et al.
2009). Studies have also shown that cryopreservation had little or no effect on
meiotic recombination and fidelity of synapsis formation in testicular cells
(Li et al. 2009; Song et al. 2016).

Reactive oxygen species (ROS) such as superoxide anion radical (O2
•2),

hydroxyl radical (•OH) and hydrogen peroxide (H2O2) are normally generated
during mitochondrial respiration and are important for cellular homeostasis. At
physiological levels, the ROS also stimulates the self-renewal of testicular stem
cells via MAPK and JNK signalling pathways (Morimoto et al. 2013). However,
excessive ROS generation or its intracellular accumulation can cause cell death by
modifying the functional groups of proteins, lipids and nucleic acids (Finkel and
Holbrook 2000). Several studies have shown that the cryopreservation can induce
excessive ROS generation to cause oxidative stress and leads to DNA fragmentation,
altered cellular metabolism, dysregulation of cell signalling pathways and cell death
(Gupta et al. 2010; Thomson et al. 2009; Zhang et al. 2015). Consequently, use of
antioxidants in cryopreservation and in vitro culture media has been explored by
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various researchers to ameliorate the adverse effects of ROS. Several studies have
shown the beneficial effects of several antioxidants such as vitamin E, α-tocopherol
(an active form of vitamin E), catalase (CAT), reduced glutathione (GSH),
β-mercaptoethanol (βME), superoxide dismutase (SOD), melatonin, caffeic acid,
selenium, hypotaurine and cysteine on the viability of sperm, oocytes, somatic cells
and stem cells, due to their ROS scavenging activity (Aliakbari et al. 2016;
Boroujeni et al. 2019; Gupta et al. 2007, 2010; Ha et al. 2016; Navid et al. 2017;
Sayed Mahdi et al. 2018). Studies have also shown that supplementation of
antioxidants such as vitamin E into the cryopreservation and in vitro culture media
reduced the ROS accumulation in frozen-thawed testicular tissue of pre-pubertal
mice and lead to better in vitro spermatogenesis (Arkoun et al. 2019). Thus, use of
antioxidants in cryopreservation protocols of testicular cells and tissue is generally
recommended (Patra and Gupta 2019; Zhang et al. 2015).

Many studies have also shown that apoptosis and necrosis is a common observa-
tion during cryopreservation of testicular stem cells by freezing or vitrification.
Although the cause of apoptosis could not be precisely ascertained, both canonical
and mitochondrial-mediated pathways were found to be involved in cryopreserved
testicular stem cells. Studies have also shown that CPA such as DMSO and DM can
themselves cause apoptosis. Thus, several studies have also analysed the use of
apoptotic inhibitors such as Z-VAD-FMK, Z-DEVD-FMK, sphingosine-1-phos-
phate, RIPA-56, etc. and reported them to be useful in reducing the CPA- or
cryopreservation-induced apoptosis (Men et al. 2006; Onions et al. 2008; Xie et al.
2020).

9.8 Assessing the Viability of Cryopreserved Testicular
Stem Cells

The success of a cryopreservation protocol can be assessed by multiple morphologi-
cal, biochemical, and molecular methods for assessment of cell viability, apoptosis,
ROS activity, ability to initiate spermatogenesis by short-term in vitro culture, and
production of fertile and healthy offspring upon SSCT or through in vitro spermato-
genesis followed by IVF/ICSI/ROSI. Several biochemical and molecular analytical
methods can also be utilized to assess the extent of cellular damage such as
chromosomal anomalies, reduced mitochondrial membrane potential, aberrant
DNA methylation or histone modifications, free radical formation, etc. Most studies
analyse and report the percentage of living cells in frozen-thawed or vitrified-
warmed cells as a measure of success in cryopreservation. However, the presence
of living cells not necessarily indicates the functionality of the cells. The functional-
ity of cryopreserved testicular cells needs to be verified by transplantation assay or
in vitro culture. Successful in vitro spermatogenesis of motile sperm, which could
lead to the birth of live offspring by artificial insemination, IVF or ICSI is also a
sufficient proof for the success of testicular cell cryopreservation. Alternatively, the
success of testicular cryopreservation can be assessed by transplantation of the
cryopreserved cells into recipient testis or grafting into a heterologous location
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such as under skin or orthotropic grafting for monitoring the serum testosterone level
or spermatogenesis process (Baert et al. 2012; Kirpatovskii et al. 2018).

9.9 Biochemical Assays

Biochemical methods are routinely used for evaluating the viability of cryopreserved
cells by dye-exclusion Trypan Blue assay, fluorescein diacetate (FDA) assay and
lactate dehydrogenase (LDH) release assay. On the other hand, apoptosis in
cryopreserved cells can be evaluated by analysing the caspase activity, Annexin V
staining or TUNEL assay. Staining for nucleolar organizing region (NOR) and
immunocytochemistry for PCNA staining or Ki67 staining can also be utilized to
get an idea about the cell proliferation ability of cells. Further, cryoinjuries can also
be assessed by evaluating mitochondrial damage by MitoTracker™ or MTT assay,
oxidative stress by ROS activity, lipid peroxidation by malondialdehyde (MDA)
assay, etc. More recently, Fourier transformed infrared (FTIR) spectroscopy has also
been found to be suitable for analysing the general biochemical profile and mem-
brane lipid transition in cryopreserved cells (Meneghel et al. 2019; Wang et al.
2019), although its potential has not yet been fully utilized for testicular stem cells.

9.10 Molecular Methods

Conventional molecular tools such as polymerase chain reaction (PCR), reverse
transcriptase PCR (RT-PCR) and Western blotting can be used for analysis of genes
and proteins related to cell proliferation, cell viability, apoptosis, etc. in
cryopreserved cells. The stemness of viable SSCs can also be evaluated by analysing
the expression of marker genes and proteins such as Oct4, Pgp9.5, VASA, boule,
UTF1, UCHL1, GFRα-1, PLZF, etc. (Li et al. 2018). Immunohistochemistry and
RNA sequencing (RNAseq) can also be used to evaluate the transcriptome, prote-
ome and epigenome status of the cryopreserved cells. On the other hand,
karyotyping and fluorescence in situ hybridization (FISH) can be done to assess
the chromosomal configuration of cells and haploidy of spermatozoa obtained from
cryopreserved testicular stem cells.

9.11 Transplantation Assays

Testicular transplantation and donor-derived spermatogenesis is the ‘gold standard’
for true assessment of viability in cryopreserved testicular stem cells. The cells
(0.5–2.0 � 105 cells/ml) can be mixed with a dye such as Trypan Blue to visualize
the microinjection (Kaul et al. 2010; Onofre et al. 2020) and microinjected into
recipient testes prepared by busulfan treatment or gamma irradiation to deplete of
endogenous SSCs. The microinjection can be done via rete testes or vas deference or
directly into the seminiferous tubules using borosilicate pipettes under microscope.

138 T. Patra et al.



The transplanted SSCs colonize at the basal membrane and re-populate the seminif-
erous tubules to initiate spermatogenesis and produce fertile spermatozoa. The proof
of principle for SSC transplantation (SSCT) came from studies on transplantation of
SSCs from infertile Steel (SI/SI) mice to infertile dominant white spotting (W/Wv).
The SI mutants are infertile due to Sertoli cell dysfunction whereas W mutant male
mice are infertile due to germ cells dysfunction but with normal Sertoli cell function.
The testicular transplantation of SSCs from SI mice into W mice restored fertility
with donor-derived offspring (Ogawa et al. 2000). Several studies have subsequently
shown that fertile donor-derived spermatozoa can be obtained by SSCT in several
animal species (Herrid et al. 2019; Shetty et al. 2020).

The transplantation assay for evaluation of cellular viability of testicular stem
cells can also be done at an orthotropic location either directly or after encapsulation
into alginate matrix (Del Vento et al. 2019; Gül et al. 2020). The functionality of
transplanted cells can be evaluated by histological analysis of the transplanted cells
for spermatogenesis progression and generation of donor-derived sperm. Studies
have also shown that mouse testicular cells, encapsulated into Matrigel™, could
self-organize into seminiferous tubules upon subcutaneous injection into the dorsum
of the nude mice (Gao et al. 2020). The functioning of testicular cells and SSCs can
be tracked by pre-labelling the cells with PKH67 or DiI stain, which retains in the
loaded cells for nearly two months (Dong et al. 2019; Mohaqiq et al. 2019). Under
experimental settings, genetically modified cells with marker proteins such as
enhanced green fluorescent protein (EGFP) under the control of sperm-specific
promoters such as Acrosin (Acr) can also be utilized. Transgenic mice expressing
EGFP under the control of Acr is already available commercially. Xeno-grafting is
also an attractive strategy for fertility preservation in endangered animals and
resurrection of extinct animals (Pukazhenthi et al. 2006).

In vitro generation of three-dimensional (3D) testicular organoids (TO) from
cryopreserved testicular cells has also emerged as a novel strategy for assessment
of cell viability (de Michele et al. 2017; Pendergraft et al. 2017; Vermeulen et al.
2019). The TOs consists of SSCs, germ cells and somatic cells (Sertoli cells, Leydig
cells, peritubular Myoid cells) to resemble the testicular structure with interstitial
compartments separated by basement membrane and can respond to various envi-
ronmental cues (de Michele et al. 2017; Sakib et al. 2019; Vermeulen et al. 2018).
The functionality of 3D TOs in terms of testosterone production and spermatogene-
sis events in testicular cells could be a good indicator for the success of cryopreser-
vation (de Michele et al. 2017; Pendergraft et al. 2017).

9.12 In Vitro Spermatogenesis

In vitro spermatogenesis from SSC could be an excellent alternative to the in vivo
SSCT. It was initially applied for mice testicular tissue (Sato et al. 2011) and was
found to be useful for verifying the post-thaw viability of frozen-thawed mice testis
(Yokonishi et al. 2014). The method involved organ culture of testicular tissue
fragments at air-liquid interphase following which the in vitro produced sperm
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could be used for production of offspring by IVF, ICSI or ROSI. The organotypic
air-liquid interphase culture was also proven to be useful for in vitro spermatogenesis
from testicular stem cells. The protocol required the introduction of SSCs into an
allogenic or cadaver-derived testicular tissue before their organ culture at air-liquid
interphase (Gül et al. 2020; Sato et al. 2011). Studies have shown that xenoxenic
recipient testis can also be used for in vitro spermatogenesis from testicular stem
cells (Mohaqiq et al. 2019) but complete spermatogenesis depends on the compati-
bility of spermatogenic cycle and phylogenetic distance between the species
(Ntemou et al. 2019). Moreover, xenoxenic transplantation of SSCs for in vitro
spermatogenesis may pose possible risks of zoonotic disease transmission and
immunoreactions (Kaneko et al. 2013; Liu et al. 2016). An alternative to the
requirement of cadaver-derived or xenogenic testis could be the use of tissue-
engineered testicular constructs (Mohaqiq et al. 2019; Perrard et al. 2016; Rezaei
Topraggaleh et al. 2019; Vermeulen et al. 2018). It is possible that the SSCs can be
seeded into biomaterial-derived scaffolds and cultured ex vivo in an organotypic
air-liquid interphase to achieve in vitro spermatogenesis. Macroporous 3D scaffolds
have been developed using decellularized testicular matrix (DTM), which supported
the differentiation of spermatogonial cells up to post-meiotic stage (Rezaei
Topraggaleh et al. 2019). However, the testicular engineering approach for in vitro
spermatogenesis is still at its infancy and, till date, no study has reported the
production of fertile spermatozoa in both human and animals. A detailed review
on in vitro spermatogenesis can be found elsewhere (Ibtisham and Honaramooz
2020; Pelzman et al. 2020).

9.13 Application of Testicular Stem Cell Cryopreservation

Semen cryopreservation is the most convenient and the first choice for fertility
preservation in both human and animals. However, in instances wherein semen
cryopreservation is not possible due to non-availability of sperm (e.g. pre-pubertal
males, non-obstructive azoospermia etc.) or non-feasibility (e.g. posthumous repro-
duction, pre-meiotic barriers to spermatogenesis etc.), cryopreservation of testicular
stem cells, or testicular tissue enriched in SSCs, offers alternate and attractive
options. The latter is still under the experimental stage with limited demonstrated
clinical applications in large animals and human (Valli-Pulaski et al. 2019). Never-
theless, fertility preservation through cryopreservation of testicular stem cells is
indicated in both medical and non-medical conditions and, occasionally the only
choice (Table 9.1). Testicular stem cell cryopreservation can also be used to preserve
genetic resources of wild animals if sperm is not available (e.g. testis from morbid
wild animal) or are difficult to cryopreserve. Furthermore, cryopreservation is of
utmost importance for preservation of genetically modified testicular stem cells that
are meant for transgenic animal production by SSCT or ARTs. The complexity and
diversity of important applications of the testicular stem cell cryopreservation are
discussed below.
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Table 9.1 Indications and applications of testicular stem cells and their cryopreservation

Indications Applications Reasons

Banking of animal genetic
resources

� Rapid dissemination of
elite germplasm.
� International
transportation at low cost.
� Preservation of near-
threatened, vulnerable or
endangered species.

� Introduction of genetic variation,
minimization of inbreeding
depression in captive breeding and
resurrection of extinct and
threatened animals.

Transgenesis and gene
targeting

� Transgenic animal
production.
� Knock out animals.
� Knock in animals.

� Genetic manipulation of
testicular stem cells for production
of transgenic animals by SSCT.

Regenerative medicine � Deriving patient-
specific stem cells.
� Androgen
reconstitution.

� Isolation of pluripotent maGS
and GPS cells.
� SSCT.

In vitro spermatogenesis � Azoospermia. � Pre-meiotic barriers to
spermatogenesis.

Fertility restoration in males
with impaired
spermatogenesis

� Azoospermia.
� Cryptorchidism.
� Vasectomized
individuals.

� Pre- or post-meiotic barriers to
spermatogenesis.

Posthumous reproduction � Reproduction from
testicular tissue of
deceased animals or
human.

� Preservation of animal genetic
resources.
� Resurrection of extinct animal.
� Surgical removal of testicular
cells and tissues upon the death of
patients.

Ageing � Aged males. � Reduced sperm count.
� Impaired fertility and fecundity.
� Accumulation of spontaneous
mutations.
� Pregnancy complications, birth
defects and neurological disorders
in offspring.

Gender reassignment � Males undergoing
gender reassignment.

� Gender dysphoria or failure of
the process.

Fertility preservation in
pre-pubertal males
expecting gonadotoxic
treatment

� Cancer. � Gonadotoxicity of radiation and
chemotherapy.

Fertility restoration in males
expecting bone marrow
transplantation

� Sickle cell anaemia.
� Thalassemia.
� Drepanocytosis.
� Idiopathic medulla
aplasia.
� Chronic
granulomatous disease.

� Gonadotoxicity of
pre-conditioning radiation and
chemotherapy.

(continued)
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9.14 Fertility Restoration in Males with Pre- and Post-meiotic
Barriers to Spermatogenesis

Among various causes of male infertility such as obstruction to vas deference,
orchitis, hormonal disorders, etc., spermatogenic defects contribute ~70 to 90% to
male infertility. In livestock animals such as cattle and buffalo, this is generally
handled by use of donor-derived frozen-thawed sperm for artificial insemination.
However, preservation of male infertility become pertinent in elite bulls, race horses
of high genetic merit, pets, and wild animals. In such cases, cryopreservation of
testicular stem cells can be envisaged as a powerful tool for preservation and
restoration of male fertility. The testicular stem cells may be isolated from the
testicular biopsy and cryopreserved by freezing or vitrification to restore the fertility
by SSCT or other ARTs. More importantly, cryobanking of testicular stem cells may
offer fertility solutions for azoospermic males with defective or immature spermato-
genesis due to congenital or acquired conditions. In such cases, the testicular stem
cells can be isolated from biopsied testicular tissue and differentiated in vitro to
produced spermatozoa for ICSI or ROSI.

Cryptorchidism could be yet another reason that may necessitate cryopreservation
of testicular stem cells in males of high genetic merit or transgenic animals. Testis
that fails to descent into extra-abdominal scrotum undergoes a progressive reduction
in germ cells, defective germ cell maturation and testicular dysfunction due to
thermal stress (Docampo and Hadziselimovic 2015; Lee and Coughlin 2001). In
such cases, testicular stem cells may be isolated from testis at an early stage, before
the herald of the germ cell degeneration, and cryopreserved for restoration of fertility
by in vitro spermatogenesis or ectopic grafting (Makala et al. 2015; Wyns et al.
2007). In cryptorchidism, the possibility of fertility restoration by transplantation of
cryopreserved testicular stem cells is very bleak because of simultaneous impairment

Table 9.1 (continued)

Indications Applications Reasons

Fertility preservation and
restoration in males with
infectious diseases

� Immunodeficiency
viruses (e.g. HIV, CIV,
FIV etc.).

� Impaired fertility.
� Sexual transmission of pathogen.

Fertility preservation and
restoration in males with
autoimmune diseases

� Systemic sclerosis.
� Systemic lupus
erythematosus.
� Crohn’s disease.

� Abnormal semen parameters,
erectile dysfunction and ejaculation
failures.
� Gonadotoxicity of radiation and
chemotherapy before bone marrow
transplantation.

Fertility restoration in males
with genetic diseases

� Klinefelter syndrome. � Progressive degeneration of
SSCs and impaired
spermatogenesis at a later stage
of life.

142 T. Patra et al.



of somatic cell (Leydig cells, Sertoli cells) functionality. Thus, in vitro spermato-
genesis is necessary to restore fertility from cryopreserved testicular stem cells.

Castration and vasectomy are effective methods of neutering in animals for
making them docile. Vasectomy is also practiced in adult human for sterilization.
There may be instances (e.g. death of the offspring) wherein reversal of male fertility
is desired. However, the success of vasovasostomy or epididymovasostomy reversal
procedure varies with the duration of vasectomy and may even fail (Fuchs and Burt
2002). Semen or testicular tissue freezing before vasectomy could be an option in
such instances. The testicular stem cells, isolated from cryopreserved testicular
tissue, can be used for restoration of fertility.

9.15 Male Fertility in Ageing

Cryopreservation of testicular stem cells may also be warranted in non-medical
reasons such as ageing. It can offer the opportunity for restoration of fertility in
males who have become aged or in cases of postponed parenthood. The later can also
be applied for obtaining offspring from animals that have stopped ejaculation or are
unsuitable for breeding due to ageing. Recent studies have shown that reduction in
sperm count can occur with increasing age (Brandt et al. 2019; Levine et al. 2017)
and therefore, can reduce the fertility and fecundity. Sperm from aged individuals
also increases the risk of pregnancy complications, accumulation of spontaneous
mutations, birth defects and neurological disorders in offspring (Su et al. 2015;
Taylor et al. 2019). Thus, preservation of testicular stem cells may become necessary
in such cases.

9.16 Posthumous Reproduction

Cryopreservation of testicular cells offers an opportunity to obtain live offspring
from deceased individuals in both human and animals. The sperm or testicular tissue
can be collected from peri- or post-mortem males and cryopreserved for future
procreation of offspring (Check et al. 2002). It human, it has been applied in rare
circumstances of unexpected death of the male partner, and birth of live offspring
have been reported (Batzer et al. 2003; Check et al. 2002) although it poses several
ethical and legal challenges to both the family and the society at large (Hurwitz and
Batzer 2004).

In animals, cryopreservation of testicular specimens offers opportunity for post-
humous reproduction in elite bulls or from testicular tissue samples that may have
been found accidently from wild animals. The testicular stem cells, combined with
in vitro spermatogenesis or testicular transplantation in recipient testis, can restore
fertility. The success of such procedure, however, depends on the availability of live
testicular stem cells and/or precursor cells and reduces with the increase in the
duration of sample collection (Batzer et al. 2003). Depending on the availability of
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the cell type and their viability, the collected sample may be used for IVF, ICSI,
ROSI or in vitro spermatogenesis.

9.17 Fertility Preservation and Restoration in Pre-pubertals
with Oncological Conditions

Testicular dysfunction can occur due to testicular cancer as well as non-testicular
neoplasm such as leukaemia. The oncological conditions may either have a direct
effect on gonadal function or may indirectly cause testicular dysfunction due to
prolonged hyperthermia, cytokine storm, cachexia and nutritional deficiencies of
vitamins, minerals and trace elements, etc. (Dohle 2010). While most cancer cases
(e.g. leukaemia) remain to have high mortality rate, many neoplastic conditions
(e.g. Hodgkin’s lymphoma, testicular tumours) may eventually result in the long-
term survival of patients upon treatment (Crha et al. 2009). Unfortunately, radiation
and chemotherapy for cancer treatment are generally cytotoxic to rapidly dividing
cells, including testicular stem cells, and predispose the surviving males to testicular
failure and infertility (Duca et al. 2019). In human, radiation and chemotherapy have
been reported to result in azoospermia in ~25% of cancer cases (Green et al. 2010)
although such systematic studies on infertility analysis in animals are lacking. Thus,
cryopreservation of germ cells is crucial for fertility preservation and restoration in
cancer patients expecting gonadotoxic treatment. The semen, cryopreserved prior to
initiation of gonadotoxic treatment could be used for treatment of infertility. How-
ever, this option is not available in pre-pubertal and paediatric males, which have not
yet begun their sperm production. In such cases, cryopreservation of testicular stem
cells, or testicular tissue enriched in SSCs, are the only options for fertility preserva-
tion and restoration (Lakhoo et al. 2019). The transplantation of cryopreserved
testicular stem cells, isolated from the patient’s own testis, allows autologous
transplantation, and thereby, not only avoids potential immune rejection but also is
ethically acceptable. Thus, isolation, cryopreservation, and testicular transplantation
of SSCs are increasingly proposed as a method of choice for restoration of fertility in
cancerous individuals in which SSC populations is expected to deplete due to
radiation or chemotherapy. Several studies have shown very encouraging results
of autologous SSCT in rodents and primates (Ginsberg et al. 2010). However, it is
yet to be applied in large animals and human due to several unresolved technical and
safety concerns.

One of the biggest safety concerns with SSC cryopreservation and autologous
transplantation in cancer cases has been the potential risk of reintroducing cancerous
cells upon SSCT. Experiments have shown that presence of 20 cancerous cells in
cryopreserved testicular cells from leukemic rats was enough to re-establish malig-
nancy in 3 out of 5 non-leukemic recipient rats (Jahnukainen et al. 2001). Thus,
purification of SSCs from contaminating cancerous cells is necessary prior to their
SSCT in treated and cured cancer cases (Hermann et al. 2011). Purification of SSCs
may be achieved by fluorescence-activated cell sorting (FACS) or magnetic-assisted
cell sorting (MACS) using specific antibodies for cancerous cells (e.g. CD4 for
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T-cell leukaemia) (Fujita et al. 2006; Geens et al. 2007; Hou et al. 2007, 2009; Tian
et al. 2019). Long-term culture of testicular cells in SSC-selective media that does
not support cancer cell growth has also been tried for elimination of cancerous cells
(Sadri-Ardekani and Atala 2014). However, sorting of cells by FACS or MACS or
their selective culture in SSC-selective media were met with limited success for
clinical use (Geens et al. 2007; Hou et al. 2007, 2009).

A practical and feasible alternative to FACS or MACS-based elimination of
cancerous cells for SSCT could be in vitro spermatogenesis of spermatozoa and
production of offspring by IVF, ICSI or ROSI (Yokonishi et al. 2014). The
cryopreserved SSCs can be seeded into allogenic, xenogenic or a cadaver-derived
testicular tissue and organ cultured at air-liquid interphase for in vitro spermatogen-
esis (Gül et al. 2020; Ntemou et al. 2019; Sato et al. 2011). Unfortunately, this later
strategy has not been optimized in most animal species and human. An alternative to
the requirement of donor-derived testicular tissue for in vitro spermatogenesis could
be the use of biomaterial-derived tissue-engineered testes (Mohaqiq et al. 2019;
Perrard et al. 2016; Rezaei Topraggaleh et al. 2019). However, complete in vitro
spermatogenesis in tissue engineered testis remains to be demonstrated (Mohaqiq
et al. 2019; Portela et al. 2019).

9.18 Fertility Preservation and Restoration in Non-oncological
Diseases

Non-oncological diseases such as autoimmune diseases, haematological disorders,
spinal cord injuries, severe trauma to testis, etc. may result in testicular dysfunction
and ejaculatory failure. Autoimmune diseases such as systemic lupus erythematosus,
multiple sclerosis, and Crohn’s disease are also often associated with abnormal
semen parameters, erectile dysfunction and ejaculation failures (Fode et al. 2012).
Further, preconditioning chemotherapy or whole-body irradiation before bone mar-
row transplantation in these patients entails a high risk of gonadal dysfunction
(Snowden et al. 2017). In human, ~85% of patients experienced azoospermia after
preconditioning chemotherapy or radiation for bone marrow transplantation
(Anserini et al. 2002). Similarly, 3 out of 5 pre-pubertal individuals, who underwent
hematopoietic stem cell transplantation for sickle cell anaemia, experienced azoo-
spermia (Lukusa et al. 2009). Thus, in such cases, in the absence of semen for
cryopreservation, banking of testicular stem cells, or testicular tissue enriched in
SSCs, is recommended prior to corresponding therapies.

Cryopreservation of testicular stem cells is also an alternative to semen preserva-
tion in individuals affected with serious infectious diseases with potential of trans-
mission via semen or during mating (e.g. immunodeficiency viruses). The repeat
sperm washing procedure may reduce the pathogen load but remains a risk to the
offspring as well as sero-negative partner, even from males with undetectable serum
load of pathogen (Nicopoullos et al. 2011). Further, the duration of infection,
patient’s age, immune status, treatment regimen, etc. also reduces the semen volume,
sperm concentration, sperm viability and their fertilizability (Bujan et al. 2007;
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Wang et al. 2014). On the other hand, unlike semen, the testicular stem cells can be
screened extensively before in vitro spermatogenesis or SSCT to reduce the risk of
disease transmission. The repeat sub-culture steps, differentiation protocols and
advanced molecular tools for detection and sorting of purified population of testicu-
lar stem cells can significantly reduce or remove the risk of disease transmission
altogether.

Cryopreservation of testicular stem cells may also be warranted for fertility
preservation prior to pre-conditioning radiation or chemotherapy for bone marrow
transplantation in non-infectious genetic diseases such as sickle cell anaemia, thal-
assemia, Drepanocytosis, idiopathic medulla aplasia, chronic granulomatous dis-
ease, etc. It may also be required for early preservation of male fertility in genetic
diseases such as Klinefelter syndrome in which degeneration of germ cells is seen at
a later stage of life. In Klinefelter syndrome, the loss of SSCs may start at
pre-pubertal stage and meiotic arrest is seen at the later stage of life due to aneuploid
spermatogonia (Vialard et al. 2012; Wikström and Dunkel 2008). Thus, in such
genetic diseases, it becomes imperative to cryopreserve testicular stem cells at an
early stage of life. Since individuals with Klinefelter syndrome have fibrosed and
hyalinized seminiferous tubules, which may not support spermatogenesis upon
SSCT, in vitro spermatogenesis of cryopreserved testicular stem cells will be of
immense utility (Braye et al. 2019; Wikström and Dunkel 2008). Importantly,
transplantation of autologous cryopreserved testicular stem cells in genetic diseases
such as Klinefelter syndrome of AZF mutations will not prevent the vertical trans-
mission of mutations or genetic diseases to the progeny per se. However, genetic
correction of GS cells using gene editing technologies such as CRISPR-Cas9 is a
possibility in future for generation of mutation-free spermatozoa and healthy fertile
offspring.

9.19 Animal Transgenesis and Genome Editing

Manipulation of testicular stem cells has immense potential for transgenic animal
production. This is of particular importance in livestock animal species such as cattle
and pigs in which existing methods of transgenesis are not efficient. Moreover, it can
be combined with newer genome editing tools such as Zinc Finger Nucleases
(ZFNs), Transcription Activator-Like Effector Nucleases (TALENs) and Clustered
Regularly Interspaced Short Palindromic Repeats-Cas9 (CRISPR-Cas9) system for
knock-in and knock-out animal production for understanding the gene function
through gain-of-function and loss-of-loss function studies (Koppes et al. 2020;
Park et al. 2017; Zhang et al. 2020). These genetically engineered stem cells are
created through a lengthy and cumbersome process and are novel to be
cryopreserved for later use. An improper cryopreservation protocol for these geneti-
cally modified testicular stem cells can ruin the work of several months and years.

The application of genome editing tools is also expected to broaden the applica-
tion of testicular stem cell cryopreservation to radically change our approach for
infertility treatment. The CRISPR-Cas9 system has been successfully applied to
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testicular stem cells for genetic correction and production of disease-free individuals
or for treatment of infertility through correction of underlying genetic mutation
(Wu et al. 2015). Cryopreservation of these gene edited cells is essential for
preservation of mutation-free testicular stem cells until the individuals are ready
for transplantation. Nevertheless, the genome editing tools require refinements and
remain a farfetched goal for both animal and human. The current application of these
genome editing is restricted to their application in the generation of model animals
for unravelling the gene function.

Gene targeting and genome editing tools can also be used for differentiation and
in vitro spermatogenesis from cryopreserved testicular stem cells. Several molecules
such as SCF/c-kit system, Dazl RNA binding protein, cyclin D2 and D3 and retinoic
acid have been shown to promote differentiation of testicular stem cells. The SCF/c-
kit system upregulates cyclin D3 and promotes cell cycle progression in
spermatogonia through a rapamycin-sensitive PI3K/p70 S6 kinase pathway (Feng
et al. 2000). On the other hand, targeted disruption of Dazl (deleted in azoospermia-
like) RNA-binding protein inhibited the differentiation of Aal spermatogonia into
A1 (Schrans-Stassen et al. 2001) while transfection of ES cells with Daz gene family
(Dazl, Daz and Boule) promoted their in vitro differentiation into germ cell lineage
to form haploid gamete in both mouse (Yu et al. 2009) and human (Kee et al. 2009).
In another study, in vitro production of haploid sperm cells was shown to occur from
male germ cells of fetal cattle when they were treated with retinoic acid (Dong et al.
2010). There are several other factors such as cyclin-dependent kinases (cdks) and
cyclins (Sicinski et al. 1996; Tsutsui et al. 1999), Notch-1 signalling molecules
(Hofmann et al. 2005), which are involved in the differentiation of spermatogonia
but need further investigation for their application in establishing a system for
in vitro spermatogenesis from cryopreserved testicular stem cells.

9.20 Banking for Preservation and International Movement
of Animal Genetic Resources

Cryopreservation of testicular stem cells has immense utility in the banking of
animal genetic resources, rapid dissemination of elite germplasm and their interna-
tional transportation at low cost. In last few decades, the genetic diversity of both
domestic and wild animals has considerably declined due to rapid urbanization,
intensification of agriculture and deforestation (Kristensen et al. 2015). Therefore,
several countries have established cryobanks for storage of animal genetic resources
wherein cryopreservation of testicular stem cells has been viewed as an important
option when semen cryopreservation was not possible. Testicular cell and tissue
cryopreservation have also been used for preservation of near-threatened, vulnerable
or endangered species (Bashawat et al. 2020; da Silva et al. 2019). Use of sperm
from cryopreserved testes allows introduction of genetic variation and minimizes the
inbreeding depression in captive breeding. The testicular cells and tissue for cryo-
preservation can be obtained from living organisms as well as from accidently found
dead cadavers for resurrection of the species (Higaki et al. 2017). It has been
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successfully applied in preserving the testis of few endangered species such as
Cheetah (Acinonyx jubatus), Asiatic golden cat (Catopuma temminckii) (Bashawat
et al. 2020), Collared peccary (Pecari tajacu) (da Silva et al. 2019), Cyprinid
honmoroko (Gnathopogon caerulescens) (Higaki et al. 2017), Hog deer (Hyelaphus
porcinus), Barking deer (Muntiacus muntjak), Sambar deer (Rusa unicolor)
(Pothana et al. 2017) and Indian spotted mouse deer (Moschiola indica) (Pothana
et al. 2015).

9.21 Challenges and Future Perspectives

Cryopreservation of testicular stem cells suffers from sub-optimal cryopreservation
protocols. Most laboratories have borrowed and used the freezing or vitrification
protocols from somatic cells or embryonic stem cells to testicular stem cells.
Systematic studies on optimization of freezing and vitrification protocols have
been very limited and therefore, the viability remains to be low (typically,
50-60%) in most cases. While various factors such as rate of cooling, volume of
sample, hydrostatic pressure, type and concentration of CPA, duration of
CPA-exposure, use of ROS scavengers or anti-apoptotic agents, epigenetic
modifiers, etc. have been reported to affect the cryoinjuries to influence the success
of cryopreservation in various cell types, such studies on testicular stem cells have
been very limited. Furthermore, fertility preservation and restoration through cryo-
preservation of testicular stem cells also require costly and lengthy processes of stem
cell isolation, characterization and SSCT or in vitro spermatogenesis to be followed
by IVF, ICSI or ROSI (Costa et al. 2017; Hermann et al. 2007; Kim et al. 2015;
Pacchiarotti et al. 2013; Wu et al. 2012). Several studies have shown successful
cryopreservation of testicular stem cells, which could colonize in the empty seminif-
erous tubules of the recipient testis for donor-derived spermatogenesis and restora-
tion of male fertility (Kanatsu-Shinohara et al. 2003; Wu et al. 2012). However, such
studies are yet to be optimized for large animal species such as cattle, buffaloes, pigs,
sheep, goats, horses, dogs, cats, and most of the wild animals.

Another challenge with SSC-based fertility preservation is the low number of
viable cells in cryopreserved samples, which might be insufficient for restoration of
fertility by SSCT. Gonadal ablation of recipient testis by busulfan treatment or
irradiation can improve the colonization of transplanted SSCs into recipient testis
by depletion of endogenous SSCs (Shetty et al. 2018). However, it not only
compromises the viability and functionality of endogenous Sertoli and Leydig
cells in recipient testis but also may be lethal to animals due to possible aplacia in
bone marrow. Gonadal ablation of endogenous germ cells is also possible by
intratesticular injection of less toxic Dolichos biflorus agglutinin or aplantlectin,
which specifically binds to spermatogonia and eliminates endogenous germ cells
(Herrid et al. 2019) but remains less explored. Currently, gonadal ablation is
practiced only in cases where the goal is to verify the stemness of SSCs or to
produce transgenic animals via donor-derived spermatogenesis. In other studies,
attempts have also been made to improve the success of SSCT by specifically
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eliminating the endogenous germ cells using gene editing tools, without affecting the
stem cell niche. Knock out of Nanos2 by CRISPR/Cas9 system in boars resulted in
loss of germ cells without any adverse effect on interstitial cells (Park et al. 2017).
However, such knock out-mediated germ cell depletion requires extensive skills and
cost, and are not feasible in large animals and human.

In fertility restoration, a possible solution to low number of viable SSCs could be
their in vitro expansion prior to SSCT. However, in vitro cultured SSC may pose a
risk of genetic or epigenetic instability. Co-transplantation of SSCs with niche
components (e.g. Sertoli cells, Leydig cells) or mesenchymal stem cells (MSCs)
could also be an alternative to improve the efficiency of SSCT (Kadam et al. 2018,
2019). It has been shown that co-transplantation of SSCs with TGFβ1-treated MSCs
could improve the success of SSCT. In fact, co-transplantation of SSCs and MSCs
reduced the requirement of SSCs to half of its number (Kadam et al. 2019).

De novo formation of seminiferous tubules and in vitro spermatogenesis are also
emerging as a potential alternative to SSCT from cryopreserved testicular stem cells
(Patra et al. 2021; Shetty et al. 2018). In vitro spermatogenesis of sperm from
cryopreserved testicular stem cells has been demonstrated in rodents and primates
(Sato et al. 2011; Yokonishi et al. 2014). However, its usefulness and long-term
safety is yet to be confirmed in most of the other large animals and in human.

9.22 Conclusions

Cryopreservation of testicular stem cells is rapidly emerging as a potential approach
for preservation of fertility in both human and animals. It has also shown promising
results in preservation of germplasm in endangered wild animals for posthumous
reproduction and has become indispensable for preservation of fertility in
pre-pubertal or paediatric males. Recent development of air-liquid interphase culture
of testicular stem cells has resulted in in vitro spermatogenesis and may eliminate the
need of SSCT and potential risk of re-introducing malignant cells into pre-pubertal
individuals expecting gonadotoxic treatments. The combination of cryopreservation
protocols with in vitro spermatogenesis of testicular stem cells is thus, expected to
provide their bench top application in clinics. Although very few systematic studies
have been conducted for optimization of freezing or vitrification of testicular stem
cells, newer methods and strategies of cryopreservation are rapidly evolving. Results
from rodent studies are very promising and future research and clinical trials are
expected to provide better results in livestock animals and human. Further, rapid
advancements in genome editing tools such as CRISPR-Cas9 will broaden the
application of testicular stem cell cryopreservation to radically change our approach
for infertility treatment. However, cryopreservation protocols for testicular cells and
tissues are still sub-optimal and their success depends on several variable factors,
including species variation and lab-to-lab variations. The protocol for in vitro
spermatogenesis has also not been validated in human and large animals. Thus,
while promising results have been obtained in experimental animals, birth of live
offspring from pre-pubertal testes is not yet reported in human and large animals.
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Further studies are required for optimization of freezing and vitrification protocols
including the optimization of cooling rates, finding new substitutes for non-toxic
CPAs, standardization of solutions for freezing, equilibration and vitrification, and to
assess the long-term safety of the procedures in offspring derived from
cryopreserved testicular stem cells.
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Testicular Stem Cell Niche 10
Devendra Pathak, Kritima Kapoor, and Mukesh Kumar Gupta

Abstract

Testicular stem cells (TSCs), found at the basement membrane of seminiferous
tubules, are the basis for extremely structured process of spermatogenesis. These
cells remain quiescent in a specialized microenvironment of the testis, called
‘niche’, and upon external stimuli can self-renew by symmetric cell division or
differentiate by asymmetric cell division to maintain spermatogenesis in males.
Although physical localization of these TSC niches is unknown, a complex
interaction of somatic and germ cells, extracellular matrix (ECM) and signalling
molecules contribute to the regulation of self-renewal and differentiation of TSCs
within the niche. The histoarchitecture of testis mostly comprises of stroma and
parenchyma. Somatic cells such as Sertoli cells, Leydig cells, peritubular myoid
(PM) cells, basement membrane, macrophages, and surrounding blood vessels
are intimately associated with the TSC niche. The composition of TSC niche also
changes from prenatal life to postnatal life as well as during the process of ageing.
The intrinsic and extrinsic factors play vital roles in the regulation of TSC self-
renewal by cell-to-cell interaction between TSC and niche cells. In addition,
adhesion molecules also influence the TSC niche to induce spermatogenesis.
This chapter provides an overview of histoarchitecture of mammalian testis,
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and the composition of TSC niche therein. Ontogeny of TSC niche and factors
influencing their niche regulation are also discussed.

Keywords

Niche · Testicular stem cells (TSC) · Testis · Intrinsic factor · Extrinsic factor

10.1 Introduction

Cells having three characteristics viz. potency, clonogenicity, and self-renewal are
called stem cells (Weissman 2000). They are undifferentiated cells having the
capability to self-renew and differentiate into functionally mature cells. They are
present in various tissues of both embryonic (embryonic stem cells) and postnatal
life (adult stem cells). Adult stem cells, also known as somatic or tissue-specific stem
cells, have now been identified in almost all adult tissue types wherein they play
important roles in maintaining and repairing of tissue in which they reside. Thus,
stem cells are crucial for the replenishment of lost tissue and maintenance of tissue
homeostasis and consequently have become one of the promising tools in regenera-
tive medicine (Prochazkova et al. 2015). Spermatogonial stem cells (SSCs) are
testicular stem cells (TSC) found at the basal membrane of seminiferous tubules
and, in adults, they are the only stem cells that are capable of passing genetic
materials to the next generation during procreation (Ibtisham and Honaramooz
2020). The TSCs are the basis for highly orchestrated and organized process of
spermatogenesis for producing haploid male gametes (Zhao et al. 2019). They are
self-renewing cells responsible for spermatogenesis throughout the adulthood and
are capable of initiating donor-derived spermatogenesis upon their transplantation
into the empty seminiferous tubule of infertile male.

The stem cells within the tissue are generally undifferentiated and quiescent in
nature and start differentiating upon a trigger requiring mature cells in the body. The
mechanism of how these cells remain undifferentiated and the cascade of events that
trigger their differentiation are elusive and have always intrigued the scientists.
Schofield (1978) was the first to propose the hypothesis that stem cell (hematopoietic
stem cells) remains in association with other cells (called ‘niche’) and this associa-
tion of cells determines the self-renewal or differentiation propensity of the stem
cells. These neighbouring cells regulate the quiescent nature of stem cells and inhibit
their differentiation and maturation until their requirement in the body. Conversely,
exodus of stem cell or its progeny from the ‘niche’ stimulates proliferation and
differentiation to produce terminally mature cells. This concept of ‘stem cell niche’
has become a widely accepted concept in stem cell biology and has been studied in
different stem cell types, including the TSCs. A ‘stem cell niche’ is defined as the
stem cell microenvironment consisting of surrounding anatomical structures, includ-
ing supporting cells, and a milieu of secretory factors that are essential for the self-
renewal of stem cells. For the efficient spermatogenesis, a coordinated interplay
between SSCs and various components of the spermatogenic niche is a must
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(Yokonishi et al. 2020). Niches provide both structural and functional basis for stem
cells to remain in a unique anatomical and physiological location. The stem cell
niche determines the fate of these cells by regulating various crucial factors, includ-
ing physical support, nutrients, and hormonal and paracrine signals, which are
essential for successful spermatogenesis (Sharma et al. 2019).

Understanding the structures of stem cell niche and the mechanisms of self-
renewal therein is crucial for their clinical application. Research on various stem
cell types has demonstrated that stem cell niche provides guidance to stem cells
about their activities and behaviours. This chapter elaborates the components of TSC
niche, its development and the factors that regulate its functioning.

10.2 Histoarchitecture of Testis

Testes are paired male reproductive organs located outside the abdominal cavity in a
pouch of skin called scrotum. They operate jointly as exocrine and endocrine organ.
It serves the function of producing spermatozoa and synthesis of male sex hormones.
Based on functional characteristics, the histoarchitecture of testes broadly comprises
of stroma and parenchyma. The stroma is chiefly composed of connective tissue
elements whereas parenchyma consists of tubular portions of the organ. An organi-
zation of histological structures of testes is presented in Fig. 10.1.

Fig. 10.1 Flowchart representing the histological organization of testicular elements comprising
the organ
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10.2.1 Stroma

The stroma includes primarily the connective tissue components that enclose the
testes as collagen-rich capsule. The capsule is further made up of two layers namely
tunica vaginalis and tunica albuginea. It also includes connective tissue septae,
mediastinum testis and interstitial connective tissue.

10.2.1.1 Testicular Coverings
Testicular covering is composed of an outer tunica vaginalis layer and an inner
tunica albugenia layer, within which a network of arteries and veins ramifies to form
a complex vascular layer of tunica vasculosa. The tunica vaginalis consists of a
single covering layer of mesothelial cells and an inner layer of connective tissue that
blends with underlying tunica albugenia. On the other hand, tunica albugenia is a
compact layer of dense irregular connective tissue that majorly consists of fibroblast
cells dispersed between collagen, reticular and elastic fibres. The tunica vasculosa is
superficial in dog and rams (Liebich 2019) whereas, it is deeply located in the middle
part of the capsule in stallion and boar. Further, in stallion, boar and ram, smooth
muscle fibres are also present in the tunica vasculosa.

10.2.1.2 Septae and Medistinum Testis
Connective tissue of tunica albuginea protrudes into testes parenchyma as thick
trabeculae called septulae testis. Septae radiate towards the centre of the organ where
it forms mediastinum testis and surrounds the rete testis. This mediastinum testis
begins near the caudal extremity in ruminants, pigs and dogs, extends longitudinally
through the testis and recombines with the tunica albuginea at the head of epididymis
(Singh et al. 2018). In stallions, it exists as the true mediastinum. The trabeculae or
septulae testis divide the testicular parenchyma into number of pyramidal
compartments (up to 250–300) known as lobules or lobuli testis. Each lobule is
occupied by two to five highly convoluted seminiferous tubules, also called as tubuli
seminiferi convoluti. The lobules consist of both tortuous and straight tubules known
as tubuli contorti and tubuli recti, respectively. The tubules are surrounded by
interstitial loose connective tissue, containing reticular fibres, blood vessels, nerve
plexuses and interstitial cells.

10.2.2 Parenchyma

The major portion of testicular parenchyma is contributed by tightly wound convo-
luted seminiferous tubules (tubuli seminiferi convoluti) placed amid the septula
testis. These convoluted tubules straighten just before entering the mediastinum
testis to form the straight testicular tubules (tubuli recti), which are connected to
the rete testis within the mediastinum. The rete testis empties via the ductuli
efferentes testis into the epididymis (Eurell and Frappier 2006).
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10.2.2.1 Seminiferous Tubules
The convoluted seminiferous tubules are around 50–80 cm long with a diameter of
150–300 μm in animals. These tubules are not only responsible for the formation of
male gametes but also constitute the exocrine part of the gland for spermatogenesis.
Each tubule is surrounded by an outer lamina propria. The innermost layer of the
lamina propria abreacts with the basal lamina of the seminiferous tubules. Further,
fine collagen and elastic fibres of lamina propria condense to form a wall that
embodies contractile peritubular cells or myoid (PM) cells in bulls, dogs and horses
(Gofur et al. 2008; Egger and Witter 2009; Shukla et al. 2013). The PM cells contain
actin bundles in their cytoplasm and can act as myofibroblasts to propel non-motile
spermatozoa into tubular lumen of rete testis (a process called spermiation) by
rhythmic contractions in the seminiferous tubules. The seminiferous tubules consist
of a central lumen lined by specialized seminiferous epithelia comprising somatic
and germ cells, including TSCs within their niche (Fig. 10.2).

Types of Cells Within Seminiferous Tubules
The seminiferous tubules are lined by specialized stratified epithelium called germi-
nal epithelium containing two types of cells viz. spermatogenic cells
(spermatogonia, spermatocytes, and spermatids) and Sertoli cells or sustentacular
cells. The germinal epithelium is an atypical, stratified epithelium as it consists of a
single basal layer of Sertoli cells, which extend up to the lumen, and interspersed
spermatogonial cells, which proliferate and differentiate to form multilayer of

Fig. 10.2 A three-dimensional diagram of testis illustrating its different components, its
histoarchitecture primarily comprising of seminiferous tubules depicting Sertoli cells, different
types of Spermatogonia and Spermatocytes differentiating into Spermatids and eventually into
Spermatozoa in both microscopic and three-dimensional views
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spermatogenic cells at various stages of spermatogenesis (Fig. 10.2). The spermato-
genic cells originate from primordial germ cells (PGCs) during embryonic develop-
ment and are germ cells whereas Sertoli cells are somatic cells and are steroidogenic
in nature. Spermatogenic cells undergo several phases of division and maturation
prior to its release as male gametes (spermatozoa) into the lumen of the seminiferous
tubules. The spermatogonia are cuboidal-shaped cells with large, darkly stained
nucleus and are located at the inner lining of the seminiferous tubules (Kierszenbaum
and Tres 2016). Spermatogonia can be classified as Adark and Alight in primates or
as A, I (Intermediate), and B subtypes in rodents and other animals. The type A
spermatogonia remains as single cells (Asingle; As) at the basement membrane of
the seminiferous tubule and divides symmetrically to form type Apaired (Apr),
Aaligned-4, Aaligned-8, and Aaligned-16 (Aal) spermatogonia which remain
interconnected to each other by intercellular bridge. The type A spermatogonia
undergoes differentiation to different stages to form type I and type B before
undergoing meiosis to form primary spermatocyte. The primary spermatocytes are
the largest among all spermatogenic cells and are easy to locate due to their biggest
and densely stained coarsely granulated nuclei. The secondary spermatocytes are
smaller than primary spermatocytes and rarely observed in histological sections of
testis because they enter the second meiotic division rapidly to form spermatids. The
round spermatids were smallest among all spermatogenic cell types, with large
central spherical nucleus in bull, deer, ram and horses (Gofur et al. 2008; Moonjit
and Adcharatt 2007; Kishore et al. 2011; Shukla et al. 2013). Elongated spermatids
have an oval nucleus located towards the lumen.

Mammalian testes also contain a pool of SSCs which are responsible for mainte-
nance of spermatogenic potential throughout the adulthood in males. These cells can
be isolated and cultured in vitro as male germline stem cells (GSCs), which can
initiate donor-derived spermatogenesis upon their testicular transplantation into
infertile males. The SSCs originate from PGCs during embryonic development. In
the embryonic gonad, PGCs initially proliferate as gonocyte (also known as mitotic
prospermatogonia), which subsequently become quiescence until birth. Upon birth,
the gonocytes develop into SSCs at around 6 days in rodents and several months in
livestock species (Oatley and Brinster 2012).

Sertoli cells are fewer tall columnar cells interspersed between spermatogenic
cells to nurture the developing gametes. They act as bridge cells between the
intertubular space and the lumen of seminiferous tubules. They are arranged radially
from basal lamina to the lumen and are difficult to distinguish by light microscopy
for structural details. The apical and lateral plasma membranes of Sertoli cells have
numerous thin, branching cytoplasmic processes extending from irregular
invaginations to form crypts to house the developing spermatogenic cells and act
as niches. The euchromatic nuclei are oval, positioned basally and vesicular with
distinct nucleoli. The nucleoli are typically multivesicular in ruminants. The cyto-
plasm contains a well-developed Golgi apparatus, abundant mitochondria and abun-
dant rough ER in pigs and ruminants (Liebich 2019). The smooth ER is well
developed in all species. Dense stacks of cisternae of smooth ER are in close contact
with lysosomes and lipid vacuoles specifically in ruminants, pigs and dogs. The

166 D. Pathak et al.



basal cytoplasmic compartment contains microbodies, membrane aggregates and
lamellar inclusion bodies, which are active in resorptive and digestive cell processes.
In boars, spindle- or needle-shaped crystals (Charcot–Bottcher crystals) are also
present. Microtubules and microfilaments contribute to intracellular transport pro-
cesses and regulate the release of spermatozoa into the tubular lumen (spermiation).
Sertoli cells are in close contact with one another by numerous basolateral intercel-
lular tight junctions and desmosomes that completely divide the space between
adjacent sustentacular cells into basal and adluminal compartments. The adluminal
compartment contains developing gametes that are immunologically protected from
direct contact of immune cells by tight junctions of Sertoli cells to form blood testis
barrier.

