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Biobanking and stem cell technology are relatively new fields in science and 
are increasingly bound to one another through a myriad of biotechnology, 
business, basic science, and medicinal networks. Both fields are growing 
every year, and the global expansion estimate for both is approaching an 
astonishing investment of close to $200 billion. Inevitably, such a large 
expansion creates its own challenges that require comprehensive and orderly 
studies, optimal methods and devices, and standardization of bioprocessing.

Rules governing stem cell growth, stability, preservation, and storage are 
different from normal cells. Any permanent alterations in the genetic makeup 
of stored cells could change cell fate and drastically impair discovery research 
and clinical outcome if therapy is an objective. Current widely used protocols 
for cryopreservation to some extent are regarded as an “old school” discipline 
that needs to be revised and revisited for an emerging new field such as stem 
cell technology. This has put enormous pressure and demands on both the 
biobanking industry and stem cell technology to adopt new strategies and 
methodologies.

This book has been prepared with a focus on these challenges and to pro-
vide a comprehensive overview of what directions industry and academia 
need to take to overcome the problems of cryopreservation. To accomplish 
our objectives a diverse group of researchers and clinicians agreed to contrib-
ute their expertise to this book. This volume contains 17 chapters which pro-
vide an in-depth study, analysis, and reviews by experts from many research 
centers and laboratories with different scientific disciplines around the world.

The first three chapters take a more general theoretical approach toward 
understanding the principles of banking and integrity of the banked speci-
mens at the molecular level. In the fourth chapter, the authors provide 
resources available for precision medicine in glioblastoma. The next two 
chapters, Chaps. 5 and 6, in contrast, discuss in detail the protocols and 
methodology used for human pluripotent stem cells and alternative cryo-
preservation procedures in the preparation of cord blood cells. Chapters 7, 8, 
9, 10, 11, 12, and 13 discuss some of the most promising topics in stem cell 
research such as mesenchymal stem cells, adipose tissue-derived stem cells, 
pluripotent stem cells, and oocyte cryopreservation for fertility preservation. 
Regenerative medicine, which has developed extremely rapidly over the last 
few years, has generated much excitement among scientists and clinicians, 
as well as the public. The final four chapters deal with current approaches 
using stem cells in tissue engineering and regenerative medicine in a variety 
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of  tissues or organs such as cardiac regenerative medicine, ocular epithelial 
limbal stem cells, hair-follicle-associated pluripotency, and banking of den-
tal stem cells.

We express our sincere gratitude to all those who agreed to contribute and 
assist us in preparing this publication.

Edmonton, Canada Feridoun Karimi-Busheri
 Michael Weinfeld

Preface
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Key Issues Related 
to Cryopreservation and Storage 
of Stem Cells and Cancer Stem 
Cells: Protecting Biological 
Integrity

Feridoun Karimi-Busheri, Aghdass Rasouli-Nia, 
and Michael Weinfeld

Abstract

Cryopreservation and biobanking of stem cells are becoming increasingly 
important as stem cell technology and application attract the interest of 
industry, academic research, healthcare and patient organisations. Stem 
cell are already being used in the treatment of some diseases and it is 
anticipated that stem cell therapy will play a central role in future medi-
cine. Similarly, the discovery of both hematopoietic and solid tumor stem 
cells and their clinical relevance have profoundly altered paradigms for 
cancer research as the cancer stem cells are considered promising new 
targets against cancer. Consequently, long-term cryopreservation and 
banking of normal and malignant stem cells is crucial and will inevitably 
become a routine procedure that requires highly regulated and safe meth-
ods of specimen storage. There is, however, an increasing amount of evi-
dence showing contradictory results on the impact of cryopreservation and 
thawing of stem cells, including extensive physical and biological stresses, 
apoptosis and necrosis, mitochondrial injuries, changes to basal respira-
tion and ATP production, cellular structural damage, telomere shortening 
and cellular senescence, and DNA damage and oxidative stress. Notably, 
cell surface proteins that play a major role in stem cell fate and are used as 
the biomarkers of stem cells are more vulnerable to cold stress than other 
proteins. There are also data supporting the alteration in some biological 
features and genetic integrity at the molecular level of the post-thawed 
stem cells. This article reviews the current and future challenges of cryo-
preservation of stem cells and stresses the need for further rigorous 
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research on the methodologies for freezing and utilizing cancer stem cells 
following long-term storage.