10.2.2.2 Interstitial Tissue
The interstitial tissue fills the space between convoluted seminiferous tubules in the
parenchyma and is a key component of the TSC niche. It is formed of loose areolar
connective tissue comprising mesenchymal cells and fibroblasts in different stages of
development. The fibroblasts are spindle-shaped cells with darkly stained nuclei that
predominates the other cell types in number in young animal. The ratio of interstitial
tissue: parenchyma changes with age of the animal, as the age advances the intersti-
tial tissue reduces and the parenchyma increases (Pathak 2016). The interstitial tissue
contains abundant interstitial cells or Leydig cells, which is responsible for testos-
terone production. The Leydig cells are located in proximity to blood vessels,
lymphatic channels and nerve fibres in ram, bull, horse, neonatal goats and boar
(Kishore et al. 2007; Gofur et al. 2008; Shukla et al. 2013; Pathak 2016; Dhyana
et al. 2016). The Leydig cells mostly outweigh the other cell types in pubertal
animals. The differentiated Leydig cells are typically polyhedral to ovoid or roughly
triangular with distinct nuclei. Its eosinophilic granular cytoplasm appears highly
vacuolated or foamy due to the presence of abundant lipid droplets and granules,
which are generally lost during processing of tissue sections. Leydig cells are
abundant in boars and bulls (Banks 1993; Pathak et al. 2014).

10.2.2.3 Rete Testis
The rete testis consists of anastomosing straight tubules known as tubuli recti. These
are surrounded by the loose connective tissue and elastic fibres ofmediastinum testis,
and myofibroblasts. The epithelium of the rete testis is simple squamous to colum-
nar. Two epithelial layers are present in the bull. The epithelium is highly secretory
and increases the volume of the tubular fluid. Androgens in the tubular fluid are
absorbed across the epithelium to a limited extent.

10.3 TSC Niche

The microenvironment of ‘niche’ regulates the self-renewal and differentiation of
TSCs through a complex interaction of somatic and germ cells, extracellular matrix
and signalling molecules. Somatic cells, including Sertoli cells, Leydig cells, PM
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cells, basement membrane and surrounding blood vessels are intimately associated
with the TSC niche. Among these, Sertoli cells are considered as the key regulator of
SSC niche through FSH-regulated secretion of growth factors. In addition, extracel-
lular matrix and cells in the interstitial tissue also contributes to self-renewal and
differentiation of cells in the adluminal compartment of seminiferous tubules (Oatley
and Brinster 2012). More recently, the vascular pattern on the seminiferous tubules
was also shown to influence the self-renewal and potency of SSCs (Yoshida et al.
2007). The components of the TSC niche are elaborated below (Fig. 10.3).

10.3.1 Sertoli Cells

Sertoli cells are ‘nurse cells’ located in proximity to the SSCs within seminiferous
tubules and are established as principal component of the TSC niche (De Rooij
2009). They were first described by Enrico Sertoli in 1865 and hence, named ‘Sertoli
cells’. They are large-sized, columnar cells having a large euchromatic nucleus with
deep indentations and darkly stained, large, and tripartite nucleolus (Hess and Vogl
2015). Two different morphologies viz. type A and type B can be seen. Type A
Sertoli cells shows cytoplasmic crypts at their luminal end within which resides the

Fig. 10.3 A drawing of a cross-section of seminiferous tubules (differentiated and undifferentiated
spermatogonia) showing a three-dimensional view of blood vessels, Leydig cells and macrophages
in the intertubular compartment. Undifferentiated spermatogonia are located near the area where the
blood vessel is in contact with the tubule
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germ cells whereas type B Sertoli cells rare or no cytoplasmic crypts. The Sertoli
cells are proliferative in pre-pubertal animals and its proliferation is regulated by
FSH from anterior pituitary. However, after puberty, the mature Sertoli cells stop
dividing, develop tight junctions and differentiate to release nutrients for supporting
the germ cell development. Thus, the number of mature Sertoli cells in testis is
determined at pre-pubertal stage and remain stable throughout the adulthood of
males. In other words, nursing ability of Sertoli cells for the entire life of the mammal
is fixed before the attainment of puberty (Petersen and Soder 2006).

It has been established that the SSCs located in the area where the basement
membrane is bordering the intertubular tissue has more number of undifferentiated
cells as compared to the SSCs located in the area where it is near to the other
seminiferous tubules (Chiarini-Garcia et al. 2001). In the area where the tubule is in
contact with interstitial tissues is also divided into two compartments. One compart-
ment where the tubule is in contact with the blood vessels has comparatively a
greater number of undifferentiated cells as compared to the area devoid of contact
with blood vessels (Yoshida et al. 2007). It has also been demonstrated that Sertoli
cells are the main influencer of SSC number and their niches (Oatley et al. 2011).
The immunolocalization of vimentin in the Sertoli cells in buffalo testis indicated a
physical boundary and a cross talk between germ cells and the Sertoli cells as a
component of SSC niche (Carlo et al. 2019).

10.3.2 Basement Membrane of Seminiferous Tubules

The basement membrane between seminiferous epithelium and PM cells is a thin
zone of ECM consisting of laminin, type IV collagen, heparan sulphate proteogly-
can, and nidogen/entactin. In vitro experiments has shown that laminin and type IV
collagen are produced by both Sertoli and PM cells while fibronectin is produced by
PM cells alone (Richardson et al. 1995). These molecules have been shown to play
important roles in the attachment of SSCs to the basement membrane, maintenance
of shape and polarity of Sertoli cells and proliferation and mobility of germ cells
during spermatogenesis (He et al. 2005; Kanatsu-Shinohara et al. 2006). Several
studies have shown laminin in basement membrane plays a critical role in the
attachment and growth of SSC through their alpha-6-integrin.

10.3.3 PM Cells

The PM cells, along with basement membrane and Sertoli cells, form the physical
and cellular boundary of the TSCs. These cells are in multiple layers, each lined by
basement membrane, and are separated from one another by type I collagen fibrils,
elastin fibrils and microfibrils. In addition, PM cells are also known to secrete several
growth factors, which can influence the TSC niche. For example, in one study,
knockout of PM cell-specific androgen receptor in mice was shown to result in
dramatically reduced testicular size and sperm production (Zhang et al. 2006).

10 Testicular Stem Cell Niche 169



Similarly, in other study, effect of colony-stimulating factor 1 (Csf1), secreted by
PM cells, has also been shown (Oatley et al. 2009). The Csf1, expressed in Leydig
and PM cells, could interact with Csf1 receptor (Csf1r) in Thy1+ cell fractions from
testes. Using an adult mouse PM cell primary culture system and germ cell trans-
plantation experiments, Chen et al. (2014) concluded that T-regulated GDNF
expression by PM cells significantly influence the dynamic microenvironment of
the niche and TSC maintenance.

10.3.4 Leydig Cells

Studies in mice have revealed that Csf1 is immuno-localized in the Leydig cells
present in the intertubular compartment and few PM cells but were not localized in
the Sertoli cells (Oatley et al. 2009). These results indicate that Leydig and PM cells
are also the part of the TSC niche (Fig. 10.4). These cells influence the process of
spermatogenesis through the communication with Sertoli cells. A cross-
communication also exists between Leydig cells and Sertoli cells which is responsi-
ble for their interaction (Skinner 1991; Fujisawa 2006). Previous investigations have
concluded that the distribution of spermatogonia was not random in mice (Chiarini-
Garcia et al. 2001) and rat testes (Chiarini-Garcia et al. 2003). They established that
most primitive type spermatogonia are present in niches located in the locations of
the seminiferous tubules that border the interstitial tissue and lesser number were
present in the areas that border the other tubules.

Fig. 10.4 A drawing showing the cross-section of seminiferous tubule with components of the
niche of TSC; Sertoli cells (a), Basement membrane (b), peritubular myoid cells (c), Leydig cells
(d), blood vessel (e), and macrophage (f)
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10.3.5 Blood Vessels

Tracking of migration patterns of TSCs, using live imaging, in mice has shown that
the mammalian germline niche is correlated with the blood vessels pattern formation
(Yoshida et al. 2007). Yoshida et al. (2007) recorded comparatively greater number
of undifferentiated spermatogonia around the tubule where it is in contact with the
blood vessels present in intertubular space as compared to the area devoid of contact
with blood vessels. Thus, blood vessel pattern also appears to play important role in
the TSC niche. The endothelial cells have also been shown to stimulate the self-
renewal of other type of stem cells such as neural stem cells (Shen et al. 2004).

10.3.6 Macrophages

Macrophages have been frequently observed in the interstitial compartment of the
testis and have been described as the principal leukocyte population therein. Its role
in fetal vasculature development, modulation of steroidogenesis in the Leydig cells
and regulation of SSCs are well described (Hales 2002; Bhushan and Meinhardt
2017). The macrophages are also closely associated with Leydig cells to promote
steroidogenesis in neonatal and adult testis (Gaytan et al. 1994). Hutson (1992)
recorded digitations between the macrophages and Leydig cells. In 2015, DeFalco
et al. established the role of macrophages in TSC niche. They observed macrophages
in higher density at places where large numbers of undifferentiated spermatogonia
were present. Macrophage-depleted testes contained fewer undifferentiated
spermatogonia, thus it was established that macrophages are required for the process
of spermatogenesis (DeFalco et al. 2015). The testis macrophages are also known to
express factors such as Csf1 and enzymes involved in retinoic acid
(RA) biosynthesis, which are required for the proliferation and differentiation of
SSCs (DeFalco et al. 2015).

10.4 Ontogeny of TSC Niche

Dynamic variation has been observed in the niche of TSCs from prenatal life to
postnatal life and during the process of ageing. At the stage of PGCs in early prenatal
life, the niche is constituted of the surrounding mesenchymal cells and fibroblasts.
The tubules are not organized as the basement membrane was not organized at this
stage. At later prenatal life, the testicular cords with well-organized basement
membrane are reported (Farooqui et al. 2012; Carlo et al. 2019). At this stage, the
gonocytes are surrounded by pre-Sertoli cells, mostly from all the sides as gonocytes
are centrally located in the cords. The testicular cords are surrounded by the distinct
basement membrane during neonatal life. Distinct basement membrane with
peritubular PM cells is seen during prepubertal period. Up to neonatal stage, Sertoli
cells are prime neighbours of the TSCs. Later these TSCs migrate towards periphery
and the adult TSC niche is established with all the components. The seminiferous

10 Testicular Stem Cell Niche 171



tubules are surrounded by a thick basement membrane surrounded by PM cells and
interstitial tissue and blood vessels in it (Carlo et al. 2019). The timelines of
development of these components in prenatal life vary in different domestic animals.

In the adult testis, a gradual decrease in TSCs and factors secreted from niche has
been reported. Zhang et al. (2006) based on transplantation experiments suggested a
gradual change in the TSC niche and alterations are observed for TSC niche with
aging. There is a gradual decrease in the production of GDNF from Sertoli cells with
age and that could be correlated with decrease in the TSCs number (Ryu et al. 2006).
Zhang et al. (2006) concluded alteration in the stem cell intrinsic factors with ageing.

10.5 Factors Influencing TSC Niche

Self-renewal of TSC within its niche and their differentiation outside the niche is
tightly regulated by both intrinsic gene expression within the SSC and extrinsic
signals such as soluble factors and adhesion molecules from the surrounding micro-
environment (Fig. 10.5). SSC-expressed genes such as Plzf, a transcriptional repres-
sor protein, and Taf4b, a germ cell-specific component of the RNA polymerase

Fig. 10.5 A drawing showing the factors secreted from components of TSC regulating TSC self-
renewal. GDNF from Sertoli cells and PM cells, FGF from Sertoli cells, differentiating germ cells
influence TSC self-renewal through the MAP2K1 pathway
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complex, are considered to be essential for SSC self-renewal, whereas the transcrip-
tion factors Sohlh1 and 2 appear to be crucial for spermatogonial differentiation. On
the other hand, Sertoli cells produce growth factors that stimulate both self-renewal
(GDNF, FGF2, ERM) and differentiation (activin A, BMP4 and SCF) of the SSCs.
Additional factors that could link the SSC niche to the somatic cells outside the
seminiferous tubules are Csf1, produced by Leydig cells that stimulate SSC prolif-
eration and FSH that stimulates GDNF production by Sertoli cells. In addition,
adhesion molecules that connect the SSCs to the basement membrane and cellular
components of the interstitial compartment between the seminiferous tubules are
important regulators of the niche function.

10.5.1 Intrinsic Factors

10.5.1.1 Taf4b
Taf4b is a component of the RNA Polymerase II basal transcription apparatus and is
germ cell specific (Falender et al. 2005). In mouse, it is expressed in gonocytes of the
postnatal testes, and in spermatogonia and spermatids of the adult testes. It is not
expressed in Sertoli cells. Taf4b knockout mice have normal testis histology at birth
with normal completion of the first wave of spermatogenesis and transient fertility.
However, the SSCs start to disappear as soon as 3 days after birth with progressive
loss of the germ cells resulting in Sertoli cell-only seminiferous tubules and testicular
atrophy after 12 weeks of age. However, taf4b �/� Sertoli cells support spermato-
genesis of transplanted wild-type spermatogonia (Falender et al. 2005). Thus, Taf4b
is an SSC-intrinsic factor essential for the SSC self-renewal.

10.5.1.2 Plzf
Promyelocytic Leukaemia Zinc-Finger (Plzf) is a transcriptional repressor and is
crucial for the regulation of SSC self-renewal. It inhibits stem cell differentiation and
helps maintaining their presence in the niche possibly by repressing c-kit, which is a
characteristic of spermatogonial differentiation (Filipponi et al. 2007). Thus, natu-
rally occurring mutants lacking Plzf (Luxoid) as well as experimentally created plzf
knockout mice show progressive loss of spermatogonia with increasing age (Buaas
et al. 2004; Costoya et al. 2004). Undifferentiated spermatogonia isolated from plzf
�/� mice also exhibit a marked increase in c-kit expression. Furthermore, the germ
cells from the testes of Luxoid mutants cannot repopulate the testes of recipient
W/Wv mice, suggesting that the defect is inherent to the SSCs.

10.5.1.3 Chd1l
Recently, Chromodomain helicase/ATPase DNA binding protein 1-like gene
(Chd1l) has been found in prepubertal and adult mice testis that was localized
along with PLZF, OCT4 and GFRα1 in the testis of neonatal mouse and THY1+

undifferentiated spermatogonia or testicular stem cells (TSCs). GDNF activates the
Chd1l gene expression in the cultured mouse TSCs. Chd1l is established as an
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intrinsic factor for TSC survival and self-renewal which exerts its impacts via a
GDNF signalling pathway (Liu et al. 2016).

10.5.2 Extrinsic Factors

Among all somatic cells, Sertoli cells appear to be the major contributors to SSC
niche regulation by physically supporting the SSCs and providing them with growth
factors. Besides, factors secreted by somatic cells outside the seminiferous tubules
may also mediate their effect via Sertoli cells (Chen et al. 2005). The SSC niche
regulation by Sertoli cells changes with age. During the perinatal period of develop-
ment, SSC self-renewal is mainly controlled by the GDNF while it is dependent on
the ERM during the pubertal period (Chen et al. 2005; Hess et al. 2006; Meng et al.
2000). ERM-regulated pathways are coincident with the termination of Sertoli cell
proliferation and commencement of the cycle of spermatogenesis, which is sustained
by the same cell that regulates the stem cell niche (Hess et al. 2006).

10.5.2.1 ERM/Etv5 Transcription Factor
Etv5 (Ets Variant Gene 5) is a member of Pea3 group of the Ets family of proteins,
which are characterized by a highly conserved DNA-binding ETS domain. It is
expressed in both Sertoli cells and germ cells (Chen et al. 2005; Oatley et al. 2007)
and plays an important role in balancing the SSC self-renewal and differentiation.
Targeted disruption of the Etv5 (Etv5�/�) results in defective maintenance of the
SSC pool without affecting the spermatogonial differentiation (Chen et al. 2005).
Like Plzf�/�mice, Etv5�/�mice has normal testes histology at birth and complete
the first wave of spermatogenesis during juvenile life. However, by 10 weeks of age
they show Sertoli cell-only phenotype with complete disappearance of all germ cells
due to a progressive loss of spermatogenesis (Chen et al. 2005). Although the exact
mode of action is not known, analysis of Etv5�/� Sertoli cells detected a 9- to
25-fold reduction in several chemokines and a tenfold reduction in matrix
metalloproteinase-12 (MMP-12) expression which are important for stem cell
recruitment, migration and homing. The expression of Etv5 in Sertoli cells is
possibly regulated by local soluble factors as its expression was shown to be
up-regulated by FGF2 and EGF but not by testosterone or FSH (Simon et al. 2007).

10.5.2.2 GDNF
The glial cell line-derived neurotrophic factor (GDNF) is recognized as an essential
element of survival for midbrain dopaminergic neurons (Lin et al. 1993). Later, it has
been reported in many other tissues including the testis. It has been identified as a
secretory product from components of niche cells. It has been reported to be secreted
from Sertoli cells (Meng et al. 2000) and peritubular myoid cells (Chen et al. 2016).
Expression of GDNF receptors, GFRα1 (GDNF-family receptor α1) and Ret
(rearranged during transformation), are observed in undifferentiated spermatogonia
(Tadokoro et al. 2002). Its cyclic expression is required for TSCs self-renewal by
impeding TSC differentiation and not by fostering its propagation (Sharma and
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Braun 2018). It has been also recorded that in vitro culture of TSCs requires the
exogenous supplementation of GDNF (Kubota et al. 2004a, b; Kanatsu-Shinohara
et al. 2005; Hofmann 2008; He et al. 2008) and addition of GDNF in vitro promotes
proliferation and self-renewal by activating the phosphoinositide-3 kinase (PI3K)/
AKT pathway (Lee et al. 2007). In contrast, in vivo, ERK1/2 signalling has been
shown to support SSC self-renewal, whereas PI3K/AKT signalling has been
suggested to support SSC proliferation during stages when RA signalling is low
and differentiation when RA signalling is high (Hasegawa et al. 2013). Here, we
investigate the mode of GDNF expression throughout the spermatogenic cycle and
ask how disruption of its expression promotes SSC self-renewal and AKT-mediated
signalling downstream of GFRA1/RET.

However, the regulatory signals that induce GDNF production and release have
not yet been established. In neural cells, the induction of GDNF mRNA production
and protein release is generally due to activation of the MEK/MAPK signalling
pathway (Hisaoka et al. 2007), while transcription factor Pax2 plays an important
role in GDNF expression in embryonic kidney. Deletion of the Hoxa11/Hoxc11/
Hoxd11 gene cluster also results in the loss of GDNF expression in the embryonic
kidney although these mice had normal expression of Pax2 Six2, a member of the
Six families of homeobox containing transcription factors and Eya1 (mammalian
ortholog of eyes absent in Drosophila) also activate GDNF gene expression in the
embryonic kidney (Brodbeck et al. 2004). In testes, GDNF mRNA and protein have
been localized in Sertoli cells (Meng et al. 2000), spermatogonia and spermatids
(Yu et al. 2003) in the mouse. Similar results have also been reported for rats and
humans (Yu et al. 2003). In Sertoli cells, the production of GDNF is likely under the
influence of FSH, growth factors and cytokines secreted both locally and systemi-
cally (Simon et al. 2007; Tadokoro et al. 2002). Under in vitro conditions, GDNF
production by Sertoli cells was also shown to be dependent on FGF2, TNFα and
interleukin-1beta (Il-1β) (Simon et al. 2007). In Sertoli cell line TM4, FGF2
stimulated the expression of GDNF by fivefold at 48 h after treatment while FSH
stimulated the GDNF expression by twofold at 3–24 h after treatment (Simon et al.
2007). Stimulation of GDNF expression by FGF2 in TM4 cells was suppressed by
pre-treatment of the cells with phosphatidyl inositol 3-kinase (PI3K) inhibitor
wortmannin and the mitogen-activated protein kinase (MAPK) signalling inhibitor
PD98059. However, neither inhibitor alone nor when added together completely
abolished the FGF2-stimulated increase in the GDNF expression. This indicates that
cellular mechanisms other than MAPK and PI3K pathways may also be involved in
FGF2-mediated induction of GDNF expression. Interestingly, however, FGF2
knockout mouse is fertile (Ortega et al. 1998). It is also not clear how wortmannin
or PD98059 affected FSH induction of GDNF in TM4 cells (Simon et al. 2007).

GDNF act downstream by activating multiple signalling pathways including
PI3K and the Src family of tyrosine kinases.

Ras Signalling Pathway
Binding of GDNF with Ret receptor can activate Ras signalling pathway. Upon
ligand binding, Ret receptor auto-phosphorylates on its intracellular domain to serve
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as intracellular docking sites for different SH2-domain-containing proteins which, in
turn can induce binding and activation of the adaptor proteins Shc and Grb2 to
stimulate Ras/ERK1/2 pathway (He et al. 2008). This signalling cascade ultimately
leads to the phosphorylation and activation of transcription factors such as Creb-1,
Atf-1 and Crem-1 to up-regulate the transcription of the immediate-early gene c-fos,
the cell cycle activator cyclin A, and cdk2, which all favours the G1/S cell cycle
transition in GFRα-1 positive spermatogonia (Sunters et al. 2004).

Src Signalling Pathway
SSCs also express several members (e.g. Src, Yes, Lyn and Fyn) of Src kinase family
which co-precipitate with Ret after GDNF stimulation (Braydich-Stolle et al. 2007).
Although the function of Src kinase family members overlap, it is believed that Src
and Yes play a predominant role in the immediate response of SSCs to GDNF. Src
activates a PI3K/Akt signalling pathway to stimulate the expression of N-myc which
promotes SSC proliferation both in vivo (Lee et al. 2007; Oatley et al. 2007) and
in vitro (Braydich-Stolle et al. 2007).

FGFR2 Signalling Pathway
FGFR2 is expressed in SSC and may play a role analogous to Ret in regulating SSC
self-renewal and differentiation (Goriely et al. 2003). Besides, GDNF may also
up-regulate the expression of FGFR2 in SSCs and thereby, increase their
responsiveness to FGF2 for in vitro proliferation (Hofmann et al. 2005). Thus,
GDNF and FGF2 are often used together to establish long-term cultures of
gonocytes and SSCs (Kanatsu-Shinohara et al. 2003; Kubota et al. 2004b).

B Cell CLL/Lymphoma 6, Member B (Bcl6b)
Bcl6b is a validated target of GDNF that was initially identified in SSCs by
microarray analysis (Oatley et al. 2006). Targeted disruption of Bcl6b results in an
increased incidence of Sertoli cell-only tubules in mice. Similarly, its inhibition of
Bcl6b expression in in vitro cultured SSCs by RNA interference resulted in SSC
depletion. Thus, Bcl6b has a critical role in SSC maintenance. Like N-Myc, Bcl6b is
also a nuclear target of the Src signalling pathway (Oatley et al. 2007).

10.5.2.3 Fibroblast Growth Factor 2 (FGF2)
Fibroblast growth factor 2 is also one of the extrinsic factors which acts along with
GDNF. It activates MAP2K1 and supports propagation through MAP2K1 pathways.
It stimulates greater MAPK1/3 phosphorylation as compared to that of GDNF. The
stimulated MAP2K1 engenders the expression of Etv5, which in turn increases the
expression of Bcl6b and thus promotes self-renewal of TSCs (Ishii et al. 2012).
FGF2 is being secreted from several cell types (Sertoli cells, Leydig cells,
differentiating germ cells), has been established as a mediator for interaction
between Sertoli cells and peritubular myoid cells and acts as a survival factor for
these cells (El Ramy et al. 2005).
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10.5.2.4 Colony-Stimulating Factor 1 (CSF-1)
Colony-stimulating factor 1 (CSF1) has been recognized as an extrinsic factor of
TSC self-renewal. It is known to be secreted from Leydig and PM cells (Oatley et al.
2009). Chen et al. (2014) reported that testosterone-dependent regulation of GDNF
expression in PM cells has a significant influence on the microenvironment of the
niche and SSC maintenance. Although in vivo analysis of the niche is difficult owing
to the three-dimensional structure of seminiferous tubules, in vitro reconstitution of
the SSC niche has recently become possible (Kanatsu-Shinohara et al. 2012).

10.5.3 Adhesion Molecules

Stem cells are anchored to their niche via adhesion molecules (cadherins, integrins,
gap junction components, etc.) and these molecules are very important in self-
renewal of the concerned stem cells (Chen et al. 2013). Kanatsu-Shinohara et al.
(2008) established the vital role of β1-integrin in the self-renewal of TSCs and
recorded that this adhesion molecule is required both on TSCs and Sertoli cells for
TSCs to be at their normal location at the basal lamina of seminiferous tubules. The
adhesion molecule E-cadherin has been established as a decidedly specific surface
marker of mouse SSCs (Tolkunova et al. 2009). Cadherin promotes self-renewal of
TSCs via activating Janus kinase/signal transducer and activator of transcription
(JAK-STAT) and phosphoinositide-3 kinase (PI3-K)/Akt and blocking transforming
growth factor (TGF)-β1 signalling (Wu et al. 2008).

10.5.4 Age

Age is also important factor which influences the niche and their secretary molecules
which in turn influences TSCs. Decline of the TSC niche with age of the animals and
Drosophila testis have been studied, where the decline of expression of a key self-
renewal signal, Unpaired (Upd), correlates with a decrease in SSCs with ageing
(Boyle et al. 2007). Conversely, forced expression of Upd by the somatic cells of the
niche maintains SSCs in older males. Therefore, similar molecular mechanisms
within the testicular niche maintain self-renewal across species, and their alterations
contribute to a decline of the stem cell pool and spermatogenesis.

10.5.5 FSH

Recent research has indicated that the follicle-stimulating hormone (FSH) influences
TSCs propagation. Patel and Bhartiya (2016) recorded follicle-stimulating hormone
receptors on the TSCs in mice and indicated that it is regulated by FSH. It has also
been reported that FSH triggers canine TSCs and activates the formation of clumps
of germ cell possibly via inferred local factors secreted from the Sertoli cells (Pieri
et al. 2019). They concluded that FSH increases the number of canine TSCs in
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culture condition and postulated that the hormone can stimulate the rate of propaga-
tion and self-renewal of TSCs. This research needs to be extended further to establish
its exact mechanism of action.

10.6 Conclusions

The destiny of the stem cells is shaped by dedicated microenvironments in which
these cells are located. The physical microenvironment of TSC is constituted of
Sertoli cells, Leydig cells, PM cells, macrophages, basement membrane and
surrounding blood vessels. Dynamic changes are observed in the niche of TSCs
from prenatal life to postnatal life and during the process of ageing. The intrinsic
(Taf4b, Plzf and Chd1l) and extrinsic factors (GDNF, FGF2, CSF-1) play important
role in the regulation of TSC self-renewal by cell-to-cell interaction between TSC
and niche cells. The adhesion molecules, age of the animal and follicular stimulating
hormone also influence the TSC and its niche thus influences spermatogenesis.
Newly developed method of in vitro reconstituted niche in culture system will
provide a distinctive instrument to study the interactions between SSCs and their
microenvironment.
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Proteomics of Mammary Gland
and Mammary Stem Cells 11
Sudarshan Kumar, Nikunj Tyagi, Ashok Kumar Mohanty, and
Jai Kumar Kaushik

Abstract

Mammary gland (MG) biology has attracted researchers’ attention in every
mammalian species. Apart from the natural curiosity to understand the mamma-
lian biology wherein newborns are nourished by milk, the incidence of benign
and metastatic breast tumor further instigated the scientific community to under-
stand the detailed cellular and molecular events so that the diagnosis, treatment,
and prevention could be implemented. The mouse MG has served as the closest
MG model to understand the anatomy and physiology despite several differences
in the endocrine and reproductive systems of mice and humans. In bovine, the
very immediate interest has been to improve milk production from dairy animals.
Globally, the average milk yield from dairy animals has so far remained for-
wardly progressive.

Nevertheless, disease like mastitis and the existence of low milk-yielding cows
in population have necessitated accelerated research on understanding bovine
mammary gland biology, host–pathogen relationship, cyclic changes in molecu-
lar and cellular physiology during puberty, pregnancy, lactation, and involution.
Proteomics deals with studying many proteins together, thus deriving compre-
hensive information on cellular physiology. Along with antibodies, the applica-
tion of mass spectrometry in the study of proteins has revolutionized the
investigation method as never before. The complexity in tissue architecture of
MG comprises many cell types, and their continuous turnover in the lifetime of an
animal constantly challenged our mind and approach to discern cell identity
correctly. It will not have been possible without the knowledge of cell type-
specific marker proteins, which again owes a lot to proteomics. This chapter
selectively discusses the application of mass spectrometry-based proteomics for
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mammary epithelial cells and mammary stem cells in MG in the context of cell-
specific biomarkers, functional differentiation, and diseases.

11.1 Introduction

Stem cells (SCs) are fascinating as they can long-term self-renewal, and the ability to
differentiate into specialized cell lineages. They have been classified as totipotent,
pluripotent, and multipotent. The mammary gland (MG) in mammals is a dynamic
organ that witnesses growth and development in its structure and function in a cyclic
manner. Right from the time in embryo, mammary fat pads are destined to differen-
tiate into the mammary gland and then to its development during the prepubertal
period until it starts following cycles of proliferation, differentiation, and involution,
a complex set of cellular events takes place. The onset of apoptosis in terminally
differentiated cells followed by the rejuvenation of new cells leading to
morphological and functional changes is critically dependent on the presence of
adult stem cells in the mammary gland called mammary stem cells (MaSCs).
Anatomically, different types of cells together lay the organ’s architectural and
functional base. These cells include epithelial body cells, luminal epithelial cells,
alveolar epithelial cells, epithelial cap cells, myoepithelial cells, and stromal cells
(Inman et al. 2015). The schematics of various cell types constituting the architecture
of mouse MG is shown in Fig. 11.1.

11.2 Cell Types and Specification of the Mammary Gland

With the progressive development in the udder, many other cell types reinforce the
mammary gland structure, which includes adipocytes, fibroblasts, immune, lym-
phatic, and vascular cells. All these cells work together to sculpt and maintain a
functional organ. The different cell types have been demonstrated to be of

Fig. 11.1 Histological structure of mouse mammary gland with terminal end bud containing body
cells and cap cells
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importance at specific stages of mammary gland development (Fig. 11.2). From the
viewpoint of mammary tissue regeneration, it is essential that adult stem cells must
be able to give rise to all such cell lineages. A large amount of information on
mammary stem cells has been generated for the mouse model and human mammary
epithelial cells. Most of the data is based on the basic knowledge gained from other
well-studied species like murine and human in bovine. This chapter will discuss the
proteomics-based advancement in mammary epithelial cells of mice and humans;
however, the focus will be on bovine and related species wherever possible.

11.3 Mammary Epithelial Cells

The essential functional components of the mammary gland are the epithelial cells.
Various types of epithelial cell types can be found in the mammary gland. Many
studies revealed that the fat pad (adipocytes) in embryos leads to the development of
epithelial cell niche (Parmar and Cunha 2004). The exact transition mechanism or
stem cells’ role is not very well understood. Because the mammary gland is a type of
sebaceous gland and is a kind of skin appendage that undergoes significant growth
and cyclical remodeling in postnatal life, Joshi et al. (2019) demonstrated that
adipocytes provide a niche of specialized cells called mesenchymal adipogenesis
cell pool, which is characterized by the expression of platelet-derived growth factor
receptor alpha (PDGFRα) and preadipocyte factor-1 (PREF-1). PDGFR+ and PREF-
1+ cells are recruited to form mammary epithelium during early development and in
the adult gland during pregnancy. The mammary epithelial expansion is an outcome
of the extensive migration of PDGFRα+ stromal cells from the stromal adipocyte
niche.

The coexistence of various cells in the udder poses a challenge in its study and
thus warrants a useful and robust tool to discern the various types of cell types.

Fig. 11.2 Cyclical changes in mammary gland and changes in histological structures
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Fluorescence-activated cell sorting (FACS) has dramatically helped distinguish and
separate different types of cells from a section of udder tissue. The FACS ability
depends on our knowledge about unique and specific biomarkers present on each
cell type (Table 11.1). Many proteins have been earmarked as surface biomarkers for
various types of epithelial cells, like CD49floEpCAM+ for luminal epithelial cells
and CD49fhiEpCAM+ for basal epithelial cells. The stromal fibroblast cells lack
these markers (Shehata et al. 2012; Stingl et al. 2006).

Luminal cells express keratins (CK) 8 and CK 18, whereas myoepithelial cells
express CK 5 and CK 14 and smooth muscle actin (SMA) that mediates their
contractile function. Cell-sorting experiments have identified several putative stem/
progenitor cells in the basal cell population (Shackleton et al. 2006; Visvader and
Stingl 2014). CK 18-expressing luminal cells are committed luminal cells that do not
show clonal expansion.

The proportion and type of cells in the mammary gland vary according to the
development stage. During puberty, in murine, two types of specialized epithelial
cells, cap cells and body cells, arise in the terminal end bud (TEB). Cap cells line the
end bud forming the structure’s cap, surrounding stroma through a thin basement
membrane. Cap cells differentiate into myoepithelial cells that generate a thicker
basal lamina (Daniel and Silberstein 2000; Williams and Daniel 1983). By contrast,
the body cells fill the interior of the end bud. The central body cells form lumen by
apoptosis of the central body cells, and the peripheral body cells differentiate into
luminal epithelial cells. Luminal epithelial cells are the ductal epithelium that
secretes milk during lactation (Hennighausen and Robinson 2005). During preg-
nancy, under the influence of progesterone hormone, luminal epithelial cells rapidly
expand, forming alveoli—the milk-secreting unit. Mammary alveoli are lined with
luminal cells primed to secrete milk at parturition. The myoepithelial cells produce a
high level of laminin-111, which is critical to determine cell polarity and survival of
luminal cells (Boudreau et al. 1995).

EpCAM+MUC1� cells express a high level of K19 and are supposed to enrich
ductular and luminal epithelial cells in terminal buds regions (Gudjonsson et al.
2002). There are differences in the biomarker for these cell types in humans and
mice. GATA3, ErbB3, and ALDH expression are characteristics of luminal cells in
humans (Asselin-Labat et al. 2007; Shehata et al. 2012) while CD14 (Shehata et al.
2012), c-Kit (Lim et al. 2009; Regan et al. 2012), and Elf5 (Zhou et al. 2019; Oakes
et al. 2008) are expressed in murine luminal epithelial cells.

11.4 Adipocytes

Most of the mammary gland in adult and nonlactating udder comprises adipocytes
that are rich in fat (Sakakura 1987). During pregnancy and lactation, the adipocytes
furnish milk synthesis’s metabolic demand and allow MECs’ expansion (Gregor
et al. 2013; Hovey and Aimo 2010). Adipocytes also facilitate communication
among all cell types by synthesizing and secreting various factors like vascular
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endothelial growth factor (VEGF) that promotes angiogenesis in the mammary gland
(Hovey et al. 2001).

11.5 Fibroblasts

Fibroblast cells constitute the stroma of the udder. They are in continuous
remodeling to adjust with space and volume created by cyclic changes in MECs.
Fibroblasts usually are close to the basal side of the epithelial branching tree
(Muschler and Streuli 2010; Sakakura 1987) wherefrom they send and receive
chemical signals and regulate the dynamics of the extracellular matrix (ECM)
(Howard and Lu 2014). Many studies suggest that fibroblasts play an essential role
in supporting both survival of epithelial cell and tubular growth in the fat pad (Liu
et al. 2012; Makarem et al. 2013; Wang and Kaplan 2012). Furthermore, fibroblasts
are considered the main components of the mammary ECM. They synthesize several
ECM components, such as collagens, proteoglycans, and fibronectin. They also
synthesize many enzymes, such as matrix metalloproteinases, capable of degrading
the ECM and releasing the growth factors and cytokines embedded within the ECM
and influence cellular and tissue function (Wiseman and Werb 2002). Studies
indicated that fibroblasts could regulate epithelial cell features and affect ECM to
determine the mammary gland (Lühr et al. 2012).

11.6 Vascular Cells and Immune Cells

The mammary gland is intercalated with extensive vascular and lymphatic networks
present throughout the fat pad. During pubertal mammary gland morphogenesis, the
lymphatic network develops close to the mammary epithelial tree and blood vascu-
lature (Betterman et al. 2012). Lymphangiogenesis in the mammary gland is driven
by myoepithelial-derived VEGF-C and/or VEGF-D (Betterman et al. 2012).
Branching morphogenesis of mammary ducts requires immune cells, such as
macrophages and eosinophils. Immune cells secrete cytokines and other growth
factors required for branching off a ductal tree. They are recruited to the epithelium’s
branching tips to mediate invasion into the fat pad (Gouon-Evans et al. 2000).
Macrophages are also required to clear dyeing epithelial cell and adipocyte repopu-
lation during involution (O’Brien et al. 2012). By activating their serine proteases
and degranulation, mast cells are involved in normal mammary branching during
puberty. They accumulate and possibly trigger plasma kallikrein, thus starting the
plasminogen cascade during involution (Lilla et al. 2009; Lilla and Werb 2010).

The previous information is that mammary gland’s backdrop must be composed
of many cell types. These cells’ functions are orchestrated finely to establish
communication among all the compartments so that the mammary gland can synthe-
size and secrete milk regularly in a cyclic manner following proliferation, differenti-
ation, and involution. Most of the research is focused on the epithelium because it
shows dramatic alterations in function and structure during pregnancy and lactation.
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Also, incidences of mammary tumors have predominantly been reported in the
epithelial compartment. However, the lessons on adult stem cells have taught us
that the complete regeneration of the mammary gland is not possible unless we can
understand and derive messages from the adult mammary stem cells with more
clarity. The last decade of study has witnessed dedicated efforts to identify and
characterize mammary stem cells (MaSC). High-throughput technologies allow
broader and detailed knowledge of different cell types. The advancement in
technologies like FACS and mass spectrometry-based proteomics and metabolomics
have generated promises for marker-based identification, isolation, and culture of
such cells and unravels the mystery of such hidden MaSC. This chapter will
emphasize using proteomics to understand mammary epithelial cells (MECs) and
mammary stem cells (MaSCs).

11.7 Proteomics: The Ability to Study Many Proteins Together

The biological outcome of a cell is the outcome of many proteins working together.
The past studies focused more on candidate-specific functional annotation of the
target protein, although accuracy was time-taking and antibody-based. The real-time
research in a comprehensive manner could be made possible to comprehend many
proteins together, qualitatively and quantitatively. Many of the low abundant
proteins or highly homologous proteins, including isoforms, could be studied to
their more sufficient detail because of the use of a mass spectrometry-based targeted
and untargeted proteomics approach.

The complete workflow of proteomics is as follows:

1. Preparation of sample: It includes optimizing methods for extracting as much
protein as possible without any loss. There are various protein extraction methods
in general from different tissues that have been suitably modified for MG tissues
(Jena et al. 2015; Zheng et al. 2017; Dai et al. 2017; Reinhardt and Lippolis
2020). Protein extraction from MECs or MaSC does not require any extreme
variation in the standard protocol optimized for other cells. Most of the studies
use an 8M urea-based buffer and a cocktail of protease inhibitors (Williams
et al. 2016).

2. Quantitation or accurate estimation of total protein: It is essential because a
known quantity helps us to use the right amount of protein in the protocol. When
comparing two samples, the precise number of proteins used in the protocol helps
arrive at better biological interpretation and conclusion.

3. Qualitative identification of proteins: The crux of this step is separating the
proteins as much as possible with minimal loss. It is also called as resolving the
sample. The better we can divide the protein mixture, the better the identification
accuracy and minimal missing of low abundant protein will be. In the qualitative
approach of protein identification, researchers are interested in knowing the
qualitative information of protein present in a given sample. Traditionally, two
primary platforms have been used to examine protein samples: (1) gel-based and
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(2) gel-free approach. In the gel-based method, either one-dimensional SDS-PGE
or 2-D gel electrophoresis is used to resolve the proteins. In contrast, in a gel-free
process, the protein mixture is first digested with a suitable enzyme to bring them
all into small peptides (for technical ease) and separated under liquid chromatog-
raphy using various types of columns like ion exchange, basic Reverse Phase
Liquid Chromatography (RPLC), etc. Fractionation of the peptide mixture based
on chemical differences is an important strategy to improve identification in study
68 digested protein fractions [24 digested protein fractions for subcellular
fraction-I (SCF-I); 12 digested protein fractions—each for SCF-II, -III, and -IV;
and 8 digested protein fractions for conditioned media together generated more
than 12,500 proteins in buffalo MECs (BuMECs) (Jaswal et al. 2020)]. It is the
highest number of proteins reported so far in any mammalian cell line.

4. Quantitative information on protein sample: In situations where the aim was to
compare two or more models, both 2-D gel electrophoresis and liquid chroma-
tography (LC) are used. In the former, the proteins in two or more samples are
first separated on 2-D gels and compared manually or with sophisticated software
for any quantitative difference among the protein spots, followed by identifying
the protein by mass spectrometry. In the latter, where gels are not in use, the
peptides (mostly tryptic peptides) are either quantitated using label-free or chem-
ically tagged labels to the peptides during LC-MS/MS. In labeled approaches,
protein modification techniques like Isobaric tag for relative and absolute quanti-
fication (iTRAQ), Tandem Mass Tag (TMT), metabolic labeling [stable-isotope
labeling with amino acids in cell culture or (SILAC)], stable isotope labeling in
mammals (SILAM), and dimethyl labeling are available. Even highly homolo-
gous proteins can be quantified through stable isotope labeling of intact proteins
by reductive dimethylation (She et al. 2012).

A miniaturized workflow of proteomics experiments in the mammary gland is
shown in Fig. 11.3. It involves qualitative and quantitative studies for various
applications, whether it is biomarker discovery, developmental biology, disease-
related changes in the proteome, or diagnostics.

11.8 Quality Control in MS-Based Experiments

Mass spectrometry experiments involve several components like liquid chromatog-
raphy (ion exchange, basic RPLC, etc.), ionization units (Matrix Assisted Laser
Desorption/Ionization [MALDI], Electrospray Ionization [ESI], Surface-Enhanced
Laser Desorption/Ionization [SELDI], Atmospheric Pressure Ionization [API], etc.),
and the actual mass analyzer unit (TOF or Fourier transformers) and the detectors.
Finally, the decoding of the mass spectrum using search engines that employ
database-dependent algorithms. All such steps require strict quality control over its
operation. The biological and technical replicates are necessary to satisfy the results’
statistical assessment. It becomes challenging to find a balance between the
experiment’s high cost and the required number of requisite samples in many
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circumstances. The minimum peptide length for a distinct match to a protein in the
database has been considered above five amino acids. If two or more than two
peptides are found for each target protein identified, the confidence level in its
identification is usually better. The column length is another factor while resolving
the complex mixture. Usually, 15 cm columns are used in a typical proteomics
workflow. However, long columns of 45–60 cm are not uncommon.

11.9 The Proteome of Bovine Mammary Epithelial Cells

Ruminants (cattle, buffalo, goat, etc.) constitute a distinct class of livestock species
domesticated for their milk-producing ability. Buffalo (Bubalus bubalis) includes a
primary source of milk for human consumption, and the MECs are the central
precursor cells responsible for their lactation potential (Jaswal et al. 2020). More
than 12,500 proteins engaged in various structural and functional roles about
lactation were reported in BuMEC by LC-MS/MS-based experiments in this
study. The proteomics for mammary gland study has been widely used for various
purposes, including development-related biology, identification of biomarkers,
pathoimmunology, host cell response in infections, determination of differences
between in vitro vs. in vivo cells, etc. The availability of an exhaustive and

Fig. 11.3 Proteomics workflow for various profiling, quantitation, and biomarker discovery-
related experiments in mammary gland study
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comprehensive database about the MECs or MaSC proteins sets a stable platform for
further investigation into understanding the ruminant mammary system.

11.10 MEC Secretome

The set of proteins secreted by cells usually present in the medium of growth
(conditioned media) is called the cells’ secretome. Though culture conditions are
highly likely to alter the total secretome under a given set of requirements, cells’
secretome profile offers clues about the critical mediators of cell communication,
proliferation, and organization. In the largest ever data on MEC proteome,
792 proteins were identified in the conditioned media of BuMEC culture from
expansion to functional differentiation using various hormonal stimulations (Jaswal
et al. 2020). Similarly, analysis of human mammary epithelial cells (HMECs)-
conditioned medium by LC-MS/MS revealed 889 unique proteins; 151 were specif-
ically enriched in the extracellular compartment compared with whole HMEC lysate
proteome (Jacobs et al. 2008). The MEC secretome study has opened new ways to
understand mammary tumors’ pathophysiology and their metastasis. Phorbol ester
(PMA) is protein kinase c and stimulates secretion from MECs. Around 36 proteins
were highly abundant in the secretome of HMEC upon PMA treatment (Jacobs
et al. 2008).

11.11 Bioinformatics-Assisted Proteomics

Proteomics of MECs generates a large amount of data, and secretome can be
potentially utilized using bioinformatics approaches to derive meaningful informa-
tion about lactation biology. Typically, several algorithms are available to determine
the relationship among the perturbed sets of proteins whose discussion is beyond this
chapter’s scope. However, a few bioinformatics platforms have contributed much to
our understanding, such as an online tool for interacting genes/proteins interaction
(STRING), CYTOSCAPE, Kyoto Encyclopedia of Genes and Genome (KEGG),
Reactome, and Wikipathways. MS analysis identified a total of 8330, 5970, 5289,
and 4818 proteins in four subcellular fractions (SCFs) that included cytosolic
(SCF-I), membranous, and membranous organelles (SCF-II), nuclear (SCF-III),
and cytoskeletal (SCF-IV). Altogether, combined analysis of all the five fractions
(SCF-I–IV and secretome) revealed a total of 12,609 nonredundant proteins. The
KEGG analysis suggested that these proteins were associated with 325 molecular
pathways. Some of the highly enriched molecular pathways observed were meta-
bolic, MAPK, PI3-AKT, insulin, estrogen, and cGMP-PKG signaling pathway. The
newly identified proteins in this study are claimed to be involved in NOTCH
signaling, transport, and secretion processes.
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11.12 Presence of Contaminating Proteins in Cultured Mammary
Epithelial or Stem Cell Lines

Though an adequate substitute for difficult to isolate tissue from the mammary gland,
cell culture-based experiments have always been at risk of being contaminated with
proteins originating from the culture medium. For example, fetal bovine serum
(FBS) or fetal calf serum (FCS) is the most used media supplement in cell culture.
Although many experimental protocols recommend rigorous washing of the cells
before collection of proteins, the high sensitivity of mass spectrometry may identify
those proteins that are likely to be originating from serum supplements. Many
investigators have observed that the commercial and cell culture proteins may
contain a significant amount of bovine serum proteins (Sugár et al. 2019; Eagle
1955; Bettger and McKeehan 1986). They selected 11 frequently studied human cell
lines by studying hepatoma (HEP2G), cervical cancer (HeLa), embryonic kidney
cells (HEK293), lung carcinoma (A549), glioblastoma (GAMG), chronic myeloid
leukemia (K562), colon carcinoma (RKO), acute T-cell leukemia (Jurkat), breast
cancer (MCF7), prostate carcinoma (LnCap), and osteosarcoma (U2OS) (Geiger
et al. 2012), and showed that many of the proteins identified in these cell lines are
peptides that were originating from fetal bovine serum (Table 11.2).

These alien proteins represent over 10% of the protein content in most cell
culture samples (Sugár et al. 2019). Their presence in the sample misled the results
and masks the potential low abundant proteins in the actual sample from being
identified. Similar implications lie with the study of MECs and MaSC as these cells
are extensively cultured in the presence of FBS. Any protein coming via FBS may
potentially bias the findings qualitatively and quantitatively. This type of error or
bias can be avoided if the experimental data is evaluated against a bovine serum
protein database and thus filtering those proteins as contaminants coming
from FBS.

Table 11.2 Common bovine proteins in various cell lines putatively identified as cell line proteins
(data shown from Sugár et al. 2019)

Bovine proteins present as contaminants

The dominance of peptides from respective species/
source

Bovine Human

A2MG 13 2

ALBU 21 3

FETA 8 0

A1AT 7 0

TRFE 8 2

FETUA 5 0

THRB 4 2

APOA1 4 0
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11.13 Mammary Epithelial Cell-Derived Exosomes: A Proteomics
Analysis

Extracellular vesicles (EVs) are secreted from most cells and represent a heteroge-
neous population of microvesicles with a diameter below 1000 nm. Exosomes are
100–250 nm nanosized particles, an introductory class of EVs. Recent reports have
demonstrated that exosomes from cow milk are absorbed from the gastrointestinal
tract as an intact particle (Betker et al. 2019).

Investigating proteome of exosomes derived from bovine mammary epithelial
cells (BMECs) and comparing them with milk-derived exosomes in the database
(Zhang et al. 2020) found BMECs-derived exosomes in the culture supernatant of
BMECs. LC-MS/MS identified 638 proteins in BMECs-derived exosomes. A com-
parison of proteins obtained from two different sources of exosomes, namely,
mammary epithelial cell and milk, revealed 77 common expressed proteins (CEPs)
(Zhang et al. 2020). These CEPs were involved in signaling pathways associated
with milk biosynthesis in BMECs.

11.14 Proteomic Analysis of Bovine Mammary Epithelial Cells
in Diseases Like Mastitis

The inflammation of the udder characterizes mastitis in bovine. In most of the events,
it ensues with a bacterial infection. Studies have reported that Staphylococcus aureus
is the primary causative pathogen, followed by Streptococcus agalactia, E. coli, and
Pseudomonas spp. The onset of inflammation, which is a self-protective mechanism
in the udder during the bacterial infection, turns out to be self-inflicting in progress
cases as many leukocytes infiltrate into the affected areas. Interactions between
pathogen and host defense systems result in several local and systemic changes at
the molecular level. That has garnered the researchers’ attention to control and
manipulate disease pathogenesis for better prevention and cure. Advances in prote-
omics have enabled more in-depth insight into molecular pathogenesis and a close
understanding of the mammary gland’s host–pathogen relationship. The natural
infection with S. aureus turning into advanced clinical cases has been studied
using iTRAQ-based labeled quantitative proteomics (Huang et al. 2014). In this
approach, they identified 15,879 Ms-MS spectra matching to 6499 peptides, which
were finally annotated to 768 proteins. Thirty-six proteins were significantly
upregulated (>1.5-fold), and 19 proteins were downregulated (<0.67-fold) in mas-
titis due to natural infections with Staphylococci aureus when compared with
healthy tissue. Upregulation of collagen, type I, alpha 1 (COL1A1), and inter-
alpha (globulin) inhibitor H4 (ITIH4) in the mastitis-infected tissue can be consid-
ered an important diagnostic marker for clinical mastitis.

Tong et al. (2020) studied the inflammatory effects of S. agalactiae on BMECs by
liquid chromatography/mass spectrometry. They identified 325 upregulated and
704 downregulated proteins in the treated vs. control group. This report further
clarified that upregulation of TNF-α, IL-1β, and IL-6 mRNA and inhibition of IL-8
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expression probably led to a decrease in cell viability and an increase in apoptosis
during the infection. Local cellular immunity is an important defense aspect of
MECs in bovine. In addition to the PBMNCs that include neutrophils and
macrophages, BMECs also switch on the expression of various pro- and anti-
inflammatory cytokines. Not surprisingly, they observed many differentially
expressed proteins belonging to metabolic processes and cellular immunity.

11.15 Mammary Stem Cells (MaSC), Their Identification,
and Characterization: Role of Proteomics

As we have described earlier, the cyclic phases of proliferation, differentiation, and
involution in the mammary gland are largely dependent on the niche of specialized
cells: adult mammary stem cells (AMaSCs), which are often interchangeably also
called mesenchymal stem cells. MaSCs being multipotent give rise to changes in the
proportion of cell types in the mammary gland in response to change in the hormonal
signals during puberty, pregnancy, lactation, or involution. In the study of such
specialized MaSCs, their isolation, culture, and characterization have always been
challenging because of the lack of our knowledge about the unique and specific
molecular features of these cells. Our ability to precisely recognize MaSCs and
purify them from the mixture of other mammary gland cells has been based on a few
specific protein markers expressed on the cell surface. These include a cluster of
differentiation (CD) molecules, like CD24 (heat-stable antigen) and CD49f (integrin
alpha 6) on Lin-sorted cells. Bovine MaSCs are CD24med, CD49fpos Choudhary
(2014).

Conventionally, MaSCs are epithelial in origin. However, the classical method of
characterizing MaSCs is to assess the self-renewal ability by transplanting the
putative MaSCs into the cleared fat pad and clonal expansion of the cells into the
functional mammary gland, which has been regarded as a standard gold method
(Kordon and Smith 1998; Sleeman et al. 2005; Shackleton et al. 2006; Dey et al.
2009; Stingl et al. 2005). It is still unclear if the mammary mesenchymal stem cells
are the MaSCs (epithelial origin) decked in the lap of adipocytes. The existence of
partly differentiated cells determined to form a particular cell lineage creates confu-
sion over the actual characteristics of naïve MaSCs (Kaimala et al. 2012; Joshi and
Khokha 2012). MaSCs have been reported as bipotent (Prpar et al. 2012) and
lineage-restricted unipotent stem cells (Van Keymeulen et al. 2011). Therefore,
identifying MaSC subtypes is critical to precisely manipulating mammary gland
growth development and differentiation, especially during tissue regeneration.
Table 11.1 shows the list of marker proteins by various authors that have been
recognized as a signature of MaSCs.

The organ growth and maintenance of homeostasis are controlled by two distinct
types of division in MaSCs: one being symmetric division, leading to the formation
of two identical daughter MaSCs or completely differentiated cells, and the other
being asymmetric division, leading to both daughter MaSC and differentiated cells.
The measurement of phenotypic changes in these cells and qualifying them as naïve,
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progenitor stem cells, or lineage-restricted progenitor stem cells has been greatly
benefited by the proteomics-based investigation of different types of cells.

11.16 Characterization of Bovine MaSCs/Progenitor Cells

So far, FACS has proven as a powerful technique to separate different types of cells
in humans, mice, and bovine. Its function is based on the availability of antibodies
against the uniquely expressed surface biomarkers on each cell type. Bovine MaSCs
are characterized by the absence of Lin expression and presence of CD24med and
CD49f+. CD24neg, CD49fpos phenotype characterize the basal bipotent progenitors
while the luminal unipotent progenitors MaSCs are characterized by CD24high,
CD49fneg and luminal unipotent cells by CD24med, CD49fneg (Rauner and Barash
2012). The knowledge about the true biomarkers on MECs or MaSCs is also
imperfect because of the limitation of the adopted protocols. Preparation of single-
cell suspension using enzymatic digestion of tissues is supposed to disrupt the
cellular and extracellular attachments (Rios et al. 2014). Enrichment of putative
MaSCs in culture is a prospective method to work on a homogenous population of
stem cells (Choudhary et al. 2013); however, this approach also suffers from the
uncontrolled differentiation during the culture. Retention of BrdU label by basal
epithelial cells, which have the characteristic expression pattern of estrogen receptor
(ESR1+) and high aldehyde dehydrogenase 3B1high (ALDH3B1high), nuclear recep-
tor subfamily5high, group A, member 2high (NR5A2high) (Heng et al. 2010), and
X-chromosome inactivation factor negative (XIST�) (Navarro et al. 2008;
Choudhary et al. 2013), has been found to have stem cell characteristics.

The fate determination of MaSC into a particular lineage is essential for their
precise application. The characteristic set of proteins in a specific point of time in a
cell’s life is crucial for identifying, isolating, and fate determination of a lineage
primed cell. For example, embryonic K14+ (keratin14) stem cells are multipotent to
form all types of epithelial cells. In contrast, K14+ stem cells are unipotent,
contributing to the myoepithelial lineage during puberty, adult life, and pregnancy
(Van Keymeulen et al. 2011). K8+ (keratin8) and Elf5+ (E74-like factor 5) stem cells
are unipotent luminal stem cells, which differentiate into luminal and milk-
producing cells, while K5+ (keratin5) and Lgr5+ cells characterize the ability to
differentiate into myoepithelial cells lineage. However, K5-, K14-, or Lgr5-
expressing cells are multipotent AMaSCs with log life that differentiate into luminal
and myoepithelial cells (Rios et al. 2014). During mammary gland development,
Notch signaling is essential. Notch family proteins include Notch1, Notch2, and
Notch3 proteins uniquely expressed on MaSCs. Notch1+ cells are present in the
embryonic mammary bud and are considered primed to differentiate into ER- luminal
lineage (Rodilla et al. 2015; Lilja et al. 2018). Notch2+ progenitor cells can
differentiate into small and large cells distinct from classical luminal and
myoepithelial cells (Šale et al. 2013). Notch3+ cells are highly clonogenic and
transiently quiescent luminal progenitor populations that give rise to a ductal
epithelial cell lineage (Lafkas et al. 2013). Estrogen-positive (ER+) and estrogen-
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negative ER- luminal cells are procreated by a distinct MaSC population.
Wap + (Chang et al. 2014), Sox9+ (Wang et al. 2017), Blimp1+ (Elias et al.
2017), and Notch1+ (Rodilla et al. 2015; Lilja et al. 2018) stem cells contribute to
ER� luminal cells lineage postnatally, while Prom1+ (Wang et al. 2017) and ER+
(Van Keymeulen et al. 2017) stem cells differentiate into ER+ luminal cell lineage.
Lgr5 (Van Keymeulen et al. 2011; Plaks et al. 2013), Procr (Wang et al. 2017),
Tspan8 (Fu et al. 2017), Dll1 (Chakrabarti et al. 2018), and Bcl11b (Cai et al. 2017)
are the characteristics of basal MaSC.

11.17 The Secretome from Bovine Mammosphere-Derived Cells
(MDCs)

Aggregates of mammary epithelial stem cells are called mammosphere. It has been
widely studied in mammary tumors. The mammosphere-derived cells (MDCs) are
rich in host defense proteins and can promote angiogenesis and epithelial cell
migration. Mammary wound healing and tissue regeneration largely depend on
these cells. The mammosphere’s secret is stable for a long time and withstands
freeze–thaw cycles that have a promising application in treating bovine mastitis as
cell-free therapeutics. The antimicrobial properties of MSCs have triggered interest
in gaining further insight into its mode of action and its application in mastitis. A
large number of proteins (347) have been reported in the conditioned medium of
MDC using mass spectrometry-based proteomics, which were rich in mediators of
immunity (lactoferrin, cathelicidin), tissue regeneration, angiogenesis (vascular
endothelial growth factor and angiopoietin 1), and cell migration (transforming
growth factor beta, insulin-like growth factor-1, and hepatocyte growth).

11.18 Protein Isoforms in MSC

Isoforms of a protein arise due to gene polymorphism or alternative splicing during
transcription. Although such protein isoforms share sequence homology, both the
type and quantity of each isoform can have significant differential effects on the
overall cell phenotype. The classical antibody-based approach has struggled to
accurately characterize such protein isoforms. Labeled quantitative proteomics has
dramatically improved our ability to study isoforms. In a study, dimethyl labeling
was used to compare the relative abundances of 123 protein isoforms in MSC-
enriched and -depleted cells wherein 34 protein isoforms in MSC were differentially
expressed elucidated differentiation pathways. The technique was effective despite
the high-sequence homology and extensive dynamic range of proteins in the sample
(She et al. 2012). They further advocated that these proteins may serve as essential
biomarkers for MSC.
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11.19 Chromatin Organization, Epigenomics and Protein
Expression in Mammary Gland Cells

Each cell type’s expression pattern is controlled by many local and systemic
hormones (Casey et al. 2018). The chromatin status is also under the control of
many known genetic factors like diet, drugs, stress, and environment, leading to
differential expression of proteins during various pathophysiologies. Therefore,
profiling of open chromatin regions (ATAC-sequences) and reading out the methyl-
ation pattern (RRBS-sequences) in both luminal and basal epithelial cells helped
understand the relationship between genome, RNA, and protein in the mammary
gland. The MG organization and function depend on the specific regulation of open
chromatin regions, which offer binding sites to various transcription factors (TFs)
such as FOXA1, ELF5, GATA3, and TP63. The detailed proteomics-based studies
have enabled identifying such TFs and methylation status on the genome. Novel
lineage associations have been reported for TP53 and EGR1 motifs in basal cells and
FOXA2, SPI1, and FOXP1 motifs in luminal cells (Casey et al. 2018). Various
histone modifiers (TSA/SAHA (HDAC inhibitors) and methyltransferase inhibitors
such as decitabine (DAC, DNMT1, 3a, 3b inhibitor), and JQ1 (BRD2, 3, 4, and T)
have been recognized as epigenetic regulators in luminal cell lineages (Casey et al.
2018). Epigenomic studies involving ChipSeq kind of experiments found a high
level of hypomethylated enhancer elements in luminal cells than the basal epithelial
cells (Gascard et al. 2015).
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Advancing Quantitative Stem Cell Dosing
for Veterinary Stem Cell Medicine 12
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Abstract

Because of the important role of preclinical animal studies in the development of
innovative medicines for human patients, many stem cell therapies have been
evaluated in animals. However, the last decade has seen the beginning of a shift
from stem cell treatments in animals only for the benefit of human patients to
including new therapeutic development of tissue stem cells primarily for animal
care. Not surprisingly, given their historical dependency, the new field of veteri-
nary stem cell medicine faces many of the same challenges as human stem cell
medicine. In this chapter, a shared major deficiency, the lack of stem cell-specific
dosing, is considered from the perspective that implementing dosing would
accelerate progress in veterinary stem cell medicine and human stem cell medi-
cine as well, as a follow-on. Since the vast majority of present-day veterinary
stem cell treatments utilize preparations of mesenchymal stem cells (MSCs), the
well-recognized uncertainties about this treatment source are discussed. The
challenges of quantifying the stem cell-specific dose of MSC preparations exem-
plify the general problem of determining the stem cell dose of all stem cell
treatments. Particular consideration is given to previous veterinary MSC treat-
ment studies that include measures that might relate to stem cell dosage. Kinetic
stem cell counting, a first potential solution to the tissue stem cell dosing problem,
is described, and the potential benefits of its future use are discussed. Adoption of
kinetic stem cell counting into the general practice of veterinary stem cell
medicine is presented as the key that can unlock the full potential of stem cells
in veterinary medical practice and perhaps human stem cell medical practice
as well.

S. R. Boutin · J. L. Sherley (*)
Asymmetrex, LLC, Boston, MA, USA
e-mail: jsherley@asymmetrex.com

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2021
R. K. Choudhary, S. Choudhary (eds.), Stem Cells in Veterinary Science,
https://doi.org/10.1007/978-981-16-3464-2_12

207



Keywords

Tissue stem cells · Stem cell medicine · Stem cell dose · Asymmetric self-
renewal · Kinetic stem cell count · Hematopoietic stem cell · Mesenchymal stem
cell

12.1 Introduction

The existence and role of stem cells in mature vertebrate tissues have been known for
more than a half-century. From the very beginning of their discovery, the potential of
tissue stem cells for medical applications has been recognized and pursued. In fact,
the discovery of the first tissue stem cells and the demonstration of their function in
mature tissue cell renewal, which occurred in experimental animal models, were
essentially in the format of future human stem cell replacement therapies (Till and
McCulloch 1961). Those earliest origins led to the present only successful stem cell
therapy in routine clinical practice, hematopoietic stem cell transplantation (HSCT).
After many decades of research and technological development, additional effective
stem cell therapies have been slow to emerge despite significant past and continuing
investments of research and development resources.

Like its origins, much of the progress made in stem cell medicine can be
attributed to research and development in animal models for stem cell therapy.
Earlier investigations with animals were targeted primarily to the development of
new approaches and applications for human stem cell medicine and not veterinary
medicine per se. However, in the recent decade, stem cell therapeutics, first modeled
in preclinical animal studies to gain approval for subsequent human clinical trials,
have begun to be evaluated as primary treatments for animal patients in veterinary
stem cell medicine (Gugjoo et al. 2018).

Because of the essential role of stem cells in the cellular tissue homeostasis of
vertebrates, the same challenges that slow progress in the achievement of effective
human stem cell therapies beyond HSCT are also faced in the development of
effective veterinary stem cell medicine. In this chapter, an important but often
unappreciated or understated challenge that greatly limits progress in both human
and veterinary stem cell medicine is presented and discussed with the perspective
that overcoming it would accelerate progress in veterinary stem cell medicine.
Remarkably, the challenge at issue is a long-standing deficiency in stem cell
medicine of a fundamental principle of medicine. For both animal patients and
human patients, stem cell therapies are administered without knowing the stem
cell dosage of the treatments (Sherley 2018a; Dutton et al. 2020).

In this chapter, the authors discuss the need for and benefits of advancing
veterinary stem cell medicine to being dosage-based like traditional veterinary
pharmaceutical medicine. The validation of the need for dosage-based stem cell
medicine accrues readily from consideration of the fundamental medical concept
that knowing the dosage of medicines is essential for the highest quality medical
treatment. In modern medicine, the importance of the utilization of medication
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dosage for effective development of new medicines and for the safe and efficacious
administration of approved medicines is a self-evidentiary principle. Yet, presently,
in both human medicine and veterinary medicine, stem cell clinical trials and even
approved stem cell therapies like HSCT are performed without knowing the dosage
of the stem cells in the treatments. In many human stem cell therapy clinical trials
using expanded cell treatments, stem cells are presumed to be present, but they could
be altogether absent (Paré and Sherley 2006; Taghizadeh and Sherley 2009; Sherley
2014).

Until very recently, the dosage limitation of tissue stem cell medicine was, for the
most part, unavoidable. No technologies were available for accurately determining
the dose of tissue stem cells that are characteristically a small fraction of the cells in
treatment preparations (Sherley 2018a; Dutton et al. 2020). In this chapter, the
authors describe a recently developed method for specific and accurate counting of
therapeutic tissue stem cells. Called “kinetic stem cell counting,” this new method
for counting therapeutic tissue stem cells has the potential to open a first path to the
implementation of quantitative dosing in veterinary stem cell medicine. The
predicted benefits from such innovation in veterinary stem cell medical practice
are discussed herein, with respect to their potential to compel similar modernization
of human stem cell medical practice.

12.2 Therapeutic Tissue Stem Cells in Animal Tissues

Tissue-specific stem cells (TSCs) have a well-defined role in animal tissues for
continuously renewing expiring mature differentiated tissue cells (Sherley 2005,
2006, 2013). Such tissue maintenance stem cells also have functions in repairing and
restoring injured or diseased tissues. These abilities of tissue stem cells account for
the effectiveness of HSCT, which reconstitutes the diseased or destroyed production
of mature hematopoietic tissue cells.

Another important class of tissue stem cell does not appear to be tissue-specific in
the usual sense. These mesenchymal stem cells (MSCs) are found in the interstitial
and perivascular spaces of many different tissues. Unlike TSCs, which, although
unipotent or multipotent, produce mature cells whose phenotypes are limited to the
differentiated lineages of their specific tissue or residence, MSCs exhibit multitissue
multipotency. In cell culture, their isolated preparations can produce differentiated
cells with adipogenic, osteogenic, or chondrogenic phenotypic properties (Pittenger
et al. 2019).

Both TSCs and MSCs have been shown to undergo asymmetric self-renewal
division (Fig. 12.1; Dutton et al. 2020). Asymmetric self-renewal is gnomonic for
vertebrate tissue stem cells (Sherley 2005, 2013). The unique and defining property
of TSCs and MSCs is their ability to divide continuously with the production of one
sister cell that retains all the stem cell properties of the parental stem cell and another
sister that is committed to producing maturing, differentiating, and expiring, lineage-
committed cells.
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TSCs and MSCs can divide symmetrically as well, in which case two stem cells
are produced. However, asymmetric self-renewal is the default state for tissue stem
cells, and they are inherently resistant to frequent symmetric division (Sherley
2013). These properties are consistent with their established role in tissue cell
homeostasis. They maintain a relatively undifferentiated state while continuously
generating cells committed to tissue-specific differentiation. As mature cells lose
function and undergo apoptosis, the asymmetric self-renewal of tissue stem cells
maintains a balancing supply of new differentiating cells. With tissue injury, stem
cells have the potential to symmetrically self-renew and establish new tissue units for
tissue repair (Fig. 12.1B).

Although most TSCs appear to have limited mobility, HSCs and MSCs are
naturally mobile stem cells. A significant body of literature describes the property
of these cells to migrate preferentially to sites of tissue damage (Kavanagh and Kalia
2011; Nitzsche et al. 2017; Szydlak 2019; Liesveld et al. 2020). Both have been
implicated for secreting cytokines and growth factors that induce processes that
promote the repair of injured tissues (Gnecchi et al. 2016; Liesveld et al. 2020). For
this reason, both HSCs and MSCs, and in particular MSCs, have become major
treatment foci for human stem cell clinical trials (Li et al. 2014) based on their
potential paracrine functions (Gnecchi et al. 2016; Liesveld et al. 2020). They are
also favorable for clinical investigation because of the availability of effective
methods for their isolation in higher yield than immobile TSC types. Essentially
all veterinary stem cell clinical trials focus on evaluating the potential therapeutic
paracrine effects of MSCs.

Fig. 12.1 Tissue stem cell asymmetric self-renewal division. (A) To maintain cellular tissue
homeostasis, tissue stem cells (bivalent circles) undergo asymmetric self-renewal divisions. In the
net, these divisions maintain the tissue fraction and stemness properties of stem cells while
simultaneously producing committed progenitor cells (uniform circles). Committed progenitor
cells continue division to produce mature differentiated functional cells (uniform squares). Mature
cells have a finite lifetime in tissues before their loss to tissue wear or cell death. (B) In a regulated
fashion (e.g., in response to tissue loss by injury), stem cells may undergo symmetric self-renewal
divisions to produce new asymmetrically self-renewing tissue units
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12.3 Therapeutic M[S]Cs in Veterinary Medicine

Veterinary medicine faces the same challenges as human medicine when it comes to
identifying and quantifying tissue stem cells of therapeutic interest. The recent
controversy around the nature of human MSCs extends to veterinary medicine as
well (Gomez-Salazar et al. 2020). Stem cells are often defined by an ensemble of
features that include both physical features and functional properties. For example,
MSCs are defined as in Table 12.1.

Though accurately descriptive, these properties are quite inadequate for
quantifying the effective stem cell dose of an MSC treatment. Unstated in the criteria
as presented is the crucial shortcoming that none of the listed biomarkers identify
MS(tem)Cs specifically. They also identify and co-quantify committed progenitor
cells that are produced by the division of stem cells. Committed progenitor cells,
though possessing many tissue precursor cell properties, do not have the unique
long-term tissue cell renewal properties of tissue stem cells. Whether they share
observed paracrine tissue reparative functions is unknown. For that matter, it could
be that the committed progenitor cells are the major sources of tissue repair factors.
This distinction could be an important consideration for sound evaluations of the
effectiveness of MSC treatments. It may also better inform current ideas on how to
explain the otherwise paradoxical long-term effects of MSCs because the cells
appear to have characteristically short lifetimes in tissues after transplantation
(Gnecchi et al. 2016).

Recent increased focus on the usually understated uncertainty about the specific
identities of the cellular constituents of MSC preparations has inspired calls to
change the name of these tissue cell preparations to something more representative
of their uncertain cellularity. Suggestions like MS(tromal)Cs and medicinal signal-
ing cells have been suggested (Caplan 2017; Gomez-Salazar et al. 2020). Although
these choices avoid giving the erroneous impression of homogenous stem cell
populations, they somewhat obscure the contribution of what many believe to be
the key therapeutic factors, the stem cells in the treatment preparations. Hereafter,
in this chapter, these cell populations will be referred to as M[S]Cs as a reminder
of this important uncertainty about their cellular constituents and their therapeutic
potential.

Table 12.1 Properties used to define MSCsa

• “Be plastic adherent
• Express the cell surface antigens CD105, CD90, and CD73
• Not express the cell surface antigens CD45, CD19, CD14, CD11b, CD34, CD79a, and
HLA-DR
• Have the capacity to differentiate into osteoblasts, chondrocytes, and adipocytes”
aSource: From Gomez-Salazar et al. (2020)
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12.4 Previous Attention to Indicators of Stem Cell Dose
in Veterinary M[S]C Treatments

Many animals have been treated with human stem cells as models for developing
human stem cell therapies (Pittenger et al. 2019; Gomez-Salazar et al. 2020). This is
particularly true for the clinical development of human M[S]Cs. Herein, the purpose
is to address stem cell therapies with species homologous animal stem cells
administered in veterinary medicine to improve the healing and health of animals,
as human pets, sport animals, and agricultural animals. In particular, studies are
highlighted that considered how available measures of tissue stem cell dosage relate
to treatment outcomes.

The vast majority of stem cell therapies in development for veterinary medicine
use M[S]Cs derived primarily from allogeneic sources. Examples include species-
specific M[S]C therapy for inflammatory conditions in pet cats (Quimby and
Borjesson 2018; Arzi et al. 2020), pet dogs (Gallant.com 2019–2020), and agricul-
tural animals like milk goats (Costa et al. 2019); diverse disorders (Barberini et al.
2018; Saldinger et al. 2020) and injuries in horses (Delco et al. 2020); and a
diverse range of treatments for companion animals, including wound healing, tissue
restoration, and inflammatory disorders (Kang and Park 2020). Though mostly
species-specific M[S]Cs have been used for companion animal therapies, human-
derived M[S]C treatments have also been evaluated (Kang and Park 2020). Human-
derived M[S]Cs have been investigated for the treatment of disorders in horses as
well (Barberini et al. 2018).

As for human stem cell medicine, veterinary medicine stem cell clinical trials
must address the need for evaluating the stability of stem cell treatments during
storage and transport. Similarly, veterinary studies are also challenged by the lack of
effective and convenient tests to monitor stem cell-specific stability, viability, and
function (Arzi et al. 2020).

There has been interest in defining metrics for veterinary stem cell treatments that
can be used to identify more effective choices for cell therapies. Human M[S]C
studies in animals and humans have established that the definable efficacy of M[S]C
preparations has a high degree of variability that has been attributed to many obvious
clinical factors and features like tissue source, isolation procedure, age, gender,
expansion culture conditions, storage procedures, etc. (Gomez-Salazar et al. 2020).
The importance of standardizing and optimizing the cell dose of stem cell treatments
has also been discussed (Kang and Park 2020). However, despite the understanding
that M[S]C preparations have heterogeneous cellularity (Costa et al. 2019; Pittenger
et al. 2019), variation in stem cell-specific fraction has gone unevaluated as a
possible cause of the variability or as an important factor for optimization and
standardization.

In veterinary investigations, Zhan et al. (2019) evaluated five different sources of
canine M[S]Cs derived from adipose tissue, bone marrow, umbilical cord, amnion
membrane, and placenta. Although all sources had similar expression of the surface
biomarker CD44, they differed in their cell proliferation rates, transcriptome, and
rate of multipotent differentiation. In earlier studies, Russell et al. (2016) reported a
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similar observation to that of Zhan et al. (2019) that MSCs derived from canine
adipose tissue had a significantly higher proliferative rate than those derived from
canine bone marrow. In dogs, differences in the proliferative rates of M[S]Cs derived
from young and old animals show associated differences in immunomodulatory
activity and osteogenic gene expression (Taguchi et al. 2019). Studies of equine
M[S]Cs showed that those derived from equine umbilical cord blood produced
mechanically superior cartilage tissue in vitro compared to those derived from
equine bone marrow. However, a possible relationship to differences in the stem
cell fraction was not considered (White et al. 2018).

There is also evidence that properties of veterinary M[S]Cs that suggest
differences in stem cell fraction are correlated with differences in the multilineage
differentiation capacity. Compared to canine adipose tissue M[S]Cs derived in
serum-supplemented medium, those derived in the serum-free medium had a shorter
lag phase for growth, a higher colony-forming efficiency, and an accelerated popu-
lation doubling time. These properties are expected for cultures with a higher stem
cell fraction (Devireddy et al. 2019). The serum-free M[S]Cs also maintained
multipotency to higher culture passages (Liu et al. 2018; Devireddy et al. 2019).
Recent studies in which human tissue stem cells were counted specifically have now
established that reductions in the proliferative rate of primary tissue cell cultures are
indicative of decreases in stem cell fraction (Dutton et al. 2020). Therefore, previous
differences in veterinary M[S]C functional capabilities that were associated with
differences in proliferative culture rate may, in fact, reflect differences in stem
cell dose.

12.5 The Tissue Stem Cell Counting Problem

Although the tissue stem cell counting problem has existed since the beginning of
stem cell biology history, it is either not recognized or poorly understood by many
who work in stem cell science and stem cell medicine, including veterinary stem cell
medicine (Sherley 2018b; Dutton et al. 2020). Until very recently, there has been no
method available to count vertebrate tissue stem cells specifically, meaning without
also counting committed progenitor cells, which invariably occur in tissue stem cell
compartments and their isolated preparations at a much higher fraction than the stem
cells.

Two very common misconceptions account for the state of general confusion on
capabilities for determining specific tissue stem cell number and, corresponding,
tissue stem cell-specific dose. The first is the misbelief that isolated tissue stem cell
populations are composed of high fractions of nearly homogeneous stem cells. Such
a constituency never exists. As tissue stem cells exist as rare fractions in intact
tissues, they continue to exist as a rare cell fraction in isolated tissue cell preparations
used for research and stem cell therapies. Applications that seek to expand stem
tissue stem cells in culture further aggravate this problem. Because tissue stem cells
continue to divide with asymmetric self-renewal division in culture, their fraction
has been shown to decrease dramatically with cell culture as more committed
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progenitor cells are produced and proliferate (Paré and Sherley 2006; Sherley 2014;
Dutton et al. 2020).

The second pervasive misconception is the belief that stem cells can be counted
specifically by flow cytometry. This error in understanding is partly due to flow
cytometry’s widely known sensitivity for identifying and quantifying rarified cell
subpopulations. The missing information that results in the error is a failure to
appreciate that no stem cell-specific biomarkers have been identified to date. Flow
cytometry requires cell type-specific biomarkers for specific cell detection and
quantification. All current tissue stem cell biomarkers (e.g., CD34, CD133, CD90)
are misnamed. The targeted molecules are expressed on tissue stem cells, but they
are also expressed on more abundant committed progenitor cells. The presence of
high numbers of committed progenitor cells in essentially all tissue stem cell
preparations precludes any chance of flow cytometry to be used to determine specific
stem cell number or stem cell-specific dose.

The extent of entrenchment of these misconceptions is evident from a review of
data obtained from a recent online survey conducted by the authors (https://
asymmetrex.com/stem-cell-counting-study/). The survey was conducted over
approximately a 1-year period and collected answers to a series of questions
designed to probe respondents’ level of knowledge about the current state of tissue
stem cell counting technologies. To date, 116 respondents completed the ongoing
survey and self-identified in the following occupational categories: undergraduate
student (19%), graduate student (12%), physician (9.5%), CEO (8.6%), postdoctoral
associate (6.9%), corporate research technical staff (6.9%), lab head (6.0%), project
manager (4.3%), investor (3.5%), academic research technical staff (2.6%), CSO
(2.6%), and other (18%). “Other” included respondents who self-reported in a
variety of academic, administrative, business, and industrial professions.

Of these respondents, about 40% (45) answered that “Homogenous tissue stem
cells are the cellular constituents of isolated or expanded tissue stem cell
preparations that are currently marketed and used for FDA-authorized stem cell
clinical trials, private stem cell clinic treatments, or research;” and about 56%
(66) answered that “Flow cytometry can be used to count tissue stem cells specifi-
cally.” Although respondents identifying as physicians were only 9.5% (11) of the
total, their responses are suggestive of a high degree of misinformation about the
stem cell dosing problem in stem cell medicine. Seven (64%) of the 11 responding
physicians stated that stem cell treatments were homogeneous stem cell preparations,
and 8 (73%) stated that stem cells could be counted specifically with flow cytometry.

If these early estimates are faithful representations of the current state of aca-
demic, medical, and industry knowledge about the cellular make-up of tissue stem
cell treatments and the quantification of their dosage, then the ideas developed in this
chapter are both needed and timely for inspiring a crucial awareness required for
greater progress in veterinary stem cell medicine.
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12.6 A Solution for the Tissue Stem Cell Counting Problem

Though confusion does exist regarding the state of technology for counting thera-
peutic tissue stem cells and determining their dosage, in surprising contrast, the
importance of these metrics in stem cell science and stem cell medicine is generally
well appreciated. In the same online survey described earlier, 82% (95 of
116 respondents) selected “Without knowing the stem cell-specific treatment dose,
it is not possible to soundly interpret the outcomes of tissue stem cell clinical trials”
as the reason “Why the tissue stem cell-specific dose is important for stem cell
clinical trials.” In 2020, The FDA’s Standards Coordinating Body (SCB 2020)
listed methods for determining the cell-specific dose of stem cell treatments as
needed standards for regenerative medicine.

Until 2020, there were no technologies available for specific and accurate deter-
mination of the stem cell dose of therapeutic stem cell treatments. All the available
in vitro methods described score both stem cells and committed progenitor cells.
Colony-forming unit (CFU) assays cannot distinguish cell colonies produced by
stem cells from those produced by early committed progenitor cells (Rich 2015). As
noted earlier, the lack of stem cell-specific biomarkers precludes quantification of
stem cell fraction by flow cytometry. Methods deploying assays for cellular enzymes
and metabolites also score the activities of both stem cells and committed progenitor
cells (Patterson et al. 2015).

In vivo cell transplantation assays allow detection of stem cells without
confounding with detection of committed progenitor cells. These assays detect
cells that can confer long-term reconstitution of human tissues in immunodeficient
animals. Tissue stem cells have this ability, but committed progenitors do not. These
assays have been limited primarily to applications for human HSCs using immuno-
deficient mice as cell transplant recipients; but there are also examples of their use to
study human HSCs in larger animals like sheep (Almeida-Porada et al. 2004). In the
case of human HSC assays in immunodeficient mice (typically NOD/SCID strains),
performing a limiting dilution series of the evaluated cells before transplantation
allows the application of Poisson statistical modeling to estimate the number of
HSCs in the starting sample. The assays are commonly called limiting dilution SCID
mouse repopulating cell (LDSRC) assays (Purton and Scadden 2007).

Though affording the requisite stem cell specificity for tissue stem cell counting,
the LDSRC assay has significant quantitative limitations and shortcomings. First, it
is expensive and takes a long time to perform. A single “count” for one treatment
sample may require as many as 50 mice to achieve sufficient statistical power for the
Poisson estimates, and these animals must be maintained for 16 weeks after trans-
plantation to confirm long-term tissue reconstitution. Second, there is a significant
quantitative shortcoming of the method that is often overlooked. The readout is a
function of both HSC number and engraftment efficiency. The quantitative modeling
assumes engraftment efficiency is 100% because there is no way to measure or
estimate it independently. To the extent that engraftment efficiency is less than ideal,
the LDSRC assay will underestimate the actual HSC number and dose; and because
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it varies from mouse to mouse and time to time, it undermines the quantitative
precision of HSC determinations.

Two other methodologies for specific quantification of tissue stem cells have been
described more recently. The first is a morphological approach based on detecting a
special characteristic of tissue stem cells that was first envisioned by John Cairns in
the 1970s (Cairns 1975). When they undergo asymmetric self-renewal division, both
animal and human tissue stem cells have been shown to nonrandomly co-segregate
the same oldest complement of chromosomal DNA strands (Panchalingam et al.
2020). Since asymmetric self-renewal is a tissue stem cell-exclusive feature, the
corresponding “immortal DNA strands” have been proposed as specific biomarkers
that might be targeted for specific quantification of tissue stem cells (Huh et al.
2015). This approach has been used to detect tissue stem cells in preparations of
tissue cells from agricultural animals like cows (Choudhary and Capuco 2012;
Capuco and Choudhary 2020). To date, immortal DNA strand detection has not
been validated as a means for determining the dose of stem cells in either human or
veterinary stem cell treatments. Though promising in concept, the detection of cells
with immortal DNA strands is technically challenging. Only recently have suitable
technical methods been achieved that might enable this method’s clinical validation
and future use (Huh et al. 2015).

A second quantitative methodology for specific and accurate determination of
tissue stem cell fraction, number, and dosage was reported last year (Dutton et al.
2020). The new approach, “kinetic stem cell counting,” provides specific quantifica-
tion of the tissue stem cells in complex tissue cell preparations. Kinetic stem cell
counting is an in vitro cell culture method that uses computational simulation to
discover the number of tissue stem cells responsible for the total cell proliferation of
serially passaged tissue cell cultures. The method is based on a stem cell-driven cell
production model that incorporates principles of in vivo tissue cell homeostasis.
After an initial foundational computational simulation analysis based on 3–4 weeks
of serial cell culture, kinetic stem cell counting yields simple mathematical
algorithms for specific stem cell counting. Thereafter, the kinetic stem cell counting
algorithms require only culture population doubling time data, produced from a few
days of cell culture, to compute the stem cell-specific fraction, number, and dose of a
tissue cell sample. Though not yet clinically validated, the kinetic stem cell counting
method has the potential to become a routine clinical tool for the determination of
stem cell dose for both veterinary stem cell medicine and human stem cell medicine
(Dutton et al. 2020).

12.7 Benefits of Quantitative Stem Cell Dosing for Stem Cell
Veterinary Medicine

Though still early in its development, the new kinetic stem cell counting technology
promises to make the long-needed implementation of stem cell dosing in stem cell
medicine not only feasible but also practical. Many benefits can be envisioned for
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both veterinarians and their patients when stem cell dosing is a routine practice for
veterinary stem cell medicine. Table 12.2 highlights several predicted benefits.

The most significant benefit is the increased treatment fidelity. Knowing the
dosage of the therapeutic agent in administered medicines is a fundamental tenet
of clinical medicine (Sherley 2018a). The stem cell treatment dosage is an important
factor for delivering reproducible stem cell treatments among different patients
and for the same patients over time. Poor treatment fidelity is a particular worry
for M[S]C therapies that use expanded stem cell populations. It is generally
recognized that culture expansion of all types of tissue stem cells proceeds with a
reduction in stem cell activity by all available measures (Shakouri-Motlagh et al.
2017). Though various explanations are considered to account for this loss—includ-
ing stem cell differentiation, loss of tissue factors, stem cell senescence, and stem cell
dilution—the resulting challenge is the same. The reduced dose of stem cells in
expanded cell populations is unknown. It is certainly variable from expansion lot to
expansion lot, and in some cases, unknowingly, it might be too low to be therapeu-
tically effective.

Stem cell dosage data could have a major impact on the progress and success of
stem cell medicine clinical trials. Of course, improved treatment fidelity would be
advantageous for clinical trial success. However, in addition, the availability of
precise quantification of stem cell dosage would improve the design of clinical trials
and the interpretation of their outcomes. Since compared patients rarely get treated
with ideally replicate treatment samples, currently, stem cell dose is an unknown
denominator in all stem cell clinical trial outcome data analyses. Beyond improving
overall treatment fidelity, knowledge of how stem cell dose varies among patients,
between treatment arms, among trial sites, and among trials would provide greater
statistical power for soundly detecting treatment effects.

Throughout the practice of stem cell medicine, potency is a controversial topic
(Rich 2015). The potency is a prediction of the effects of treatment before its
administration to patients. It is ideal for potency to be a quantitative measurement
that is able to predict the degree of clinical response with respect to the amount of the
treatment. Stem/progenitor biomarkers, like CD34 and CD90 for instance, are
qualitative indicators of the potency for HSC and M[S]C treatments, respectively.
However, neither provides a quantitative prediction of the effectiveness of stem cell
treatment (Ivanovic 2010). Other commonly applied characterizations of stem cell

Table 12.2 Future benefits of stem cell dosing in stem cell veterinary medicine

Benefit of stem cell dosing Current problem addressed

1. Increased treatment fidelity Unknown stem cell dosing reliabilitya

2. Increased statistical power Unknown dosage variance

Efficacy evaluation

3. Direct potency metric Potency

4. Improved biomanufacturing Uncertain production

5. Improved quality control and assurance Stem cell preservation, stability, transport
aIn particular for expanded stem cell treatments
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populations, like CFU and LDSRC assays, fall short as potency measures as well
(Purton and Scadden 2007; Rich 2015). Stem cell-specific fraction, number, or dose
determined by kinetic stem cell counting may prove to be the first effective potency
measures for stem cell medicine.

General implementation of effective kinetic stem cell counting by ancillary
industries that support veterinary stem cell medicine will also benefit veterinarians
and their patients. Companies engaged in biomanufacturing of expanded stem cell
treatments can improve their bioprocess engineering by monitoring, for the first
time, the stem cell-specific fraction of starting tissue sources, processing stages, and
final expanded production lots. Companies that store and ship either primary tissue
stem cell preparations or biomanufactured cells can better ensure the viability and
potency of stem cell treatments after storage and shipment. Currently, quality control
and quality assurance of such services are based on assessments of total cells, for
which the crucial stem cells are only a small fraction. Kinetic stem cell counting
could be used to investigate the widely applied but nonvalidated belief that such total
cell measurements are quantitatively informative about the status of the stem cells in
the preparations. If kinetic stem cell counting invalidates this belief, its stem cell
dose determinations can become the new basis for quality control and quality
assurance evaluations.

12.8 Conclusions and Future Perspective

Current veterinary stem cell medicine operates with the same deficiency presently
accepted by human stem cell medicine. Stem cell medicine treatments, whether
approved for a current medical practice or in clinical trials, proceed without knowl-
edge of the dosage of the administered stem cells. In this long-standing state of a
principal deficiency, unknowingly, treatments may occur without any stem cells
being delivered at all. This lack of qualitative, though more often quantitative,
treatment fidelity undermines the success of veterinary stem cell medicine. It renders
approved therapies uncertain and unreliable, and it confounds the design and
outcome interpretation of stem cell clinical trials and research studies. The way
out of the chronic widespread resignation to dose-less stem cell medicine is through
the implementation of new technologies that provide an effective means for specific
and accurate counting of therapeutic tissue stem cells. Recently described kinetic
stem cell counting may be such a technology (Dutton et al. 2020).

So far, human stem cell medicine has been slow to move to evaluating kinetic
stem cell counting as a solution for introducing specific dosing for stem cell
treatment production, storage, shipping, and administration to patients. As outlined
in this chapter focused on veterinary stem cell medicine, important benefits are
predicted to accrue to veterinarians, and more importantly to their patients, wherever
stem cell-specific dosing information is introduced in current stem cell medical
practice or its ancillary supporting industries. If this advantage proves true for
veterinary stem cell medicine, it will also prove true for human stem cell medicine.
Because of its historical role as the gateway through which medical innovations must
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travel to reach human patients, veterinary medicine has the positioning and opportu-
nity to lead to way to advancing quantitative stem cell dosing for stem cell medicine.
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Mesenchymal Stem Cells: A Novel Therapy
for the Treatment of Bovine Mastitis 13
Oscar A. Peralta

Abstract

Mesenchymal stem cells (MSCs) have received considerable attention during the
last decades as a potential cell-based therapy for human and veterinary medicines.
This potential is originated initially from the capacity of MSCs to differentiate
into mesodermal cell lineages including osteogenic, chondrogenic, and
adipogenic, and their low immunogenicity that enabled them for allogenic
applications. Furthermore, increasing amounts of evidence indicate that MSCs
have regenerative capacity, mediated through immunomodulatory, angiogenic,
mitogenic, and antibacterial trophic abilities. Worldwide, mastitis is the most
prevalent and expansive disease for dairy herds. Antibiotics are the most common
and general option for the treatment of bovine mastitis. However, limited success
in terms of cure rates, failure to regenerate damaged mammary tissue, and
development of antimicrobial resistance have led investigators to consider new
and alternative approaches. Considering the importance of alternative treatments
for bovine mastitis and the reported regenerative and antibacterial effects of
MSCs, during the last year the author’s team has evaluated the therapeutic in
vitro potentials of bovine fetal MSCs (bfMSCs). In a series of experiments, it has
been reported that inflammatory interferon γ (IFNγ) induced upregulation of
immunomodulatory factors [indolamine 2,3-dioxygenase (IDO) and interleukin
6 (IL-6)] in bfMSCs. Moreover, bfMSCs induce suppression of proliferation of
alloantigen-activated bovine peripheral blood lymphocytes (PBLs). Conditioned
medio from bfMSCs induced angiogenesis due to secretion of angiopoietin
1 (ANGPT1) and vascular in vitro angiogenesis growth factor (VEGF) in cell

O. A. Peralta (*)
Department of Animal Production Science, Faculty of Animal and Veterinary Sciences, University
of Chile, Santiago, Chile
e-mail: operalta@uchile.cl

# The Author(s), under exclusive license to Springer Nature Singapore Pte
Ltd. 2021
R. K. Choudhary, S. Choudhary (eds.), Stem Cells in Veterinary Science,
https://doi.org/10.1007/978-981-16-3464-2_13

223



culture. Moreover, conditioned media of bfMSCs induced an antiproliferative
effect against S. aureus, likely due to the presence of antibacterial peptides
(defensin β1 and NK lysin). These studies suggest that bfMSCs produce several
factors associated with the control of the proliferation of mastitis-causing
bacteria. Furthermore, the safety and efficacy of a bfMSC therapy were evaluated
in healthy cows and showed no clinical or hematological changes. The safety and
efficacy of stem cell therapy were evaluated and showed no induced clinical or
hematological changes in healthy control cows. Interestingly, intramammary
administration of bfMSCs resulted in a lower bacterial count in cows with
mastitis compared to control cows. Overall, our work has provided initial evi-
dence for the potential of an allogenic bfMSC-based intramammary therapy for
the treatment of mastitis in dairy cows.

Keywords

Bovine mastitis · S. aureus · Intramammary therapy · Bovine fetal MSCs

13.1 Introduction

Mesenchymal stem cells (MSCs) are multipotent stem cells with the abilities of self-
renewal and differentiation into mesodermal cell lineages, including osteogenic,
adipogenic, chondrogenic, and myogenic (Pittenger et al. 1999). MSCs grow as a
monolayer and adhere to plastic substratum. Various sources of MSCs have been
explored, initially bone marrow (BM) and adipose tissue (AT) (Harichandan and
Buhring 2011), and more recently cord blood, placenta, dental pulp, articular
cartilage, brain, endometrium, Wharton’s jelly, umbilical cord tissue, and amniotic
fluids (Marquez-Curtis et al. 2015). For defining the property of human MSCs, the
International Society for Cellular Therapy (ISCT) have established the adherence to
plastic dishes as the first criteria (Dominici et al. 2006). Additional criteria for
identifying MSCs include trilineage differentiation potential, expression of MSC
surface antigens (CD105, CD73, and CD90 or Thy-1) and absence of expression of
hematopoietic lineage markers (CD45, CD34, and CD14). Criteria for the classifi-
cation of MSCs in livestock species have not been established. The plastic-adherent
cell populations of bovine fetal MSCs (bfMSCs), including bfBM-MSCs and bfAT-
MSCs, express mesenchymal markers CD73 and CD29, are negative for
hematopoietic markers CD45 and CD34, and display trilineage differentiating
potential (Dueñas et al. 2014; Cahuascanco et al. 2019). These characteristics
indicate that the isolated bfMSC populations display properties and achieve a
specific profile of MSCs (Dominici et al. 2006). Moreover, bfBM-MSC and bfAT-
MSC express similar levels of pluripotency transcriptional factors NANOG and
OCT4.

The therapeutic features have congregated considerable interest over the last
decades for the potential development of MSC-based therapy in treating various
diseases (Alcayaga-Miranda et al. 2015; Caplan and Correa 2011). Initially, this
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potential has been based on the multipotentiality of MSCs to differentiate in vitro
into mesodermal cell lineages (Pittenger et al. 1999; Cortes et al. 2013). Later, results
indicate that upon contact with an inflammatory environment, MSCs display para-
crine and immunomodulatory activities. These trophic functions are associated to
tissue-like regerenerative capacities and include antibacterial, antiapoptotic, angio-
genic, and mitogenic effects (Caplan and Correa 2011). The use of allogenic sources
of MSCs is attractive since isolation and expansion of MSCs require a prolonged
period (4–6 weeks) in order to acquire sufficient cells. Allogenic MSCs may be used
as an “off-the-shelf” therapeutic product, which avoids the expansion period
required for autologous MSCs. Noteworthy, abattoir-derived tissues can be an
unexpensive, easily available, and plentfull source for generating pools of bfMSCs,
permitting reduction in individual variations for therapeutic applications and thus
opening the possibility to select the most suitable donors according to therapeutic
properties.

Mastitis is the consequence of infection by pathogenic agents and is the disease
more prevalent and costly in dairy herds worldwide. Also, bovine mastitis may
induce severe clinical signs and has been declared as one of the main diseases
threatening animal welfare (Farm Animal Welfare Council 2009). Mastitis affects
public health by altering the physical and microbiological properties of milk and
increasing the content of undesirable residues in milk. Currently, antibiotics are used
to treat mastitis by controlling bacterial infection of the mammary gland. Even
though antibiotic therapy is an efficient strategy to control mastitis, this treatment
fails to regenerate the integrity of milk-secreting cells in the mammary tissue.
Moreover, antibiotics promote the development of bacterial resistance, which has
become an increasing public concern. Thus, the recent scientific advances in stem
cell research represent a potential tool that requires evaluation to develop alternative
or supplementary therapies for bovine mastitis.

Regenerative medicine utilizes stem cell populations or their derived products to
treat a variety of diseases in both humans and animals. An earlier report indicated
that MSCs correspond to perivascular cells (or pericytes) and have the potential to
detach from blood vessels in response to damaged or inflamed tissues (Caplan and
Correa 2011). Stimulation of bfMSCs with inflammatory interferon γ (IFNγ)
upregulates expression of immunomodulatory factors including indolamine
2,3-dioxygenase (IDO) and interleukin 6 (IL-6) (Huaman et al. 2019). Also,
conditioned media from bfMSCs induce angiogenesis, which may be associated
with the effect of vascular endothelial growth factor (VEGF) and angiopoietin
1 (ANGPT1) (Jervis et al. 2019). Moreover, upon contact with mastitis-causing
S. aureus, bfMSCs increased expression of antibacterial peptides like defensin β1
and NK lysin, and its conditioned media exerted antiproliferative against this
pathogen (Cahuascanco et al. 2019). These studies suggest that bfMSCs can produce
several factors that might be helpful in the treatment of bovine mastitis (Fig. 13.1).

The reduced immunogenicity is considered a therapeutic feature that enables the
use of MSCs for allogenic transplantation (Ankrum et al. 2014). The potential
immune-evasive property of MSCs is partially due to low expression of major
histocompatibility complexes (MHCs) I and II and lack of T-cell costimulatory
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molecules CD80 (Huaman et al. 2019; Consentius et al. 2015). Together with the
previously described reduced immunogenicity, additional immune-regulatory
abilities may allow bfMSCs to evade recognition from the immune system in a
recipient cow, and thus to serve as an allogenic cell-based therapeutic tool.

13.1.1 Immunomodulatory and Immunogenic Properties Suggest
That Bovine MSC May Be a Useful Therapeutic Strategy for
Mastitis

Immunomodulatory properties of MSCs are manifested directly by modulation of
innate and adaptive immunity through cell-to-cell contact or indirectly by paracrine
signaling. Paracrine signaling occurs through secretion of soluble factors including
IDO, IL-6, TGFβ1, and IL-10 (Hsiao et al. 2012). These factors are part of MSC
secretome (Elman et al. 2014) and regulate cellular proliferation, differentiation,
migration, and apoptosis of various immune cells (Barrachina et al. 2016). Low
immunogenicity and immune regulatory capacity would allow MSCs to evade the
host immune system by avoiding direct recognition by natural killer cells (NKs) and
preventing activation of T-lymphocytes. Moreover, the immune-evasive capacity of
MSC is associated to reduced expression of MHC-I and II and T-cell costimulatory
CD40, CD80 and CD86 (Consentius et al. 2015). This results in slower elimination
of allogeneic cells by donor cell-specific T-effector cells and antibodies. Conse-
quently, potential for homing is favored by eluding opsonized allospecific
antibodies, leading to diminished adverse effects and higher efficacy of allogenic
cell administration to populate tissue.

The immunomodulatory and immunoevasive potentials are the fundamental
aspects of cell-based therapeutics in clinical application. We recently determined
that treatment with IFNγ increased gene expression levels of IL-6 and IDO and
induces enzymatic activity of IDO in bfBM-MSCs and bfAT-MSCs (Huaman et al.
2019). Moreover, conditioned medium derived from both cell types suppressed
proliferation of alloantigen-activated peripheral blood lymphocytes (PBLs). Inter-
estingly, bfAT-MSCs showed lower expression of MHCI-I and -II compared to
bfBM-MSCs, suggesting that bfAT-MSCs are less immunogenic and potentially
more suitable for allogenic therapy than bfBM-MSCs (Huaman et al. 2019).

IFNγ stimulation is required for inducing expression of IDO at gene and protein
levels in bfMSCs in a dose-dependent manner (Huaman et al. 2019). The mechanism
of IFNγ on MSCs is initially mediated by binding to a membrane receptor and
subsequently by activation of IDO synthesis (Mellor and Munn 2004). IDO
catalyzes the degradation of tryptophan to kynurenine dendritic cells and
macrophages for modulating the immune response (Mellor and Munn 2004). This
mechanism suppresses T lymphocyte response and converts monocytes to
M2-immunosuppressive macrophages, resulting in the production of IL-10
(Krampera et al. 2003). These M2 macrophages are involved in suppressing T cell
proliferation in an IL-10-independent manner and amplifying the immunosuppres-
sive effect of MSCs (Francois et al. 2012). In concordance with these results, BM-
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MSCs from horses require pre-exposure to IFNγ and TNFα in order to produce IDO
and immune mediators TGFβ1 and IL-6 (Barrachina et al. 2016). Similarly, follow-
ing IFNγ stimulation, the activity of IDO was increased in canine neonatal MSC and
BM-MSCs (Saulnier et al. 2016). Altogether, studies indicate that inflammatory
conditions stimulate the production of paracrine signaling factors in MSCs.