Keywords

Cryopreservation • Cancer stem cells • Cell surface proteins • Membrane 
proteins • Proliferation • Embryonic stem cells • Mesenchymal stem cells 
• Vitrification • Mammospheres • Lungospheres

Abbreviations

AML Acute myeloid leukemic
CD Cluster of differentiation
CSCs Cancer stem cells
ESCs Embryonic stem cells
hESC-IPs Human embryonic stem cell derived 

islet progenitors
HLA-DR Human leukocyte antigen – antigen 

D related
MSCs Mesenchymal stem cells
PBSC Peripheral blood stem cell

1.1  Introduction

The term “stem cell” was first coined by the emi-
nent German biologist Ernst Haeckel in 1868 [1]. 
A century later, a series of discoveries led to the 
first bone marrow transplant in 1968, followed by 
the discovery of stem cells in human cord blood, 
embryonic and adult stem cells, and cancer stem 
cells that dramatically revolutionized science and 
clinical sciences. Today, stem cells are at the 
forefront of modern science and medicine. 
Despite many challenges and heated debates 
among public, religious, ethical, government and 
scientific leaders the overwhelming environment 
is positive and promising.

Stem cells are found and can be obtained from 
a variety of cellular sources in the very early 
stages of development. However they all share the 
properties of being flexible, versatile and undif-
ferentiated. Human embryonic stem cells (hESCs) 
obtained from early blastocysts retain the flexibil-

ity to become any one of the human body cell 
types. They present the most promising resource 
for regenerative medicine and provide a new pros-
pect in a rapidly growing cell therapy industry [2].

Adult stem cells (ASCs), also known as 
somatic stem cells, are undifferentiated cells with 
the capacity for self-renewal and differentiation. 
Their function is primarily to maintain and repair 
the tissue they are located in. Many different type 
of adult stem cells have been identified in organs 
and tissues including hematopoietic, mesenchy-
mal (MSCs), neural, epithelial, skin stem cells 
and induced pluripotent stem cells (iPSCs) [2]. 
Potentially, ASCs can play a major role in regen-
erative medicine and transplantation-based ther-
apy in future.

MSCs can be derived from bone marrow and a 
variety of other tissues like adipose tissue, pla-
centa, skin, and umbilical cord blood, and dental 
pulp. MSCs are multipotent cells having self- 
renewal and multilineage differentiation capabil-
ities into various specialized cell types such as 
adipocytes, cartilage, bone, tendons, muscle, and 
skin [3].

Induced pluripotent stem cells generated in 
the laboratory almost a decade ago [4] could be 
considered a landmark in the field of stem cells 
that has opened the door to create stem cells from 
any other cell type in the body. iPSCs are similar 
to embryonic stem cells and could be used as a 
good model to study pluripotency, cell fate, and 
disease modeling [5].

In late 1990s, Bonnet and Dick reported the 
isolation of a subpopulation of acute myeloid leu-
kemic (AML) cells capable of self-renewal and 
initiating human AML in NOD/SCID mice [6]. 

F. Karimi-Busheri et al.
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These cells were exclusively CD34+/CD38−. This 
was followed by a large number of studies that led 
to the isolation of solid tumor stem cells from 
brain, breast, pancreas, colorectal, and prostate 
cancer [7–10]. These subpopulations share simi-
lar characteristics, notably the ability for self-
renewal and differentiation, resistance to 
conventional chemo- and radiation therapy, and 
tumorigenicity [11, 12]. They also possess up- 
regulated signaling proteins such as hedgehog, 
epidermal growth factor receptor, NOTCH, and 
Bmi-1 necessary for metastasis [13, 14], and they 
are capable of producing cytokines, chemokines, 
and angiogenic factors [15, 16]. Despite many 
properties reminiscent of normal stem cells, 
including self-renewal, they exhibit important dif-
ferences including dysregulation of self- renewal 
that leads to uncontrolled proliferation [17].

Over time, our understanding of cancer stem 
cells and their role in tumor formation and metas-
tasis has evolved. It is now recognized that tumors 
are heterogeneous entities consisting of various 
type of cells and distinct niches that can support 
and instruct tumour regrowth. Tumors therefore 
possess multiple genomes that belong to distinct 
subclones, including cancer stem cells [18–20]. 
The rare subpopulation of cells with stemness 
properties can drive successive rounds of tumor 
development and growth. They are also equipped 
with inherent machinery that protects them from 
conventional chemotherapy and radiation, and 
may govern patient outcome [19, 21, 22].