In response to exposure to high concentrations of IFNγ (20 and 40 ng/mL),
bfBM-MSCs and bfAT-MSCs increase IL-6 mRNA levels. Similarly, bfBM-
MSCs increase mRNA levels of PTGER2 after treatment with a high concentration
of IFNγ (40 ng/mL). Prostaglandin E2 (PGE2) plays a role, mediated by triggering
E-prostanoid (EP) 2 receptor, in exerting immunomodulatory capacity and
maintaining the self-renewal capacity of human MSCs (Lee et al. 2016).
Upregulation of EP2 gene expression in bfMSCs suggests the involvement of the
PGE2 signaling pathway. Human MSCs in the presence of IFNγ increased PGE2
secretion and suppressed inflammatory mediators (Hsu et al. 2013). Moreover,
PGE2, IL-6, and IDO promote the conversion of CD4+ T cells to T regulatory
(Treg) CD4+ Foxp3+ cells that play a role in suppressing the alloantigen response
(English et al. 2009; Kyurkchiev et al. 2014). These results support the stimulatory
effect of IFNy on selected immunomodulatory mediators including IL-6, PTGER2
and IDO in bfMSCs. In contrast, IFNγ did not exert a stimulatory effect on TGFβ1
and IL-10 gene expression in bfMSCs. Previous studies have indicated that treat-
ment with 5 ng/mL of TNFα and 5 ng/mL of IFNγ exposure during 12 h results in
upregulation of IDO and IL-6 mRNA levels had no effect on TGFβ1 or IL-10 gene
expression in equine BM-MSCs (Barrachina et al. 2016). Thus, IFNγ stimulation
and immunomodulatory response of bfMSCs in proinflammatory environment
results in differential gene expression of selected cytokines (TacGhee and Sun
2012).

Various studies have demonstrated that the immunomodulatory potential of
MSCs is mediated via suppression of T lymphocytes proliferation (Klyushnenkova
et al. 2005). Using an in vitro proliferation assay of alloantigen-activated mixed
leucocyte reaction (MLR) system, we previously reported that conditioned medium
from IFNγ-stimulated and unstimulated bfMSCs reduced proliferation of PBLs.
Expression of IL6, PTGER2, and IDO genes was upregulated in PBLs after IFNγ
pretreatment, which suggest that these factors play a role in reducing PBL prolifera-
tion. However, direct role of these factors in the immunomodulatory effect of
bfMSCs cannot be assumed since reduction of PBL proliferation was not signifi-
cantly different between conditioned media from IFNγ-treated and untreated
bfMSCs. Previously, it has been reported that exposure of CD4+ T cells to
conditioned medium from human AT-MSCs resulted in higher proportion of Treg
lymphocytes associated to immunological tolerance (Ivanova-Todorova et al. 2009).
BM-MSCs suppressed activation, proliferation, and differentiation of CD4+ T cells
into Th1 and Th17 cells in mice and human (Luz-Crawford et al. 2013). Similarly,
equine BM-MSCs modulate immune cell function by inducing lymphocyte cell
cycle arrest, whereas AT-MSCs activate lymphocyte apoptosis and reduce T cell
proliferation (Carrade Holt et al. 2014). Treatments with IFNγ had no effect on
immunomodulatory capacity of canine and equine AT-MSCs and BM-MSCs;
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however, these cells are capable of supressing stimulated PBMC proliferation
(Carrade Holt et al. 2014). Similarly, our data indicate that despite IFNγ stimulation,
bfBM-MSCs- and bfAT-MSCs-derived conditioned media had similar capacity for
decreasing PBL proliferation. This data support the notion that the immunomodula-
tory effect of MSC from different tissue sources and animal species is similar,
although some variation in the mechanisms of action may exist.

MHC-I and II are the key molecules in antigen presentation and T lymphocyte
activation. MSCs express low levels of MHC-I and II, and coestimulatory molecules
CD80 and CD86, which are also crucial for antigen presentation (Ankrum et al.
2014). Although MHC-II expression is lower in bfAT-MSCs compared to peripheral
blood mononuclear cells (PBMCs), bfAT-MSCs may still be immunogenic.
However, rejection of allogenic MSCs may occur in a slower rate compared to
other cell types (Ankrum et al. 2014). We have detected higher expression of MHC-I
and MHC-II in bfBM-MSCs compared to bfAT-MSCs which indicates that immu-
nogenic differences exist between bovine tissue sources of MSCs. Moreover, bfBM-
MSCs express levels of MHC-I similar to PBMCs suggesting that bfBM-MSCs may
be more immunogenic than expected. Conversely, lower expression of MHC-II in
bfAT-MSCs suggests that they may be at lower risk for minor activation and effector
function of T lymphocytes and may possess higher immunoevasive potential after
allogenic transplantation. However, under inflammatory conditions, the immuno-
genic potential of MSCs may also be associated with immune suppression, since
MSCs exposed to IFNγ can express significantly more MHC-I and -II (Le Blanc
et al. 2003). Thus, the potential immune rejection of MSCs is dependent on the
balance between expression of immunogenic and production of immunosuppressive
factors. In this context, failure to activate the immunosuppressive competence leaves
MSCs functioning as an antigen-presenting cell and capable of promoting inflam-
mation in vivo (Ankrum et al. 2014).

13.1.2 The Antibacterial Potential of Bovine Fetal Mesenchymal
Stem Cells May Play a Crucial Role Against
Pathogens-Causing Mastitis in Dairy Cows

Mesenchymal stem cells display regenerative activity through paracrine function
including immunomodulatory effects mediated by dendritic and B and T cells, and
trophic capacity involving antiapoptotic, proangiogenic, and mitogenic factors
(Caplan and Correa 2011). Moreover, MSCs exert antibacterial property by secreting
antimicrobial peptides (AMPs). More than 17,022 AMPs have been registered in the
Database of Antimicrobial Activity and Peptide Structures (https://dbaasp.org/
statistics/general as of April 24, 2021). AMPs are evolutionary conserved small
effector molecules found in a variety of organisms. MSCs enhanced bacterial
clearance through the expression of several AMPs, including cathelicidin
(CATHL2), IDO, and hepcidin (HEP) (Krasnodembskaya et al. 2010; Meisel et al.
2011; Alcayaga-Miranda et al. 2015). Cathelicidins are a group of AMPs having
differences in amino acid sequences, sizes, and structures. They are the secretory
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proteins stored in the secretory granules of neutrophils and macrophages and
released upon extracellularly activation of leukocytes. LL-37 is the single
cathelicidine identified in humans, monkeys, mice, rats, and guinea pigs
(Kościuczuk et al. 2012). The first cathelicidin was identified in bone marrow
myeloid cells (Bals and Wilson 2003) and LL37 has shown to inhibit Escherichia
coli, Pseudomonas aeruginosa, and Staphylococcus aureus in human MSC cultures
(Krasnodembskaya et al. 2010). On the other hand, IDO plays an important role in
immune tolerance of MSCs. IDO displays a catalytic activity that depletes trypto-
phan in MSCs cultures and impedes bacteria like S. aureus, Staphylococcus
epidermidis, Enterococcus faecium, and E. coli (Meisel et al. 2011). Menstrual
fluid-derived MSCs exert an important antimicrobial effect mediated by hepcidin
against fecal bacteria (Alcayaga-Miranda et al. 2015). Hepcidin is an iron-regulatory
hormone and a natural AMP found in urine and plasma (Park et al. 2001). The iron-
regulatory activity of hepcidin limits iron availability to microorganisms, a required
element for bacterial growth, and prevents growth (Lombardi et al. 2015). These
studies suggest that MSCs are equipped with diverse factors capables to fight a
variety of bacterial infections.

S. aureus is the most commonly isolated pathogen in clinical mastitis cases
(Reyher et al. 2011). S. aureus can invade neutrophils and mammary epithelial
cells, and forms micro-abscesses and biofilm formation (Keefe 2012). Despite in
vitro antimicrobial susceptibility, S. aureus remains a pathogen difficult to control
mainly due to the restriction of their contact with antibiotics (Makovec and Ruegg
2003). Consequently, only 10–30% cure rates have been observed after antibiotic
treatment in mastitis caused by S. auerus (Gomes and Henriques 2016). Considering
the limited success rate of conventional treatments against mastitis caused by
S. aureus, culling infected cows from the herd is commonly practiced in order to
mitigate new intramammary infections.

Although the antibacterial mechanism of MSCs during bacterial exposure has not
been completely revealed, it has been reported that upon encounter with bacteria
MSCs modulate their secreted products and biological properties including migra-
tion, proliferation, and differentiation (Mezey and Nemeth 2015). Exposure of
human MSC to S. aureus increases the production of several paracrine factors
including VEGF, SDF-1, and IL-6, which stimulate migration and activation of
inflammatory cells to the infected tissue (Ward et al. 2015). In vivo experiments
indicate that rats infected with methicillin-resistant S. aureus reduce bacterial infec-
tion and inflammatory response after treatment with MSCs (Yuan et al. 2014).
Moreover, sepsis-induced mice treated with MSCs reduced inflammation and bacte-
rial clearance in vivo, which may be associated with phagocytosis, as secreted IL-10
and IL-6 enhance phagocytosis of S. aureus (Mei et al. 2010). Despite reports on
immunomodulatory and phagocytic activity, the antibacterial response of MSCs
against S. aureus may be primarily driven by the production of AMPs.

Thus, we evaluated the in vitro antibacterial potential against S. aureus of
conditioned medium derived from bfBM-MSCs and bfAT-MSCs (Cahuascanco
et al. 2019). To our knowledge, this was the first reported comparative analysis of
bfBM-MSCs and bfAT-MSCs based on antibacterial potentials against S. aureus. In
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our study, expressions of five AMPs were evaluated, of which bBD4A and NK1
were involved in the antibacterial activity of MSCs. Expression of bBD4A in bfBM-
MSCs and bfAT-MSCs concentrations in conditioned media increased 6 h after
S. aureus challenge. In contrast, fetal fibroblast used as negative controls did not
show upregulation in BD4A after exposure to S. aureus. Moreover, conditioned
medium from fetal fibroblast failed to reduce S. aureus proliferation. Altogether, this
study indicated that BD4A was the main AMP involved in the inhibitory effect of
MSC-derived conditioned media against S. aureus (Cahuascanco et al. 2019).

In contrast, expression of CATHL2 and hepcidin was undetected in bfBM-MSCs
or bfAT-MSCs, contrary to the previous literature that reported expression of both
AMPs in MSCs (Alcayaga-Miranda et al. 2015). These results provide evidence of
the potential role of AMPs, including bBD4A and NK1, in decreasing bacterial cell
proliferation. Defensins constitute a large family of small molecules present in
various tissues that can destroy a wide variety of pathogens (Selsted and Ouellette
2005). The lingual antimicrobial peptide (LAP), isolated from the swollen tongue of
cattle, was one of the first characterized bovine β-defensin (Schonwetter et al. 1995).
β-Defensins are also present in cow milk (Isobe et al. 2009) where they display
antibacterial property against S. aureus (Taha-Abdelaziz et al. 2013). Moreover, a
positive relationship between somatic cell count (SCC) in milk and LAP mRNA
expression has been reproted (Swanson et al. 2004). Intramammary administration
of lipopolysaccharide (LPS) in cow and injection of heat-killed S. aureus in goats
increased LAP concentration and SCC in milk (Morimoto et al. 2012; Kuwahara
et al. 2017). Overall, these results suggest that S. aureus activates the secretion of
β-defensins in bovine mammary epithelial cells and fetal-derived BM-MSCs and
AT-MSCs in cows.

We previously reported that exposure to S. aureus-increased mRNA levels of
NK1 in bfAT-MSC but not in bfBM-MSC (Cahuascanco et al. 2019). These results
suggest that antibacterial response against S. aureus may be different depending on
tissue of origin of MSC. NK1 is a cationic AMP produced by cytotoxic T and NK
cells that was firstly isolated from the porcine small intestine (Andersson et al. 1995).
Four NK-lysin genes have been described in the bovine: NK1, NK2A, NK2B, and
NK2C. Higher expression of NK1, NK2A, and NK2B was found in the Peyer’s
patch and NK2C in the lungs (Chen et al. 2017). The synthetic forms of four
NK-lysin peptides had shown antibacterial activity against S. aureus (Chen et al.
2017). Genetic variants within the bovine NK-lysin potentially provide two candi-
date genetic markers associated with health-related phenotypes in cattle (Chen et al.
2017).

Proinflammatory signals including IFNγ and TNFα are required in order to
activate IDO expression in human MSCs (Meisel et al. 2011). This study also
provided evidence on the antibacterial activity of IDO against S. aureus. Conversely,
mice MSCs lacking expression of IDO do not inhibit S. aureus growth (Meisel et al.
2011). We found that bfMSCs treated with IFNγ induced activation of IDO mRNA
expression in a dose–response manner (Huaman et al. 2019). These studies indicate
that an inflammatory environment is required for MSCs in order to express IDO and
that IDO is not the unique AMP against S. aureus. Human and equine MSC also
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produce CATHL2 which has also been involved in the antibacterial capacity against
S. aureus (Sutton et al. 2016). As described above, bovine mammary epithelial cells
produce CATHL2 in response to S. aureus (Ibeagha-Awemu et al. 2010). Similarly,
HAMP activity has also been involved in the inhibition of S. aureus (Park et al.
2001), and its expression has been localized in menstrual-derived MSC (Alcayaga-
Miranda et al. 2015). We did not detect expression of CATHL2 and HEP in bfMSCs
after exposure to S. aureus, which may be the consequence of a tissue-specific
response and regulation of these peptides. However, these results do not rule out
the potential participation of these factors against other pathogens.

Thus, our analyses indicated that bfBM-MSC- and bfAT-MSC-derived
conditioned media reduced ~30% of S. aurues in vitro growth. Moreover, the
antibacterial capacity of conditioned media can be increased by pre-exposure of
bfMSCs to S. aureus and by increasing concentration through filtration.

13.2 Safety and Efficacy of a Bovine MSCs Intramammary
Therapy Against Experimentally Induced Staphylococcus
aureus Clinical Mastitis

Prevalence of S. aureus intramammary infection ranges from 0 to 15% in heifers
(Fox 2009). S. aureus is a part of the natural skin flora, making its eradication from
herds impractical. Adhesion of bacteria to mammary epithelial cells followed by the
production of virulence factors including exotoxins, biofilms, bacterial super-
antigens, and proteases explains its mechanisms of bacterial virulence (Sutra and
Poutrel 1994). In addition, some bacterial strains are capable of suppressing phago-
cytosis and cellular immunity and produce enzymes to inactivate the majority of
penicillin-based treatments (Oliveira et al. 2006). Moreover, S. aureus invades and
survives inside the epithelial cells and phagocytes, making antimicrobial contact
difficult in the entire affected area (Pu et al. 2014). Consequently, most therapies
against S. aureus achieve cure rates of less than 50%, with reinfections usually due to
primary infectious organism rather than to new pathogens (Barkema et al. 2006).
Consequently, antibiotic treatment against S. aureus is often ineffective and results
in chronic udder infections (Pellegrino et al. 2008). Thus, the development of
alternative treatment to intramammary infection is important to increase cure rates
in lactating dairy cows and reduce antimicrobial resistance.

We hypothesized that intramammary administration of bfAT-MSCs in cows with
mastitis would allow the delivery of bioactive factors derived from MSC at sites of
the lesion, where they may display immunomodulatory control on the local immune
response, antimicrobial activity against mastitis pathogen, and complementary
regenerative function of the damaged glandular tissue (Peralta et al. 2020). This
regenerative effect may constitute an alternative or supplemental effect to antibiotic
therapy, reducing the dose, duration, and recovery period of dairy cows and milk
withhold. To the best of our knowledge this was the first study that evaluated the
effect of the intramammary administration of MSCs for the treatment of bovine
mastitis (Fig. 13.2). Considering the lack of previous studies and the absence of an
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standarized dosage of MSCs, the present study established a dose of 2.5 � 107 cells
for local administration. Previous reports in the large animal models, including intra-
articular administration in horses (Ardanaz et al. 2016), intra-uterine inoculation in
mares (Mambelli et al. 2014), and intra-myocardial injection in pigs (Kim et al.
2017), suggested that a dose of 2.5 � 107 cells was sufficient to elicit a favorable
response to the therapy. After inoculation, MSCs migrate to injured tissue displaying
“homing” capacity in response to chemotactic factors like stromal cell-derived
factor-1 (SDF-1) and Regulated on Activation, Normal T cell Expressed and
Secreted (RANTES) (Eggenhofer et al. 2014).

In a safety trial, we reported that administration of two separate doses of allogenic
bfAT-MSCs by 10 days apart did not alter clinical and hematological parameters in
healthy cows (Peralta et al. 2020), indicating that allogenic stem cell administration
was safe to use. Moreover, gene expression associated with PBL activation (CD4,
CD8, CD25, CD62L, and CD69) and proinflammatory cytokines (CCL2, CCL5,
IL2, CXCL3, IFNγ, and TNFα) remained unaffected during 20 days, providing
another piece of evidence that administration of allogenic MSCs was safe. As it has
been previously reported, in other species and diseases, the application of repeated
doses of MSCs is important in order to enhance the therapeutic potential of MSCs
(van Velthoven et al. 2010). However, administering repeated doses of allogenic
MSCs can induce immune memory in recipients (Nauta et al. 2006). Although the
anti-donor response has been observed in some clinical trials, no major adverse
events have been associated with the infusion of repeated doses of allogenic MSCs,
which is considered a common therapeutic strategy in commercial therapies based
on MSC (Lalu et al. 2012). Overall, our data indicate that intramammary adminis-
tration bfAT-MSCs in two doses separated by 10 days did not induce systemic or
local clinical effects in the mammary gland or activate the systemic immune
response in heifers.

In an efficacy trial, we detected higher SCC in mammary quarters inoculated with
S. aureus compared to noninfected quarters (Peralta et al. 2020). The presence of
flakes in milk with mild swelling of the mammary gland and the absence of systemic
signs indicated that experimental inoculation of S. aureus caused mild symptoms of
clinical mastitis. Treatment with bfAT-MSCs resulted in similar SCC compared to
treatment with antibiotics or vehicle among infected quarters. Predominant types of
somatic cells in mastitis milk are neutrophils followed by macrophages and
lymphocytes, which enter the mammary gland from blood (Raffaghello et al.
2008). MSCs secret several factors like IL-6, IL-10, PGE2, and IDO that induce
immunomodulatory control on neutrophils, macrophages, and lymphocytes
(Nemeth et al. 2009; Mellor and Munn 2004). As described above, bfAT-MSCs
upregulate IDO and IL-6 in response to inflammatory stimulation (Huaman et al.
2019). This previously reported in vitro data suggested that bfAT-MSCs would be
able to reduce SCC in quarters with mastitis. However, in vivo results from the
efficacy trial indicate that bfAT-MSC intramammary inoculation in quarters infected
with S. aureus did not affect SCC in milk. This difference in results is likely due a
subtle immune reaction induced by S. aureus through activation of several
mechanisms that include attenuation of NF-kB in mammary epithelial cells and
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TNFa, IL-6 and IL-8 in the mammary gland (Eckersall et al. 2005). This subtle
immune response in the mammary gland may have reduced the potential immuno-
modulatory effect of bfAT-MSCs. Moreover, no significant differences in haptoglo-
bin and amyloid A levels were detected between treatment groups, despite that cows
with intramammary infection increased haptoglobin levels (Peralta et al. 2020).
High correlations have been reported between haptoglobin levels in milk and serum
and SCC in cows with mastitis caused by S. aureus, which supports the use of
haptoglobin as a biomarker for mastitis detection (Selsted and Ouellette 2005).
Higher levels of amyloid A in the mammary tissue compared to the liver may
explain decreased sensitivity of the semi-quantitative test in bovine serum and the
lack of significant differences in the level of amyloid A between the treatment and
the control groups. Overall, these results suggest that MSC-secreted factors were
insufficient to control inflammation mediated by migration of leukocytes from blood
to milk and haptoglobin produced in the liver or amyloid A secretion in the
mammary gland. Alternatively, mammary gland inflammation did not activated
bfAT-MSCs and thus failed to induce secretion of immunomodulatory factors by
the administered MSCs. Treatment with bfAT-MSCs did not induce an immuno-
modulatory effect in cows with mastitis caused by S. aureus; however, interestingly,
in the efficacy trial, we detected that cows with mastitis and treated with bovine fetal
bfAT-MSCs had bacterial colony-forming unit (CFU) in milk compared to cows
treated with vehicle. In a previous in vitro study, we reported that conditioned media
from bfAT-MSCs had an antiproliferative effect on mastitis causing S. aureus,
antibacterial effect that may be mediated by DEFβ1 and NK Lysin secreted by
bfAT-MSCs (Cahuascanco et al. 2019). Moreover, a positive relationship has been
described between SCC in milk and DEFβ1 gene expression, which was localized in
epithelial cells of cow mastitic tissue (Swanson et al. 2004). Finally, our results
indicated that bfAT-MSCs exert an antibacterial effect against S. aureus in the
mammary gland that may be mediated by β1-defensin or NK lysin or both and
reduce CFU in mastitis cow milk.

13.3 Conclusions

After a series of experiments, recent reports indicate that allogenic bfMSCs can
produce immunomodulatory, angiogenic, and antibacterial factors that help in
controlling a variety of infections, including mastitis caused by S. aurus. In
subsequent safety trials, intramammary administration of two doses of allogenic
bfAT-MSCs did not induce immune rejection in heifers and was safe. Administra-
tion of bfAT-MSCs to mammary quarters experimentally infected with S. aureus
decreased bacterial count in milk. Overall, these results represent the foundation for
the potential development of MSC-based therapy for the treatment of bovine masti-
tis; however, further studies are required in order to elucidate the underlying
mechanisms and optimize the beneficial effects.
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Abstract

The invention of mesenchymal stem cells has opened new prospects in regenera-
tive medicine. The cells can be considered essential subjects for therapeutic
application due to their specialised properties. Umpteen studies have been
conducted in human medicine and so in veterinary practice. The studies on this
cell type in these two fields can act as complementary and supplementary to each
other. Mesenchymal stem cell (MSC) features, including the differentiation
properties, tend to vary with source. In canine medicine, the application of
MSCs is yet to be established as most of the studies being conducted are currently
in the experimental settings and/or in the clinical trial stage. MSCs in the dog are
evaluated in musculoskeletal and non-musculoskeletal affections with a positive
but variable response. This chapter elaborates the currents status of MSCs’
application in dog medicine.
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14.1 Introduction

Innumerable incapacitating and incurable diseases of animals and humans necessi-
tate the development of innovative and effective therapeutic options. The quest for
perfection is never-ending in therapeutics, and ever-growing challenges to the
physicians and research scientists with the emergence of new types of ailments. In
dog medicine, advancements are being made with each passing day, both in disease
diagnostics and therapeutics. There are numerous incurable ailments, and as the
standard of care is increasing in human medicine, the pet owners also demand
advanced therapeutic protocols. A throwback in the existential cure is being consid-
ered to address these challenges. One of the important and currently most sought-
after options includes stem cell therapeutics. Various stem cells exist in individuals
at different stages of the development and life cycle, including embryonic stem cells
and adult stem cells. Among various stem cell types known so far, adult stem cells
like mesenchymal stem cells (MSCs) are the most significant in the therapeutic
applications (Gugjoo and Amarpal 2018; Gugjoo et al. 2018, 2019a, 2020a, b).
These cells were initially recognised by Friedenstein et al. (1970), and their thera-
peutic applications were recognised by A Caplan, being considered as the ‘father of
MSCs’ (Caplan 1991).

14.2 Why MSCs?

MSCs, unlike other stem cell types, are available in almost all tissues, including the
foetal membranes (Gugjoo et al. 2019b). These cells lack or bear the minimal ethical
or teratogenic risk. MSCs, like other stem cell types, have the ability to self-renew
(although limited), multiply and differentiate into various cell types (plasticity).
These cells are hypo-immunogenic/immuno-evasive (elicit the minimal immune
response), show immuno-modulatory and/or anti-inflammatory properties and are
able to migrate and home into distant diseased/injured tissues (Cardoso et al. 2017;
Bçrziòð et al. 2018; Enciso et al. 2018; Gugjoo et al. 2018). The therapeutic role of
MSCs is considered to mainly occur through secretome with the little role of
differentiation into particular cell lineage (Stewart and Stewart 2011). The hypo-
immunogenic and immuno-modulatory potential, besides other paracrine effects, is
considered to play an important role in bringing the scar less tissue healing (Gugjoo
et al. 2019c).

14.3 Characterisation of MSCs

MSCs available in a minuscule number in tissues can be harvested from various
tissues and other numerous cell types as detailed by Gugjoo and co-workers (Gugjoo
et al. 2019b). Cell culture expansion is imperative to avail sufficient dose of stem
cells for therapeutic impact. Among various issues, mostly bone marrow and adipose
tissue have been studied. In the pet dog’s case, foetal membranes remain least
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available, and the cord blood volume is too small to yield an adequate number of
cells (Sultana et al. 2018). In bone marrow and adipose tissue, mononuclear cell
fraction or stromal vascular fraction (SVF) is isolated and contains numerous cell
types, including MSCs. The culture expansion helps in the proliferation of these
specific cell types to the desired level. To characterise and isolate MSCs specifically,
the International Society for Cellular Therapy (ISCT) has put forth certain criteria.
The cells that are plastic adherent express certain surface markers and differentiate
into at least tri-lineages (adipogenic, chondrogenic and osteogenic) are considered as
MSCs (Dominici et al. 2006). Dog MSCs from various tissues qualify all the laid-
down criteria. However, differences may arise concerning the surface marker
expression. These differences may be attributable to the variability in the types of
antibody used, cell sources and methods employed for culture (Ranera et al. 2011;
Screven et al. 2014).

The number, proliferation and differentiation potential of dogMSCs vary with the
tissue type. MSCs’ number in adipose tissue may be more, but their differentiation
potential towards musculoskeletal tissue lineage may be less as compared to bone
marrow stem cells (Kang et al. 2012). Likewise, liver-derived MSCs may show a
high tendency towards the liver-specific gene expression as compared to bone
marrow MSCs that differentiate better towards the chondrogenic lineage (Malagola
et al. 2016). Thus, MSCs’ donor tissue source may be an essential consideration
while selecting the therapy for healing of the particular tissue (Gugjoo et al. 2018;
Zhan et al. 2019). Apart from these differences, breed variation and donor age must
also be considered while instituting stem cell therapy (Volk et al. 2012; Bertolo et al.
2015; Lee et al. 2017a).

14.4 Potential Therapeutic Applications

There are numerous in vivo studies that favour MSCs’ application in various kinds
of ailments in dog medicine. However, all these studies have been conducted as
experimental studies or as small clinical trials. Currently, MSCs are not
recommended for any kind of ailment in dogs as a definitive treatment. Majority
of the studies have demonstrated that MSCs are safe (Pérez-Merino et al. 2015a, b;
Villatoro et al. 2015; Bçrziòð et al. 2018), with a few studies reporting minor
reactions to self-controllable localised inflammation and pulmonary parenchymal
oedema and haemorrhage (Park et al. 2012; Kang and Park 2014).

Despite the availability of such a substantial pro-therapeutic literature on MSCs,
these cells fail to achieve consistently desirable results and show wide variability
upon in vivo applications. The stemness properties of these cells remain to be
comprehended as their markers are supported only by a handful of genes. The details
of the molecular basis underlying the stemness properties of these cells are still
poorly understood (Zheng 2018). MSCs show wide variability with respect to the
tissue source, culture conditions, age and health condition of donor. Apart from these
factors, the in vivo applications have been made along with other biomaterials like
scaffolds and growth factors or even different cell types that make results difficult to
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understand and interpret without ambiguity. Despite such lacunas, MSCs’ therapeu-
tic applications are increasingly being conducted with each passing day.

14.5 Potential Applications in Musculoskeletal Tissues

There are numerous musculoskeletal ailments in dogs involving joints, bones,
muscles and tendons/ligaments. MSCs in the dog have been evaluated in all these
conditions with a variably positive response.

Osteoarthritis remains a complicated problem worldwide, whether in humans or
animals like dogs. There is currently no definitive treatment option available to
address the issue and give rise to the regeneration of typical hyaline cartilage.
Various surgical and conservative options fail to completely address osteoarthritis
problems in dogs (Gugjoo et al. 2016, 2017, 2019c, 2020a). Various experimental
in vivo models or clinical cases aiming at cartilage regeneration have been studied
(Harman et al. 2016; Kazemi et al. 2017; Kriston-Pál et al. 2017; Li et al. 2018; Kim
et al. 2019). These studies have favoured MSCs’ applications in osteoarthritis,
although variably and with limited positive results, mostly in the form of improve-
ment in clinical symptoms. One of the studies could demonstrate healing with
hyaline-like tissue (Kriston-Pál et al. 2017). Some of these studies, however, have
utilised other biomaterials as well along with MSCs. In case of cartilage damage/
osteoarthritis, typical hyaline regeneration must be integrated with the native tissue.
In the current scenario, healing with a mixed hyaline to fibrocartilage carries little
integration. Besides the profuse inflammatory environment of osteoarthritis, inflam-
mation might make MSCs express more adhesive proteins and fewer migration-
related genes. There is also a possibility of decreased secretion of proteoglycans by
MSCs in such an environment (Barrachina et al. 2016; Zayed et al. 2016; Reesink
et al. 2017). Thus, before attempting any stem cell therapy, it is imperative to use
anti-inflammatory options for the effective therapeutic outcome with MSCs.

Osteogenic ailments like fractures or tumours may make the dog’s life miserable.
The orthopaedic surgeon with good skills relies on the regenerative potential and
expects satisfactory bone healing following the 4R’s principle of fracture repair.
However, in cases of extensive damage or non-union/delayed union, the application
of advanced therapeutic options becomes imperative (Gugjoo et al. 2020a). Among
various options, tissue engineering utilising stem cells and scaffolds and growth
factors has become a norm and is being evaluated globally. In dog regenerative
medicine, MSCs in pre-clinical models (Kang et al. 2012; Khojasteh et al. 2014; Itoi
et al. 2016; Yoon et al. 2019) and in clinical cases (Lee et al. 2009a; Song et al. 2017)
have led to the improved bone healing in the form of increased bone density and
uniformity in the regenerated structure. However, MSCs alongside the scaffolds
and/or growth factors become mandatory. The scaffolds facilitate the osteo-
conduction while the cells promote osteo-induction. Additionally, the scaffolds
help to retain cells in situ (Gugjoo et al. 2019c).

Athletic and/or heavy-working dog breeds undergo frequent muscle and/or ten-
don injuries (Lee et al. 2012). The muscle and tendon have to be regenerated with the

244 M. B. Gugjoo et al.



original tissue type lost in order to regain the athletic and/or carting function.
Surgical repair of ligament needs a significant reduction of inflammation and
formation of tissue typical to the ligament structure. Various treatment options
currently in vogue fail to generate the distinct tendon/ligament tissues that can
perform a normal function. In various experimental muscle and/tendon regeneration
models, MSCs have been proven to be useful (Gugjoo et al. 2019c). In the
infraspinatus tendon experimental model, MSCs were demonstrated to align
among the collagen fibres. Besides, tendon-specific tenomodulin and MMP13 had
been demonstrated to express (Omae et al. 2009). In dogs, the most common joint
injury is the ligament rupture, especially the rupture of the cranial cruciate ligament.
MSCs, along with platelet-rich plasma, have been demonstrated to improve the
healing of torn cranial cruciate ligament in 9 out of 13 dogs (Canapp Jr et al.
2016). MSCs had improved semitendinosus and gastrocnemius muscle healing in
dogs in clinical studies and prevented their fibrosis. The animals were able to work
and exhibited functional gait without any sign of lameness (Brown et al. 2012; Case
et al. 2013; Gibson et al. 2017). However, in the study, ultrasonography revealed
inaptly arranged gastrocnemius muscle fibres (Case et al. 2013). Other studies had
failed to demonstrate any edge of MSCs over the non-steroidal anti-inflammatory
drugs (NSAIDs) in tendon healing (Taroni et al. 2017). Thus, further studies are
desired to recapitulate the results, weigh MSCs’ activity over the additional and/or
other biomaterials like another cell type, their concentration, route of application and
a number of doses vis-a-vis the type and extent of the injury.

14.6 Potential Applications of MSCs in Non-musculoskeletal
Tissues

MSCs have been evaluated for their potential applications in wounds and ulcers.
Numerous studies demonstrate MSC’s role in improving wound or ulcer healing.
Application of MSCs hastens healing and reduces the wound gap. The reduced
wound gaps were filled with collagen and angiogenesis. The pro-healing factors like
basic fibroblast growth factor (bFGF) and anti-inflammatory factors increased at
wound sites (Kim et al. 2013; Madhu et al. 2014). In a clinical study of 24 canines
suffering from acute and chronic wounds, MSCs’ applications have been
demonstrated to improve wound contraction and re-epithelialisation significantly
faster as compared to control wounds. Furthermore, histopathological studies had
demonstrated reduced inflammation together with the growth of hair follicles by day
7 (Enciso et al. 2020). MSCs’ applications have also been evaluated in the modula-
tion of vocal fold scars and laryngotracheal stenosis for better results (Kumai et al.
2010; Iravani et al. 2017). Apart from direct MSCs’ application, their microvesicles
favour early and improved wound healing (El-Tookhy et al. 2017). MSCs’ tendency
to secrete pro-healing, anti-inflammatory, and/or immune-modulatory factors, in
addition to their ability to differentiate into the particular cell lineage, makes them
a potential therapeutic candidate for wound healing (Rodriguez-Menocal et al. 2015;
Yang et al. 2018).
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The typical ability of MSCs to secrete anti-inflammatory and/or immune-
modulatory factors makes them a potential candidate to address the issues associated
with the immune- and/or inflammatory conditions. The three commonly observed
immune-mediated/inflammatory clinical conditions of dogs are anal fistula, inflam-
matory bowel disease (IBD), and keratoconjunctivitis sicca (KCS). In cases of anal
fistula, MSCs have been demonstrated to resolve the condition, although, after a gap
of 6 months, relapse in the condition was reported (Ferrer et al. 2016). In the
experimental IBD model, symptoms resolved and the histological findings of
intestines indicated improvement (Pérez-Merino et al. 2015a, b). A limited number
of clinical studies in dogs have shown significantly improved results in KCS with
MSCs. Post single-dose MSCs’ application in the lacrimal gland, the clinical
condition had improved Schirmer’s test and ocular surface morphology. These
animals could also be waivered from the immuno-suppressants (Villatoro et al.
2015; Bittencourt et al. 2016).

In atopic dermatitis (AD), two contrasting reports are available. One of the studies
fails to demonstrate any therapeutic effect of MSCs (Hall et al. 2010), while the
recent one could demonstrate these cells decreased refractory pruritus (evaluated by
visual analogue scale) after a week and also improved lesions (CADESI-04 score)
after a month. The improvement had remained stable until the last follow-up of
6 months (Villatoro et al. 2018). The latter study is an open label that has a high
potential for bias. Thus, randomised, placebo-controlled, double-blinded studies are
desired.

In humans, ischaemic diseases like infarcts and cardiomyopathy are common,
while in dogs, dilated cardiomyopathy is a common clinical ailment. Dilatation
cardiomyopathy is a chronic disease and can be a life-threatening condition, espe-
cially for dogs subjected to hard work. There is no definitive treatment available, and
the condition is currently being managed by palliative treatment. To find any
relevant and effective treatment, MSCs may be tried due to their potential to
maintain the normal turnover of tissues. A single study that evaluated AD-MSCs
in occult dilated cardiomyopathy had failed to show any improvement in mean
survival time. The cells were implanted via retrograde coronary venous route,
though they were well tolerated (Pogue et al. 2013). The study could not show any
effectiveness, but MSCs’ application on such a study cannot be ruled out. MSCs may
further be evaluated in multiple doses along with the change in concentration.
Genetically modified MSCs may also be useful to provide biological pacing function
like in atrioventricular heart block (Lu et al. 2013).

Nervous ailments are a big challenge as almost all the currently available thera-
peutic modalities fail (Granger et al. 2012). Among various ailments in dogs, a
nervous form of canine distemper, along with injuries to the spinal cord and
peripheral nerves, is common. Peripheral nerves and spinal cord injury (SCI) in
dogs remain one of the commonly encountered conditions of the nervous system.
Injuries to the spinal cord in dogs bear a resemblance to the human condition and can
provide a proof-of-therapeutic principle for the latter (Sarmento et al. 2014; Gugjoo
et al. 2019c). Among other causes, intervertebral disc degeneration and acute nuclear
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herniation are important (Fluehmann et al. 2006). The nature/temper of the animal
predisposes them more to such injuries.

In a clinical study of canine distemper, MSCs’ applications were correlated with
an improvement in neurological symptoms (locomotor and myoclonic activities) in
four dogs. An improvement in locomotor functions was demonstrated after a year of
MSCs’ application wherein all the animals were able to move independently, with
three able to show functional ambulation (grade I). Furthermore, two dogs showed
mild myoclonic severity (Grade III) (Pinheiro et al. 2019). To confirm the therapeu-
tic role of the MSCs in nervous tissue injuries, investigators evaluated various
pre-clinical experimental models of SCI (Lee et al. 2011; Park et al. 2011, 2012;
William et al. 2011; Ryu et al. 2012). Apart from the spinal cord injuries, peripheral
nerve-like sciatic nerve injuries (Ding et al. 2010) and intervertebral disc disease
(Hiyama et al. 2008; Lee et al. 2009b) have also been evaluated. Furthermore,
clinically MSCs have been utilised in SCI (Granger et al. 2012; Penha et al. 2014;
Sarmento et al. 2014; Escalhão et al. 2017; Bhat et al. 2019). In addition to stem
cells, the clinical application of their conditioned medium has also been evaluated
(Vikartovska et al. 2020). The cell implantation period tends to play an important
role in determining the outcome. Early implantation in the inflammatory period and
delayed implantation after fibrosis may not be a favourable option for effective nerve
healing (Park et al. 2011). Thus, a most suitable temporal window needs to be
standardised to institute stem cell therapy.

These models or clinical studies have supported MSCs’ applications, although
with some reservations. The results have been inconsistent, variable, and overall
healing has been sub-complete. To improve results, tissue-engineered neural scaf-
fold [Chitosan/poly(lactic-co-glycolic acid) (PLGA)] along with MSCs has been
demonstrated to repair the 50 mm gap of the sciatic nerve. Such a tissue-engineered
construct had provided healing comparable to nerve auto-grafting (Ding et al. 2010).
Most of these studies have demonstrated improvement in clinical signs like Tarlov,
and Basso, Beattie, Bresnahan (BBB), and Olby scores (Penha et al. 2014; Bhat et al.
2019; Vikartovska et al. 2020). Some studies have demonstrated improvement in
histological scores with lower fibrosis (Ryu et al. 2009; Lee et al. 2017b). MRI could
demonstrate fewer cavitations in cells treated than sham or control (Lee et al. 2009b,
2011).

There are currently reservations in claiming the MSCs’ trans-differentiation into
the nerve cells (Wu et al. 2003). MSCs’ potential role comes through protecting and
repairing damaged neurons via paracrine effects (Lim et al. 2017; Long et al. 2018).
MSCs’ anti-inflammatory (blocking COX-2) action prevents glial scarring (Park
et al. 2012) and pro-healing secretome [like neurotrophic growth factor (NGF) and
neurotrophin-3 (NT-3)] helps in tissue regeneration. MSCs may enhance the neuro-
nal network by regulating the intracellular pathways of the actin (Park et al. 2011).
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14.7 Miscellaneous Studies

MSCs can trans-differentiate into the other cell types, including hepatocyte-like
cells, islet cell-like cells and neural cell-like cells (Trindade et al. 2017; Mihevc
et al. 2020; Nitta et al. 2020). As such, MSCs have also been evaluated in various
other dog ailments like diabetes (Zhu et al. 2011; Gautam et al. 2016),
meningoencephalomyelitis of unknown origin (MUO) (Zeira et al. 2015),
hepatocutaneous syndrome (Nam et al. 2017), liver fibrosis (Matsuda et al. 2017)
and acute kidney injury (Lee et al. 2017c). Although very limited to elucidate any
significant outcome, all these studies have been demonstrated to be safer and pro to
MSCs’ therapeutic applications. Thus, further studies are desired in the area of MSC
therapy in canine diseases. Besides, rationalisation for the cell concentration, route
and time of implantation and, more importantly, the pathophysiological basis of
models and/or clinical studies remains to be investigated.

14.8 Conclusions

MSCs carry an impressive and result-oriented potential to act as a therapeutic option
in various dog clinical conditions. MSCs from various sources have been evaluated
for their therapeutic effects in musculoskeletal and non-musculoskeletal tissue
ailments. Currently, MSCs lack any definitive therapeutic potential in dog clinical
medicine. Apart from understanding their basic physiological properties, several
issues like cell survival on transplantation, mode of delivery of the cells to the lesion
and optimum number and frequency of stem cells for therapy need to be investigated
in detail. Furthermore, thorough clinical trials that possess control groups with a
sufficient trial size and similar pathophysiology need to be conducted in great
numbers to make MSCs’ therapeutic applications a clinical reality in dog medicine.
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Biomaterials and Scaffolds in Stem Cell
Therapy 15
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Abstract

In the recent past, stem cell therapy has considerably revolutionized regenerative
therapy; however, still, it is not perfect for treating diseases due to several
limitations like transplantation of stem cells alone exhibits low therapeutic
efficacy due to poor viability and regenerative activity of transplanted cells.
There is a high scope for the improvement of ex vivo stem cell culture and its
delivery system. Growth factors and cytokines regulate stem cell proliferation and
differentiation; besides this, they also require biophysical cues at their niche. To
overcome these limitations, techniques of tissue engineering use scaffolds. Scaf-
fold opens new avenues for producing engineered tissue substitutes and thus by
quality organ repair. Biophysical signals from bioscaffolds such as mechanical
forces, nanotopography, stiffness of the matrix, and surface features of the
biomaterial influence stem cells’ fate. Several types of scaffolds are being used
derived from natural biomaterials or synthetic materials having their own merits
and demerits. Biodegradability and biologically active properties are the major
advantages of natural bioscaffolds over synthetic scaffolds. However, the major
drawback of natural scaffolds is the risk of carrying cross-contaminated from the
sources. Technologies evolved to mold the biomaterials into three-dimensional
(3D) scaffolds to simulate tissue architecture to promote cell proliferation and
differentiation. Combining stem cell technologies with biomaterial-based
scaffolds enhance stem cell viability, differentiation, and therapeutic efficacy.
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15.1 Introduction

Mesenchymal stem cells (MSCs), having the self-renewing ability and differentia-
tion potential into different cell lineages, are the most valuable and versatile cell
source for disease treatment and organ transplantation. MSCs play a crucial role in
the tissue regeneration and repair process as the primary role of stem cells in a living
organism is to maintain and repair the damaged tissue. MSCs, in particular, have a
great appeal for veterinary regenerative therapy (Ansari et al. 2013; Bhat et al. 2019)
and tissue engineering as they are relatively easy to derive, expand ex vivo rapidly,
and show very little spontaneous differentiation during ex vivo expansion (Somal
et al. 2016). However, when the MSCs are used alone, some therapeutic defects such
as poor immune compatibility, low efficiency of differentiation, and high risk of
teratoma formation remain unsolved (Drukker 2008). Thus, a new reliable approach
is needed using biomaterials and scaffolds for stem cell therapy.

There is the possibility of using biomaterials as an alternative approach because
of their higher biocompatibility. Even though non-biodegradable synthetic polymer-
based biomaterials are widely used for superiority regarding anatomical and bio-
mechanical outcomes, they are generally associated with graft-related complications
such as infection and fibrosis exposure, and shrinkage (Deprest et al. 2005).
Biomaterials provide physical support in weak tissue (Rogo-Gupta 2013). Also,
these materials are usually designed to have appropriate biochemical and biophysical
properties such as benign molecular compatibility, suitable mechanical strength, and
high porosity that mimics the microenvironment of the natural extracellular matrix
(Burdick and Vunjak-Novakovic 2009). Biomaterials have an important property to
induce fibrosis and a strong foreign body reaction that gives a greater impact on the
patient’s pain and discomfort. The presence of stem cells on a biomaterial surface
can regulate the inflammatory response and able to provide a weaker foreign body
reaction when implanted in vivo (Rasmusson 2006). The combination of stem cell
therapy with mesh scaffold biomaterials is an important field of therapeutics that
may be explored better (Fig. 15.1). Nowadays, stem cell-interacting biomaterials are
designed to augment the stem cell-based therapy (Boontheekul et al. 2007). In recent
times, different combinations of biomaterials and stem cells have been reported, and
the properties and efficiency of the cell–biomaterial interactions such as morphol-
ogy, cytotoxicity, vitality, and proliferation have been explained (Neuss et al. 2008).

Scaffolds Tissue
Stem 
C ll
Mitogens

Fig. 15.1 The combination
of stem cell with biomaterials
scaffold may enhance cellular
therapy
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In this chapter, several properties of biomaterials and scaffold have been detailed out
to find the appropriate biomaterial–stem cell combination for humans and veterinary
regenerative therapeutics and the way can use them clinically in stem cell therapy for
tissue and organ regeneration.

15.2 Biomaterials and Bioscaffolds

Biomaterials are defined as substances, other than a drug or a combination of
substances, and can be used as a whole or as a part of a system for a while to
treat, improve, or replace any damaged tissue or organ and restore its function in the
body (Ravaglioli and Krajewski 1992). Recently, natural and synthetic biomaterials
are considered important elements in regenerative therapy. Several types of scaffolds
are being manufactured, but the major hurdle reported for tissue engineering is the
lack of desired materials choice for scaffold construction (Fig. 15.2). Bioscaffolds
promote cellular proliferation, adhesion, and migration over the surface both in vitro
and in vivo. A scaffold must integrate into the host tissue without eliciting an
immune response after implantation to avoid tissue rejection or slowed healing
(Hutmacher 2000).

Mesenchymal stem cells (MSCs) are naturally present and proliferating in 3D
microenvironments, most often referred to as stem cell niche. Ex vivo culture of
MSCs over plastic surface lacks that environment, and several culture-related
limitations arise. An ideal bioscaffold should be biodegradable, biocompatible,
and should have the potential of cell–biomaterial Interaction. The 3D biomaterial
scaffolds mimic these microenvironments and have added advantages over tradi-
tional 2D culture methods. Several natural and synthetic biomaterial scaffolds have
been tried to mimic 3D environments to support stem cell proliferation. Natural
biomaterials are often composed of proteins and polysaccharides as extracellular
matrix and provide binding sites for cell adhesion and proliferation.

15.2.1 Biomaterials Used in Stem Cell Culture

In regenerative medicine, biomaterials perform as non-viable materials to correct the
defective organs and tissues. Recent years have witnessed tremendous growth in
biomaterial science and engineering for the development of new products.
Biomaterials are generally of two types: natural and synthetic materials. For stem

Biomaterial & 
Bioscaffolds

Natural

Ceramic Biomaterial

Polysaccharide Origin

Polymer Biomaterial

Protein Origin

Synthetic

Fig. 15.2 Types of biomaterials and their substances
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cell survival, a specific environment is required, and therefore, to imitate the in vivo
microenvironment, biomaterials create a new path for the fate of stem cell via cell–
matrix interactions. Biomaterial scaffolds possess some qualities that provide cell
adhesion sites and maintain the beneficial properties of stem cells. In comparison to
the conventional 2D cultures, the novel 3D biomaterial scaffolds provide a more
satisfactory microenvironment for stem cells because it provides both chemical and
physical signals across the extracellular matrix (Lutolf et al. 2009). For biomaterial-
based approaches, understanding the biomaterials’ properties is very important
because it has been found to affect stem cell lineage specification. Therefore,
properties such as surface, morphological, mechanical, electrical, and chemical
properties must be accurately considered while designing a scaffold (Martino et al.
2012).

15.2.1.1 Natural Biomaterials in Stem Cell Culture
Natural biomaterials support stem cell differentiation and proliferation. Natural
biomaterials, like collagen, hyaluronic acid hydrogels, gelatin, glycosaminoglycans
(GAGs), fibrin, Matrigel, alginate, silk, and hydroxyapatite (HA), mimic 3D extra-
cellular matrix and regulate stem cell behavior (Table 15.1). These materials mani-
fest specific benefits like similar mechanical and adhesive properties as the natural
extracellular matrix. These materials’ main demerits include batch variability, diffi-
culty in purification and quality control, and a short degradation period.

Collagen, presence in all connective tissue, acts as the extracellular matrix
component with superior biocompatibility. It is believed that collagen-derived
acellular extracellular matrix does not have serious adverse immune responses
(Charriere et al. 1989). Biodegradability is the property that makes collagen a better
choice in skin tissue restoration on account of its high rate of degradation (Yannas
et al. 1982). In one way, collagen is the most abundant protein in animals. In another
way, it is difficult to get it for research and clinical treatment purpose that led to the
production of recombinant collagen for unlimited supply. Besides, collagen-based
biomaterials are now used for cartilage regeneration treating osteochondral defects
(Yang et al. 2004) and cornea defects (Freyria et al. 2009).

Hyaluronic acid hydrogels (hyaluronan), which is separated from cartilage, act as
a native component and have an essential role in cartilage homeostasis and bio-
mechanical integrity, such as morphogenesis, cellular signaling, proliferation, and
wound repair (Dravida et al. 2008). Earlier hyaluronic acid hydrogels have been used
in various studies such as tissue repair and regeneration and additionally in
adriamycin-induced cytotoxicity prevention by forming a bioartificial stem cell
niche (Burdick and Prestwich 2011).

Gelatin, which is basically derived from collagen, is nowadays extensively used
as a scaffold material for cartilage tissue engineering because of its biodegradability,
biocompatibility, and ability to form hydrogels (Schuurman et al. 2013). Gelatin can
be operationalized with unsaturated methacrylamide to form a covalently bound
hydrogel for enclosing stem cells. It should be noted that gelatin represents a better
performance in biomechanical and biochemical properties as compared to other
frequently used hydrogels such as alginate and agarose (Bulcke et al. 2000).
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Table 15.1 Different bioscaffold materials with their major properties for tissue engineering

Bioscaffolds Mode of application References

Scaffolds from natural biomaterials

Fibrin Hydrogels, electrospun scaffolds,
and microspheres

Kolehmainen and Willerth
(2012), Gorodetsky (2008)

Collagen 3D hydrogels Noth et al. (2005), Dolatshahi-
Pirouz et al. (2014)

Silk Contains a number of β sheets, slow
degradation, electrospun silk
scaffolds from functional tissues
from stem cells

Yucel et al. (2014), Li et al.
(2015)

Laminin Does not form a 3D system, but
laminin-coated surfaces support the
maintenance and differentiation of
stem cells

Polisetti et al. (2017)

Fibronectin Provides sites for both cells and
proteins to bind, enhances the
differentiation of neural stem cells
and chondrogenesis

Zollinger and Smith (2017),
Tate et al. (2009), Singh and
Schwarzbauer (2012)

Vitronectin Promotes angiogenesis and provides
sites for growth factors and other
proteins to adhere

Kundu and Putnam (2006),
Preissner and Reuning (2011)

Agarose Undergoes reversible gelation in
response to temperature. Agarose
hydrogels have been combined with
stem cells

Zarrintaj et al. (2018), Huang
et al. (2004)

Alginate Bioink for 3D printing tissues and
microencapsulation of stem cells

Axpe and Oyen (2016), Gimi
and Nemani (2013)

Hyaluronan Major components of the
extracellular matrix and numerous
sites for cell adhesion

Knopf-Marques et al. (2016),
Haylock and Nilsson (2016)

Chitosan The rate of gelation of chitosan
scaffolds can be controlled using pH
and chemical cross-linking

Chang et al. (2015), Zhang
et al. (2016)

Synthetic biomaterials

Poly (lactic-co-
glycolic acid) (PLGA)

Controls drug release. Cells
enzymatically degrade PLGA into
monomers. PLGA can be formulated
into scaffolds, nano- and
microparticles, and electrospun
fibers

Lee and Pokorski (2018)

Poly (ethylene glycol)
PEG

PEG can also be chemically modified
to contain bioactive molecules

Salinas et al. (2007)

Poly (caprolactone)
(PCL)

Can attain novel topographies and
controlled release

Siddiqui et al. (2018)

Polydimethylsiloxane
(PDMS)

Can be used to construct microfluidic
devices like vasculature network

Regehr et al. (2009)
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Matrigel is another soluble basement membrane derived from Engelbreth–Holm–

Swarm (EHS) murine sarcoma. It is made up of different components such as
laminin, nestin, type IV collagen, heparin sulfate glycoprotein, growth factors, and
matrix metalloproteinases. Matrigel has the important property that, at room temper-
ature, it polymerizes to form a biologically active 3D matrix, which in vivo imitates
the physical properties, structure, composition, and functions of the cell basement
membrane. In this manner, it provides benefits to the culture and differentiation of
cells in vitro (Rowland et al. 2010).

One another classic tissue-derived biomaterial scaffold is made up of fibrin,
having peculiar properties of providing a microenvironment for stem cells. For
example, to produce neurons and oligodendrocytes, nerve growth factor β-NGF
was covalently blended with fibrin scaffold (Willerth et al. 2007), but, in this case,
plasmin inhibitor needs to be incorporated to prevent unpredicted degradation of the
3D scaffold caused by the embryonic stem cells (Willerth et al. 2006).

15.2.1.2 Synthetic Biomaterials in Stem Cell Culture
Although natural biomaterials have supported the biocompatibility and self-existing
biosignals, it has limited applications in a broader sense because of its weak
mechanical strength and difficulty in modification. Therefore, to overcome this
barrier, synthetic scaffolds have been introduced. As far as the designed component
is concerned, the structure and relative mass of a synthetic biomaterial can be
controlled at our own will. However, synthetic biomaterials are not perfect for this
application because they are deficient in cell adhesion properties and in biological
signals, and therefore, it cannot control cell fate on their own. It should be noted that
biocompatibility and bioresorbability is the most important hurdle of synthetic
biomaterials in stem cell culture, and many studies are going on to rectify these
issues.

15.2.1.3 Synthetic Polymers in Stem Cell Culture
Synthetic polymers act as the most common biomaterials in stem cell culture.
Commonly used polymers include polylactic acid (PLA), polycaprolactone (PCL),
poly lactic-co-glycolic acid (PLGA), polyhydroxyl ethyl methacrylate (PHEMA),
polyethylene glycol (PEG), and polyvinyl alcohol (PVA). Lactic acid polymers are
very popular since their design and are now widely used in various fields (Tan et al.
2013). PLA and PLGA display superiority in biocompatibility, biodegradability,
bioresorbability, low immunogenicity, and low toxicity over other synthetic
polymers, making them favorable materials as 3D scaffolds applications in dentistry,
plastic surgery, and many others (Tyler et al. 2016). To improve the thermal
resistance and mechanical properties of engineered tissues, polycaprolactone
(PCL) was mixed with polylactic acid (PLA) (Jeong et al. 2018). Polyethylene
glycol (PEG) is highly accepted for human mesenchymal stem cells’ osteogenic
differentiation. PEG gels supply ample interspace for nutrient and waste diffusion
between stem cells and the extracellular matrix (Almany and Seliktar 2005). Addi-
tionally, for cartilage restoration, glucosamine-modified PEG hydrogel increased
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biocompatibility while preventing fibrosis and hypertrophy of cartilage (Yao et al.
2017).

Recently, more emphasis is being given to decellularized extracellular matrix
(dECM) obtained from different tissues as they have an added advantage of natural
bioactive properties of tissue to produce a suitable scaffold for stem cell culture and
differentiation. Even whole decellularized organs, such as kidneys and livers, can be
repopulated into functional tissues after seeding with stem cells (Khan et al. 2014).
Such dECM materials can also be bioprinted, providing another avenue for tissue
engineering (Choudhury et al. 2018). However, further investigation is required for
clinical applications of stem cell-based tissue engineering and whole organ
transplantation.

15.2.1.4 Mesh Scaffolds in Stem Cell Culture
Different types of mesh scaffolds were introduced for the treatment of different types
of diseases related to stem cell therapy. Polypropylene (PP) is one of them; it is made
up of a hydrophobic polymer of carbon atoms with alternating methyl moieties. This
material has various important properties like it is flexible, strong, easily cut, readily
integrated by surrounding tissues, and having the property of resists infection (Cozad
et al. 2010). The monofilament nature of this material provides large pores that
facilitate fibrovascular ingrowth, resistance to infection, and provide improved
compliance (Procter et al. 2009). Polytetrafluoroethylene (PTFE) is another scaffold
that is a chemically inert synthetic fluoropolymer having a high negative charge.
This material has poor tissue incorporation property and is not frequently used in
clinical cases (Grevious et al. 2006). Polytetrafluoroethylene is a microporous
structure that allows the passage of bacteria but prevents the passage of
macrophages; therefore, it will be difficult for the body to clear the infection
(Binnebosel et al. 2011). Carbon polymer of terephthalic acid is polyethylene
biomaterials, and it is a strong fiber suitable to be fabricated into a prosthetic
mesh. This polyethylene biomaterial is hydrophilic in nature and can be degraded
by hydrolysis (Brown and Finch 2010).

An important property of a synthetic mesh scaffold is that it should be biocom-
patible, resistant to infection, strong, minimal bioreactivity, and non-immunogenic.
For implanted meshes, degradation and incorporation are the two pathways that
exist. The primary goal is tissue incorporation, and it depends upon the types of
material, its density, 3D construction, pore size, its filament type, compliance, and
electric charge (Saberski et al. 2011). In order to allow infiltration by macrophages,
blood vessels, fibroblasts, and collagen, pores of the biomesh must be more than
75 mm. The problem with large pore size mesh is that larger pores allow increased
soft tissue ingrowth, and because of the prevention of granuloma bridging, it
becomes more flexible. The formation of granulomas generally takes place around
individual mesh fibers because of the foreign body reaction. Bridging means the
processes through which individual granulomas mingle with each other and encap-
sulate the entire mesh (Amid 1997). The mesh’s weight is very important, as the
weight depends on the amount of material used in mesh-making process and the
polymer’s weight (Klinge et al. 2002). Lightweight meshes are made up of thinner
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filaments and larger pores, whereas heavyweight meshes are made up of thick
polymers, have high tensile strength and have small pore sizes. The meshes of this
category are more elastic, contain less material, and initiate a less pronounced
foreign body reaction. Hence, a less inflammatory response occurs, resulting in
less patient pain and discomfort, better tissue incorporation, and increased compli-
ance (Klinge et al. 1998). A study conducted by Bellon et al., in 2009 stated that
there was no significant difference between heavyweight and lightweight polypro-
pylene mesh in terms of the inflammatory response, tissue incorporation, or tensile
strength.

15.3 Composite Mesh, Absorbable Synthetic Mesh,
and Biological Graft

Another category of mesh material is called composite mesh, which is of two types,
that is, permanent and absorbable. In absorbable composite mesh before usage,
barrier coatings are needed that require hydration, and they are not agreeable to
modification, so they cannot be cut. Nevertheless, they permit for
neo-epithelialization, which alleviates tissue-mesh-related complications, and can
help in tissue ingrowths (Harrell et al. 2006). The collagen film biomaterials are
made up of polyethylene glycol, glycerol, and porcine collagen. This type of
material has important properties to produce better cellular proliferation as compared
to polypropylene mesh in vitro, and it works with the body’s natural systems to
impart fast fibrous ingrowth, strong tissue integration, and minimal shrinkage
(Rodriguez et al. 2011). Permanent composite mesh possesses qualities of both
macro- and microporous meshes to promote tissue ingrowths. These meshes are
made in such a manner that it can be modified and can be easily cut to fit specific
applications (Gonzalez et al. 2004). Absorbable synthetic meshes are also available,
which impart a network for new collagen formation and become absorbed, so they
are suitable for wound healing. Biological grafts are other biomaterials that are
acellular collagen matrices to promote native tissue fusion. This type of material
provides the extracellular components that are necessary for complete healing, to
promote the reconstruction of new and healthy tissue, and also to restore the
mechanical and functional integrity of the original tissue (Hodde and Hiles 2007).

15.4 Delivery of Stem Cells Through Biomaterials

Cell delivery through biomesh is very important in clinical stem cell therapy. Studies
have shown that the clinical effectiveness of stem cell therapy depends mostly on the
number of cells delivered to the wound site (Falanga et al. 2007). In most studies,
researchers utilized scientifically the simple method of injecting a cell suspension
intradermally into or around the wound site. Although this method has shown
increased wound healing, however, stem cells’ real therapeutic potential seems to
be limited due to low engraftment efficiency and cell retention at the wound site
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(Freyman et al. 2006). This phenomenon’s exact reason is still not clear, and it is
under investigation with some evidence suggesting that the aggressive wound
environment may hamper high stem cell engraftment in case of acute wounds. The
higher amount of reactive oxygen species than those found in ischemic wounds is
believed to slow down the cell engraftment in tissue (Angelos et al. 2006). More-
over, the tear-off forces generated by the injection process itself may lead to the form
of programmed cell death that occurs in anchorage-dependent cells when they detach
from the surrounding extracellular matrix (Rustad et al. 2012). Therefore, some
alternative delivery systems are being explored to intensify stem cell function within
nonhealing wounds.

A fibrin spray system was utilized by Falanga et al. (2007) to topically deliver the
autologous mesenchymal stem cells to nonhealing lower extremity wounds in
human patients. It was found that stem cells survived within the fibrin layer and
migrated into the wound tissue. Yoshikawa et al. developed a composite graft based
on the idea of bestowing a scaffold and external slot from the ischemic tissue,
combining a commercially available collagen matrix with cultured autologous
mesenchymal stem cells. These grafts were applied to patients with unmanageable
dermatopathies due to thermal burns, decubitus ulcers, and traumatic wounds. After
clinical trial, it was found that in about 60% of wounds, regeneration of fibrous and
fat tissue takes place, and due to re-epithelialization, complete wound closure takes
place. Moreover, with composite graft treatment, sufficient granulation tissue and
dermal regeneration took place to allow for successful skin grafting in about 30% of
wounds (Yoshikawa et al. 2008).

Two most important and common routes for stem cell delivery at the wound site
are systemic or topical approaches through biomaterials (Hamou et al. 2009; Bharti
et al. 2020) (Fig. 15.3). Systemic delivery of mesenchymal stem cells imitates the
route of endogenous mesenchymal stem cells via the circulatory system that results
in a dilution effect on target cells. During its transit through the vascular route, some
organs such as the lungs, spleen, and liver may take the mesenchymal stem cells out
of circulation for their own use (Karp and Teo 2009). This may result in either delay
in their transit or fewer numbers of cells that finally reach the target sites. Once stem
cells reach their target sites, they must come out of the vasculature to enter the
connective tissue stromal region for the occurrence of their principal functions (Karp
and Teo 2009). The alternative method for delivering mesenchymal stem cells to the
wound site is through direct or topical delivery with the help of biomaterials
(Falanga et al. 2007). The topical delivery method is different from systemic
delivery. Applied stem cells either migrate into the wound bed via nonvascular

Fig. 15.3 Hydroxyapatite can be used as a scaffold for the stem cell attachment during repairing
segmental defects
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routes or release bioactive substances at the wound’s surface (Hanson et al. 2010). In
topical delivery through biomaterials, many stem cells must be provided near the
wound area for successful therapy. In this method, therapeutic efficacy also increases
(Cleland et al. 2008) compared to delivery of cells without biomaterials because the
delivery of cells through a 3D matrix can provide better integration with host tissue
and promote better healing (Salinas and Anseth 2009).

15.5 Clinical Applications of Biomaterials and Scaffolds

Nowadays, biomaterials play an essential role in regenerative medicine and tissue
engineering. These biomaterials have a variety of applications in different diseases.
Due to their excellent biocompatibility and cell-adhesive properties, natural
biomaterials, such as collagen, alginate, gelatin, chitin, elastin, and hyaluronic
acid, are widely used scaffold matrices for nerve tissue repair (Antman-Passig
et al. 2017). Many studies aim to identify reliable stem cell–materials grafts for
cardiac repair. However, due to a lack of mechanistic understanding of cardiac
regeneration, clinic study slows down (Ruvinov et al. 2011). Moreover, semiperme-
able porous scaffolds provide better seeding and a protective microenvironment for
pancreatic tissues (Scharp and Marchetti 2014), incorporating pancreatic progenitor
cells into biomaterials for grafting without immune suppression becomes an ideal
method in future diabetes treatment. In hematopoietic therapy, specific biomaterials
can be modulated mechanically, chemically, or biologically to meet the specific
criteria (Mahadik et al. 2015). The biological scaffold also plays a significant role in
osteo-differentiation in tissue engineering, where pore morphology and structure are
the most crucial characteristics of a scaffold (Motamedian et al. 2015). In one of the
studies, it has been seen that polypropylene mesh impregnated with mesenchymal
stem cells modulates the macrophage activation, thus reducing the foreign body
reaction against synthetic scaffolds (Swartzlander et al. 2015). It has also been
demonstrated that mesenchymal stem cells-impregnated meshes exerted a regulatory
effect on T cell proliferation and IFN-Υ production (Blazquez et al. 2015). Mesh
scaffold augmented with mesenchymal stem cells provides an anti-inflammatory
environment by M2 macrophage polarization (Blazquez et al. 2015) and exerts a
regulatory effect on T cell proliferation and IFN-Υ production (Gao et al. 2014). The
application of biomaterials combined with mesenchymal stem cells is a desirable
therapy clinically, particularly for their low immunogenicity and anti-inflammatory
properties (Knaan-Shanzer 2014).

15.6 Conclusions

In the recent past, MSCs have been proved to be the most promising tools for cellular
therapy due to their capacity to differentiate and self-renewal ability. In veterinary
regenerative medicine, MSCs are being used clinically to treat complicated ailments,
especially paraplegia/paralysis, diabetic wounds, chronic wounds, ligament, and
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tendon repair. Nevertheless, in clinical trials, due to stem cells’ immune sensitivity,
their broad application becomes limited. Nevertheless, these barriers can be over-
come by the use of biomaterials in conjunction with stem cells. A variety of
biomaterials and scaffolds are being used to mimic the in vivo microenvironments.
Natural biomaterials’ biocompatibility is very high, whereas synthetic biomaterials
can be sensibly designed for a particular purpose. The amalgamation of stem cells
into the biomaterials enhances the competence of restoring and repairing defective
tissues. Multidimensional properties of a biomaterial and a scaffold impart a protec-
tive and inducible microenvironment for the stem cells and mimic the natural
extracellular matrix. This stem cell–biomaterial system is a great home to various
tissue engineering applications, including nerve, heart, pancreases, lung, and bone
tissues.
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Prospects of Mesenchymal Stem Cell
Secretome in Veterinary Regenerative
Therapy

16

Vikash Chandra and G. Taru Sharma

Abstract

Regenerative medicine, a branch of translational research, comprises the genera-
tion and use of therapeutic stem cells. The mesenchymal stem cells (MSCs) used
in preclinical models for tissue engineering of connective tissues have shown it as
a promising agent in rebuilding damaged tissues like nerve injury, fracture,
ligament and cartilage, liver, heart, etc. Paracrine mechanisms are considered
the primary mode of action in adult stem cell signaling and therapy. MSCs secrete
various cytokines and growth factors, including autocrine and paracrine actions.
The promise of cell-free therapy has led to the development of products derived
from stem cells. Microvesicles/exosomes derived from MSCs are exploited in
therapeutic uses as pharmaceutical agents’ delivery. Another central area of
application of extracellular vesicles (EVs) is immune therapy due to their anti-
inflammatory and immunomodulatory effects. Most translational research regard-
ing mesenchymal stem cells and their conditioned media (CM) have been
conducted in human subjects, and little work has been done in livestock and
pets, as livestock and pets also encounter similar ailments. Hence, there is an
excellent scope of stem cell secretome in veterinary regenerative therapy, espe-
cially in treating diseases like paraplegia or spinal cord injury, diabetic wounds,
ligament/tendon injury, and bone injury/fracture. It may be an essential compo-
nent of veterinary pharmaceuticals shortly.
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16.1 Introduction

Mesenchymal or stromal cell-based therapy has been proved magical in regenerative
medicine because of its unique characteristics. It is multipotent, differentiated into
different cell lineages, and has immunomodulatory behavior (Somal et al. 2016;
Bhat et al. 2019). Mesenchymal stem cells (MSCs) are derived from all other organs
and tissues. It has been shown that they play an essential role in maintaining normal
homeostasis in a healthy body. Thus, the transplanted MSCs niche provides a source
of quiescent stem cells in response to body conditions such as injury or inflamma-
tion. MSCs are derived from multiple adult tissues (including bone marrow, adipose
tissue, dental pulp) and fetal adnexa in various animal models (Sreekumar et al.
2014; Somal et al. 2017; Bhat et al. 2019), and stem cell-based therapies are being
used routinely in clinical veterinary medicine to yield good results (Bhat et al. 2019;
Gugjoo et al. 2018). Although cell-based therapies, including transplantation of
MSCs, are promising, yet concerns like chances of immune rejection and low
survival rates of transplanted cells are the technical limitations that hinder “stem
cells” translational application (Robey 2011; Samsonraj et al. 2017).

Further, an increase in apoptosis after transplantation is reported, which often
triggers an immune response, probably worsening the transplanted cells’ diseased
condition or rejection (Izadpanah et al. 2008; Robey 2011). Furthermore, some
studies have also reported that the pluripotency and differentiation ability of MSCs
decreases with the age of the donor animals (Nishida et al. 1999; Mendes et al.
2002). Data are accumulating regarding the use of stem cells in various ailments, and
several explanations have been given regarding the mechanism of action of MSCs in
the host body/tissue. Originally it was thought that the beneficial effects of MSCs-
based therapy are engraftment and differentiation of MSCs into desired cell types
within the damaged tissues. Subsequently, it has been realized that therapeutic
effects of cell-based treatment are mediated in paracrine fashion through
microvesicles released by MSCs (Duffield et al. 2005; Biancone et al. 2012); thus,
microvesicles mediate the action of stem cell. Together with evidence that media
harvested from conditioned MSCs are sufficient to stimulate regeneration of dam-
aged tissues (Ansari et al. 2013; Joseph et al. 2020), this led to the development of
the “paracrine hypothesis” of the therapeutic effects of MSCs (Hodgkinson et al.
2016) and the hypothesis is now widely accepted. MSCs-derived secretome alone
was able to repair tissue in multiple conditions that involved tissue/organ damage
(Joseph et al. 2020). Factors released in the culture medium and harvested are known
as secretome or exosome/microvesicles. Thus, the medium harvested is called a
“conditioned medium” (CM) (Kim and Choi 2013).

MSCs–CM or secretome has several advantages over the MSCs. CM can easily
be manufactured, freeze-dried, packaged, and transported to remote location for later
use. Moreover, as it is devoid of cells, there is no chance of immune rejection. It
requires no match of the donor to the recipient to avoid rejection problems. There-
fore, stem cell-derived conditioned mediums have a promising prospect to be
produced as pharmaceutical products for regenerative medicine. To date, limited
clinical trials have been conducted regarding the use of CM for a particular disease in
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humans (Fukuoka et al. 2012), but these showed promising results. The studies on
the use of CM of various illnesses are accumulating and very appealing; thus, CM
therapy may be booming shortly (Yang et al. 2013). The conditioned medium
contains multiple growth factors and cytokines/tissue regenerative agents secreted
by the stem cells. The evidence that stem cell-conditioned medium contains several
growth factors has been proved by proteomic studies, which revealed various growth
factors and other cytokines in the CM (Joseph et al. 2020).

However, studies in various animal models reported using several kinds of stem
cells and multiple methods to get the CM to cure different types of degenerative
diseases. This chapter aims to investigate the various techniques to get the CM and
the numerous ailments in animals and pets that can be treated to get an insight into
the multiple kinds of CM and their future applications in various diseases in
veterinary regenerative medicine.

16.2 MSCs Secretome or Conditioned Media (CM)

Secretome may be defined as the range of molecules/and cellular organelles secreted/
released from the living cells or shed from the cell surface into the culture medium
(Beer et al. 2017). Secretome may contain lipids, proteins, nucleic acid, and trophic
factors such as chemokines, cytokines, hormones, growth factors, and extracellular
vesicles (EVs) or microvesicles (MVs) (Kupcova 2013; Pawitan 2014; Driscoll and
Patel 2019; Joseph et al. 2020) (Fig. 16.1). Secretome may be composed of soluble
factors, including proteins, growth factors, chemokines, cytokines, enzymes, and
extracellular vesicles (including exosomes and microvesicles). Meticulous studies
on EVs and exosomes demonstrated potential regenerative effects, including an anti-
inflammatory effect and tendon healing (Wang et al. 2011; Vizoso et al. 2017).
MSCs secretome/CM has several added advantages over stem cells. They could
resolve safety considerations associated with stem cell transplantation, such as
tumorigenicity, the transmission of infections, and immune incompatibility (Vizoso
et al. 2017). CM can be produced in large amounts and stored for a long time without
losing product potency without the toxic effects of cryoprotective agents (Joseph
et al. 2020), which can be further modified accordingly for desired results in order to
reduce the cost, time for production, and maintenance of cell-based therapy with the
wider application (Vizoso et al. 2017).

16.2.1 Extracellular Vesicles

Extracellular vesicles (EVs) are the cell-secreted products released by many cell
types, including stem cells. They can also be isolated from body fluids like urine,
serum, and cerebrospinal fluids. Research on EVs has been mainly focused on the
exosome-rich fraction. The contents of the secretome depend on the prevailing
environment, and thus any modification in the microenvironment is expected to
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affect the composition of the secretome. EVs include microvesicles (MVs) (size
ranging 100–1000 nm), exosomes (EXs) (size range 40–100 nm), and apoptotic
bodies (size ranging 1–5 μm) (Lee et al. 2012; Beer et al. 2017). EVs reach the target
cell, attach and interact with the cell surface, may discharge its contents by fusion or
through the endocytotic pathway, and may get detached after completing their action
(Raposo and Stoorvogel 2013).

MVs and EXs are membrane-bound particles secreted by most cell types for
maintaining normal cellular homeostasis, and it is found that their secretion may
increase upon stimulation (Valadi et al. 2007; Kim et al. 2013). EVs are small
derivatives of the cell that may mediate at least in part the effects of stem cells
both in vivo and in vitro. Both MVs and EXs act via paracrine and endocrine fashion
and are crucial for intercellular communication (Kim et al. 2013). If we consider
stem cell-based therapies’ therapeutic importance, EVs are being given special
attention as therapeutic entities. They do not replicate and are said to have several
safety advantages over stem cells. MVs and EXs act as vehicles or stable transporters
to transport bioactive molecules like cytokines and growth factors from cells to the
adjacent or distant target cells through circulation (Kim et al. 2013).

Further, they can also deliver RNAs to the target cells and modify gene expres-
sion or protein synthesis in target cells (Tomasoni et al. 2013). MVs and EXs differ
in their cellular origin (biogenesis) as well as their physical characteristics (including
size and surface markers) (Ratajczak et al. 2006). Their contents may depend upon
the producing cells, their protein and lipids, contents and protein-coding messenger
RNAs, and noncoding microRNA (Ratajczak et al. 2006).

Initially, EXs were discovered and described as exfoliated membrane vesicles
(Trams et al. 1981). EXs are bilaminar membrane-enveloped nanovesicles secreted
from all cell types and contain other molecules like microRNAs (miRNAs), affecting
cellular gene expression (Valadi et al. 2007; Wang et al. 2018). Among all EVs, EXs
are described as a relatively homogeneous population in terms of size. Recently, the
therapeutic importance of EXs focused on the role of communication between
EXs-mediated cells in bone regeneration and various other disease models (Lai
et al. 2010; Zhang et al. 2015). EXs can provide recipient cells with genetic
information, affecting their characteristics and paracrine factors, and resulting in
tissue regeneration (Zhang et al. 2015). Harvested MSCs-CM also contains EXs and
is considered to be one of the critical components of CM imparting therapeutic effect
through paracrine effects. Several studies have compared such exosome-rich
fractions with CM and reported comparable results, indicating an essential role of
EXs in the therapeutic effects of MSC-derived CM. At the molecular level, EXs and
microvesicles can be characterized by the surface markers like CD9, CD63, CD81,
Alix, and TSG101 for EXs and CD40, integrin, and selectin for microvesicles.
Effects of culture condition media can be changed that changes the properties
of EVs.
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16.3 Isolation of Conditioned Media

Biological properties of stem cell conditioned media may vary as per the source and
types of mesenchymal stem cells, but the basic protocol remains the same for every
kind of MSCs. Extracellular proteins secreted by MSCs are said to be responsible for
the regenerative properties of MSCs, including inflammatory response, angiogene-
sis, cell migration, organ survival, etc. A more or less similar composition of
secreted proteins has been observed in bone marrow MSC-CM and adipose
MSC-CM rather than dental pulp MSC-CM (Tachida et al. 2015). Well-
characterized MSCs at early passages (3–8 passages) are cultured in Dulbecco’s
modified Eagle medium (DMEM) fortified with 10% fetal bovine serum (FBS) at
37 �C in a humidified incubator with 5% CO2. When MSCs reached 70–80%
confluence, the medium is replaced by serum-free DMEM. The cell-cultured
conditioned medium is collected after an additional 72 h of incubation (Joseph
et al. 2020). The collected medium is defined as MSCs cultured conditioned medium
(MSC-CM) and is stored at +4 or �80 �C for later application. The obtained MSCs-
CMmay be further concentrated by ultracentrifugation and filtration using 5–10 kDa
cutoff filters. For long-term preservation, MSCs-CM can also be lyophilized and
stored at 4 �C for therapeutic uses (Joseph et al. 2020).

16.4 Isolation of Exosomes

For the isolation of EXs, MSCs monolayer at about 80% confluence is washed with
serum-free culture media (DMEM low glucose supplemented with 1� insulin
transferrin-selenium) cultured in this medium for another 48–72 h. MSCs culture
media supernatant from confluent monolayer is harvested and centrifuged at 2.7 g for
5 min, and the supernatant was filtered using a 0.2 μmmembrane filter. EXs isolation
from filtrate done through ultracentrifugation (UC), ultrafiltration (UF), or by the
charge-based precipitation (PT) involves protamine sulfate (Klymiuk et al. 2019).
The most commonly used method for isolating EXs was the ultracentrifugation and
the exosome by ultrafiltration for smoother isolation and higher yield. Ultrafiltration
is a time-saving and cost-effective method of exosome isolation from equine MSCs
(Klymiuk et al. 2019). The number of particles per milliliter and the quality in terms
of peak size distribution in different isolation procedures may differ and can be
analyzed by a nanoparticle tracking analysis method. The peak particle size of native
EXs derived from cell culture supernatant is about 83–398 nm. Still, after ultracen-
trifugation, peak particle diameter may be between 93 and 353 nm, while by
ultrafiltration, it is between 138 and 763 nm. EXs isolated by charge-based precipi-
tation led to a large variation in their sizes (378–998 nm) primarily due to an
aggregation of EXs. These extracellular vesicles can be characterized by the expres-
sion of specific marker proteins from the tetraspanin superfamily, such as CD9,
CD63, and CD81 (Andreu and Yanez-Mo 2014). These markers are commonly
expressed on the membrane surface of EXs and are essential for the formation and
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transportation within the cell and the recognition of target cells. Morphology of
isolated EXs may be investigated by transmission electron microscopy (TEM).

16.5 Mechanism of CM in Wound Healing

Therapeutic effects of CM have been described due to the combined effects of
soluble factors and extracellular vesicles, and the major mechanism of action is
said to be the paracrine mode of action. As CM contains several growth factors and
cytokines and most of these molecules are considered as paracrine agents, these
molecules have the function to activate or inactivate adjacent cells by influencing the
intracellular pathways without affecting the functions of other cells of the body. In
the wound healing process, endogenous mesenchymal stem cells, including dermal
sheath stem cells and hair follicle bulge, play a crucial role. Endogenous dermal
MSCs are located at different sites, mainly in epidermal and dermal niches.
MSC-CM applied over the wound provides an improved microenvironment,
which influences cell migration and other cellular and molecular events to happen
in a sequential manner (Hocking and Gibran 2010). CM containing several factors
may stimulate fibroblasts and keratinocyte proliferation, migration, and differentia-
tion to enhance injured skin regeneration. MSCs secreted mitogens (like bFGF,
VEGF-A, and IL-6/8) stimulate the proliferation of keratinocytes, endothelial cells,
and dermal fibroblasts. Wounds healed after application of MSCs or its CM are
reported to be of better quality with a little scar because CM contains a significant
amount of TGF-β1 as it balances TGF-β1 and TGF-β3 is required for smooth dermal
regeneration rather than fibrosis and scarring. In the form of a gel, CM creates a
microenvironment permissive for migration and proliferation of endogenous MSCs
and reduces the mechanical stress to the cells involved in wound repair (Joseph et al.
2020).

EXs are suggested as a potential regenerative agent that can replace conventional
tissue regeneration methods, including stem cell transplantation. Recent studies have
reported various possible applications of EXs in diagnostics and therapeutics
(Rashed et al. 2017; Sun et al. 2018). Therapeutic application of EXs avoids the
potential risks of toxicity and immunogenicity as caused by biomaterial processing
(Fleury et al. 2014). Besides, EXs also have a lower risk of serious complications
such as tumorigenesis or emboli formation compared to cell transplantation as such
(Yu et al. 2014). EXs contain miRNA and may mediate cell–cell communication
through genetic material transfer. Further, miRNAs are also involved in gene
regulatory networks in several signaling pathways and may act as target gene
therapy agents (Zhang et al. 2018). Qin et al. (2016) showed that extracellular
vesicles secreted from MSCs promote bone regeneration in vivo and significantly
upregulate the expression of osteogenesis-related miRNAs, that is, miR-196a,
miR-27a, miR-206, and miR-196a – important regulators of osteogenesis.

Further, miR-21, miR-4532, miR-125b-5p, and miR-338-3p may also enhance
osteogenesis and angiogenesis (Furuta et al. 2016). Chen et al. (2019) revealed that
EXs derived from miR-375-overexpressing human adipose mesenchymal stem cells
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had osteogenic potential and promoted bone regeneration. Thus, early bone regen-
eration induced by MSCs-derived EXs depends on the regulation of multiple
miRNAs and their relevant pathways, and miRNAs regulate the gene expression,
thereby affecting tissue development and homeostasis.

16.6 Exosomes as Drug Delivery Agents

Cells communicate primarily through the use of chemical messengers, mainly
through extracellular vesicles (EVs). Exosomes are among the most highly
researched EVs. They act as a communication tool to deliver a chemical cargo to
the recipient cell. MSC-derived EXs contain several biologically active molecules,
such as proteins and RNAs, and are therefore well equipped to maintain homeostasis
within the tissue. EVs bear an excellent scope for therapeutic medicine due to their
unique structure, which can be modified to contain specific proteins, lipids, and
genetic materials, including messenger RNA, microRNA, and other small noncod-
ing RNAs, and DNA from their progenitor cell (Fig. 16.2). Several studies reported
that EXs might enter into the cells, release their cargo, and mediate physiological and
pathological processes by binding through ligands and deliver surface protein and
cytoplasm to the recipient cell by fusing with the target-cell membrane (Zhou et al.
2017). EXs may also be used to deliver pharmaceutical agents and siRNA
(interfering RNA) (Aryani and Denecke 2016). Nanoscale drug delivery systems
have emerged as a new therapeutic strategy. There are other several nano-based drug
formulations used to improve the therapeutic efficacy of chemical and biomolecular
drugs. The targeting effectiveness of EXs can be enhanced through appropriate
surface modification. Thus, EVs can deliver therapeutic agents, including RNAs,
proteins, and small-molecule drugs. EVs can be engineered to express targeting
peptides or therapeutic proteins on their surfaces, and aptamers or therapeutic RNAs
can bind to EXs through RNA-binding proteins (Fig. 16.3).

Fig. 16.2 Effects of culture conditioning on desired extracellular vesicles (EVs) properties. The
supplementation of inflammatory molecules and changing culture conditions can improve benefi-
cial properties of MSCs-derived secretome (low-density culture, 3-D culture, hypoxic stimulation,
drug preconditioning, etc.) and cell rejuvenation strategies
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Additionally, EVs can encapsulate these therapeutic agents and protect them from
degradation or failure. Liposome-mediated drug delivery can enhance
pharmaceuticals/biopharmaceuticals and vaccines’ therapeutic outcomes.
Liposomes can incorporate drugs both within their aqueous core and lipid bilayers
(Dimov et al. 2017). Metal organic frameworks (MOFs) are considered promising
nanocarriers for drug delivery because of their well-defined structure, very high
surface area and porosity, tunable pore size, and ease of chemical functionalization
and intrinsic biodegradability (Sun et al. 2020). MOFs can be combined with
exosome for better drug delivery using their combined features to facilitate more
straightforward and more efficient loading and sealing of cargos. The resulting
exosome-coated nanoparticles show no premature leakage, yet their cargo is effi-
ciently released in cells (Bunggulawa et al. 2018).

16.7 Clinical Applications of MSCs-CM

16.7.1 Bone Regeneration/Fracture Healing

Reconstruction of bone defects that occurred due to fractures, tumors, or infections is
a challenge both in humans and animals, and 5–10% of fractures may lead to delayed
healing or nonunion. Though bone tissue has its intrinsic property of recovery, if the
fracture is large or more patients or some diseased conditions like diabetes, it does
not heal properly even with traditional therapies. However, in the recent past
mesenchymal stem cell therapy has been found promising in fracture healing. It

Fig. 16.3 Engineering the extracellular vesicles (EVs): in vivo, the targeted miRNA, mRNA,
proteins, and drugs can be loaded through transfection; ex vivo loading of therapeutic targets can be
done using different approaches like electroporation, sonication, freeze–thaw, incubation, and
carrier-assisted methods
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has been proven that the healing effects of MSCs are mainly due to their secretome
containing several growth factors, cytokines, and other biomolecules. Several stud-
ies have reported that MSC-CM contains several growth factors and cytokines and
investigated the biological effects of MSC-CM that promoted bone regeneration and
wound healing as the secretome participates in the stimulation of multiple cellular
functions (Osugi et al. 2012; Joseph et al. 2020). Secretome of MSCs has been
shown to accelerate the formation of new bone callus and bone healing, shortening
the period required for treatment. Conditioned medium (MSC-CM) applied to
injured tissue can modulate and promote new tissue formation by its osteogenic
potential and immunomodulatory properties due to their cytokines and growth
factors. Takeuchi et al. (2019) reported that MSCs-CM enhances cell migration
and expression of angiogenic and osteogenic genes, including VEGF, COLI, OCN,
ANG1, ANG2, and Runx2 (Runt-related transcription factor 2). Interestingly, trans-
plantation of MSC-CM promotes bone regeneration compared to transplantation of
MSCs (Osugi et al. 2012).

Extracellular messengers are responsible for cell-to-cell communication, and the
EXs have been seen to play similar roles in promoting fracture healing as MSCs
themselves. Moreover, EXs do not induce overt immune reactions even in the
xenogeneic host because they do not contain significant histocompatibility complex
I (MHC I) or MHC II molecules. Recently, the MSC-exosome administration
effectively reduced the production of inflammatory cytokines in chondrocytes,
increased osteogenesis, angiogenesis, and expression of cartilage ECM component,
and eventually augmented cartilage tissue regeneration in a series of in vivo studies
(Kim et al. 2020). Thus, MSCs secretome and EVs are considered promising
alternatives to mesenchymal stem cell therapy to address osteoarthritis (OA) and
other bone injuries.

16.7.2 Tendon and Ligament Repair

The musculoskeletal ailment is a common disability in draft and racing animals like
equines, and about 46% of the cases are due to tendon injuries. Tendon tissues being
relatively hypocellular tissues have limited healing capacity. Traditional remedies
have been proved unsatisfactory in tendon repair. It has been reported that tendons
contain stem/progenitor cells (TSPCs) between the fascicles. MSCs derived from
tendons themselves or nontendon tissues, like bone marrow or adipose tissue, have
been proved promising in tendon injury repair (Costa-Almeida et al. 2019) and a
similar case with MSCs-CM or secretome too. Studies by Chen et al. (2018) and
Shimode et al. (2007) reported significant tenocyte proliferation in rats treated with
bone marrow (BM) MSCs-CM. These studies also mentioned a substantial reduction
in inflammatory markers with CM treatment. A study by Wang et al. showed a
significant increase in tissue inhibitor of metalloproteinase (TIMP), an anti-
inflammatory protein that could improve biomechanical properties (Wang et al.
2019). Tenogenic differentiation was also enhanced significantly in cells treated
with CM, as shown by a significant increase of Col-I expression and other tenogenic
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markers in some studies (Chen et al. 2018; Wang et al. 2019). Studies by Lange-
Consiglio et al. (2013) and Shen et al. (2019) showed a significant reduction in
peripheral blood mononuclear cell (PBMC) proliferation in CM treatment compared
with control. Interestingly, it was reported that EVs did not significantly inhibit
PBMC proliferation compared with control (Lange-Consiglio et al. 2013). The study
by Shen et al. (2019) found that macrophages’ nuclear factor κB activity was
inhibited significantly by EV compared with control.

16.7.3 Repair of Nerve Injury or Paralysis

Spinal cord injury may lead to the typical motor, sensory, and autonomic functions
of the body, resulting in neurological defects and disabilities. Neuronal damage due
to mechanical forces may insult with secondary cascading events like oxidative
stress, metabolic changes, excitotoxicity, inflammatory processes, and apoptosis or
necrosis, and gliosis and fibrosis induced produce a challenging environment for
axonal regrowth (Block and Hong 2005; Okada et al. 2018; Courtine and Sofroniew
2019). Due to the insufficient intrinsic regeneration capacity of neurons and growth
inhibitors in the adult spinal cord, generally, axons fail to regenerate and neurologic
recovery is hampered. MSC transplantation has been found useful in repairing spinal
cord injury; it may be due to the reduced local inflammation, establishment of local
blood supply, cell protection, etc., which may be caused by the MSC paracrine effect
(Teng 2019). Like humans, dogs also encounter spinal cord injury, which often leads
to devastating conditions, including paralysis associated with urinary and fecal
incontinence. SCI may also be experienced due to faulty injections or fall from
height or road accidents. Pre-induced MSCs differentiate into neural lineage cells;
however, a study found weak evidence for naive MSC differentiation into functional
neural lineage cells in vivo (Cofano et al. 2019). MSCs secrete many kinds of
neurotrophic factors and display low immunogenicity. MSC-conditioned medium
(MSC-CM) containing different anti-inflammatory cytokines, chemoattractants,
growth factors, and enzymes are considered attractive candidate nerve regeneration.
Administration MSCs or CM into the host creates a favorable microenvironment for
proliferation and transdifferentiation of native MSCs. For example, a pilot study
conducted by Vikartovska et al. (2020) demonstrated that four intravenous injections
of bone marrow-derived MSCs CM, combined with subsequent rehabilitation,
improved chronic SCI in dogs without any adverse effects.

Recently, the role of MSC-EXs in nerve repair has been validated. It is reported
mainly by regulating inflammation and the immune response, inhibiting apoptosis,
inducing angiogenesis and axon formation, and maintaining the integrity of the
blood–brain barrier (Ren et al. 2020). MSCs-CM also has been found beneficial in
glutamate excitotoxicity and oxygen–glucose deprivation (OGD) environments to
protect neuronal damage (Voulgari-Kokota et al. 2012). Thus, the growth factors and
cytokines secreted from MSCs contribute to regeneration and immunoregulation.
MSCs behaved as extracorporeal bioreactors and secrete bioactive factors into the
CM, which was suggestive of novel therapeutics in CNS injury (Tsai et al. 2018).

16 Prospects of Mesenchymal Stem Cell Secretome in Veterinary Regenerative. . . 281



Apart from neural repair, the MSCs-CM also promises to reduce neuropathic pain,
which may act as cell-based analgesia and an agent for neural repair. Like live stem
cells, injection of MSCs-CM produces a profound, long-lasting pain-alleviating
effect on neuropathic pain and cytokines explored to be involved with the mainte-
nance of this syndrome (Gama et al. 2018).

16.7.4 Wound Healing and Hair Follicle Regeneration

Skin injuries are the most commonly found injuries caused by blisters, burns, cuts,
and ulcers of various severities (Dong et al. 2017). If left untreated, any skin injury
can interfere with its protective function and cause body tissues to be easily exposed
to mechanical damages and microbial infections (Joseph et al. 2020). Traditionally,
wound care’s primary purpose is to obtain wound closure at the earliest time (Dong
et al. 2017). The use of stem cell-based regenerative therapy has emerged as a new
generation therapeutic tool for repairing physiological tissues (Ansari et al. 2013;
Kucharzewski et al. 2019; Joseph et al. 2020). The repair mechanism of MSCs in
wound healing seems to be due to their extensive proliferation and differentiation
capacity, which eventually suppress immune cells’ stimulation and participate in
tissue repair and regeneration (Kucharzewski et al. 2019; Zomer et al. 2019). MSC
releases a combination of growth factors and cytokines, so-called secretome, which
can be applied to the wound through a conditioned medium (CM) (Pawitan 2014;
Kucharzewski et al. 2019). The cytokines and growth factors play a crucial role in
activating and stimulating fibroblast proliferation during the wound healing process
(Aryan et al. 2019). CM derived from MSCs from different sources like bone
marrow mesenchymal stem cell, adipose stem cell, Wharton’s jelly-derived MSC,
and umbilical MSC gave positive wound healing results and skin repair (Joseph et al.
2020).

Hair loss caused by multietiological factors has a tremendous psychological
impact on a person. Similarly, our pets and other animals also encounter hair loss
due to several defects. Conventional therapeutic approaches are not much effective
having several side effects while MSCs-CM rich in growth factors, and cytokines is
proved to be a promising therapeutic agent for such problems. MSC-CM is useful in
skin wound repair and enhances hair growth through differentiation of dermal niches
cells or release of growth factors. MSC-CM promotes migration and proliferation of
dermal keratinocytes. Wnt signaling in dermal papilla cells is considered a critical
factor in stimulating hair growth. MSCs-CM helps in hair regeneration through
cellular proliferation to prolong the anagen phase (FGF-7), inducing hair follicle
development (β-catenin), inducing cell growth (ERK activation), and suppressing
apoptosis (Bcl-2 release and Akt activation). A study by Yoon et al. (2010) revealed
dramatic hair growth at the wound site following wound healing after MSC-CM was
injected subcutaneously around a full-thickness wound in mice. Thus, MSC-CM can
be considered a potential alternative of stem cells for therapeutic applications for
wound healing/skin regeneration and hair growth stimulation and hair loss
prevention.
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16.8 Conclusion

Unique features of MSCs-derived conditioned medium (like the ease of manufac-
ture, freeze-drying, packaging, and transportation) make it a potential therapeutic
agent for future pharmaceutical production for regenerative therapeutics. A signifi-
cant limitation for the clinical translation of MVs/EVs is due to the difficulties and
inconsistencies in their isolation because compositions and contents may differ from
cell to cell and method of isolation. EVs (EXs and MVs) are emerging as cell-free
biologics to treat various health disorders. Recent studies suggest that MVs secreted
by MSCs are potent drug delivery agents that are effective for treating severe
pneumonia, osteoarthritis, and renal ischemia-reperfusion injury after cardiac death
and renal transplantation. Stimulation of parental MSCs could be employed to
engineer the MV cargo to some extent differentially, and engineered MSCs or
EVs bear a great hope in new generation regenerative therapeutics. MSCs secretome
may prove to be a next-generation cell-free therapeutic agent for several ailments in
veterinary regenerative medicine.
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Abstract

In 2006, Shinya Yamanaka successfully reprogrammed differentiated mouse
somatic cells by ectopic expression of four transcriptionmodulators are needed
for overcomin (Oct4, Sox2, Klf4, and c-Myc); this de-differentiation process
(or induction of pluripotency) allowed somatic cells to regain the undifferentiated
pluripotent state of cells. Those cells are termed induced pluripotent stem (iPS)
cells. This work inspired many researchers to discover the underlying
mechanisms, and soon iPS cells were reported in multiple species. It took about
3 years to produce iPS cells in porcine. Since 2009, about 70 or more research
articles were on porcine iPS cells covering different aspects such as different
approaches for derivation of iPS cells and their regenerative biology applications.
In this chapter, we attempted to summarize the general concept of reprogramming
and elaborated on the current status of porcine iPS cells and discussed the way
forward for their future use.
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17.1 Introduction

Shinya Yamanaka and his group published their landmark research article on the
induction of pluripotency in mouse fibroblasts in the year 2006 (Takahashi and
Yamanaka 2006). In this chapter, the group reported the identification of four
specific transcription modulators are needed for overcomin, namely, Oct3/4, Sox2,
c-Myc, and Klf4 (also collectively designated as Yamanaka Factors in many recent
articles) and demonstrated that after about 2 weeks of overexpression of these
factors, mouse fibroblasts gained the features of embryonic stem (ES) cells. Embry-
onic stem cells are pluripotent stem cells with certain features: (a) they have the
ability to self-renew in vitro; (b) they are capable of differentiating in vitro to tissues
belonging to three main germ layers (ectoderm, endoderm, and mesoderm); and
(c) when injected into developing embryo, ES cells contribute to the embryo proper.
Cells produced from mouse fibroblasts in the Yamanaka Laboratory had similar
growth, and colony features as that of ES cells had undergone differentiation and
produced tissues of three germ layers. In addition, those ES-like cells were shown to
produce teratoma when injected subcutaneous to immunocompromised nude mice
and were proven to be germline competent. Therefore, Yamanaka termed these
ES-like cells as induced pluripotent stem (iPS) cells (Takahashi and Yamanaka
2006). The importance of the work was immediately felt in the community of
biomedical researchers. Such impact is evident by continual publications of a
number of research articles in iPS cells (till date, PubMed database reports over
19,000 publications since 2006). Induction of pluripotency occurred in the
Yamanaka experiment due to reprogramming in the somatic cells. Terminally
differentiated somatic cells from adult tissues are usually incapable of multiplying.
Still, reprogramming brings them to a developmentally early state, and they regain
their ability to self-renew and differentiate. The Yamanaka Laboratory’s work
impacted the field in several ways. It reaffirmed the work on reprogramming by
John Gurdon in the late 1950s (Gurdon et al. 1958), provided tangible tools for
reprogramming using those specific transcription factors. The work also devised the
method for the generation of patient-specific stem cells to produce the required
tissues, and thus, opened up the era for personalized medicine, overcoming the
immunological barrier of cell therapy. Also, screening of potential drugs using
tissue-specific cells produced from cultured stem cells became a reality in regenera-
tive medicine. It also paved a way to study developmental disorders inaccessible
otherwise. In many ways, iPS cells were considered to be another alternative to ES
cells. Generation of embryonic stem cells following traditional methods [such as by
somatic cell nuclear transfer (SCNT)] is technically more elaborative, involved
multisteps, far more complex, and highly challenging. The use of SCNT to generate
ES cells also requires more resources than otherwise required for iPS cell generation.
Thus, overexpression of a limited number of transcription factors in somatic cells has
become an attractive and a pivotal tool for the generation of iPS cells, similar to ES
cells.

Authentic ES cell lines could be established from developing blastocysts in a
number of species such as mice, humans, and most domestic animals. Unlike those
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species, currently available blastocyst-derived porcine cells do not strictly adhere to
all the features that define authentic ES cells (Evans et al. 1990; Chen et al. 1999;
Alberio et al. 2010). Those porcine ES cells were isolated and maintained following
the same methodologies and culture conditions used previously for murine or human
ES cells. It is suspected that the procedures possibly have never worked for the
porcine species, and this has been considered as the most plausible cause for the
failure of the derivation of authentic ES cells in pigs (Telugu et al. 2010). One way to
deal with the issue is to find the porcine-specific methodology and derive the ES
cells. However, it should take its own course of time to attain the target. In the
meantime, the invention of the procedure to reprogram somatic cells to the pluripo-
tent state became very much useful for porcine and other ungulates. Since the first
report on mouse iPS cells in 2006 from the Yamanaka Lab, it took about 3 years to
apply the same technique and to generate iPS cells in swine. There were simulta-
neous three publications in 2009: two from China (Esteban et al. 2009; Wu et al.
2009) and the other one from the United States (Ezashi et al. 2009). Those articles
from different laboratories clearly demonstrated the universality and effectiveness of
the Yamanaka methodology for the generation of iPS cells. Since then, several
reports on porcine iPS cells were published from different laboratories. We discuss
here briefly the genesis of reprogramming as a tool for iPS cell generation,
mechanisms involved in the process of reprogramming. Further, we review the
current status of available porcine iPS cells and their therapeutic/other applications.