The clinical relevance of cancer stem cells is 
gaining momentum in oncology. Considering 
these cells constitute a small rare subpopulation 
that has extensively expanded our vision of 
development, progression, and metastasis of 
malignancies adds to the importance of banking 
and preservation in this emerging field [23–25].

Regardless of their origin, stem cells have 
brought a wealth of opportunities and promise to 
science and medicine. Nevertheless, a number of 
significant challenges, such as cryopreservation 
and storage, remain to be overcome in order to 
succeed in bringing stem cell therapy to patients. 
Cryopreservation is considered an intrinsic factor 
that can contribute to the stability of stem cells. 
One critical step in cell therapy bioprocesses is to 

optimize cellular cryopreservation techniques 
that minimize alterations in biological function, 
spontaneous differentiation, and irreversible 
damages to the cells after freezing and thawing. 
Current protocols of hematopoietic and mesen-
chymal stem cell cryopreservation and banking 
are more or less clinically effective and safe, 
while there is still considerable controversy and 
inconsistency about the protocols and methodol-
ogy used in the storage and safety of hESCs and 
iPSCS [26].

1.2  Pros and Cons of Stem Cell 
Banking

Recovery and consequent proliferation of the 
cells is the most important goal after thawing fro-
zen specimens [23, 27]. During the last few 
decades a large body of evidence has accumu-
lated indicating that the majority of adult and 
embryonic stem cells (ESCs) survive and main-
tain proliferation after cryopreservation and 
thawing. Neuronal progenitor cells, for example, 
have been shown to preserve survival and multi- 
potency activity during exposure to different 
cryoprotectants and length of storage [28]. No 
long-term storage effect on the phenotype, prolif-
eration, or osteogenic differentiation of human 
adipose-derived stem cells has been observed in 
a standard 5–10 % dimethyl sulfoxide (DMSO) 
protocol [29–31]. Similar results have also been 
reported on the impact of cryopreservation and 
the consequent thawing and survival of adult 
human brain sub-ventricular zone precursor cells 
[32], human embryonic stem cell-derived cardio-
myocytes [33], and fetal liver stem/progenitor 
cells [34]. It is generally accepted that cryopre-
served adult stem cells can proliferate and be 
expanded and manipulated for clinical purposes. 
However, there is also increasing evidence that 
cryopreservation and prolonged storage of stem 
cells induce extensive physical and biological 
stresses due to both intracellular and extracellular 
ice formed during cooling. The stress can lead to 
disassembly of the cell cytoskeleton and other 
cellular structural damage, mitochondrial injuries 
causing faulty basal respiration and ATP produc-

1 Key Issues Related to Cryopreservation and Storage of Stem Cells and Cancer…
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tion, oxidative stress and DNA damage, apopto-
sis and necrosis, and telomere shortening and 
cellular senescence [27, 35–43].

Different cell types appear to respond differ-
ently to cold stress. Embryonic stem cells, for 
example, are more fragile and vulnerable to dif-
ferentiation in cold stress, which can result in a 
decline in their recovery and survival when 
thawed [44, 45]. Adult stem cells, on the other 
hand, seem more tolerant under long term cryo-
preservation and even suitable for use in clinical 
grade [46]. Studies of cryopreservation on amni-
otic fluid derived stem cells and human limbal 
epithelial stem cells have found alterations in the 
molecular profiles of the stem cells [47, 48]. The 
finding of the latter study is particularly signifi-
cant since the cryopreserved and expanded 
human limbal epithelial stem cells express no 
cell surface receptor human leukocyte antigen - 
antigen D related (HLA-DR) protein. This indi-
cates that the expanded cells are nonimmunogenic 
in nature and raises interesting questions about 
the survival of these cells in an allogenic environ-
ment and their potential use in allogeneic cell 
therapy [48].

Similarly, cancer stem cell long-term preser-
vation can result in the accumulation of karyo-
typic, genotypic, and phenotypic changes [49]. 
Our knowledge of the effect of cold stress on can-
cer stem cells is limited and, due to technical 
issues and lack of standard preservation methods 
and techniques, banking of these cells could 
result in alterations in many biological functions 
of the cell, including lipid composition of cellular 
membranes and biomarkers specific to these 
cells, as well as suppressing the rate of protein 
synthesis and cell proliferation [23, 50, 51]. 
Developing conditions specific for cancer stem 
cell storage will be important to avoid or reduce 
these drawbacks.