17.2 Brief History Toward the Generation of Induced
Pluripotent Stem Cells

Since the 1950s, seminal advances or breakthroughs of technologies have happened,
and these have helped in the understanding of cellular/developmental biology deeper
and better. This progress contributed immensely toward the generation of induced
pluripotent stem cells. Few remarkable ones may be specially cited here. For
example, the invention of the somatic cell nuclear transfer (SCNT) technique
allowed the study of the cell’s developmental potential (Briggs and King 1952;
King and Briggs 1955). Also, the isolation of pluripotent embryonal carcinoma cells
(ECCs) from a solid tumor of germ cells (teratocarcinoma) was another significant
development. It was demonstrated further that the fusion of ECCs with fully
differentiated somatic cells such as thymocytes enabled the somatic cells to gain
the features of pluripotent cells (Miller and Ruddle 1976).

The next significant development in the field had been the discovery of assay
determining the developmental potential of putative pluripotent stem cells and their
ability to contribute to all three germ layers. This was achieved by injection of cells
into blastocysts followed by transfer to foster recipients. Availability of this process
also led to successful isolation of other pluripotent stem cells, that is, embryonic
stem (ES) cells from mice (Evans and Kaufman 1981; Martin 1981) and human
(Thomson et al. 1998) blastocysts. ECCs had abnormal karyotype, mostly aneu-
ploid, but ES cells possessed normal karyotype and also capable of contributing to
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all somatic lineages. Further, similar to ECCs, these pluripotent ES cells could be
used for the production of fusion hybrids with somatic cells (Tada et al. 2001;
Cowan et al. 2005). In these fusion hybrids, somatic cells acquired the biochemical
and developmental potential of pluripotent ES cells. Experiments with fusion
hybrids suggested the existence of identifiable soluble trans-acting factors in both
ECCs and ES cells. The success of experiments with SCNT also demonstrated the
presence of similar factors in the cytosol of the unfertilized oocyte, and these factors
were capable of conferring pluripotency/totipotency to somatic cells (Wilmut et al.
1997).

Subsequently, improved techniques allowed isolation of a variety of pluripotent
stem cells from different sources, such as cloned blastocysts produced by SCNT
(Cibelli et al. 1998), and also from other embryonic and adult tissues (for references
see Stadtfeld and Hochedlinger 2010). Each of these pluripotent stem cells of
different origin expresses a common endogenous transcription factor, Oct4, a key
molecule used by the Yamanaka group later for induction of pluripotency in somatic
cells.

Long ago, it was established that the ectopic expression of a specific transcription
factor might cause a change in cell/lineage fate. For example, the expression of
skeletal muscle-specific transcription factor MyoD in fibroblasts resulted in the
formation of myofibers (Davis et al. 1987). In this case, both fibroblast and
myofibers belong to the same embryonic germ layer, that is, mesoderm. The same
concept was extended to produce tissues of different lineage, currently known as
trans-differentiation (Vierbuchen et al. 2010; Nizzardo et al. 2013; Cieslar-Pobuda
et al. 2017; Flitsch and Brustle 2019), mostly reported after the publication of
Yamanaka’s 2006 iPS paper (Takahashi and Yamanaka 2006). Most importantly,
the concept that transcription factor(s) may regulate cell fate had provided an
“intellectual framework” (Stadtfeld and Hochedlinger 2010) and an invaluable
contribution toward the generation of induced pluripotent stem cells. Then, the
challenge was to identify those trans-acting factors relevant for somatic cell
reprogramming.

The Yamanaka group took the challenge to identify those trans-acting factors,
presumably involved in reprogramming of both somatic cells and nuclei, respec-
tively, in fusion hybrids and SCNT experiments. To prepare the list of putative
transcription factors, the group considered these criteria: (a) genes involved the
maintaining pluripotency in early embryos, and ES cells are Oct4, Sox2, Nanog;
(b) genes that are highly expressed in tumor cells, and also that contribute in long-
term maintenance ES cell phenotype/involved in proliferation such as, Stat3, E-Ras,
c-Myc, Klf4, and b-catenin; and (c) ES cell-specific genes such as Nanog, Sox2, and
Sox15. Thus, the group tested a total of 24 transcription factors and finally identified
four specific factors (Oct4, Sox2, Klf4, and c-Myc or OSKM) that were sufficient to
induce pluripotency in somatic cells (Takahashi and Yamanaka 2006). This work, in
turn, inspired several groups to investigate the underlying mechanism of
reprogramming using these factors. Major breakthroughs that had outstanding
contributions to the creation of Yamanaka are summarized in Table 17.1. Now, in
the next section, we discuss briefly the basis of reprogramming using transcription
factors that allowed the generation of iPS cells.
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17.3 Basis of Reprogramming Using Genetic Factors

17.3.1 Role of Individual Factors in Reprogramming

To understand how Yamanaka factors (OSKM) induce pluripotency in somatic cells,
investigators conducted different studies to identify the role of individual factors in
reprogramming. Results of these studies reveal interaction and targets of these
factors. These factors were found to co-bind to promoters of as many as 565 genes
and were involved in regulating (for both repression and stimulation)

Table 17.1 Significant milestones in the field of reprogramming leading to the generation of
induced pluripotent stem cells

Year Report Reference

1952–
1955

Establishment of technique: somatic cell
nuclear transfer (SCNT)

Briggs and King (1952), King and Briggs
(1955)

1958 Sexually mature Xenopus laevis from the
transplantation of a single somatic cell
nucleus

Gurdon et al. (1958)

1962 Demonstration that differentiated
amphibian cells retain the genetic
information necessary to support the
generation of cloned frogs

Gurdon (1962)

1954,
1964

Establishment of immortal pluripotent
cell lines called embryonal carcinoma
cells from a teratocarcinoma, tumors of
germ cell origin

Stevens and Little (1954), Kleinsmith and
Pierce (1964)

1967,
1970

Clonally expanded in culture while
retaining pluripotency

Finch and Ephrussi (1967), Kahan and
Ephrussi (1970)

1987 MyoD overexpression in fibroblast
produced myofibers

Davis et al. (1987)

1968 Teratoma assay R. L. Gardner (1968)

1981 Isolation of embryonic stem cells in
mouse

Evans and Kaufman (1981), Martin
(1981)

1996 Cloning of Dolly, the sheep, from somatic
cells

Wilmut et al. (1997)

1998 Isolation of embryonic stem cells in
human

Thomson et al. (1998)

1998 Transgenic bovine chimeric offspring
derived from somatic cell-derived stem-
like cells

Cibelli et al. (1998)

1998–
2005

Identification of transcription factors
related to self-renewal and pluripotency
in ES cells and in teratocarcinoma cells

Oct4 (Nichols et al. 1998), Sox2 (Avilion
et al. 2003), Nanog (Chambers et al.
2003), Stat3 (Niwa et al. 1998), c-Myc
(Cartwright et al. 2005), beta-Catenin
(Kielman et al. 2002), Klf4 (Li et al. 2005)

2006 Generation of induced pluripotent stem
cells

Takahashi and Yamanaka (2006)
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16 developmental signaling pathways (Liu et al. 2008; Huang et al. 2009). The four
factors had overlapping targets in both iPS and ES cells. Among these factors, c-Myc
was found to act prior to activation of pluripotency regulators (Sridharan et al. 2009),
and c-Myc was also identified to facilitate engagement of the remaining three factors
(Oct4, Sox2, and Klf4) at promoters of genes involved in reprogramming (Soufi
et al. 2012).

Thus, out of four factors, three (Oct4, Sox2, and Klf4) were considered as core
factors required to bind to activate the pluripotency network. Klf4 interacts directly
with Oct4 and Sox2, and these interactions were sufficient to induce pluripotency in
somatic cells (Wei et al. 2009). Recently, it is revealed that stoichiometry and
cooperativity between Klf4 and Sox2 are necessary for activation of the pluripotency
network (An et al. 2019). Furthermore, ectopic expression of all four factors brings
about changes not only in the expression of target genes but also remodels chromatin
state and genome topology in the cells during reprogramming (Apostolou and
Stadtfeld 2018).

It is further found that Oct4 is also required for mesenchymal–epithelial transition
(MET), a key event during reprogramming. The open chromatin is facilitated
predominantly by Sox2 with an accessory role of Oct4. Oct4/Sox2 heterodimers
(Malik et al. 2019) and relevant conformations for the establishment of pluripotency
were identified (Tapia et al. 2015). Oct4 alone was sufficient to reprogram human
somatic cells to iPS cells when used and some chemicals (Zhu et al. 2010). However,
subsequently, iPS cells were generated either with three or two factors but without
using exogenous Oct4 (Montserrat et al. 2012; An et al. 2019; Velychko et al. 2019).
Cells generated using three factors (Klf4, Sox2, and c-Myc) were free from abnormal
imprinting, usually found in iPS cells generated by using Yamanaka factors
(Velychko et al. 2019). In summary, each of the factors plays a distinct role during
reprogramming. It would be curious to look at how activities identified for individual
factors play a role in the global or genome-wide context.

17.3.2 Genome-Wide Sequential Events for Establishment
and Maintenance of Pluripotency by OSKM Cocktail

Data from genome-wide chromatin assay experiments, epigenomics, and
transcriptomics studies collected during iPS cell generation reveal that the presence
of OSKM inside somatic cells first erases differentiated cells’ identity. It activates a
set of genes needed for the establishment of pluripotency, and finally, reorganization
of chromatin structure occurs for maintenance of pluripotency. For a fuller descrip-
tion, it is recommended to refer to Apostolou and Stadtfeld (2018) or to
Hochedlinger and Jaenisch (2015). Here, a summary is presented in the entire
process.

17.3.2.1 Somatic Program Silencing
It is now known that available OSKM factors’ access to chromatin structure around
somatic loci and, in turn, turns off somatic gene expression. OSKM can silence the

294 S. K. Dhara et al.



somatic program directly by (a) displacement of somatic transcription factors (TFs)
and/or (b) recruitment of co-repressors, such as HDAC1. OSKM also can reposition/
redistribute somatic TFs to newly accessible genome sites. Additionally, just OKS
has the ability to activate a co-repressor, such as Sap30. Both these events (somatic
TFs redistribution and activation of Sap30) can indirectly cause silencing of the
somatic program (Apostolou and Stadtfeld 2018).

17.3.2.2 Stem Cell Program Activation
Initiation of the pluripotency program in the somatic genome is a rare and rate-
limiting event. Here, in the absence of critical co-factors, OSKM is either unable or
insufficient to bind to the genome, and therefore fails to induce activation of
pluripotent genes. Those regions in the genome are “refractory” and thus do not
provide access to OSKM. In addition, many stem cell-specific regulators are found
in these “refractory” regions, and histone 3 (H3) chromatin protein of these regions is
highly methylated in lysine at position 9 (H3K9). Experimental data suggest that
downregulation of H3K9 methyltransferases (such as G9A, GLP, SETDB1,
SUV39H1, and SUV39H2) improves the efficiency of reprogramming, indicating
methylated H3K9 acts as a prohibitory signature against reprogramming. However,
too much demethylation also affects reprogramming adversely. Intervention
resulting in relaxation of the somatic chromatin enables increased accessibility and
binding of SOX2 to pluripotency-related enhancers and super-enhancers. Evidence
also strongly suggests that early binding of OSK (Myc to a lesser extent) occurs
predominantly on “inaccessible” regulatory elements, including nucleosomal and
DNA methylated regions. Further, the co-binding of OSK during early
reprogramming activates target gene loci seemingly in a context-dependent manner.
OSKM activity also depends on specific critical co-factors linked to chromatin
remodeling (e.g., SWI/SNF subunits), epigenetic modulation (e.g., BRD4 and
MLL), and factors involved in the release of the paused polymerase (e.g., CDK9,
P-TEFb, etc.) (Apostolou and Stadtfeld 2018).

17.3.2.3 Re-organization of Chromatin Architecture
The chromatin topology of cells determines the morphology and functions of cells.
During reprogramming, chromatin topology gets reset while somatic cells are
induced to become pluripotent stem cells. Evidence suggests that chromatin loops
are established around pluripotency-associated loci during reprogramming, and this
usually precedes or coincides with transcriptional change. Thus, chromatin reorga-
nization and timing is linked to changes in gene expression, supporting a potential
causal role for reprogramming. These topological changes are brought about directly
by OSKM binding to reorganized regions. OSKMmay also be involved indirectly in
histone modification such as H3K4me2, and such changes occur prior to conforma-
tional alterations. The role of OSKM in local and global chromatin reorganization
would be clear by identifying the OSKM-dependent and OSKM-independent
mechanisms during somatic cell reprogramming (Apostolou and Stadtfeld 2018).

It is to emphasize that methylation patterns of both histones and DNA are globally
reset during reprogramming. Repressive histone modifications [e.g., histone H3
lysine 27 trimethylation (H3K27me3)] and DNA methylation are responsible for
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the silencing of pluripotency genes (such as Oct4 and Nanog) in somatic cells. These
repressive marks are replaced by the activating histone marks [such as H3 lysine four
trimethylations (H3K4me3)], and also repressive DNA methylation signature in the
promoter of Oct4 gene is removed in pluripotent cells. Thus, overall histone
modifications and DNA methylation landscapes are restored in authentic iPS cells.
Histone lysine demethylase, UTX, removes repressive H3K27 methylation, and WD
repeat domain 5 (Wdr5) regulates the activating H3K4 methylation. In addition, the
absence of maintenance methyltransferase (Dnmt1) (usually achieved by supple-
mentation of 50aza-cytidine in culture during derivation of iPS cells) improves the
efficiency of reprogramming. However, the lack of activities of de novo
methyltransferases (Dnmt3a and Dnmt3b) does not impact reprogramming effi-
ciency. Overall, removal of DNA methylation promotes reprogramming, possibly
via the release of repression of pluripotency genes such as Oct4 and Nanog
(Hochedlinger and Jaenisch 2015).

Thus, many different kinds of changes take place in a short span of time during
reprogramming, yet only a few cells attain the state of pluripotency. One, therefore,
wonders how to follow these events during reprogramming and what might be the
reasons that restrict the majority of cells to attain the state.

17.3.3 Kinetics of Molecular Signatures During Somatic Cell
Reprogramming

Based on studies primarily in mouse fibroblast reprogramming, molecular signatures
of some of the key events are currently known. It is now accepted that the expression
of four factors is required till fibroblasts reach a stable, self-sustaining pluripotent
state. There exist several intermediate stages between somatic fibroblast and fully
reprogrammed pluripotent cells. Early intermediates are produced from fibroblasts
(Thy1+/SSEA1�), and these cells at a certain initial point cease expressing Thy1and
become Thy1�/SSEA1� (Stadtfeld et al. 2008). Downregulation of somatic cell
markers is accompanied by changes in cell morphology and occurrence of
mesenchymal–epithelial transition (MET). MET is regulated by multiple factors:
(a) BMP-dependent miR205 and miR200 family of microRNAs serve as key
regulators (Samavarchi-Tehrani et al. 2010) and (b) role of key transcription factors:
“Sox2/Oct4 suppress the epithelial–mesenchymal transition (EMT) mediator Snail,
c-Myc downregulates TGF-beta1 and TGF-beta receptor 2, and Klf4 induces epithe-
lial genes including E-cadherin” (Li et al. 2010). Subsequently, a subset of Thy1�/
SSEA1� cells starts expressing SSEA1, and gradually the population is enriched
with Thy1�/SSEA1+ cells (Stadtfeld et al. 2008), expressing other early
pluripotency markers such as alkaline phosphatase. Then, late pluripotency markers
such as endogenous Sox2/Oct4 and Nanog are reactivated. This event is
accompanied by the activity of telomerase enzyme and removal of silencing of X
chromosomes (Li et al. 2010; Hochedlinger and Jaenisch 2015). These sequential
events with key molecular markers are presented in a schematic diagram
(Fig. 17.1a).
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Fig. 17.1 Kinetics of reprogramming events and porcine-induced pluripotent stem cells. (a)
Schematic diagram showing temporal expression of genes signifying transition of fibroblasts
toward generation of induced pluripotent stem cells during reprogramming (left panel shows data
from studies on mouse/human cells, right panel represents data from porcine ell reprogramming);
(b) porcine-induced pluripotent stem cells produced from bone marrow-derived mesenchymal stem
cells using doxycycline-inducible system regulating expression of lentivirally transduced four
Yamanaka transcription factors
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17.3.4 Elite and Stochastic Models for Induced Pluripotent Stem Cell
Generation

It is now accepted that reprogramming of somatic cells occurs at a very low
efficiency ranging between 0.001% and 0.01%. In order to explain the possible
reasons, Yamanaka (2009) proposed two different models: deterministic and sto-
chastic (Yamanaka 2009). The somatic cell requires to undergo a certain number of
cell divisions, accumulating the required epigenetic changes to attain the state of
pluripotency. In the deterministic model, the number of cell divisions (latency) is
considered to be fixed or constant, whereas, for the stochastic model, this number
varies from one to the other cells. Under each model, either all or a few selected elite
cells would finally reach the state of pluripotency. It is often noted that a few cells in
the founder population plated for reprogramming are less differentiated, and these
cells are expected to reach the state of pluripotency with a lesser number of cell
divisions. Further, within those few cells, the process of reprogramming is likely to
be random. Thus, experimental data is consistent with the stochastic model, and the
process is influenced by multiple factors like the differentiation stage of the founder
cells (e.g., adult stem cells are more amenable than fully differentiated somatic cells),
supplementation of other transcription factors (four factors versus six factors),
chromatin regulators, growth factors (supporting the cell survival), and the interplay
of microRNAs during reprogramming (Theunissen and Jaenisch 2014;
Hochedlinger and Jaenisch 2015).

17.4 Porcine-Induced Pluripotent Stem Cells

The innovation of methodology for the generation of induced pluripotent stem (iPS)
cells in mice soon resulted in the generation of iPS cells in other species. The
different strategies employed could be broadly classified into two categories:
(a) transgene-mediated reprogramming and (b) chemical reprogramming. The first
approach included the use of transcriptional inducers (such as Yamanaka factors,
Nanog, Lin28, Sall4, Glis1, Dppa2, Esrrb, Utf1), epigenetic inducers (Rcor2, TH2A,
Tet1), miRNAs as inducers (miR-302, miR-367, miR-200c, miR-302s, miR-369s),
and lineage specifiers (such as ectodermal or mesendodermal specifiers). On the
other hand, in chemical reprogramming strategy, small-molecule inhibitors of dif-
ferent signaling pathways (such as TGF-b, GSK3, SAHH, and MEK), demethylases
(Jhdm1a/b), chemicals that affect methylation (such as vitamin C), and histone
deacetylase (HDAC) inhibitors [such as valproic acid (VPA)] were used. For details
on all these approaches, including the replacement of classical Yamanaka factors,
multiple articles are available (reviewed in Theunissen and Jaenisch 2014).

Having a standard protocol available, three different laboratories attempted to
generate iPS cells in porcine. Each group described that porcine ES cells were not
available (at the time of publication of their reports), and iPS cells would help meet
up the need of porcine ES cells. In a close race, they reported their success between
June and July of 2009 (Esteban et al. 2009; Ezashi et al. 2009; Wu et al. 2009). All
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three groups used transcription factors of human origin; either six transcription
factors (Yamanaka factors plus, Nanog, and Lin28) (Wu et al. 2009) or four
Yamanaka factors (Esteban et al. 2009; Ezashi et al. 2009). The transcription factors
were delivered to somatic cells [fibroblasts and bone marrow cells (Wu et al. 2009)
or just fibroblasts (Esteban et al. 2009; Ezashi et al. 2009)] either by retroviral
(Esteban et al. 2009) or by a lentiviral delivery system with (Wu et al. 2009) or
without (Ezashi et al. 2009) using doxycycline for triggering the expression of
exogenous factors. In fact, Wu et al. abandoned the retroviral system due to failure
of transduction of pig ear fibroblasts and switched to a lentiviral delivery system
(Wu et al. 2009). Putative iPS cells were cultured on mouse feeder cells in media
supplemented with either LIF (Esteban et al. 2009) or FGF2 (Ezashi et al. 2009) or
no additional cytokine (Wu et al. 2009). iPS cells produced by three groups
expressed alkaline phosphatase, Nanog, and had high telomerase activity. The
expression of Oct4 (Ezashi et al. 2009; Wu et al. 2009), Sox2 (Ezashi et al. 2009;
Wu et al. 2009), Rex1 (Esteban et al. 2009; Wu et al. 2009), and SSEA-4 (Esteban
et al. 2009; Wu et al. 2009) was found in cells from two laboratories. Uniquely,
SSEA-3 expression was noted only in cells generated byWu et al. (2009) and SSEA-
1 in cells from Michael Roberts’s laboratory (Ezashi et al. 2009). Based on the
marker profiles, cells derived by the two Chinese groups were, to some extent,
similar to human ES cells, and cells reported by the other group were identical to
mouse ES cells. Cells from all laboratories were successfully differentiated to tissues
of three germ layers both in vitro and in vivo (teratoma formation). Ezashi et al.
reported sustained transgene expression even after differentiation of iPS cells
(Ezashi et al. 2009). These authors envisaged the usefulness of porcine ES cells in
generating gene-modified pigs, also to study certain human diseases or assess
therapeutic applications as large animal models. Further, they can work as model
systems for testing the safety and efficacy of stem cell-derived tissue grafts (Esteban
et al. 2009; Ezashi et al. 2009; Wu et al. 2009).

Following these three major publications, as of date, a little over 70 research
articles are available on porcine iPS cells. Here, we summarize the information
available on these newly generated porcine iPS cells in terms of different aspects of
reprogramming. Further, we also note here that the citation of literature presented in
this article is not exhaustive; instead, it is aimed to reflect the significant progress in
the field of research on porcine iPS cells.

Generation of porcine iPS cells reported by different laboratories was achieved
using various methods, and each of those iPS lines had features of pluripotent cells to
a certain extent but failed to generate stable germline competent chimera. Therefore,
many of these iPS cells may not be genuine/authentic iPS cells. In developing the
accurate iPS cells, obstacles encountered in the process could be numerous, such as
(a) incomplete epigenetic reprogramming, (b) inferior culture conditions, and (c) use
of varying serum and supplements, for example, cytokines, LIF, FGF2, epigenetic
modifiers, and signal pathway inhibitor. To get an overall idea of these cells, here we
discuss some of these issues briefly.
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17.4.1 Choice of Reprogramming Factors

Yamanaka transcription factors (Oct4, Sox2, Klf4, and c-Myc) were most frequently
used for the generation of porcine iPS cells (Cheng et al. 2012a; Fujishiro et al. 2013;
Zhang et al. 2015; Park et al. 2016; Secher et al. 2017). Since Thomson’s group
reported successful generation of human iPS cells using Oct4, Sox2, Nanog, and
Lin28 (Yu et al. 2007), these additional factors (i.e., Nanog and Lin28) were also
combined with four Yamanaka factors giving a total of six factors for the generation
of porcine iPS cells (West et al. 2010; Fukuda et al. 2017; Kwon et al. 2017). One of
these iPS lines (produced with six factors and maintained in medium with FGF2 and
on mouse feeder cells) was used successfully to create germline-competent chimeric
pig (West et al. 2010, 2011), and this remained the only report demonstrating
germline-competent pig iPS cells that produced adult animals without any additional
treatment (such as differentiation of iPS cells prior to use as nuclear donor or treating
nuclear-transferred embryos with HDAC inhibitor) (West et al. 2011). Porcine iPS
cells were also produced using seven factors by adding the Large T antigen of the
SV40 virus to six factors mentioned before (Telugu et al. 2010). Yamanaka factors
plus Lin28 (Chakritbudsabong et al. 2017) or TERT (Gao et al. 2014) resulting in
five factors were also successful in producing porcine iPS cells. Using three factors
(Sox2, Klf4, and c-Myc), it was possible to generate porcine iPS cells, dispensing
Oct4. Apparently, this was the first report of somatic reprogramming in any species
without the overexpression, either directly or indirectly, of Oct4. Moreover, cells
thus generated could be grown in a feeder cell-free culture system (Montserrat et al.
2012). Knocking down of Klf4 and c-Myc in iPS cells resulted in the loss of
pluripotency (Liao et al. 2018a), indicating the crucial roles of those factors.

Small-molecule pathway inhibitors (such as PD0325901 and CHIR99021) were
used to improve reprogramming and four Yamanaka factors (Zhang et al. 2015;
Secher et al. 2017). PD0325901 is a selective, cell-permeable non-ATP-competitive
inhibitor of the MEK/ERK signaling pathway, whereas CHIR99021 is a glycogen
synthase kinase (GSK) 3 inhibitor. GSK3 is a serine/threonine kinase, a key inhibitor
of the WNT pathway; therefore, CHIR99021 functions as a WNT activator. Both
these inhibitors were also used for reducing the number of factors during the
reprogramming of fibroblasts. For example, Liu et al. (2012) used only two factors
(Oct4 and Klf4) and successfully generated iPS cells (Liu et al. 2012). Fibroblasts
electroporated with episomal vectors containing Yamanaka factors resulted in more
naïve iPS cells grown in a particular medium containing growth factors (FGF2, LIF)
and inhibitors of MAPK14, MAPK8, TGFB1, MAP2K1, GSK3A, and BMP (Yuan
et al. 2019).

Blocking MEK signaling enhanced the proportion of NANOG (indicative of the
epiblast)-positive cells but did not prevent the segregation of GATA-4 (indicative of
the hypoblast)-expressing cells in the inner cell mass (ICM). Interestingly, inhibition
of FGF signaling reduced the number of ICM cells without altering the segregation
of NANOG and GATA-4 cells, indicating FGF signaling’s participation in the
formation of the founders of the ICM.
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Inhibition of MEK signaling combined with GSK3-beta inhibition and LIF
supplementation to culture conditions helped pig iPS cells acquire naive
pluripotency features (see detail on types of pluripotency in a later section). Pigs’
iPS cells were characterized by the expression of STELLA and REX1, and increased
in vitro germline differentiation capacity (Rodriguez et al. 2012). Thus, small-
molecule inhibitors can be used to improve the homogeneity of induced pluripotent
stem cells and help in the generation of germline-competent stem cells in swine.

Among the growth factors and cytokines, leukemia inhibitory factor (LIF) is of
prime interest in stem cell biology. It is accepted that only the naive-type pluripotent
stem cells can produce chimeric offspring, and these cells are LIF-dependent.
LIF-dependent iPS cells were generated using either four Yamanaka factors
(Fujishiro et al. 2013) or six factors (Yamanaka factors plus Nanog and Lin28)
(Kwon et al. 2013), and those cells were shown to contribute to fetal development
(Fujishiro et al. 2013).

Attempts were also made to find additional factors to substitute or to use in
combination with the original Yamanaka factors. Estrogen-related receptor B
(ESRRB), an orphan nuclear receptor, is one such factor. It is a direct transcriptional
target of Nanog in mouse ES cells and can replace Nanog. Similarly, T box
transcription factor, Tbx3, is another factor that improved germline competency of
mouse iPS cells. Another nuclear receptor, Nr5a2 (also known as Lhr-1 or liver
receptor homolog-1), could replace exogenous Oct4 during reprogramming of
mouse somatic cells. For reprogramming of porcine cells, the addition of ESRRB
(Yang et al. 2018) and two other factors (Tbx3 and Nr5a2) (Wang et al. 2013)
promoted reprogramming and self-renewal of porcine iPS cells, similar to the case
with mouse cell reprogramming. The intracellular domain of epithelial cell adhesion
molecule (EpCAM) enhanced reprogramming in porcine fibroblasts via activation of
beta-catenin signaling (Yu et al. 2017).

Further addition of epigenetic modifiers such as Tet1 (Ten-Eleven Translocation)
to culture media during reprogramming could significantly enhance iPS cells’
derivation with higher levels of expression of pluripotent genes such as Rex1 (Mao
et al. 2017). Long noncoding RNAs (lncRNA) were involved in the transcriptional
regulation of somatic reprogramming to pluripotency (Zhong et al. 2018). The
reprogramming of cells using miRNA could enhance the generation of porcine
iPS. Overexpression of miR-302a, miR-302b, and miR-200c could make the
reprogramming more efficient and faster. Therefore, it was suggested to replace
c-Myc with these microRNAs (miR-302a, miR-302b, and miR-200c) to reduce
porcine iPS tumorigenicity cells (Ma et al. 2014). Similarly, pluripotency could be
induced in fibroblasts by epigenetic resetting with extract of porcine germinal vesicle
stage oocytes (Bui et al. 2012), though factors present in the extract were not
identified.

All in all, porcine-induced pluripotent stem cells were produced with two, three,
four (original Yamanaka factors), five, six, or seven factors. One study attempted to
dissect the implication of the generation of iPS cells using four (Yamanaka) factors
versus six factors (Yamanaka factors plus Nanog and Lin28). Transcriptome analy-
sis revealed that iPS cells, when derived with six factors, belonged to independent

17 Reprogramming and Induced Pluripotent Stem Cells in Porcine 301



clusters compared to those derived from four factors; those cells produced with six
factors were distant from fibroblasts. Further, the expression of various naïve-
specific genes was relatively elevated in pig iPS cells derived from six factors
(Fukuda et al. 2019), indicating that six factors may preferentially be used for
derivation of iPS cells.

Identification of critical transcription factors required for reprogramming also has
a certain impact on the derivation of putative ES cells from a porcine blastocyst. In
the laboratory of Michael Roberts, Oct4 and Klf4 were overexpressed in the porcine
blastocysts, and then LIF-dependent naïve-type mouse ES cell-like cells were
isolated from the inner cell mass (Telugu et al. 2011). The attempt carries enormous
significance, specifically when authentic ES cells from porcine species are not
available.

17.4.2 Choice of the Delivery System

Since the Yamanaka group used retroviruses for delivering Oct4, Sox2, c-Myc, and
Klf4 (OSKM) to somatic cells, most groups used the same delivery system to
generate porcine iPS cells (Fujishiro et al. 2013; Ji et al. 2013; Zhang et al. 2015;
Chakritbudsabong et al. 2017; Mao et al. 2017). Lentivirus delivery system for
generation of iPS cells also remained a popular method because of high transduction
efficiency (Wu et al. 2009; Fukuda et al. 2017; Kwon et al. 2017; Luo et al. 2017).
Pseudo lentiviral particles were suitable to deliver the required factors to a wide
variety of cell types. To regulate expression stringently, transgenes were placed
under the doxycycline-inducible system (Tet operator), and the same was primarily
combined with the lentiviral delivery method (Wu et al. 2009; Luo et al. 2017;
Secher et al. 2017), approaching a highly reliable one (Fig. 17.1b, unpublished data
from the laboratory of the lead author). As transgenes delivered by retro/lentiviral
systems get integrated into the genome, it was speculated to affect the biology of the
cells, including disruption of genes involved in pluripotency/differentiation. Further,
retroviral elements are considered tumorigenic, and these elements, when integrated
into the genome, are known to be targeted for methylation and thereby silencing the
transgenes.

Mobile genetic elements transfer DNA to the genome by transposing between
vectors and chromosome via a “cut and paste” mechanism using transposase
enzyme. Such systems were recognized as alternatives to viral transduction for
delivering transgenes into the genome. Both piggyBac (PB) (with four Yamanaka
factors) (Kim et al. 2019b) and sleeping beauty (SB) transposon vectors with either
six (Petkov et al. 2013) or four Yamanaka (Kues et al. 2013) reprogramming factors
were successfully used to deliver and finally to generate porcine iPS cells. Nuclei
from porcine iPS cells derived by utilizing the piggyBac system were successfully
used to produce transgenic embryos (Kim et al. 2019b). It may be noted that
transposase enzymes transpose cargo containing transgenes into the target chromo-
some at TTAA and TATA site by PB and SB transposases. For SB vectors, CAG or
EF1a promoters were adequate, but not with the TetO promoter (Petkov et al. 2013),
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and Kues et al., used a single polycistronic construct with all four factors (Kues et al.
2013). Transfection of a CAG-driven polycistronic plasmid expressing Yamanaka
factors showed higher efficiency and reprogramming compared with three consecu-
tive retroviral transductions of a similar polycistronic construct (Montserrat et al.
2011). Though these iPS cells were generated without the presence of viral vectors,
the transgenes were integrated into the host genome. One could have overexpressed
specific transposases to remove the integrated sequences from iPS cells’ genome,
similar to that done with mouse iPS cells (Yusa et al. 2009). Another alternative to
generate transgene integration-free iPS cells is to use episomal vectors. Reports
indicate that integration-free porcine iPS cells were produced by using episomal
vectors electroporated into pig fibroblasts (Li et al. 2018a; Yuan et al. 2019).

Overall, with the advances in technology, one has several options to choose a
suitable delivery system. The specific purpose of the study and utility of the cells
should be the prime consideration for determining the delivery system type.

17.4.3 Choice of Somatic Cells to Be Reprogrammed

Fibroblasts are highly active, and one of the most common cells of primitive
mesenchyme origin found in connective tissue. These cells are proliferative and
easily available from multiple sources, and primary fibroblasts are used in different
kinds of biological experiments. For a generation of porcine iPS cells, fibroblasts
were most frequently used from multiple sources such as embryonic (Fujishiro et al.
2013; Zhang et al. 2015; Chakritbudsabong et al. 2017; Fukuda et al. 2017; Mao
et al. 2017), fetal (Petkov et al. 2013, 2016; Luo et al. 2017; Li et al. 2018a) or
postnatal (Kwon et al. 2017) origin. But reprogramming was not highly successful
with fibroblasts, and heterogeneity of fibroblasts was suspected to be the reason for
the poor efficiency. Li et al. (2017) recently reported that stage-specific embryonic
antigen 1 (SSEA1)-positive embryonic fibroblast in Danish Landrace and Gottingen
mini pig had a better ability to generate iPS cells compared to SSEA1-negative
fibroblasts (Li et al. 2017).

Other than fibroblasts, adult stem cells were also used as somatic donor cells for
reprogramming. It was thought that owing to their stem cell characters, adult stem
cells would be easier to reprogram. Thus, adult stem cells such as bone marrow-
derived mesenchymal stem cells (MSC) (West et al. 2010) and adipose tissue-
derived stem cells (ADSC) (Zhang et al. 2014) were successfully used for
reprogramming. It was reported that reprogramming of iPS cells from porcine
ADSCs was more efficient than from fibroblasts (Zhang et al. 2014). Similarly, for
transcription factor-mediated reprogramming, the reprogramming efficiency of
ADSCs-derived stem cells was significantly higher than fibroblast collected from
embryo or adult ears (Li et al. 2018b). Besides, reports are also available to generate
porcine iPS cells from other cell sources such as Sertoli cells (Setthawong et al.
2019) and pericyte (Xu et al. 2019).
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Contextually, while planning to generate iPS cells, the availability and purpose of
the experiment should get due importance. However, preference should be given to
those cells that are known to be easier to undergo reprogramming.

17.4.4 Culture Supplementation with Special Reference to LIF
and FGF2

Leukemia inhibitory factor (LIF) is a member of the interleukin-6 family of
cytokines, most widely used for the maintenance of undifferentiated state and self-
renewal of mouse ES cells (Smith et al. 1988). On the other hand, fibroblast growth
factor 2 (FGF2) is a signaling molecule involved in many biological processes,
including embryonic development, angiogenesis, and wound healing (Armelin
1973; Gospodarowicz 1974). FGF2 signaling was reported to maintain the growth
of human ES cells (Eiselleova et al. 2009). Either LIF (Cheng et al. 2012a; Fujishiro
et al. 2013; Zhang et al. 2015; Fukuda et al. 2017; Kwon et al. 2017; Secher et al.
2017) or FGF2 (West et al. 2010; Zhang et al. 2015; Secher et al. 2017) or both were
supplemented for culturing porcine iPS cells. Like other species, LIF was identified
to activate the transcription factor STAT3 and its target SOCS3 and stimulated cell
growth in iPS cells generated in LIF supplemented medium, indicating the existence
of a conserved functional signaling pathway across different species in mammals
(Thomson et al. 2012). The requirement of LIF and FGF2 for reprogramming of
porcine somatic cells was reemphasized but not essential for maintaining self-
renewal and pluripotency.

A serum-free 3i medium containing three inhibitors CHIR99021 (GSK-3 inhibi-
tor; acts as Wnt activator), PD0325901 (MEK/ERK inhibitor), and SB431542
(a selective inhibitor of endogenous activin and TGF-β signaling, but has no effect
on BMP signaling), plus three cytokines (BMP4, SCF, and IL-6), and human platelet
lysates was reported that successfully rescued flattened primed iPS cells to naïve-like
cells. This medium maintained the culture for a long-term culture without the use of
LIF or FGF2 (Ma et al. 2018), indicating that LIF/FGF2 could be replaced with
supplementation of other factors, including different small-molecule inhibitors.

17.4.5 Culture of iPS with or Without Feeder Cells

Porcine iPS cells could be grown in a number of different basal media, such as
DMEM/F12 (Secher et al. 2017) with a feeder (Mao et al. 2017) and also without
feeder when used proprietary media such as Cellgro (Fujishiro et al. 2013) and
mTeSR (unpublished data from the lead author’s laboratory).

Is There Any Standard Method to Grow More Naïve-Type Porcine iPS Cells?
Only limited data is available dealing with how to isolate and grow naïve porcine iPS
cells. As stated in the previous section, the serum-free 3i medium could preferen-
tially support the growth of naïve iPS cells (Ma et al. 2018). Recently, a detail of
transcriptome analysis dealt with a similar issue. As per this report, porcine inner cell
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mass was identified to have a unique pluripotency transcriptome, distinct from
human and mouse ES cells. But it was shown to share more features with human
naive-like than primed stem cell states (like an expression of KLF17 but not KLF2).
Therefore, to activate specific signaling pathways important for porcine
pluripotency, a suitable media was formulated. The media had DMEM/F-12 and
Neurobasal medium mixed 1:1 supplemented with Glutamax, 2-mercaptoethanol,
N2 supplement, B27 supplement, Pen-strep, human recombinant LIF, L-ascorbic
acid, insulin-transferrin-selenium-sodium pyruvate (ITS-A), PD0325901
(MEK/ERK inhibitor), 1 μM CHIR99021 (GSK-3 inhibitor; acts as Wnt activator),
Gö6983 (inhibits several isoforms of protein kinase C), and Y-27632 (inhibits both
ROCK1 and ROCK2). This media supported human naïve stem culture. The same
media improved the efficiency of reprogramming of porcine embryonic fibroblasts,
and this culture condition could turn on the expression of important naive stem cell
markers such as NANOG, KLF17, and CDH1 in porcine iPS-like cells (Habekost
et al. 2019). For scaling up of porcine iPS cells, stirred suspension bioreactors could
be effectively used (Burrell et al. 2019) and for improvement of efficiency of
cryopreservation of these cells. ROCK inhibitor Y-27632 could be of help (Baek
et al. 2019).

Thus, there is a number of media available for culturing porcine iPS cells. One
should test and adopt the best one for derivation and propagation of cells.

17.4.6 Expression of Marker Genes in Porcine iPS Cells

Embryonic stem cells are characterized by a number of markers such as Oct4, Sox2,
Klf2, Klf4, Rex1, c-Myc, E-cadherin, high level of telomerase, alkaline phosphatase,
SSEA1, SSEA3, SSEA4, Tra-1-60, Tra-1-81, Rex1, and CDH1. Porcine iPS cells
were reported to express some or most of these ES cell markers, with individual
variations. Expression of stage-specific embryonic antigen (SSEA) surface markers
remained a reliable tool to differentiate between mouse and human ES cells.
Typically mouse ES cells are known to express SSEA1 but not SSEA3 and SSE4,
whereas human ES cells express both SSEA3 and SSEA4, not SSEA1. For example,
iPS cells derived for the first time in porcine by Wu et al. were shown to express
alkaline phosphatase, Tra-1-60, Tra-1-81, Oct3/4, Nanog, Sox2, Rex1, CDH1, and
both SSEA3 and SSEA4 (Wu et al. 2009). iPS reported from the Michael Roberts
laboratory expressed Oct4, Nanog, Sox2, high telomerase activity, but lacked
expression of SSEA3 and SSEA4. However, similar to mouse ES cells, these cells
expressed SSEA1 (Ezashi et al. 2009). iPS cells that expressed all three SSEA
molecules (detected by PCR) (Fujishiro et al. 2013) or that expressed only
SSEA4, not the other two SSEA molecules (Esteban et al. 2009) or not SSEA1
(Thomson et al. 2012), were available too. Porcine iPS cells that expressed SSEA1
but not the other surface markers (such as Tra-1-60, Tra-1-81, SSEA3, and SSEA4)
were reported by multiple groups (Kwon et al. 2013; Li et al. 2018a). iPS cells from a
resource cell line were shown to express SSEA1 (Chakritbudsabong et al. 2017).
Again, cells were also shown to express surface markers in combination such as
SSEA4, TRA 1-60, and TRA 1-81 (Yang et al. 2013), or SSEA1, SSEA4, and
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TRA-1-60 (Gu et al. 2014). The presence of high telomerase activity was described
as a feature in a number of reports, such as of Ezashi et al. (2009) or of Fukuda
et al. (2017).

Lastly, since each group chose to test and reported a specific set of markers, and
each of the laboratories set up varied, it may not be easier to conclude if conflicting
reports of marker expression were due to the cells’ inherent characteristics or due to
the variation in the setups. However, a panel of markers listed for ES cells was useful
and would remain a guide to detect the status of porcine iPS cell marker expression.

17.4.7 In Vitro Lineage Differentiation of Porcine iPS Cells

In each publication, porcine iPS cells were routinely shown to undergo differentia-
tion, producing cells of ectodermal, mesodermal, and endodermal (three germ
layers) lineage. A more or less standard procedure is available to differentiate ES
cells randomly, and in this procedure, ES cells are allowed to grow as free-floating
cell aggregates in a medium without cytokines/growth factors such as LIF/FGF2.
Those cell aggregates grow in small clumps/bodies and are termed embryoid bodies
(EBs). Tissues of three germ layers are detected in these EBs, usually by PCR or
immuno-techniques. By following the similar protocol, iPS cells were allowed to
differentiate as EBs randomly, and subsequently, expression of different lineage-
specific markers was detected in those EBs, signifying iPS cells, in general, could
produce tissues of ectodermal, mesodermal, and endodermal lineage (Zhang et al.
2015). Under special culture conditions, myocardial differentiation of porcine iPS
cells was reported, displaying beatings of embryoid bodies in culture
(Chakritbudsabong et al. 2017).

However, these were performed as a part of standard procedures to show that
porcine iPS cells were pluripotent cells. But in order to extend the usefulness of these
cells, specifically for regenerative applications such as cells for transplantation and
screening of drugs, lineage-specific differentiation of iPS cells would be required.

Recently, porcine iPS cells were differentiated to skeletal myotubes with coordi-
nated approaches combining two inhibitors and ectopic expression of MyoD1
(Genovese et al. 2017). Using inhibitors of SMAD, TGF-beta, and BMP4, Kim
et al. (2019a) developed an efficient method for the production of neural progenitor
cells from porcine iPS cells, advancing the application of reprogrammed cells (Kim
et al. 2019a). Also, porcine iPS cells underwent neural differentiation when EBs
were treated with retinoic acid (Li et al. 2014). Among these limited studies, one
study was remarkably reported from the laboratory of Steven L. Stice and Franklin
D. West. The group demonstrated that SSEA4-positive porcine iPS cells (compared
to SSEA4-negative cells) were more suitable for differentiation into beta III-TUB/
MAP2+ neurons, GFAP+ astrocytes, O4+ oligodendrocytes, and motor neurons
expressing both HB9 and ISLET1. This work established a link of expression of a
specific marker (such as SSEA4) to iPS cells’ propensity for a specific lineage
differentiation (Yang et al. 2013). It needs to be seen whether SSEA4+ iPS cells
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are refractory to differentiation to other lineages. Additionally, more such
differentiation-associated iPS markers would help advance the field immensely.

17.4.8 Assay for Testing Developmental Potential

Like differentiation in vitro, pluripotent stem cells are tested in vivo for their ability
to contribute to different lineages. This is generally done in more than one way, such
as tetraploid complementation, teratoma formation, and chimera formation assays.

17.4.8.1 Tetraploid Complementation Assay
Tetraploid complementation assay is a technique where zonal pellucida-free one
tetraploid embryo is electrofused with aggregates of pluripotent stem cells such as
ES or iPS cells. Then, lineage development of the resultant tetraploid-pluripotent
stem cells chimera is monitored for the contribution of each source. Usually,
pluripotent stem cells contribute to fetus proper (ectoderm, endoderm, and meso-
derm), and extraembryonic tissues (primitive endoderm and the trophectoderm come
from tetraploid embryos). The chimera developmentally progresses if both
compartments (embryonic and extraembryonic) of embryos complement each
other appropriately (Tam and Rossant 2003). Tetraploid complementation assay is
commonly used for testing the pluripotency of any cells, such as ES cells.
Blastocysts complemented with mouse iPS cells forming tetraploid embryos were
successful in producing viable, fertile, live-born progeny (Kang et al. 2009; Zhao
et al. 2009). To our information, porcine iPS cells were used for chimera develop-
ment by microinjection into blastocyst or morula (Cheng et al. 2012a; Fujishiro et al.
2013), but no such report is available on tetraploid complementation assay using
porcine iPS cells.

17.4.8.2 Teratoma Formation with Porcine iPS Cells
Teratoma formation is a tool commonly employed for monitoring pluripotency in
stem cell biology. It is applied to assess stem cells’ ability to form tissues of three
germ layers in vivo (Nelakanti et al. 2016). Teratoma is an encapsulated (or solid)
tumor generally formed when iPS (or any pluripotent stem) cells are injected in
immunocompromised mice (such as severe combined immunodeficient or SCID
mice, lacking B and T lymphocytes). Once grown, tumors are collected, and tissue
samples are processed by fixation, followed by staining with H&E (hematoxylin and
eosin) dye or for immunodetection of different markers. The stained slide is exam-
ined for the presence of ectodermal, mesodermal, and endodermal tissues for
ascertaining the differentiation ability of cells injected. Several reports indicated
that porcine iPS cells are capable of forming teratoma with tissues of ectoderm,
mesoderm, and endoderm lineages (Zhang et al. 2015; Secher et al. 2017; Li et al.
2018a). Cheng et al. (2012b) had success in obtaining teratomas in 8 weeks after
injection of porcine iPS cells with SCID mice but had difficulty with nude
(NOD-Balb/c) mice (Cheng et al. 2012b), indicating the importance of choosing
background of immunodeficient mice for performing teratoma assay. Further, it was
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also suggested that porcine iPS cells might take a longer time than mouse iPS cells
(Ezashi et al. 2009; Cheng et al. 2012b).

17.4.8.3 Contribution of Porcine iPS Cells to Chimera Formation
The teratoma formation assay described above would indicate if a cell line retains the
ability to undergo differentiation under in vivo system. However, the ultimate proof
for pluripotency can be tested if those cells contribute to different organs of a
growing body. In order to enable this, cells are injected into developing blastocysts
and monitored for further development. Advancement in the growing embryos’
developmental stages may be monitored with the fluorescent reporter expressed by
the cells injected. Further, suppose those chimeric embryos are transferred to
surrogates and allowed to complete the term. In that case, injected cells’ contribution
could also be monitored in animals born out of the procedure.

To our knowledge, to date, only the Stice laboratory succeeded in producing live
germline-competent chimeric offspring using porcine iPS cells (West et al. 2010,
2011). Besides this, Fan et al. also produced live offspring using iPS cells as donors
for nuclear transfer (NT). However, success was achieved only after silencing the
exogenous transcription factors either through spontaneous differentiation of iPS
cells before they are used as donor cells; or by treating the constructed embryos with
Scriptaid (a novel histone deacetylase inhibitor) to increase histone acetylation (Fan
et al. 2013).

Chimeric embryos were formed by using some of these naïve iPS cells, exhibiting
fluorescent markers of iPS cell origin (Cheng et al. 2012a; Fujishiro et al. 2013;
Secher et al. 2017). Alternatively, a somewhat less stringent test was done by
injecting iPS cells into a parthenogenetic embryo and found that iPS cells could
continue to contribute to the advancement of embryo growth (Zhang et al. 2015;
Fukuda et al. 2017).

These data indicate that most of the laboratories failed to produce live chimera
using porcine iPS cells. The reasons for failure were linked to the developmental and
pluripotency status of iPS cells. Given the data from murine studies, it was thought
that most of the porcine iPS cells were in a primed state of pluripotency, and
therefore, they did not yield chimera. Now we look at the concept of the state of
pluripotency in the context of porcine iPS cells.

17.4.9 Naïve Versus Primed iPS Cells

Austin Smith from the University of Cambridge introduced and elaborated the
concept of two different states of pluripotency (“naïve” and “primed”) in the field
of developmental biology (Nichols and Smith 2009). This paradigm defined the
potential of pluripotent cells isolated from early developing embryos. Naïve plurip-
otent stem cells are characterized by (a) formation of a compact dome-shaped colony
in cell culture, (b) high plating efficiency of dissociated single cell, (c) maintenance
requires LIF signaling, (d) BMP4 signaling regulates self-renewal, (e) FGF2/activin/
nodal signaling pathway is involved in differentiation, (f) both X chromosomes
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remain active in female cells, and (6) naïve cells are capable of forming chimera or
even a complete animal and, therefore, these cells constitute competent germline
cells (Telugu et al. 2010). Mouse ES cells from inner cell mass (ICM) fulfill all these
criteria, and therefore, they are considered as ground state cells or authentic stem
cells, or naïve stem cells. On the contrary, stem cells with a “primed” state of
pluripotency have the following features: (a) flattened colonies, (b) low plating
efficiency, (c) FGF2 signaling (not LIF signaling) maintains pluripotency,
(d) BMP4 regulates differentiation, and (e) inactivation of X chromosome and
silencing of paternally imprinted Dlk1-Dio3 regions. Mouse ES cells are designated
as “primed” stem cells when they fail to generate chimera and lack germline
competency. Primed stem cells usually represent cells from the epiblast. Human
ES cells require FGF2 to maintain the pluripotency, and those cells are also consid-
ered epiblast stem cells or primed stem cells. Both naïve and primed cells undergo
differentiation into tissues of three primary germ layers. But ICM-derived authentic
or naïve stem cells are fully competent for germline transmission, whereas epiblast-
derived primed stem cells have inferior potential and incompetent for germline
transmission. A detailed comparison of stem cells with naïve and primed state of
pluripotency is presented in Table 17.2.

Most porcine iPS cells reported in the literature are grown with FGF2 rather than
with LIF-supplemented cell culture. These iPS cells either lack germline contribu-
tion or status not tested, hence unknown. Similar to human ES cells, these iPS cells
are also considered to be “primed” or equivalent to cells from the epiblasts stage.
One exception was reported where iPS cells were grown in the presence of FGF2 but
still contributed to all three germ layers in a chimera (West et al. 2010), and those
chimeric animals produced transgenic offspring in the next generation (West et al.
2011). However, it may be noted that those iPS cells were derived and maintained on
inactivated mouse embryonic fibroblasts (MEF) feeder cells, and MEF are known to
secrete LIF (Lee et al. 2009). Though not supplemented in the media, the availability
of LIF from MEF might have maintained a naïve state of pluripotency, resulting in
efficient germline-competent iPS cells and producing offspring. This would be
interesting to check if other naïve cell criteria/features are found in these iPS cells
generated in the Stice laboratory (West et al. 2010).

For testing germline competence in porcine iPS cells, one needs to generate
chimera using advanced laboratory and animal facilities. An alternate ready reckoner
to detect naïve iPS cells circumventing chimera generation would be useful. To some
extent, lessons learned from mouse naïve cells should be of help in setting minimal
criteria for determining the state of pluripotency in porcine iPS cells. LIF-dependent
growth and expression of SSEA1 (most widely accepted markers of mouse ES cells)
could be two prime criteria for detecting naïve iPS cells in swine. To the best of the
literature, Telugu et al. attempted for the first time and generated LIF-dependent
SSEA1-expressing naïve-type iPS cells that showed characteristics of mouse ES
cells (Telugu et al. 2010). Another group also reported porcine iPS cells that met
in vitro most criteria of naïve stem cells (such as LIF-dependent growth, negative
MHC class I, active X chromosomes, and distinct gene-expression profiles)
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(Fujishiro et al. 2013). However, it remained unknown if those cells could contribute
to generate competent germline chimera.

The marker expression profile of iPS cells varies from report to report. A typical
list of some markers for naïve porcine iPS cells includes alkaline phosphatase
(AP) staining, expression of Oct4 (Hall and Hyttel 2014; Zhang et al. 2014), Sox2
(Zhang et al. 2014), Nanog (Hall and Hyttel 2014; Zhang et al. 2014), SSEA1
(Telugu et al. 2010; Gu et al. 2014; Hall and Hyttel 2014), SSEA3 (Zhang et al.
2014), SSEA4 (Zhang et al. 2014), and CRIPTO (Hall and Hyttel 2014);
upregulation of Stella (Zhang et al. 2014) and Eras (Zhang et al. 2014); low
expression levels of TRA-1-60 (Zhang et al. 2014), TRA-1-81 (Zhang et al. 2014),
NrOB1 (Hall and Hyttel 2014), REX1 (Hall and Hyttel 2014); MHC I either low
(Zhang et al. 2014) or absent (Fujishiro et al. 2013). In addition, naïve porcine iPS
cells show LIF-dependency (Fujishiro et al. 2013; Zhang et al. 2014), activation of
both X chromosomes (Zhang et al. 2014; Fukuda et al. 2017), normal karyotypes,
compact dome-shaped colony, and growth after single-cell dissociation (Zhang et al.
2014). Further, those iPS cells contributed to embryonic and fetal development
(Fujishiro et al. 2013). On the other hand, primed stem cells express OCT4 (Hall
and Hyttel 2014), NANOG (Hall and Hyttel 2014), SOX2 (Hall and Hyttel 2014),
KLF4 (Hall and Hyttel 2014), c-Myc (Hall and Hyttel 2014), REX1 (Hall and Hyttel
2014), CRIPTO (Hall and Hyttel 2014), and KLF2 (Hall and Hyttel 2014). It may be
noted that some of these pluripotent markers were overlapping to both kinds of cells,
and the list includes OCT4 (Hall and Hyttel 2014), NANOG (Hall and Hyttel 2014),
SOX2 (Hall and Hyttel 2014), and CRIPTO (Hall and Hyttel 2014). Thus, it is

Table 17.2 A comparison of naïve and primed iPS cells (Courtesy: Hochedlinger and Jaenisch
2015)

Characters Naïve iPS cells Primed iPS cells

Pluripotency state ICM (inner cell mass) like Epiblast like

Cell morphology Compact, small Large, flat

Colony feature Dome-shaped Flattened

Clonogenicity High Comparatively low

LIF-dependent to maintain Yes No

FGF2 dependent No Yes

Active signaling Stat3 Activin/nodal

High telomerase activity Yes ?

Short cell cycle interval Yes ?

Normal karyotype Yes Yes

Contribution to chimera Yes No

Teratoma formation Yes Yes

Amenable to gene targeting Efficient Inefficient

X chromosome inactivation status in
female cells

Both X chromosomes
active (XaXa)

One X chromosome
active (XaXi)

Silencing of imprinted genes No Yes

Apoptosis when injected in
blastocyst

Slow/less Rapid/high
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evident that both naïve and primed pluripotent stem cells express certain common
pluripotent stem cell markers such as Oct4, Sox2, and Nanog.

Since naïve iPS cells have higher potentials compared to their primed
counterparts, next comes how to improve pluripotency from primed to naïve state?
An only a limited number of reports have dealt with the issue so far. Taking
consideration of these publications, the following suggestions could be put forward:

1. One can possibly derive and maintain iPS cells in media supplemented with LIF
(Telugu et al. 2010), or LIF and forskolin (Fujishiro et al. 2013).

2. Addition of 2i and LIF in the culture media. It was shown that the addition of two
inhibitors (CHIR99021 and PD0325901) in a media containing LIF could support
the growth of native-like porcine iPS cells under feeder-independent and serum-
free conditions (Zhang et al. 2014), though the use of 2i in culture had also
produced conflicting outcome during somatic cell reprogramming (Petkov et al.
2014).

3. Pig iPS cells were grown in LBX medium (LIF + FGF2 + knockout serum
replacement + N2B27 supplement) had a small dome-shaped colony, expressed
SSEA1, and cells from these colonies were more suitable as donor cells for NT to
generate reconstructed embryos (Gu et al. 2014).

4. Additionally, it was demonstrated that treatment of parthenogenetic embryos with
lysophosphatidic acid reduced expression of “primed” marker genes such as
GATA4 (a marker of primitive hypoblast) in the early development of porcine
parthenogenetic embryos (Zhu et al. 2018).

Whether all such approaches would be useful for converting primed iPS cells to
their naïve state is yet to be tested. Nonetheless, the field would continue to hunt for
finding fully potential naïve iPS cells in porcine.

17.4.10 Other Features of Porcine iPS Cells

In addition to the material presented above, porcine iPS cells also have other
features, some of which are already reported for other species. Zhang et al. (2016)
reported miRNAs in porcine iPS cells differentially expressed in comparison to
embryonic fibroblasts. Multiple miRNAs such as ssc-miR-145-5p and ssc-miR-98 in
porcine iPS cells were downregulated, whereas ssc-miR-217, ssc-miR-216,
ssc-miR-142-5p, ssc-miR-182, ssc-miR-183, ssc-miR-96-5p, ssc-miR-106a,
ssc-miR-363, ssc-miR-146b, ssc-miR-195, ssc-miR-497, ssc-miR-935, and
ssc-miR-20b were reported to be upregulated (Zhang et al. 2016). Self-renewal of
iPS cells was regulated by common miRNA–mRNA interactions (Zhang et al. 2017)
and by the activin-SMAD signaling pathway (Yang et al. 2017). The m(6)A
methylation via SOCS3/JAK2/STAT3 pathway was reported to regulate
pluripotency of porcine iPS cells (Wu et al. 2019). Paternally imprinted Dlk1-Dio3
gene clusters were found to be aberrantly silent in most murine iPS cells, but in the
case of porcine iPS, loss of expression followed by recovery of the clusters occurred.
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In most porcine iPS lines, the maternally imprinted GTL2 gene became silent at a
very early stage without recovery of expression (Cheng et al. 2012b).

Maintenance of genomic stability is an indicator of good quality cells. Instability
in porcine iPS cells was linked to reduced DNA repair and replication capacity (Liu
et al. 2017). Maintenance of porcine iPS-like cells for long-term culture, HDAC
inhibitors (such as valproic acid, sodium butyrate, and suberoyanilide hydroxamic
acid) was useful, but such treatment affected the differentiation ability of those cells
(Petkov et al. 2016).

Incomplete reprogramming results in the generation of partially reprogrammed
iPS cells, and the growth of these cells requires continuous expression of exogenous
factors. In turn, it was demonstrated that the expression of endogenous counterparts
was repressed by the sustained expression from exogenous sources (Hall et al. 2012),
indicating that additional enhancing factors/modulators are needed for overcoming
dependency of exogenous factors during reprogramming.

17.5 Therapeutic and Other Applications of Porcine iPS Cells

For therapeutic and regenerative applications, porcine iPS cells need to undergo
rigorous evaluation of immunogenic properties, safety, and identification of the
appropriate model. Only limited reports are available for addressing each aspect.
Like other pluripotent stem cells, porcine iPS cells either do not express or express a
low level of MHC class I molecule, and level of expression gets upregulated upon
differentiation (Fujishiro et al. 2013; Park et al. 2013). A detailed study indicates that
MHC-matched iPS cells can evade cellular and humoral immune responses but still
susceptible to innate immunity in pigs (Mizukami et al. 2014). Therefore, it would be
necessary to circumvent major players of innate immunity such as mast cells,
macrophages, NK cells, and complement system.

Hence, porcine iPS cells are suggested to be useful for preclinical studies (Park
et al. 2013). In one such experiment, functional vascular smooth muscle cells were
produced by differentiation of swine iPS cells, and these cells formed readily 3D
scaffold-free vascular tissue rings suitable for preclinical applications (Luo et al.
2017). For the first time, transplantation of porcine iPS cell-derived functional
endothelial cells could improve cardiac function after myocardial infarction via
paracrine activation in a rat model (Gu et al. 2012). Similarly, porcine iPS cells
were differentiated to CD31+ functional endothelial cells using GSK3beta inhibitor
and BMP4. This approach had potential benefits when evaluating autologous endo-
thelial cell transplantation in pig models (Wei et al. 2020).

Apart from these, porcine iPS cells were used in bone and cartilage-related
preclinical studies. Osteoblast-like cells generated from iPS cells could recover
bone mass of tibiae in glucocorticoid-induced bone loss in two different animal
models, rat (Liao et al. 2018c) and Lanyu pig (Liao et al. 2018b), signifying the
usefulness of iPS cell-based therapy. Similarly, iPS-like cells were used successfully
for cartilage regeneration in CLAWN miniature pig osteochondral replacement
model (Uto et al. 2018).
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Further, porcine iPS cells are suitable for generating disease models.
Reprogrammed iPS cells were generated that overexpressed two proto-oncogenes,
TGF-α, and c-Myc, driven by pig albumin promoter, and this method ensured
restriction of transgene expression only in hepatic tissues. Further, these genetically
modified iPS cells could be used as NT donors in vitro. These data make a step
forward toward the generation of genetically modified pigs as a large animal model
suitable for studies of liver cancer and treatment (Park et al. 2016).

Since the reprogramming process overhauls the entire genome landscape to
generate iPS cells, the Tönjes laboratory checked if reprogramming had any impact
on the expression of porcine endogenous retroviruses (PERV). It was reported that
the reprogramming process impacted the expression of PERV in porcine iPS cells
(Godehardt et al. 2018). For transplantation purposes, PERV-free somatic cells
should be used for generating iPS cells. Pig shares similar anatomy and physiology
to humans, and therefore, it is considered as a suitable donor for xenotransplantation
in humans. Expression of alpha-1,3-galactosyltransferase (GALT) gene in porcine
cells makes them rejected immediately after their transplantation in humans.
Knocking out of this gene makes the cells somewhat tolerant, and it indicates the
requirement of modifications in additional genes to ultimately make pig tissue
immune-compatible with humans. A porcine iPS cell was generated from GALT-
knockout fibroblast. It was envisaged that these cells would serve as a resource to
dissect the complex phenomena of immuno-rejection, required for xenotransplanta-
tion, somatic cell nuclear transfer, or chimera formation (Liu et al. 2013). These are
some important advancements toward making the iPS cell safe for preclinical and
clinical applications.

Overall, porcine iPS cells attracted the attention of clinical researchers, but a long
way to go for utilizing these newly developed cells as resources for clinical
applications.

17.6 Concluding Remarks

The discovery of Yamanaka transcription factors for reprogramming has provided an
opportunity to generate induced pluripotent stem cells from the pig in various ways
in different laboratories. Pigs have contributed immensely to basic research, animal
agriculture, and regenerative biology. IPS cells’ availability has raised hope for
generating transgenic animals for different uses, such as organ transplantation, a
genetic model for human diseases, genetically modified animals resistant to certain
diseases, and enhancing animal productivity (Cheng and Xiao 2009). Transgenic
porcine iPS cells are also available (Liu et al. 2013; Park et al. 2016), and live
animals from unaltered iPS cells have already been produced, though with limited
success (West et al. 2010, 2011; Fan et al. 2013).

The majority of the porcine iPS cells are not germline competent, primarily due to
incomplete reprogramming characterized by sustained expression of exogenous
factors. The exogenous factors also prevent the iPS cells from undergoing the
desired differentiation. This would remain a great challenge for using porcine iPS
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cells in agriculture and biomedical sciences. Finding appropriate differentiation
protocol and the generation of precise genome-edited animals need to be prioritized.

Most resources (in terms of tools and manpower) remain engaged in
standardizing protocol for generating the porcine iPS cells. In two cases, live animals
have been produced (West et al. 2011; Fan et al. 2013), but the achievements are not
free from questions. For example, the generation of live animals by nuclear transfer
of fully differentiated iPS cells (Fan et al. 2013) can be considered equivalent to the
generation of live animals from nuclei of original fibroblast before undergoing
reprogramming. Therefore, the generation of live animals could testify to the
potential of fibroblasts as a nuclear donor, not of the iPS generated from those
fibroblasts. This undermines the need for reprogramming. Further, treatment of
reconstructed embryos with HDAC inhibitor to silence the transgene may have an
indirect impact and not necessarily on the iPS cells used for cloning. This indicates
that the field of iPS biology requires more work to make the technique practically
useable.

To use the resources efficiently, the formation of a worldwide network in the form
of a consortium may achieve the goal faster and aid in developing standard operating
procedure (SOP) for every protocol needed and bank both wild and mutant porcine
iPS cells. Consortium should also include finding novel porcine-specific
reprogramming factors and reprogramming procedures without using vectors. In
conclusion, the technology of reprogramming has a long way to go before
harnessing the full potential of porcine-induced pluripotent stem cells in the future.
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CRISPR/Cas System and Stem Cell Editing:
Prospects and Possibilities in Veterinary
Sciences

18

Md Saddam Hussain and Manish Kumar

Abstract

Stem cells provide novel approaches to improve animal health and productivity
and thereby indirectly enrich human life. However, the use of stem cells, includ-
ing the totipotent single–cell stage embryo, for the generation of genetically
modified livestock and refinement of regenerative veterinary medicines has
remained a less exploited domain until a few years ago, largely due to the
nonavailability of efficient genetic manipulation tools. The inception of
sequence-targeted genetic manipulation tools based on bacterial adaptive defense
system, clustered regularly interspaced short palindromic repeat (CRISPR), and
CRISPR-associated (Cas) protein (CRISPR/Cas) has enabled the bioengineers to
harness the stem cell for the animal and human benefits in the way never done
before. CRISPR/Cas-based genetic manipulation tools, due to its simplicity, high
sequence specificity, and muliplexibility features, has dramatically broadened the
dimension of stem cell applications in both the animal and human world, ranging
from stem cell-based patient-specific therapeutics and anticancer vaccine devel-
opment to the generation of genetically modified large animals with improved
traits of agricultural and biomedical importance.

This chapter provides an overview of various CRISPR/Cas-based gene editing
and regulation tools that have been instrumented for genomic modulation of
mammalian cells to date. It discusses the critical elements of a typical CRISPR/
Cas-based genetic manipulation experiment for efficient modulation of mamma-
lian cells. Based on the reported studies, this chapter sheds light on CRISPR/Cas
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tools’ potency to advance and accelerate the stem cell uses to benefit veterinary
research.

18.1 Introduction

Stem cells are undifferentiated cells that can renew themselves and differentiate into
various specialized cell types (Morrison et al. 1997). Based on their sources, they are
classified as embryonic stem cells (ESCs), adult stem cells (ASCs), and induced
pluripotent stem cells (iPSCs) (Evans and Kaufman 1981; Takahashi and Yamanaka
2006). However, based on the degree of stemness, stem cells can also be classified
into three broad categories: totipotent (e.g., single-cell to the morula-stage embryo),
pluripotent (e.g., ESCs and iPSCs), and multipotent stem cells (ASCs, e.g., HSCs
and MSCs) (Wagers and Weissman 2004). The advent of stem cell technology in the
late nineteenth century led to the development of a novel approach to disease
treatment called regenerative medicine in both human and veterinary medicine. In
regenerative medicines, permanent cure of a disease or clinical distress can be
achieved by substituting the functionally impaired diseased or injured tissue/organ
with in vitro grown healthy functional cells/tissue/organ, involving the tissue engi-
neering strategies. The therapeutic use of stem cells in the veterinary field is
underdeveloped. Although positive outcomes have been documented and reviewed
in the treatment of many degenerative disorders in animals using MSCs (mostly
demonstrative), including spinal injuries, tendonitis, periodontal defects, liver, and
renal diseases (Voga et al. 2020). However, the generation of animals with improved
agricultural and medical importance traits has been a prime goal in veterinary stem
cell research compared to the development of regenerative therapeutics for veteri-
nary use. Therefore, the embryos with totipotent stemness have primarily been
researched for genetically modified (transgenic) animal development. Moreover,
the conventional approach of animal transgenesis that includes integrating virus-
based transduction, chemical mutagenesis, and homologous recombination was
highly inefficient and plagued with a severe problem of random insertional muta-
genesis (Pawar et al. 2020).

The instrumentation of targeted nuclease-based genetic manipulation tools such
as transcription activator-like effector nuclease (TALEN), zinc finger nuclease
(ZFN), and clustered regularly interspaced short palindromic repeats and associated
protein (CRISPR/Cas) systems have revolutionized the potency of genome editing
(Kim and Kim 2014). Using these advanced molecular tools, any genetic changes in
a cell, thereby in an organism, can be introduced (i.e., gene knockin, knockout,
knockdown) with unprecedented precision and efficiency. The advent of these
sequence-targeted genetic manipulation tools has immensely extended the dimen-
sion of stem cell applications in both the veterinary and human world, ranging from
patient-competent stem cell-based therapeutics and anticancer vaccine development
to the generation of genetically modified domestic animals with exceptional disease
resistance and agricultural traits (Crispo et al. 2015; Burkard et al. 2017; Yue et al.
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2017; Hübner et al. 2018; Ouyang et al. 2019; Chu et al. 2020). Initially, ZFNs and
TALENs were utilized for precise genetic engineering in domestic animals (Yang
et al. 2011; Carlson et al. 2012; Proudfoot et al. 2015). However, in the last few
years, CRISPR/Cas9-based tools have become the first choice for direct embryo
editing and transgenic animal generation primarily because of its easy target cus-
tomization and multiplexibility properties (Wang et al. 2015a; Zou et al. 2015;
Komor et al. 2017). The precise editing with CRISPR/Cas9 tool has enabled the
tissue engineers to produce cells with a desired single-base alteration that can be a
correction of disease-associated mutation or vice versa, leading to the development
of cell-based therapy or diseased cell/tissue model, or even generation of complete
animal (healthy or diseased) if combined with somatic cell nuclear transfer (SCNT)
technique (Ikeda et al. 2017; Williams et al. 2018). Furthermore, induced pluripotent
stem cells (iPSCs) present an efficient alternative to ESCs in veterinary regenerative
medicine as the derivation of ESCs from large animals is very challenging. How-
ever, the iPSCs reprogrammed through conventional retroviral-based approaches are
considered not safe for regenerative medicine, primarily due to the high risk of virus-
induced random insertional mutagenesis (Selvaraj et al. 2010). Now, with CRISPR/
Cas9-based transcription modulation tools—transcription activator (CRISPRa; e.g.,
dCas9-VP64) or repressor (CRISPRi; e.g., dCas9-KRAB) (Gilbert et al. 2013;
Kearns et al. 2014; Konermann et al. 2015)—genetically stable authentic iPSCs
safe for downstream uses can be reprogrammed from any somatic cells, keeping the
original genotype unchanged (Balboa et al. 2015; Xiong et al. 2017; Liu et al. 2018b;
Weltner et al. 2018).

With a brief introduction of the CRISPR/Cas system and its derived tools, this
chapter highlights the prerequisites of a CRISPR/Cas-based genetic manipulation
endeavor for efficient modulation of mammalian cells. In the light of reported
studies, it showcases the potency of CRISPR/Cas-based genetic manipulation tools
to efficiently reprogram the stem cells, including the totipotent single-cell embryos,
to develop regenerative veterinary therapeutics and genetically modified animals
with improved agricultural traits.

18.2 CRISPR/Cas as Genetic Manipulation Tool: An Overview

Clustered regularly interspaced short palindromic repeat (CRISPR) and CRISPR-
associated (Cas) protein together, in prokaryotes, comprise a small RNA-guided
acquired immune response, called CRISPR/Cas system that confers immunity
against mobile genetic elements (MGEs) (phages and plasmids) (Barrangou and
Horvath 2017). A functional CRISPR/Cas system typically consists of a CRISPR
array (a battery of short, direct repeats of 20–50 bp separated by equal size unique
spacer sequences), an upstream leader sequence, and a set of cas genes in the
proximity (Jiang and Marraffini 2015). Spacers are short pieces of DNA that a
CRISPR/Cas system had acquired from intruding MGEs as molecular memories of
past infections. The CRISPR RNA (crRNA) transcribed and processed from the
CRISPR array binds with Cas protein(s), forming ribonucleoprotein Cas/crRNA
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effector complex. The crRNA recruits the Cas/crRNA effector complex to the target
MGE via a complementary sequence called protospacer next to the protospacer
adjacent motif (PAM). This eventually leads to targeted destruction of MGE by
Cas endonuclease of the Cas/crRNA effector complex (Jiang and Marraffini 2015).
Depending upon the composition of the Cas effector complex, the sequence similar-
ity between Cas proteins, and the locus architecture, the CRISPR/Cas systems are
broadly categorized into two classes (Class 1 and Class 2), six types (type I–VI), and
19 subtypes (Koonin et al. 2017). The CRISPR/Cas systems with multi-Cas protein
effector complex are grouped in Class 1 (type I, III, and IV), while Class 2 includes
CRISPR/Cas systems with a single Cas protein effector complex (type II, V, and VI)
(Koonin et al. 2017).

Initially, the crRNA-mediated high-sequence specificity and requirement of a
single endonucleolytic Cas protein to bind and cleave the target nucleic acids
rendered the exploitation of Class 2 CRISPR/Cas systems as a genetic manipulation
tool. The type II CRISPR/Cas9 system from Streptococcus pyogenes was the first to
be exploited as a programmable DNA cleavage tool (Jinek et al. 2012). Thereafter,
other Class 2 CRISPR/Cas systems from various bacteria have also been harnessed
for targeted manipulation of DNA or RNA sequences (Aquino-Jarquin 2019; Moon
et al. 2019). However, Cas9 from S. pyogenes (SpCas9) (also known as Cas9) is still
the most commonly and creatively exploited Cas endonuclease for the targeted
genetic manipulation (Jinek et al. 2012). The effector Cas endonucleases in different
Class 2 CRISPR/Cas systems, excluding the Cas12a of type V and Cas13a of type
VI, require an additional small RNA molecule [called trans-activating crRNA
(tracrRNA)] with crRNA to target and disrupt the MGEs (Murugan et al. 2017).
For targeted genetic manipulation in CRISPR/Cas9 systems, the crRNA and
tracrRNA have been fused to a single chimeric RNA called single-guide RNA
(sgRNA) (Deltcheva et al. 2011). In a genome (DNA) editing experiment, the target
specified-sgRNA binds the Cas9 and recruits it to the cognate sequence in the target
DNA via complementary base pairing where Cas9 induces a double-strand break
(DSB). The produced DSB is then repaired by the cell’s endogenous DNA repair
machinery either via homology-directed repair (HDR) or non-homologous end
joining (NHEJ) pathway. Restoration by the NHEJ pathway is error-prone, resulting
in unpredictable small indel mutation (insertion or deletion) at the cleavage site. In
contrast, the HDR path’s repair generates precise alteration at the DSB site using the
provided homology DNA template (knockin or knockout) (Jiang and Marraffini
2015).

Since its advent, the CRISPR/Cas system has been engineered to various highly
efficient, precise, and easily customizable tools for gene editing as well as gene
regulation purposes. The most commonly used S. pyogenes Cas9 proteins that in the
natural state produce DSB at target DNA sequence have been engineered by
mutagenesis to either a Cas9 variant called Cas9 nickase (D10A or H840A mutant)
that cuts only one DNA strand of a dsDNA target (Anzalone et al. 2019) or a
catalytically dead variant termed dCas9 (D10A and H840A mutation) that binds
the dsDNA without cutting (Komor et al. 2016). A dCas9 fused with deaminase
enzyme has been instrumental for base editing (Komor et al. 2016). Furthermore,
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dCas9 protein fused with various transcriptional and epigenetic regulators has been
exploited for efficient gene regulation studies (Xu and Qi 2019). The
functionalization of dCas9 with transcription factor’s effector domains either activa-
tor [e.g., VP64, a tetramer of the transactivation domain of herpes simplex Virus
Protein-16 (VP16)] or repressor (e.g., KRAB: Kruppel Associated Box) has led to
the development of CRISPR-based transcription activation (CRISPRa; e.g., dCas9-
VP64) or transcription repressor/interference (CRISPRi; e.g., dCas9-KRAB)
systems, respectively (Xu and Qi 2019). Therefore, with continuing advancements
and its relatively high-sequence specificity, easy programmability, substrate flexibil-
ity (DNA or RNA), and multiplexible nature, CRISPR/Cas system has become a
preferred choice for genetic manipulation over the previously devised sequence
targeted tools (ZFNs and TALENs) in the majority of the bioengineering
laboratories worldwide (Komor et al. 2017; Hsu et al. 2019) (Fig. 18.1).

18.3 Urgencies of a Typical CRISPR/Cas-Based Genetic
Manipulation

18.3.1 Selection of Effector Cas Protein

The genetic manipulation in a cell line or in an organism can be achieved via two
ways: gene editing and transcriptional/epigenetic regulation of gene expression. In
genome editing, a permanent alternation at target loci (insertion or deletion) is
induced using DNA/RNA molecular scissors, such as catalytically active Cas
endonucleases from different type II CRISPR/Cas systems (Murugan et al. 2017).
Transcriptional and epigenetic regulation of gene(s) can be achieved using targeted
effector systems such as CRISPR/dCas9-based transcription effectors (CRISPRa or
CRISPRi) (Xu and Qi 2019). In the second approach, the desired trait in the target
cell or organism is induced by stimulating or suppressing related endogenous gene
(s), keeping the original genotype unchanged. Therefore, while designing a
CRISPR/Cas-mediated genetic manipulation experiment, a careful selection of
effector Cas protein is a crucial step, depending upon the output one wish (Fig. 18.2).

To date, a battery of Cas nucleases has been discovered and used for targeted
genetic manipulation of mammalian cells ranging from dsDNA or ssDNA/RNA
targeting Cas endonucleases for genome editing to catalytically dead Cas protein
variants functionalized with effector proteins for targeted gene expression regulation
(Moon et al. 2019). The most extensively exploited Cas protein for genetic manipu-
lation, particularly in mammalian cells, is the Cas9 protein from S. pyogenes
(SpCas9) (also known as Cas9) (Moon et al. 2019). Over the years, the SpCas9
(or Cas9) has been engineered to different variants for various genetic manipulation
purposes, for example, the dCas9 fused with deaminase enzyme (e.g., dCas9-
cytidine deaminase) for gene-targeted base editing (Komor et al. 2016), and dCas9
functionalized with transcriptional or epigenetic effector proteins (e.g., dCas9-VP64
and dCas9-HAT) for gene regulation studies (Xu and Qi 2019). Besides the SpCas9,
other Cas9 orthologs and Cas variants have also been utilized for genetic
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manipulation, including SaCas9 (Staphylococcus aureus Cas9) (Ran et al. 2015),
CjCas9 (Campylobacter jejuni Cas9) (Kim et al. 2017), FnCas9 (Francisella
novicida Cas9) (Acharya et al. 2019), Cas12 (Zetsche et al. 2015), Cas13
(Abudayyeh et al. 2016; Cox et al. 2017), and the recently characterized Cas14
(Aquino-Jarquin 2019). All these variants have distinct features in terms of structure
and functions, such as the unique PAM sequence that they recognize and the nucleic

Fig. 18.2 The design of CRISPR/Cas-based genome editing experiment. The workflow for
CRISPR/Cas-based genome editing of the pronuclear totipotent embryo cell, from designing the
elements of the experiment to the production of genetically modified animals, has been illustrated
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acid that they target (ssDNA, dsDNA, or RNA). Hence, a wide range of Cas protein
variants is available to explore in order to achieve the desired goal of genetic
manipulation. For instance, Cas9 is the preferred choice for targeted gene knockout
or knockin (Jinek et al. 2012), while for a short-term gene knockdown at the
transcriptional level without doing any permanent alternation in the genome,
Cas13a protein-mediated disruption of target mRNA can be used (Abudayyeh
et al. 2017).

18.3.2 The sgRNA Designing

The sgRNA or crRNA is the central element in a CRISPR/Cas mediated target-
specific genetic manipulation experiment (Fig. 18.2). A sgRNA or crRNA is a short
RNA oligonucleotide containing spacer sequence complementary to a
PAM-containing target site in the gene to be altered. PAM sequence available in
target DNA directs which CRISPR/Cas tool can be used for targeted genetic
manipulation. For example, any DNA locus having PAM sequence NGG (any
nucleotide followed by double guanosine) is the potential target site for CRISPR/
SpCas9-based genetic manipulation tools (Jinek et al. 2012). Nevertheless, not all
the sequences (crRNAs) induce cuts with the same specificity and efficiency. The
sgRNA sequence should be designed as unique as reasonable to limit the chances of
off-target effects to partially complementary sequences. Designing sgRNA with
unique seed sequences (initial 12 nucleotides adjacent to the PAM) is recommended
as those sequences confer specificity to a 20 nucleotide sgRNA (Wu et al. 2014;
Zhang et al. 2017). Careful design of sgRNA and their prior validation for accuracy
and efficiency are essential steps to avoid/minimize the off-target effect, primarily if
used to generate genetically modified cell lines and large animals for biomedical and
agricultural purposes. To this end, many dedicated computational algorithms have
been developed that perform stringent screening of a target DNA for off-target sites,
in silico design the potential sgRNAs and predict their efficiency for targeted DNA
manipulation (Haeussler et al. 2016). The in silico predicted sgRNAs are then
required to be validated for specificity and efficiency before utilizing them to
produce genetically modified animals with desired traits. This analysis can be
done in vitro using various cell-free systems, in ex vivo cultured cells of the target
species, or directly in embryos. Once desired genome editing is confirmed by DNA
sequencing, if efficiency is acceptable, one can proceed to generate genetically
modified animals using a designed target-specified sgRNA/Cas9 tool for embryo
editing and offspring development in a surrogate uterus.

18.3.3 The Homology Repair Template

In a typical CRISPR/Cas9-mediated genome editing experiment, the double-strand
breaks (DSBs) generated by Cas9 at the sgRNA-specified locus in target DNA are
repaired by two cellular DNA repair pathways: homology-directed repair (HDR) or
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non-homologous end joining (NHEJ). In eukaryotes, DSBs are predominantly
repaired by error-prone NHEJ pathways, leading to unpredictable small indel muta-
tion (insertion or deletion) at the cleavage site without the need for any homology
template (Chang et al. 2017). HDR path requires a homology DNA template, hence
generate the desired alteration (Knockin or knockout); however, it is less efficient in
eukaryotes (Hustedt and Durocher 2017; Canny et al. 2018). In prokaryotic cells,
HDR is the major DSB repair pathway as most of the bacteria lack the NHEJ system
(Shuman and Glickman 2007).

Since, in mammalian cells, the incidence of HDR for DSB repair is less efficient
compared to NHEJ, designing an optimal homology repair template is critical to
increase the HDR frequency. For large insertional mutation (knockin), dsDNA
templates with homology arms of 1–3 kb on either side of DSBs are more effective.
However, recent investigations have shown that single-stranded DNA (ssDNA) or
single-stranded oligodeoxynucleotide (ssODN) is a more efficient HDR template for
CRISPR/Cas9-based gene editing compared to dsDNA donors. The ssDNA homol-
ogy templates induce gene editing with significantly improved efficiency and speci-
ficity, as well as reduced off-target effects, particularly useful in genome editing of
stem cells and generation of genetically modified animals (Li et al. 2017a; Quadros
et al. 2017). The ssDNA donor templates with 50–70 nt homology arms on both ends
have been shown to result in highly efficient HDR-mediated gene edits (Li et al.
2017a). Furthermore, dsDNA (plasmids or PCR products) homology templates have
been demonstrated to have low recombination efficiency and allow a high rate of
off-target integration compared to ssDNA donors of equivalent sequences (Li et al.
2017a). The ssDNA homology templates have been efficiently used for the genera-
tion of knockin or knockout variants of sheep (Eaton et al. 2019), goats (Niu et al.
2018), and cattle (Perota et al. 2019).

18.3.4 The Delivery of the CRISPR/Cas Machinery Inside the Cell

Besides the fidelity of Cas protein and sgRNA (or crRNA) specificity, the approach
used to deliver the CRISPR/Cas machinery inside the cell is another major determi-
nant for efficient genome editing. Over the years, various delivery approaches have
been investigated to achieve efficient and accurate genetic manipulation in mamma-
lian cells. The CRISPR/Cas9 machinery can be introduced into cells as an all-in-one
DNA expression plasmid, in vitro transcript (Cas9 mRNA and sgRNA), or ribonu-
cleoprotein (RNP) complex. The last two approaches allow transient exposure of
Cas9/sgRNA complex in the cell due to its shorter stability, resulting in relatively
fast and precise gene editing with the least off-target alternation (Yin et al. 2016; Yip
2020). Broadly, there are two approaches to deliver the CRISPR/Cas machinery into
mammalian cells: viral and nonviral systems (reviewed in Yip 2020). Viral vectors
like adeno-associated viruses (AAV) and lentiviruses (LV) are efficient in vitro,
ex vivo, and in vivo delivery systems. However, they have limited cloning capacity
and can cause insertional mutagenesis that renders these tools unsafe for the
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generation of genetically modified stem cells and animals for biomedical and
agricultural purposes (Rothe et al. 2014).

The nonviral delivery system includes various physical and chemical methods.
The physical techniques, namely microinjection and electroporation, are widely used
methods for CRISPR/Cas9 delivery in stem cell and embryo editing experiments
intended for advanced therapeutic and transgenic animal development. Nevertheless,
these physical techniques are limited to the delivery of CRISPR/Cas in vitro and
ex vivo because they need a microscope or high electrical current that cannot be
applied in vivo. Gold nanoparticles (AuNPs) have been presented as a safer alternate
of viral delivery methods for in vivo gene editing using CRISPR/Cas9 because of its
immunologically inert nature (Lee et al. 2017). Furthermore, extracellular vesicles or
virus-like particles (VLPs) also represent a potential approach for efficient delivery
of Cas9/sgRNA RNPs in vitro and in vivo (Gee et al. 2020). As reported, VLP
outperforms other viral and nonviral delivery methods as it offers a safe, transient,
multiplexible, and cost-effective yet efficient delivery platform for CRISPR/Cas-
based gene editing (Yip 2020). Hence, a wise selection of delivery approach is
recommended to obtain efficient and accurate CRISPR/Cas-based genetic manipu-
lation (Fig. 18.2).

18.4 CRISPR/Cas Tools Use in Stem Cell Technologies:
Applications in the Veterinary World

18.4.1 CRISPR-Based Reprogramming and Directed Differentiation
of Pluripotent Stem Cells

Stem cell technology holds great potential to expand veterinary science in regenera-
tive medicine and genetically modified (GM) animal production to enrich human
life. Despite the myriad of prospects in veterinary medicine, stem cell technologies
have been primarily exploited in rodents and human medicine compared to large
animals: probably due to the indirect influence of veterinary science advancements
on humans. However, it is animals only, which serves as experimental models for
studying human medicine. Large animals are also excellent preclinical models in
human medicine development; even in some cases, such as heart disease, serve
better than standard laboratory animals (e.g., mice and rats) (Wypij 2013;
Pinnapureddy et al. 2015; Lindblad-toh 2020). This is not only because of their
homology in size and physiology but also due to posing many of the same ailments
and injuries as humans (Wypij 2013; Lindblad-toh 2020). Hence, as many of the
techniques are transferrable from animals to humans, vice versa, in principle, should
also be true that will add further improvement in the veterinary field. A stem cell
technology demonstrated successful in humans and/or rodents can also be implied
for and transferred to in large animals, anticipating although not the same but similar
results. The following section discusses the various approaches reported so far for
reprogramming and fate modulation of stem cells of different sources (human and
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rodents), focusing on CRISPR-based methods to highlight CRISPR-based tools’
potency in the area of veterinary stem cells.

The derivation of pluripotent stem cells such as ESCs in the case of large animals
is a challenging undertaking, while reprogramming of readily available somatic cells
to pluripotent stem cells is relatively explicit. Conventionally, somatic cells can be
reprogrammed to pluripotent stem cells by retrovirus-mediated ectopic
overexpression of pluripotency factors Oct3/4, Sox2, Klf4, and c-Myc (OSKM)
that in turn reactivate the endogenous pluripotency genes network, leading to the
establishment of cells with ESC-like stemness, termed as induced pluripotent stem
cells (iPSCs) (Takahashi and Yamanaka 2006; Soufi et al. 2012). Since the first
demonstration of iPSCs regeneration from mouse embryonic fibroblast (Takahashi
and Yamanaka 2006) and adult human dermal fibroblast cells (Takahashi et al. 2007)
by ectopic overexpression of OSKM factors, various mouse and human cell types
have been reprogrammed to bonafide iPSCs, including liver cells (Aoi et al. 2008),
pancreatic beta cells (Stadtfeld et al. 2008), neural cells (Tat et al. 2010), blood cells
(Wen et al. 2016), and mesenchymal stem cells (Oda et al. 2010). Subsequently,
using a similar approach, iPSCs have also been derived from somatic cells of
domesticated animal species, including canine (Koh and Piedrahita 2015), rabbit
(Honda et al. 2013), bovine (Cao et al. 2012), goat (Sandmaier et al. 2015), porcine
(Fujishiro et al. 2013), and buffalo (Deng et al. 2012). Moreover, despite the
successful demonstration of iPSCs regeneration from various domesticated animal
species, so far, no live adult animal with germline transmission competency could be
developed using these reprogrammed iPSCs while a similar approach has worked for
rodents. The exact ground(s) for such incompetency of these large animal-sourced
iPSCs is not entirely known; however, inadequate modulation of endogenous gene
expression evident in the virus-mediated reprogramming approach has been
suggested to be one of the primary reasons (Du et al. 2015; Smith et al. 2016).
Notably, the high risk of mutagenesis due to random integration of transgenes in
target cell genome as well as inefficient reprogramming of endogenous pluripotency
network ultimately preclude the downstream uses of produced iPSCs (Selvaraj et al.
2010). To overcome these shortcomings, various strategies have been implemented
in the last few years. For instance; the use of nonintegrating viral vectors such as
Sendai (Fusaki et al. 2009) or adenoviruses (Zhou and Freed 2009) as an alternative
to genome-integrating retroviral (Takahashi and Yamanaka 2006), lentiviral vectors
(Brambrink et al. 2008), and nonviral techniques like microRNA (Miyoshi et al.
2011), synthetic mRNA (Yoshioka et al. 2013; Preskey et al. 2016), episomal vector
(Yu et al. 2009), piggyback transposon (Talluri et al. 2015), and programmable
transcription modulation tools: ZF, TALE, and CRISPR/Cas9-based transcription
factors (Gao et al. 2013; Kearns et al. 2014; Ji et al. 2014; Weltner et al. 2018).
Transcriptional modulation of cell fate-determining endogenous gene(s) is an effi-
cient alternative approach for converting differentiated cells into stable iPSCs or
specific cell types with no risk of genomic-integration and partial reprogramming
unlike in the conventional approaches. Reprogramming via direct activation of
endogenous pluripotency genes (OSKM) in mouse and human somatic cells has
been reported using zinc finger-transcription factors (ZF-TFs) (Ji et al. 2014) or
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transcription activator-like effector (TALEs) techniques (Gao et al. 2013). However,
the broader application of these designer transcription factors is limited by their
designing difficulties and multiplexing-related conditions. Whereas in engineered
CRISPR/Cas9-based transcription factors with its sgRNA-based easy
reprogramming, superior genomic loci targeting specificity, and high multiplexing
capacity are found to be overall a more efficient tool for simultaneous modulation of
endogenous gene sets for specific cell-type conversion (Fig. 18.3).

Recently, programmable CRISPR/dCas9-based transcription modulating systems
(CRISPRa and CRISPRi) have been utilized to reprogram the somatic cell of human/
mouse origin into bonafide iPSCs (Balboa et al. 2015; Liu et al. 2018b; Weltner et al.
2018) as well as for directed differentiation of human/mouse pluripotent stem cells
(iPSCs and ESCs) to particular cell lineages (Kearns et al. 2014; Chakraborty et al.
2014; Chavez et al. 2015; Wei et al. 2016; Black et al. 2016). Kearns et al. (2014)
have demonstrated the CRISPRa (dCas9-VP64) or CRISPRi (dCas9-KRAB)-
mediated modulation of human pluripotent stem cells differentiation by targeting
the developmentally relevant endogenous SOX17 and OCT4 gene (Kearns et al.
2014). Furthermore, direct reprogramming of mouse embryonic fibroblast (MEF)
cells to skeletal myocytes have been reported by targeted activation of endogenous
MYOD1 gene using CRISPR-based transcription activator, VP64-dCas9-BFP-VP64
(Chakraborty et al. 2014). The selective upregulation of endogenous cell-fate
regulating factors neurogenin 2 (NEUROG2) or neurogenic differentiation factor
1 (NEUROD1) by customized CRISPRa system, dCas9-VP64-p65-Rta system
(abbreviated as dCas9-VPR), has led to the differentiation of human iPSCs into
induced neuronal cells (iNCs) (Chavez et al. 2015). Besides this, simultaneous
targeted activation of endogenous BAM factors (BRN2, ASC11, and MYT11 gene)
by the VP64-dCas9-VP64 CRISPR activation system has been shown to directly
reprogram the MEFs into iNCs (Black et al. 2016). The CRISPRa (dCas9VP16-P65-
HSF1: abbreviated as dCas9VPH)-based targeted activation of pluripotency gene
sets in human foreskin fibroblasts resulted in the regeneration of stable iPSCs, while
dCas9VPH-mediated activation of endogenous OCT4 gene alone was shown to be
sufficient for reprogramming of human neuroepithelial stem cells into iPSCs
(Weltner et al. 2018). In another study, direct conversion of mouse ESCs into
extraembryonic lineages, namely trophoblast stem cells and extraembryonic endo-
derm cells, was achieved by enhancing the expression of lineage-specific endoge-
nous CDX2 and GATA6 genes using CRISPR-based transcription upregulator,
dCas9-VP64 (Wei et al. 2016). Furthermore, recently Liu et al. (2018b) have
demonstrated the regeneration of authentic mouse iPSCs by precise expression
remodeling of endogenous OCT4 or SOX2 pluripotency factors in MEFs using a
designer CRISPR activation system termed dCas9-SunTag-VP64 (Liu et al. 2018b).

All these proof-of-principle studies demonstrate the potency of CRISPR/dCas9-
based transcription modulators for efficient regeneration of authentic iPSCs and their
differentiation modulation to specific cell-type lineages irrespective of organism
type and species, including mouse, human, yeast, and drosophila (Chavez et al.
2015). The rapid and sustained activation/inhibition of endogenous genes in their
native chromatin context by CRISPR/dCas9-based transcription effectors allows
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efficient cell-fate reprogramming without altering the original genotype. This
CRISPR/dCas9-based transcription effector-mediated endogenous genes activation
or silencing approach to modulate the cell fate should also work in the generation
and reprogramming of iPSCs from large animal species.

However, to design an experiment for cell fate reprogramming via CRISPR/
dCas9-based transcription modulation of endogenous genes, it is notable that the
different animal species and cell types within a species differ in their genomic
sequences and the role and expression pattern of proteins instrumental for cell-fate
determination and maintenance also vary (Piliszek et al. 2016). For instance, CDX2
is an essential transcription factor for maintaining the differentiated state of
trophectoderm (TE; a somatic cell) in mouse (Strumpf 2005), while in humans, it
is not involved in TE specification (Niakan and Eggan 2013); the pluripotency factor
OCT4 protein expresses in ICM and TE of humans, bovine and porcine blastocysts,
but not in ICM of murine blastocysts (Kirchhof et al. 2000; Kuijk et al. 2008).
Besides this, it is also noticeable that the same CRISPR/dCas9-based transcription
modulation system may not be equally effective for all genes. For example, dCas9
protein fused with a single VP64 transcription activation domain (dCas9-VP64) has
been shown to efficiently upregulate the expression of endogenous CDX2 and
GATA6 genes, leading to the conversion of mouse ESCs into two extraembryonic
lineages: trophoblast stem cells and extraembryonic endoderm cells (Wei et al.
2016); while in many other studies, single VP64-based activators have been reported
not effective in achieving expression level sufficient enough to initiate the conver-
sion of cell fate (Hu et al. 2014; Ji et al. 2014; Gao et al. 2014). Hence, the screening
of appropriate cell-fate governing endogenous genes to be modulated and accord-
ingly proper sgRNAs designing, the optimization of components of transcription
activators/repressors, and their number and position in tandem to dCas9 are critical
for efficient reprogramming of target cells to specific cell type (Wei et al. 2016).

In conclusion, the CRISPR/dCas9-based transcription modulation systems pro-
vide a novel, cost-effective, and promising approach for reprogramming the cell fate
via direct modulation of developmentally relevant endogenous genes without any
genomic alteration. Nevertheless, this approach for iPSCs generation and specific
cell lineage production has only been demonstrated in rodents (mice and rats) and
humans. However, the accumulating evidence from these studies would be path
directing for the successful implication of the CRISPR-based approach to directly
reprogram the somatic cells of large animal species into authentic iPSCs, which has
to date not been feasible with conventional reprogramming methods. The cells
reprogrammed in this way, including iPSCs, due to stable expression of relevant
endogenous genes and no risk of mutagenic genomic integration will have tremen-
dous application in veterinary regenerative medicine, including the development of
patient-specific cell therapy, disease modeling, and drug discovery. The availability
of germline-competent iPSCs through the CRISPR/dCas9-based transcription mod-
ulation approach would also improve the efficiency of genetically modified large
animal production for biomedical and agricultural uses employing iPSCs as potent
nucleus donors in SCNT cloning instead of somatic cells or ESCs (Han et al. 2011).
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18.4.2 CRISPR-Based Stem Cell Modulation: Scope in Veterinary
Sciences

18.4.2.1 Generation of Genetically Modified Animals with Improved
Productivity and Fitness

One of the significant aspects of veterinary is to ameliorate the productive and fitness
traits of livestock mainly for enhanced production of animal-derived products,
including milk, meat, chicken eggs, and wool. The development of transgenic
animals with favorable traits through genetic engineering is a potential approach
over conventional reproduction technologies to meet the continuously increasing
world population’s demands. However, until a few years ago, efficient gene-targeted
genetic modification to gain/lose the desired/undesired traits in livestock species had
been a significant challenge for animal biotechnologists. Since the introduction of
engineered nucleases-based genome editing tools, a revolution in gene targeting
techniques got embarked. The targeted gene knockin and knockout in mammalian
cells and embryos have become a practical approach for generating the animals of
desired traits. CRISPR/Cas9, due to its easy programmability, superior sequence
specificity, and multiplexibility features, has become a preferred choice for genome
editing over the other genetic manipulation tools (ZFNs and TALENs), especially
for animal cell editing. The totipotent stemness property of single-cell stage embryos
has been exploited to develop germline transmission competent genetically modified
large animal species. The embryos can be modulated in three ways to generate
genetically modified animals: (1) direct genome editing of totipotent single-cell
stage embryo, (2) complementation of blastocyst-stage embryo with genetically
engineered pluripotent stem cells, and (3) transfer of nucleus from genome-edited
pluripotent stem cells or somatic cells to enucleated single-cell embryo. In the first
approach, a totipotent single-cell pronuclear embryo is genetically modified by
direct injection of an efficient genome editing tool using various delivery
approaches, including microinjection (cytoplasmic or pronuclear) (Liu et al.
2018a) and electroporation (Kaneko et al. 2015; Tanihara et al. 2016). Implantation
of such an engineered embryo into the uterus of a pseudopregnant female leads to the
development of transgenic animals (Laible 2018). The second approach is called
blastocyst complementation, wherein genetically engineered pluripotent stem cells
for the desired trait(s) are directly microinjected into a blastocyst-stage embryo that
can develop into chimeric offspring once transferred into the uterine cavity (Crane
et al. 2019). The third approach is known as somatic cell nuclear transfer (SCNT)
cloning in which the nucleus with desired DNA modification(s) from genome-edited
somatic cells/pluripotent stem cells is transferred into enucleated single-cell stage
embryo that develops into GM offspring upon in vivo implantation (Cibelli 1998;
Richter et al. 2012). The production of transgenics with no risk of mosaicism is the
primary advantage of SCNT as it allows the screening of genome-edited cells for
desired edits before microinjecting into an enucleated embryo (Whitelaw et al. 2016;
Lee et al. 2016). The Superfine Merino breed of sheep has been genetically
engineered by CRISPR/Cas9 tool to myostatin (MSTN) mutant strain, which can
grow double in body weight with a faster growth rate than its wild-type counterparts
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(Crispo et al. 2015). The targeted disruption of MSTN gene, a negative regulator of
skeletal muscle mass (McPherron et al. 1997), in totipotent single-cell embryos by
direct cytoplasmic microinjection of sgRNA/Cas9 mRNA has led to the develop-
ment of an improved Merino breed that grow double in body mass enabling
enhanced production of high-quality wool (Crispo et al. 2015). Fibroblast growth
factor 5 (FGF5) negatively regulates the length of hair in various animals, including
humans (Rosenquist and Martin 1996). The sgRNA/Cas9 mRNA-mediated FGF5
knockout in in vitro fertilized totipotent embryo resulted in the generation of a
genetically improved variety of Merino sheep that produce wool of longer length
(Li et al. 2017b). Similarly, to improve the meat and hair production, the Cashmere
goat variety was genome-edited by co-injection of single-cell stage embryos with
Cas9 mRNA and sgRNAs-specified to simultaneously disrupt the MSTN and FGF5
gene (Wang et al. 2015b). CRISPR/Cas9 tool has also been used to produce
companion animals with desired traits. Zou et al. (2015) had reported the production
of a super muscular beagle dog with almost double muscular mass by a loss-of-
function mutation in the MSTN gene using the CRISPR/Cas9 genome editing
approach (Zou et al. 2015).

Animal biotechnologists have also employed the CRISPR/Cas9 tool to facilitate
the production of offspring with desired sex that significantly impacts livestock
industries. Livestock with one sex is usually preferred over the other depending
upon the selected animal products, such as milk from cows, meat from bulls, and
eggs from laying hens. Biotechnologists had integrated a fluorescence protein,
eGFP, into the Y chromosome using the CRISPR/Cas9 tool combined with SCNT
cloning that led to the generation of eGFP tagged-Y-Chr transgenic buffalos (Zhao
et al. 2020). In vitro fertilization of wild-type oocytes with transgenic buffalo sperms
resulted in XY embryos’ production with a green appearance under a fluorescence
microscope and XX embryos without any fluorescence. This had allowed the
efficient sex determination of pre-implantation embryos facilitating the production
of bovines with the desired sex type. In another report, male-to-female sex reversal
in rabbits has been demonstrated by mutating the Sp1-binding site in the 50 flanking
region of the SRY gene via cytoplasmic microinjection of CRISP/Cas9 coding
plasmid into totipotent pronuclear embryos (Kurtz and Petersen 2019). However, a
CRISPR/Cas9-based similar approach has not worked for porcine sexing (Kurtz and
Petersen 2019).

Besides this, the CRISPR/Cas9 tool has also been utilized for the generation of
transgenic livestock to produce allergen-free or allergen-reduced animal-derived
products. For instance, chicken variety with CRISPR/Cas9-induced knockout muta-
tion in ovalbumin and ovomucoid coding genes has been developed to produce
allergen-free eggs (Oishi et al. 2016). Many people are allergic to the β-lactoglobulin
of milk. Hence, a goat strain with β-lactoglobulin knockout has been developed by
CRISPR/Cas9-mediated genome editing (Zhou et al. 2017). This has made milk or
chicken eggs digestible for many consumers who are otherwise unable to consume
milk or chicken eggs. These examples together highlight the opportunities of
CRISPR/Cas tools to improve the production efficiency in livestock.
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18.4.2.2 Animal Health Improvement

Disease-Resistant Transgenic Animals
Diseases affecting animals have severe impact on livestock production and derived
products, thereby on zoonosis and public health. Thus, developing livestock strains
resistant to or less susceptible to a specific disease is a significant interest in
veterinary science. Instrumentation of advanced molecular tools such as CRISPR/
Cas-based precise genome modulators has enabled the biotechnologist to develop
disease-resistant livestock more efficiently. Genetic modulation of embryos at the
single-cell totipotent stage using the CRISPR/Cas9 tool has led to the development
of various disease-resistant livestock, including pigs and cows (Burkard et al. 2017;
Gao et al. 2017; Hübner et al. 2018). Disease-resistant organisms can be produced
either by knockout of cellular genes coding for viral receptors or by arming the host
cells with antiviral effectors. Pigs entirely resistant for the porcine reproductive and
respiratory syndrome (PRRS) and African swine fever (ASF) have been produced
through CRISPR/Cas9-mediated genome editing of zygotes (Burkard et al. 2017;
Hübner et al. 2018). ASF and PRRS are two economically important swine diseases
caused by the African swine fever virus (ASFV) and porcine reproductive and
respiratory syndrome virus (PRRSV), respectively. Pigs resistant to PRRSV have
been created by CRISPR/Cas9-mediated disruption of CD163 or CD1D gene
(Whitworth et al. 2014, 2016). CD163 expression on the surface of porcine
macrophages is a fusion receptor for PRRSV, thus essential for PRRSV infection
(Whitworth et al. 2016). Initially, PRRSV-resistant pigs were generated by plasmid-
derived expression of Cas9 and sgRNA targeting the CD163 gene in single-cell
stage embryos (Whitworth et al. 2014, 2016). However, CD163 plays many other
biological functions, including the inflammatory response to various pathogens. The
knockout of the CD163 receptor resulted in the loss of other vital roles of this
receptor. Therefore, another group reported the production of a pig strain completely
resistant to PRRSV infection by partial deletion of the CD163 gene keeping its other
biological role intact (Burkard et al. 2017). The PRRS virus essentially requires the
scavenger receptor cysteine-rich domain 5 (SRCR5) of CD163 to interact and infect
the porcine macrophages (Van Gorp et al. 2010). Hence, targeted cleavage of the
genomic sequence coding for the SCCR5 domain of CD163 in a single-cell stage
zygotes by CRISPR/Cas9 system resulted in the production of PRRS-resistant pigs
with no side effects (Burkard et al. 2017). Corona virus-resistant pigs have also been
generated via CRISPR/Cas9-based genome editing of totipotent single-cell embryos,
followed by their implantation in the surrogate show (Whitworth et al. 2019).

Furthermore, improved disease resistance in cattle against Mycobacterium bovis
has also been reported using the CRISPR tool (Gao et al. 2017).M. bovis is known to
cause tuberculosis in cattle that cost a significant economic loss to the cattle industry
globally. Using the CRISPR/Cas9 nickase system, together with SCNT, embryos
expressing transgene NRAMP1 (natural resistance-associated macrophage protein
1) were created that developed into cattle with less susceptibility to M. bovis
infection (Gao et al. 2017). NRAMP1 induces the production of nitric oxide and
other pro-inflammatory responses that, in turn, provide innate resistance to
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intracellular pathogens. Thus, ectopic expression of NRAMP1 in transgenic cattle
results in improved immunity against the intracellular pathogen M. bovis (Gao et al.
2017). Further, toward an attempt to develop mad cow disease-resistant cattle, the
generation of genetically modified bovine embryos with a mutation in the disease-
associated prion protein (PRNP) coding gene was demonstrated using the CRISPR/
Cas9 tool (Bevacqua et al. 2016). Recently, scientists have successfully treated the
isoleucyl-tRNA synthetase (IARS) syndrome in Japanese black cattle through
CRISPR/Cas9 genome editing (Ikeda et al. 2017). The Japanese black cattle is a
major cultivating strain for high-quality beef production in Japan. The IARS syn-
drome is known to occur due to single-nucleotide substitution mutation. The
CRISPR/Cas9-mediated homologous direct repair has led to the generation of cells
with the corrected genome. And using the SCNT approach, genome-edited embryos
were produced that, on implantation, developed into healthy cattle (Ikeda et al.
2017). These examples show the CRISPR/Cas9 system’s potential as an efficient
embryo modulation tool for the generation of disease-resistant livestock species to
benefit the animals and humans.

Regenerative Veterinary Medicine
Regenerative veterinary medicine is an active and emerging area of research. In
combination with advanced molecular tools such as CRISPR/Cas system, stem cells
offer veterinarians a potential option to efficiently improve animal health. Significant
advances in developing safe and efficient stem cell-based therapies have been
reported in recent years. Stem cells have been used, mostly experimentally, to treat
various diseases in different animal species. Among different stem cell types, MSC
is the most extensively utilized cell type for the therapeutic purpose, primarily
because of its immunomodulatory abilities and simple isolation protocol
(Esmaeilzadeh and Farshbaf 2015; Voga et al. 2020). Notable advancements in the
treatment of various orthopedic conditions, inflammatory bowel disease (IBD),
feline chronic gingivostomatitis (FCGS), and wound healing in different animal
species have been demonstrated using MSCs (reviewed in Voga et al. 2020).
Genetically modified stem cells, including MSCs, have been employed for targeted
treatment of various cancer in murine models based on the intrinsic properties of
MSCs to selectively migrate toward the injured and tumor site(s) (Shah 2012;
Esmaeilzadeh and Farshbaf 2015). In this approach, MSCs are virally transduced
for increased production of antitumor factors (cytokines/chemokines) (Studeny et al.
2002) or prodrug-converting enzymes (Malekshah et al. 2016). Genetically equip-
ping MSCs with a prodrug-converting enzyme lead to the release of the enzyme by
MSCs at the tumor site(s). Hence, a prodrug, injected in the body, gets converted into
an active antitumor molecule by a prodrug-converting enzyme released from MSCs
homing at the tumor site, leading to selective necrosis and death of cancer cells over
normal cells (Malekshah et al. 2016; Marelli et al. 2018). For instance, notable
outputs have been reported for cancer therapy using cytosine deaminase (CD)-
expressing MSCs or NSCs that convert the 5-fluorocytosine (5-FC; a prodrug) into
tumor-toxic 5-fluorouracil (5-FU) (Chang et al. 2010; Lee et al. 2013). A CRISPR/
dCas9-deaminase system specified for tumor-specific DNA sequence combined with
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an efficient delivery method can be a potential alternative to CD-expressing MSCs-
based cancer therapy.

However, there are some disadvantages of using MSCs to treat various clinical
conditions. The relatively larger size of MSCs, specifically in allogeneic MSCs, may
lead them to be readily detected and phagocytized by the recipient immune cells,
thus causing therapy rejection (Zhang et al. 2013). Besides this, MSCs may also
direct the tumor cells to a dormant state if internalized by cannibal tumor cells, and
the dormancy of tumor cells is thought to be a major reason behind tumor relapse
(Bartosh et al. 2016). Furthermore, genetically modified MSCs are mainly produced
by virus-based approaches to date, making them unsafe for clinically uses as there is
a high chance of insertional mutations in MSCs or in accidentally targeted normal
cells and the risk of the antiviral immune response.

The CRISPR/Cas9-based genetic manipulation of MSCs has been proposed to be
a promising solution for many of the issues associated with the therapeutic uses of
virally genome-edited MSCs (Marofi et al. 2017). CRISPR/Cas9 system, being a
simple-to-use and sequence-specific genetic manipulation tool, can be used to
generate stem cells expressing desired therapeutic molecule(s) without any random
insertional mutations and no chance of antiviral immune response, unlike in the case
of virus-based genome modulation. Furthermore, iPSCs present a potential substi-
tute of MSCs for stem cell therapy in animals as the patient-specific iPSCs can be
regenerated in an adequate number by reprogramming the readily available somatic
cells. The specialized cell differentiation from human or mice iPSCs has effectively
treated the various clinical conditions in disease animal models. The pancreatic beta-
cells differentiated from mouse iPSCs have been shown to release insulin in
response to glucose both in vitro and in vivo (Jeon et al. 2012). In other reports,
significant improvement in Parkinson’s disease treatment in rat and monkey model
was obtained by transplantation of dopaminergic neurons derived from human
iPSCs (Rhee et al. 2011; Kikuchi et al. 2017). Furthermore, the suitability of
iPSCs for skin trauma and wound management in horses has been proposed based
on a finding that the horse iPSCs can be directed to differentiate into keratinocytes
(Aguiar et al. 2016). iPSCs reprogramming has been reported from various animal
species, including mouse, dog, pig, horse, cow, goat, and sheep (Takahashi and
Yamanaka 2006; Cao et al. 2012; Fujishiro et al. 2013; Honda et al. 2013; Koh and
Piedrahita 2015; Sandmaier et al. 2015). However, the authentic iPSCs suitable for
clinical applications have not yet been established from large animals due to ineffi-
cient reprogrammability by conventional virus-mediated approach and associated
safety concerns. Moreover, recently, efficient reprogramming of genetically stable
authentic iPSCs from human or mouse/rat somatic cells has been demonstrated via
modulating the endogenous pluripotency factors using CRISPR/dCas9-based tran-
scription modulation tools (Balboa et al. 2015; Xiong et al. 2017; Liu et al. 2018b;
Weltner et al. 2018). iPSCs reprogrammed through this approach are free of muta-
genic genomic integration and viral elements, hence, safe for therapeutic uses. Based
on success in iPSCs reprogramming from rodent and human, it is believed that
authentic iPSCs from large animal species for regenerative medicine use will also be
available soon.
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Recently, scientists have exploited stem cells to develop anticancer vaccines as a
novel approach to fight against cancer (Chu et al. 2020). The production of stem cell-
based anticancer vaccines generally involves loading antigens on dendritic cells that
trigger the primary T-cell responses in vivo, leading to necrosis of tumor cells (Codd
et al. 2018). Anticancer vaccines can be produced from oncofetal peptides or cancer
stem cell (CSC), ESC, or iPSC-based whole cells (Ouyang et al. 2019). Due to tumor
heterogeneity and rapid escape mechanisms, single use of oncofetal peptide-based
vaccine usually fails to trigger sufficient immune response against tumors (Ouyang
et al. 2019). In contrast, whole-cell vaccines with epitope heterogeneity are proposed
to be more potent and durable. Since the isolation of CSCs and ESCs is highly
challenging, iPSCs are the preferred choice for whole-cell-based anticancer vaccine
development. However, this approach’s major hurdles are teratoma formation and
possible autoimmunity induction (Katsukawa et al. 2016; Inui et al. 2017). Notably,
studies in mice have shown that allogeneic ESCs and autologous iPSCs-based
anticancer vaccines are more practical to prevent tumor relapse than their xenogeneic
counterparts (Inui et al. 2017).

Furthermore, organ transplantation is another regenerative approach to treat
patients with end-stage organ failure effectively. However, due to the shortage of
donated organs for transplant, many patients die worldwide (Bernhardt and
Reichenspurner 2014). Large animals, such as pigs, are considered a suitable source
of organ xenograft as they share the similarity in physiology and organ size/function
(Cooper et al. 2016, 2017). Tissue culture engineering combined with CRISPR/Cas
genome editing tool has enabled veterinarians to produce immune-modulated
xenotransplants for human medicine. For example, Fu et al. (2020) have developed
a GGTA1, β 2-microglobulin (β2M), and major histocompatibility complex class II
transactivator (CIITA) triple gene knockout pigs by single-cell-stage embryo modu-
lation using CRISPR/Cas9 system and SCNT. Such mutant pig strains can effec-
tively suppress the xenogeneic immune responses that allow prolonged survival of
organ xenotransplants in the recipient (Fu et al. 2020). Furthermore, blastocyst
complementation of pig embryo with genetically modified human iPSCs has been
proposed as a practical approach to generate humanized organ transplants that would
have the least chance of immune rejection upon engraftment (Crane et al. 2019).

In conclusion, at present, the majority of studies on applications of genetically
modified stem cells in regenerative medicine are limited to rodent animal models or
human and mostly experimental only. However, since the various large animals,
including livestock and companion animals, have many of the same ailments and
injurious as humans (e.g., human and feline squamous cell carcinoma) (Wypij 2013;
Modiano 2016), a stem cell-based regenerative treatment approach likely
demonstrated effective for the human disease model could also be efficiently applied
for animal health improvement.

18.4.2.3 Animal Modeling for Biomedical Research
Animal models with genetic and physiological resemblances to various human
disease conditions are imperative tools in biomedical research for better
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understanding the diseases and drug discovery. Genetically modified mice/rats that
mimic the human disease-associated mutation(s) are the most commonly used
animal models in medicine and are known as a powerhouse for biomedical research.
Very recently, the applicability of the CRISPR/Cas9 genome editing tool to generate
genetically modified gerbil (a rodent related to rat) models for biomedical uses has
been demonstrated by mutating the cystatin C or apolipoprotein A-II (Wang et al.
2020). Mongolian gerbils are a well-known experimental animal model, particularly
for diabetes, cerebrovascular diseases, and Helicobacter pylori infection (Li et al.
2016; Wang et al. 2020). In many cases, large animals such as pig, monkey, and
sheep are considered as more suitable nonhuman animal models for biomedical
research because of their similarities to humans in terms of immunology, genome
organization, aging, and the whole physiology (Lindblad-toh 2020; Menchaca et al.
2020). However, the generation of large animal models was not technically feasible
until the advent of precise genome editing tools a few years back. The CRISPR/Cas9
genetic manipulation tools combined with stem cell-based advanced animal repro-
duction technologies have enabled the veterinarians to replicate a human clinical
phenotype in large animals accurately. The pig is the most used large animal model
in biomedical research (Rogers et al. 2008; Aigner et al. 2010). A pig model double
knockout mutant for the vWF gene has been generated using the CRISPR/Cas9
system by direct cytoplasmic microinjection of sgRNA/Cas9 mRNA into the totipo-
tent single-cell-stage embryos (Hai et al. 2014). The vWF codes for a blood-clotting
protein [von Willebrand factor (VWF)], and its genetic defect causes a lifelong
bleeding disorder in human called von Willebrand disease (vWD) (Ruggeri and
Zimmerman 1987). Toward an attempt to produce a large animal model for human
antibody repertoires, a B cell-deficient pig model was generated by targeted disrup-
tion of the JH5 region of the IgM heavy-chain gene using CRISPR/Cas9 tool and
SCNT (Chen et al. 2015).

Furthermore, using the CRISPR/Cas9 system, sheep models for various human
genetic disorders have been developed (Fan et al. 2018; Williams et al. 2018; Eaton
et al. 2019). A sheep disease model for a human genetic disorder, cystic fibrosis, has
been obtained by CRISPR/Cas9- and SCNT-mediated CFTR gene biallelic knockout
(Fan et al. 2018). Recently, a sheep model for rare human bone disease,
hypophosphatasia, has also been generated by CRISPR/Cas9-directed single-nucle-
otide point mutation in the gene coding for tissue nonspecific alkaline phosphatase
(TNSALP) enzyme, which developed the same disorder as found in humans
(Williams et al. 2018). Hence, continuously expanding CRISPR tools combined
with stem cell engineering and advanced animal reproduction technology have
empowered the veterinarians to generate large animal disease models of biomedical
importance.
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18.5 Conclusion

The instrumentation of the CRISPR/Cas system of bacterial origin as a sequence-
targeted genetic manipulation tool has enabled stem cell technology to address the
various challenges of animal science, such as improving livestock productivity,
fitness, and animal health with unprecedented high efficiency. The simple experi-
mental needs and unpresidential target precision of CRISPR/Cas-based gene manip-
ulation tools have allowed the bioengineers to genetically modulate the stem cells for
therapeutic uses and the development of genetically modified livestock with
improved disease resistance and agricultural traits. Since the introduction of any
genetic edits (i.e., gene knockin, knockout, knockdown) with high precision is now
possible using CRISPR/Cas9 genome modulation tools, the current challenge is to
know which edits have to make—not the availability of editing tools. However, in
this regard, the development of high-throughput genome sequencing techniques is
facilitating the genetic engineers. Although, at present, CRISPR/Cas-based genetic
manipulation of stem cells, including single-cell-stage embryos for therapeutic
applications and transgenic animals’ development, is mostly experimental. It
demonstrates the potency of CRISPR-based tools for regenerative veterinary medi-
cine development and GM large animal species’ production with improved traits of
biomedical and agricultural importance in the near future. Furthermore, the ethical
concerns on gene editing cannot be overlooked; however, the potential of stem cell
and animal genome editing to meet the therapeutic and nutritional demands of the
continuously increasing world population must be considered while drafting the
related policies.
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Identification of Species-Specific Stem Cells
and Challenges 19
Ratan Kumar Choudhary

Abstract

Therapeutic application of stem cells and functional restoration has great potential
for many diseases of humans and animals. Embryonic stem cells (ESC), adult
stem cells (ASCs) like mesenchymal stem cells (MSC), hematopoietic stem cells
(HSCs), and mammary stem cells (MaSCs) find applications in regenerative
medicine along with the induced pluripotent stem cells (iPSCs). Each kind of
stem cells has merits and limitations. There are many challenges in identifying a
pure population of stem cells, especially ASC, in different tissues of various
species. Together with the heterogeneous feature of some adult stem cell types,
these challenges make it difficult to study them at the molecular level. This
chapter discusses, in general, the various challenges in identifying species-
specific stem cells and enlists challenges of stem cell therapy. We also discussed
the challenges of stem cell therapy in detail and talked about the safety issues and
ethical concerns using ESC, ASC, and iPSCs. Though substantial progress has
been made over the last decade, many challenges remain in stem cells’ therapeutic
potentials.
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19.1 Introduction to Stem Cells

Stem cells are unspecialized “blank” or undifferentiated cells present in all life stages
(embryonic, fetal, and adult stages) and produce functional and differentiated cells,
building blocks of tissue. More potent stem cells are found in the prenatal embryonic
stage than the fetal and later postnatal stages. In the postnatal and adult stages, tissue-
specific adult stem cells are found in various tissues required for repair and tissue
homeostasis. The features of stem cells that distinguish them from differentiated
cells are (1) capacity to increase extensively for an extended period (self-renewal),
(2) clonality-ability to form whole tissue or organ from a single cell, and (3) differ-
entiation ability or potency—the ability to differentiate into different cell types.
These properties may differ among various types of stem cells. For example,
embryonic stem cells (ESCs) have greater potency, self-renewal ability, and
clonality than tissue-specific adult stem cells (ASCs). Mesenchymal stem cells,
hematopoietic stem cells, and mammary stem cells are few examples of tissue-
specific stem cells. A comparison of various stem cell types with advantages and
limitations is provided in Table 19.1. ASCs have limited self-renewal ability and
inherent divisional capacity to divide asymmetrically into two daughter cells—one
stem cells and the other differentiate cells. Asymmetric division of ASCs maintains
stem cell pool and repairs tissue damage together, which is the unique property of all
ASCs. According to the differentiation potential, stem cells can be of various types,
namely, (1) totipotent, (2) pluripotent, (3) multipotent, (4) oligopotent, and
(5) unipotent. Based on the origin, stem cells can be of (1) ESCs from the embryo,
(2) induced pluripotent stem cells (iPSCs) originated from any differentiated cells
primarily from fibroblasts, (3) fetal stem cells from fetuses, and (4) adult or somatic
stem cells from developed organs of young or adult individuals.

19.2 Markers of Stem Cells

Unique gene expression patterns in a cell results in a unique expression of proteins,
which can identify and distinguish from other cell types. These uniquely expressed
proteins are called molecular markers. Expression of pluripotency transcription
factors and self-renewal are recognized as molecular markers of ESCs in their
identification and characterization. Other types of markers expressed on the surface
of cells can selectively bind to other signal molecules and can also be used as cell
surface markers. Few membrane proteins are the most critical marker in recognizing
ESC. While various signaling pathways influence stem cells’ self-renewal and
differentiation, such signaling molecules can be stem cells’ markers. Some other
proteins are uniquely present or secrete in specific cell types and can be the potential
makers for stem cell identification. Various stem cell markers present in the cells’
different compartments are depicted in Fig. 19.1.
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Table 19.1 Comparisons of advantages and disadvantages of different stem cells

Stem cell types Advantages Disadvantages Sources

Embryonic
stem cells
(ESC)

• Can differentiate into
all three germ layers
• Unlimited
propagation
• Unique morphology
and easy to identify
• Definite pluripotency
marker

• Ethical concern
• Possible of immune
rejection in allogeneic
use
• Teratocarcinoma
formation
• Genetic instability
• Works on “All and
none law”—all cells
differentiate upon
receiving
differentiation signal or
remain undifferentiated

Inner cell mass (ICM)
of the blastocyst,
morula stage embryo

Mesenchymal
stem cells
(MSC)

• Avoid ethical
concerns
• Paracrine signaling
promotes the growth
of neighboring cells
• Easy to harvest
• Homing mechanisms
• Proliferate in
response to tissue
needs
• Multipotent in nature
• No genetic instability
• Proliferate, self-
renew, and
differentiate

• Inadequate in
numbers
• Require expansion
before administration
• Asymmetrical
division cause
differentiation in
culture
• Short-term
propagation in culture
• Lack of definite
marker
• Phenotypically similar
to differentiated cells
• Regeneration
potential varies with the
source of tissue

Bone marrow,
peripheral blood,
adipose tissue, placenta,
umbilical cord, cord
blood, endometrium,
synovial fluids,
muscles, liver, dental
pulp, amniotic fluids,
milk, Wharton’s jelly

Hematopoietic
stem cells
(HSC)

• Homing mechanism
• Capable of
myogenesis and
angiogenesis

• Low in numbers
• Possible immune
rejection

Umbilical cord blood,
placenta, bone marrow,

Mammary
stem cells
(MaSC)

• Single cell can give
rise to fully functional
mammary tissue
• Present in all
physiological stages in
the mammary gland
• Multipotent
• Pluripotent
• Can be harvested
even from milk
• Have the potential to
form neurons of
suckling offspring
• No ethical concern

• Low in numbers
• No consistent marker
to identify a pure
population
• Numbers vary with
the physiology of
animals
• Various
subpopulations of
biopotent, unipotent,
progenitors,
multipotent
• No consistent markers
among all the species

Mammary tissue, milk

Induced
pluripotent

• Can be induced using
pluripotency

• Ectopic expression of
pluripotency

Any cell

(continued)
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19.3 Difficulty in Identifying Stem Cells

1. Lack of specific stem cell marker: The success of stem cell therapy lies with the
purity and a sufficient number of stem cells administered to restore tissue
regeneration. The challenges are to identify phenotypically similar by genetically
different cells among the mixture of various cell types harvested from the tissue.
Over the past decades, rapid progress has been made to identify, characterize, and
utilize stem cells for therapeutic applications. Embryonic stem cells (ESCs)
received more attention due to their unique properties, unique source (inner cell
mass of embryo proper), and expression of pluripotency transcription factors. In
addition, ESCs remain undifferentiated in the culture for a prolonged period,
probably more than a decade from its first isolation (Thomson 1998). The use of

Table 19.1 (continued)

Stem cell types Advantages Disadvantages Sources

stem cells
(iPSC)

transcription factors
from cells of the same
individual
• Avoid immune
rejection
• No ethical concern
• Abundant cells can
be propagated in
culture

transcription factors is
neoplastic
• Retroviral medicate
induction, and the DNA
may integrate with the
host cell genome
• Differentiated cells of
iPSC may integrate
transgenes

Fig. 19.1 Location of
markers of stem cells in
various cellular compartments
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ESCs has political, ethical, and technical concerns in clinical applications. There-
fore, recent advances in adult stem cells received greater attention as an alterna-
tive strategy for cell-based therapy. Mesenchymal stem cells (MSCs),
hematopoietic stem cells (HSCs), endothelial progenitor cells (EPCs), and mam-
mary stem cells (MaSCs) are few examples of adult stem cells and are used in the
treatment of some of the ailments of human and animals. MSCs are present in
almost every organ of the body and are an ideal source of stem cells for regenera-
tive medicine. MSCs have the potential for self-renewal, proliferation, and
differentiation (Caplan 2009), and are multipotent. MSCs have different regener-
ative potential because of their different sources of origin. Such differences arise
due to their immunomodulatory properties, immunophenotypes, secretome, and
gene expression. For example, MSCs derived from adult bone marrow
(BM-MSCs), adipose tissue (AT-MSCs), and Wharton’s jelly (WJ-MSCs) of
human differences in the expression of CD34, CD133, CD146, SSEA-4,
MSCA-1, and CD271 makers and BM-MSCs showed high immunomodulatory
activity (Petrenko et al. 2020). Other cell surface markers of MSCs are CD10,
CD29, CD44, CD73, CD90, and CD105.

2. Species-specific primary antibody: Species-specific antibodies and gender-
specific biomarkers are essential tools to label the stem cells for identification
and subsequent isolation. The stem cell markers recognize an epitope of stem
cells expressed in the cell surface or another compartment along these lines.
Unfortunately, antibodies may recognize nonspecific epitope of other antigens
and result in the false selection of cells. For example, a human-specific antibody
recognizing TRA-1-85 also binds with minor/major histocompatibility antigens
(Burkhardt et al. 2012). Antibodies of stem cell markers raised against species-
specific antigens may not identify other species’ stem cells. Therefore, the
selection of species-specific antibodies is crucial in recognizing stem cells.
Many antibodies are not available commercially, or they may not recognize
other species’ stem cells. For example, an antibody raised against mouse stem
cell antigen Thy-1 may not recognize Thy1+ mesenchymal stem cells in the goat.

3. Clonality of antibody: Monoclonal antibodies (mAbs) identify stem cells more
precisely than polyclonal antibodies as mAbs are more sensitive and specific. For
this reason, many of the conventionally used cell surface markers (say, human
pluripotent stem cells) are not reactive with marker proteins. However, they
recognize complex carbohydrate or lipid moieties, for which there are no
identified corresponding genes (Choi et al. 2014). Many other mAbs against
stem cell markers need to develop using whole-cell and decoy immunization
strategies as an alternative to different methodologies to develop mAbs against
nonprotein titles.

4. Multiple markers: Researchers often identify stem cells using a combination of
markers like multiparameter cell sorting. In that marker, names are reflected by
the presence (+) or absence (�) of stem cell antigens. For example, mouse
mammary stem cells were identified by a cocktail of markers, CD24 and CD29
(β1-integrin) or CD49f (α6-integrin) (Shackleton et al. 2006; Stingl et al. 2006).
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While in bovine, mammary stem cells were identified using CD49fhighCD24+

cells expressing CD10/KRT14 and KRT7 (Finot et al. 2018).

19.4 Challenges of Stem Cell Research

1. Acquisition of Adequate Stem Cells: Acquisition of a sufficient number of adult
stem cells (ASC) is challenging due to their limited number in the tissue. Unlike
ASCs, ESC isolation is relatively easy, and sufficient numbers of stem cells can
be harvested from the inner cell mass. The isolation of MSCs, HSCs, or EPCs is
challenging to gather due to many organ-specific stem cells and contamination
with other cell types. The number of tissue-specific stem cells is minimal and is
usually present in <1% of the total cells. The number of cardiac stem cells (one
stem cell for every 1000 myocytes), HCS (one HCS for every 10,000 bone
marrow cells) (Sun et al. 2014), and MaSC (one MaSC for every 200 in heifers’
mammary epithelial cells) (Finot et al. 2019) is minimal, and hence expansion of
these stem cells is required before administration.

2. Plasticity of stem cells: Stem cells are not static but dynamic, and their nature to
remain as stem cells or differentiate into functional cells or change their lineage
depends on intrinsic and extrinsic cues that comprise physiological status and
tissue needs. Changing the lineage of cells is another complexity that the
investigators can poorly understand. A recent study in mice’s mammary gland
suggested that cell lineage of stromal cells directly contributes to epithelial cells.
PDGFRα-positive adipocytes made de novo contribution to luminal and basal
epithelial cells. They demonstrated a reservoir of epithelial stem cells from
mesenchymal progenitors (Joshi et al. 2019), a beautiful example of stem
cells’ plasticity.

3. Lack of animal models for clinical validation: Paucity of well-characterized
stem cell lines from larger animal models existed. There is also insufficiency of
and well-established protocols for stem cell identification, manipulation, and
characterization. Establishing a centralized and well-established central facility
for quality control of standardized cells and distribution to various investigators
will help in the preclinical data validation. Necessary comparative studies are
essential in understanding the different disease models. An example, for the
understanding of human nonalcoholic fatty liver disease (NAFLD), study of
bovine fatty liver disease (FLD) has been suggested as a better animal model
than mice (LaCasse et al. 2020). Data showed that animal models provide
crucial information about the pathogenesis of fatty liver and the therapeutic
effects of various drugs (Yuan et al. 2019).

4. Multidisciplinary knowledge: The creation of millions of working and biologi-
cally accurate cooperating cells is required for making new and functional
organs out of these stem cells (Zakrzewski et al. 2019). Therefore, the multidis-
ciplinary approach is needed to understand biology.

5. Huge biological variations among the animals and animals’ age often limit stem
cells’ therapeutic evaluation. Generally, young and healthy animals are used in
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stem cell experiments, and human populations are involved, ill. Aged patients
who are often treated with drugs may limit stem cell treatment’s efficacy.
Careful and long-term monitoring is needed to estimate the best results of its
effectiveness.

6. Low differential potential and low engraftment of cells are other potential
limitations of stem cell research. New approaches for retention of exogenously
transplanted cells to the host tissue and the ability to follow their fate in vivo by
labeling experiments can be optimized (Harding et al. 2013).

7. Lack of humanized large animal model for the disease: Significant success has
been achieved in understanding in vivo functions of human cells and tissue
using humanized mouse strain like recapitulating human immune system in
humanized mice to investigate the biology of human immunity and functions
(Shultz et al. 2012).

8. Ethical and regulatory issue related to animal model is a potential challenge.
Two different types of regulatory issues are pertinent in stem cell-based
research: (1) clearance from the Institutional Animal Ethical Committee to
conduct research on animals, and (2) stem cells or cell-based products are
considered as “drug,” and therefore, clearance from drug regulating authorities
is needed. For example, in India, various agencies, namely, Advertising Stan-
dard Council of India (ASCI), Department of Biotechnology (DBT), Indian
Council of Medical Research (ICMR), Medical Council of India (MCI), Direc-
torate General of Health Services (DGHS), and National Apex Committee for
Stem Cell Research and Therapy (NAC-SCRT), are involved in the regulation
of stem cell research and its application for human patients. So far, no strict
guidelines for applying stem cell and cell-based products on animals exist.

9. The use of stem cells also brings manufacturing and safety-related challenges:
Specific issues associated with cell transplantation are the biological or donor-
to-donor variability. Additionally, microbiological contamination, immunologi-
cal responses to alloantigens, and transplanted cells’ tumorigenicity are other
cell transplantation issues. Many of these regulatory and safety issues are well-
reviewed and outlined in other online materials.

10. Problems of iPSCs in regenerative medicine: Induced pluripotent stem cells
(iPSCs) are created from any cells of the body by reprogramming the
pluripotency circuit of the cells. These cells’ unique nature is the capability of
unlimited self-renewal in vitro and differentiation into all other cell types of the
body. The pluripotency circuit is reprogrammed in differentiated cells using
established viral-mediated gene transfer methods. These pluripotent genes are
Oct4, Sox2, and Nanog (Boyer et al. 2005). One of the severe problems using
iPSCs in stem cell therapy is that the genes (Oct4, Sox2, Klf4, and c-Myc) used
to induce pluripotency may cause tumor development upon their ectopic tran-
scription (Ben-Porath et al. 2008). Another issue with iPSCs is that transgenes’
transcription can resume in differentiated cells derived from iPSCs that may lead
to neoplastic transformation of regenerated tissue (Okita et al. 2007). In addi-
tion, the integration of viral DNA with the host cell genome is possible in iPSCs
derived using retroviral or lentiviral-mediated gene induction. Altogether, the
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application of iPSCs in regenerative medicine is full of challenges. Several
possible strategies can resolve the above-stated issues with iPSCs: (1) develop-
ment of delivering protocol for nonintegrated genetic constructs, (2) recombinant
protein constructs, (3) minimal use of transcription factors, and (4) search and
use less carcinogenic and oncogenic genes for induction (Medvedev et al. 2010).

11. Dosage of administered stem cell: Currently available technology for counting
stem cells is based on protein markers, called stem cell markers, which may be
insufficient to identify the pure population of “real” stem cells. Dr. James
Sherely and his team started a company to evaluate stem cells kinetics as a
novel method for counting “real” stem cells (https://asymmetrex.com). It is
estimated that stem cell therapy’s failure lies principally on insufficient dose
or complete deficiency of “real” stem cells in the administered dose (Sherley
2018).

19.5 Conclusions

Although many stem cell science challenges are overwhelming, the field is advanc-
ing. Stem cell therapy is available to treat some diseases of humans and animals.
Their impact on future medicine seems to be significant and promising. After many
decades of experiments, the possibility of stem cell therapy is becoming a game-
changer in regenerative medicine. Induced pluripotency enabled induction of one’s
differentiated cell into pluripotent stem cells. However, it suffers from the possibility
of neoplastic transformation of iPSC-derived cells.

References

Ben-Porath I, Thomson MW, Carey VJ, Ge R, Bell GW, Regev A, Weinberg RA (2008) An
embryonic stem cell-like gene expression signature in poorly differentiated aggressive human
tumors. Nat Genet 40(5):499–507

Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS, Zucker JP, Guenther MG, Kumar RM,
Murray HL, Jenner RG, Gifford DK, Melton DA, Jaenisch R, Young RA (2005) Core
transcriptional regulatory circuitry in human embryonic stem cells. Cell 122(6):947–956

Burkhardt JK, Hofstetter CP, Santillan A et al (2012) Orthotopic glioblastoma stem-like cell
xenograft model in mice to evaluate intra-arterial delivery of bevacizumab: from bedside to
bench. J Clin Neurosci 19(11):1568–1572

Caplan AI (2009) Why are MSCs therapeutic? New data: new insight. J Pathol 217:318–324.
https://doi.org/10.1002/path.2469

Choi HS, Kim W-T, Ryu CJ (2014) Antibody approaches to prepare clinically transplantable cells
from human embryonic stem cells: identification of human embryonic stem cell surface markers
by monoclonal antibodies. Biotechnol J 9:915–920

Finot L, Chanat E, Dessauge F (2018) Bovine mammary gland development: new insights into the
epithelial hierarchy. Molecular signature of the putative stem/progenitor cells committed to the
development of the bovine mammary gland at puberty. Sci Rep 8:16194

Finot L, Chanat E, Dessauge F (2019) Mammary epithelial cell lineage changes during cow’s life. J
Mammary Gland Biol Neoplasia 24:185. https://doi.org/10.1007/s10911-019-09427-1

364 R. K. Choudhary



Harding J, Robert RM, Mirochnitchenko O (2013) Large animal models for stem cell therapy. Stem
Cell Res Ther 4:23

Joshi PA, Waterhouse PD, Kasaian K et al (2019) PDGFRα+ stromal adipocyte progenitors
transition into epithelial cells during lobulo-alveologenesis in the murine mammary gland.
Nat Commun 10:1760

LaCasse M, Choudhary S, Choudhary RK, de Avila J, Beitz D, Du M, Testroet E (2020) A
nonperfusion-based method of hepatic cell isolation and development of fatty liver disease
model for dairy cattle (abstract only). FASEB J 34:1. https://doi.org/10.1096/fasebj.2020.34.s1.
06887

Medvedev SP, Shevchenko AI, Zakian SM (2010) Induced pluripotent stem cells: problems and
advantages when applying them in regenerative medicine. Acta Nat 2(2):18–28

Okita K, Ichisaka T, Yamanaka S (2007) Generation of germline-competent induced pluripotent
stem cells. Nature 448(7151):313–317

Petrenko Y, Vackova I, Kekulova K, Chudickova M, Koci Z, Turnovcova K, Kupcova
Skalnikova H, Vodicka P, Kubinova S (2020) A comparative analysis of multipotent mesen-
chymal stromal cells derived from different sources, with a focus on neuroregenerative poten-
tial. Sci Rep 10:1–15. https://doi.org/10.1038/s41598-020-61167-z

Shackleton M, Vaillant F, Simpson KJ, Stingl J, Smyth GK, Asselin-Labat M-L et al (2006)
Generation of a functional mammary gland from a single stem cell. Nature 439:84–88

Sherley JL (2018) Dose determination for stem cell medicine: a need whose time has come. In:
Atala A, Cetrulo C, Cetrulo K, Murphy SV, Taghizadeh R (eds) Perinatal stem cells: research
and therapy. Elsevier, Amsterdam, pp 383–397

Shultz LD, Brehm MA, Garcia-Martinez JV, Greiner DL (2012) Humanized mice for immune
system investigation: progress, promise and challenges. Nat Rev Immunol 12(11):786–798

Stingl J, Eirew P, Ricketson I, Shackleton M, Vaillant F, Choi D et al (2006) Purification and unique
properties of mammary epithelial stem cells. Nature 439:993–997

Sun Q, Zhang Z, Sun Z (2014) The potential and challenges of using stem cells for cardiovascular
repair and regeneration. Genes Dis 1:113–119. https://doi.org/10.1016/j.gendis.2014.07.003

Thomson JA (1998) Embryonic stem cell lines derived from human blastocysts. Science
282:1145–1147. https://doi.org/10.1126/science.282.5391.1145

Yuan J, Chen C, Cui J et al (2019) Fatty liver disease caused by high-alcohol-producing Klebsiella
pneumoniae. Cell Metab 30(4):675–688

Zakrzewski W, Dobrzynski M, Szymonowicz M, Rybak Z (2019) Stem cells: past, present, and
future. Stem Cell Res Ther 10:68

19 Identification of Species-Specific Stem Cells and Challenges 365



Regulations of Animal Cell-Based Drugs
in Veterinary Regenerative Medicine 20
Ratan Kumar Choudhary and Shanti Choudhary

Abstract

Regulation of stem cell research and therapy is booming in the world. Stem cells
and derivatives of stem cells are now called a drug, and hence law regarding drug
use must be set forth. Developed nations like the USA and the European Union
(EU) have provided human stem cell research and therapeutic application
guidelines for human patients and animals. While India offers remarkably strin-
gent policies and regulations for human stem cells and application, no guidelines
for animal stem cells have existed thus far. This chapter discusses current laws of
stem cell applications in both humans and animals in India, the USA and the
EU. It discusses the paths forward in a global context toward applying animal
stem cells for veterinary patients.

Keywords

Veterinary Regulation · Drug approval · USA · European Union · India

20.1 Overview of FDA’s Drug Approval Process

The U.S. Food and Drug Administration (FDA) defines the term “drug” as any
articles recognized in the official United States Pharmacopoeia, official Homeo-
pathic Pharmacopoeia of the United States, or official National Formulary; that is
being intended for use in the diagnosis, cure, mitigation, treatment, or prevention of
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disease in man or other animals which, intended to affect the structure or any
function of the body of man or other animals. The FDA defines most animal cell-
based products as a “drug” because they are intended to treat, control, or prevent a
disease or affect the body’s structure or function, like improving the animal’s
fertility. Per guidelines, the FDA must review and approve cell-based drugs before
companies can legally market them.

In the USA, an unapproved drug needs New Animal Drug Applications (NADA)
approval for researching to collect data for the drugs’ safety and efficacy. NADA
regulates any drugs (except animal feed) for use in animals other than man, which is
not proven to be safe and effective for the intended use. NADA may approve the
drug for the investigation or agree with conditions (conditional NADA or CNADA).
Three types of new animal drug applications are

1. NADA—Grants approval for new drugs for the research purpose for the data
collection

2. ANADA—Provides approval for a generic new drug, a copy of old and approved
drug near expiration. It is the abbreviated NADA (ANADA).

3. CNADA—used to seek conditional approval of a new drug that comprises all the
requirements in support of full permission except the demonstration of “effec-
tiveness” of the drug upon administration

20.2 Centre for Veterinary Medicine (CVM), USA

Centre for Veterinary Medicine is a part of the Food and Drug Administration
(FDA), an agency under the Department of Health and Human Services (Fig. 20.1).
Center for Veterinary Medicine. US Food and Drug Administration (2020).

CVM regulates (1) animal drugs, (2) animal food and feeds (including pet foods),
and (3) animal medical devices. In general, CVM makes sure that the drugs used on
animals are safe and effective before approving it. Pet animals include dogs, cats,
and farm animals like horses, cattle, pigs, chickens, and even honey bees. CVM
ensures that the drugs administrated to the animal are safe when consumers eat
animal-based products. In addition, the center also researches the safety of animal
drugs, animal food, and food products made from animals and helps in making
animal drugs legally available (FDA’s Center for Veterinary Medicine 2020).

CVM does not regulate (1) veterinary advice, (2) veterinary medicine practices,
(3) vaccines for any infectious diseases, and (4) some tick and flea products used on
animals as drugs (Laws, Regulations, and Guidances; FDA’s Center for Veterinary
Medicine 2020).

Clinical field studies for Animal Cells, Tissues, and Cell- and Tissue-Based
Products (ACTPs) provides information about animal owners, veterinarians,
researchers, and the public regarding the use of ACTPs in animals (US Food and
Drug Administration 2020b). The FDA disapproves ACTPs. ACTP has also not
been tested for safety and efficacy as a drug. Very few studies are being conducted
and are listed in Table 20.1.
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Because of animal cell-based products’ novelty and complexity, the FDA
encourages investigators, universities, and companies to seek help before using
products legally (US Food and Drug Administration 2020a). Few companies selling
cell-based products without FDA approval have been issued legal warning notices.

20.3 European Union

20.3.1 Law Governing the Implementation of New Veterinary
Medicine Regulations

The New Veterinary Medicine Regulation of the European Union (Regulation
(EU) 2019/6) updated the old and existing veterinary medicine authorization rules
on January 28, 2020 (European Medicines Agency 2020a). This new rule
emphasizes measures on the availability and safety of drugs against antimicrobial
resistance. The key benefits of new regulations are

1. Increase availability and access to safe and high-quality veterinary medicine
2. Ease of administrative procedures and better incentives to pharmaceutical

companies
3. Based on the “one health” approach, enhance the safety and efficacy of

antimicrobials and antibiotics

The first-ever EU’s guidance on stem cell-based therapy in veterinary medicine
came in 2017 (European Medicines Agency 2020b). The direction was prepared by
the Ad Hoc Expert Group on Veterinary Novel Therapies (ADVENT) based on
reviewing the scientific evidence of stem cell-based therapeutics on the animal
(European Medicines Agency 2020c). The EU’s European Medicines Agency’s
(EMA) Committee for Medicinal Products for Veterinary Use (CVMP) has
approved guidance on stem cell-based medicines for veterinary use in the form of
a question–answer format. It mainly addresses the concerns raised by manufacturers
and authorities regarding the sterility of allogenic applications of stem cell-based
medicine. Allogenic stem cell-based medicaments start from harvesting tissue (like
bone marrow, adipose tissue) from the donor animal provides tissue to the recipient
animals. Drugs originate from tissues (such as bone marrow or fat) from a donor
from the same animal species, not from the cells’ recipient. Since these products are
cell-based, maintaining a development away from bacterial and viral contamination
(sterile) is challenging. Cell-based drugs come under the novel therapies, which are
new and have not been used previously in the veterinary domain but well known in
human medicine.

The questions and answers format guidelines on allogeneic stem cell-based
products for veterinary use about sterility tests are given next (European Medicines
Agency 2019):
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1. How is the sterility of the finished cell-based product ensured?
2. What measures are recommended when sourcing and collecting the stem cells?
3. How can the sterility of raw materials be ensured for microbiological

contamination?
4. Are there any recommendations regarding general sterility and safety in the whole

manufacturing process?
5. When is testing for sterility critical during the production process?
6. Which alternative and suitable methods are appropriate for sterility testing of

stem cell-based final products?
7. Is PCR an acceptable alternative to sterility testing?
8. Are endotoxins in stem cell-based products a safety concern, and how to control

levels of endotoxins during the manufacturing process?

Stem cell-based products are veterinary drugs and administered parenterally
either intravenously or intramuscularly. Therefore, a product to be sterile is crucial.
However, living cell-based products cannot be sterilized either by filtration or by
another sterilization method. Thus, cell-based products’ microbiological purity is
ensured from the raw materials before the product harvest begins.

20.4 India’s Regulations on Animal Stem Cell Therapy

India is yet to propose guidelines for animal stem cell therapy. Given that the stem
cell therapeutic application is expected to increase dramatically, India is preparing to
set forth the guidelines. The first guidelines for Stem Cell Research and Therapy in
human, came in 2007. The primary focus of this policy was to (1) conduct basic and
translational research on adult and embryonic stem cells to generate patient-specific
stem cell lines, (2) create animal models for preclinical studies, (3) develop a
national institute of world repute, (4) generate trained workforce, and (5) build a
public–private partnership with companies (Sharma 2009). In 2013 and later in
2017, the Indian Council of Medical Research (ICMR) and Department of Biotech-
nology (DBT) released new and revised Guidelines for Stem Cell Research and
deleted the word “therapy” and known as “ICMR-DBT National Guidelines for
Stem Cell Research 2013/2017” (National Center for Biological Sciences 2013).
Certain approved diseased condition of a human patient using bone marrow or
peripheral blood for homologous applications is permitted upon approval of the
Central Drugs Standard Control Organization (CDSCO). Guidelines state that the
administered stem cells should have undergone substantial or more than minimum
manipulation in patients, emphasizing the idea that patient isolated stem cells, as
such, can be used without further manipulation in the laboratory. Application of
stromal vesicle fractions (SVFs), a cocktail of heterogeneous cell populations
derived from adipose tissue, is more than minimal manipulation. Hence, it is
categorized under the violation of new guidelines (Tiwari and Desai 2018).
According to the new rule, stem cell research is organized into three areas: permissi-
ble, restrictive, and prohibited. Research involving the establishment of new
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embryonic stem cell line and induced pluripotent stem cell lines is “permissible.”
Research involving in vitro fertilization and somatic cell nuclear transfer to derive
ESCs is “restrictive.” Under the “prohibited” category, any research involving
germline gene therapy and reproductive cloning, genome-modified embryo, and
propagation of any processed human cell/embryos is not allowed (Lahiry et al.
2019). Various Indian agencies are involved in regulating stem cell research and
its application for human patients. These agencies are CDSCO, Advertising Stan-
dard Council of India (ASCI), Department of Biotechnology (DBT), Indian Council
of Medical Research (ICMR), Medical Council of India (MCI), Directorate General
of Health Services (DGHS), and National Apex Committee for Stem Cell Research
and Therapy (NAC-SCRT) (Fig. 20.2).

Though the national guidelines for Stem Cell Research 2017 existed for human
patients in India, no policies have been put forward for animal stem cell research for
veterinary patients. In the USA, CVM provides guidelines for animal drugs, animal
feeds, and animal medical devices. In contrast, clinical field studies for Animal Cells,
Tissues, and Cell- and Tissue-Based Products (ACTPs) provide information regard-
ing the use of ACTPs in animals. CVM approves if the animal drugs are safe and
effective on animals. ACTPs, though not authorized by the FDA, provide only the
information to the researchers, clinicians, and public, and FDA approval requires
legitimate use of stem cells or stem cell derivatives.

Similarly, in 2017 the EU has published question–answer format regulations of
allogenic stem cell-based products for veterinary use. It is time for India to formulate
animal stem cell research and develop a roadmap for cell-based therapy. The
development of cell-based treatment involves four phases: (1) discovery of cell or
cell-based product, (2) process optimization, (3) production of cell or cell-based
product in bulk, and (4) therapeutic delivery (Kirouac and Zandstra 2008). Under
each phase, issues and strategies to deal with the problem have been described
(Fig. 20.3). In the discovery phase, the main problem is the product characterization.
Functional assays and cellular and molecular profiling are useful tools in this phase.
Under the optimization of the process, quantifying the relationship between culture
parameters and cell output is critical. Considerations in the production phase include
the scale-up strategy and quality control like purity, sterility, consistency of getting
the same output product.

Fig. 20.2 Various Indian agencies involved in regulation of human stem cell-related issues
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Agencies like the Veterinary Council of India (VCI), in consortium with ICMR
and DBT, should frame guidelines that prevent fraudulent advertisement and safe
use of stem cells and their derivatives, now being called “drug” on animals.
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