1.3  Vitrification

The application of cryopreservation on human 
tissue goes back to the mid-1950s when modern 
sperm preservation started [52]. This was fol-
lowed decades later by rapid expansion of the 

methods for cryopreservation of other tissues 
such as human embryos, hESCs, ovarian tissue, 
and hematopoetic cells [53, 54]. In the majority 
of cases the technology for freezing and recovery 
of cells or tissues has been shown to be safe [55, 
56], but, nevertheless, cell injury arising from 
conventional slow-freezing cryopreservation 
associated with ice formation and other stresses 
is inevitable [57].

A new ultra-fast freezing method called vitri-
fication was introduced in 1985 to overcome ice 
crystallization during traditional cryopreserva-
tion [58]. Vitrification seems to have less effect 
on cell physiology and is less traumatic to the 
meiotic spindle than slow freezing methods [59]. 
These advantages make vitrification the standard 
method of cryopreservation for gametes as well 
as complex tissues.

There are an increasing number of reports on 
the application of vitrification in mesenchymal 
stem cells (MSCs), including amnion-derived 
MSCs, as slow freezing and consequent ice for-
mation is so damaging that the cells are not able 
to survive [60]. An examination of vitrification of 
human umbilical cord Wharton’s jelly showed 
that the expression of surface antigens is retained 
during vitrification in comparison to non-vitrified 
samples [58]. A report on the effect of varied 
methods of vitrification on human embryonic 
stem cell derived islet progenitors (hESC-IPs) 
demonstrated that the cells exhibit robust toler-
ance to exposure to varied vitrification protocols 
and maintain expression of some of the critical 
islet progenitor markers [61].

Vitrification, though it retains cell viability, 
has its own drawbacks that may impose thera-
peutic limitation for patient treatment or high- 
throughput drug screening procedures [62]. As an 
example, human embryonic stem cells are pre-
served as colonies and not single monolayer cells 
that could interfere with their inherent heteroge-
neity and variability in size [62].

To date, there are very few studies on the 
application of vitrification procedure for cryo-
preservation of cancer stem cells. Chong et al. 
[49] used vitrification for brain tumor-initiating 
cells derived from patients with glioblastoma 
multiforme. Vitrified neurospheres maintained 

F. Karimi-Busheri et al.
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their biological phenotypes and genetic profiles 
including self-renewal, multi-potency, and 
tumorigenic ability in NOD/SCID mice, without 
any evidence of genetic modification of the cells. 
This opens the door for further investigation into 
the utilization of vitrification of cancer stem cells.

1.4  Cell Surface Markers 
Under Cold Stress

Cancer stem cell isolation from patient speci-
mens requires fresh tumor tissue and immediate 
processing [63]. The next step is obtaining spe-
cific and reliable molecular signatures by which 
these cells are defined and isolated. Morphology, 
immunophenotyping, tumorigenicity, and bio-
markers are the most common methods used to 
identify cancer stem cells [23]. Biomarkers, how-
ever, are the hallmark signatures in identifying 
cancer stem cells. Despite the lack of any truly 
specific molecules, currently used biomarkers of 
cancer stem cells have been beneficial for 
research in the stem cell community and oncol-
ogy. Cluster of differentiation (CD) proteins 
expressed on the surface of cells, are often the 
dominant molecules that serve as markers of nor-
mal and cancer stem cells (Table 1.1) and as such 
have been key players in stem cell research [93].

CDs were initially proposed to be used for the 
classification of the monoclonal antibodies 
against various cell surface molecules on leuko-
cytes at various stages of differentiation. Later, 
however, the CD nomenclature was used in a 
much broader context to cover endothelial, stro-
mal, and many other cell types as “human cell 
differentiation molecules”, rather than only anti-
bodies [94]. Currently, over 440 unique clusters 
and subclusters have been identified [95] and two 
thirds of drug targets are directed towards these 
proteins [96].

Cell surface proteins are more exposed to the 
external environment, are less abundant than 
other cellular proteins and more hydrophobic, 
which makes them less soluble than cytosolic and 
intraorganellar proteins [97]. They also often 
undergo extensive post-translational modifica-

tions, such as glycosylation, addition of lipid 
moieties, and phosphorylation that modulate 
their function [96]. These proteins seem also to 
be more vulnerable to long term preservation, 
and cold stress has been shown to disrupt the 
nuclear membrane [50, 98]. Recently, Gordiyenko 
and colleagues have reported that the retention of 
cell surface properties is dependent on the method 
of cryopreservation. It was shown that in com-
parison to other cryoreagents, PEG-1500 main-
tains the surface properties of frozen erythrocytes 
better than other agents, such as DMSO, after 
thawing [99]. A report on the cryopreservation of 
human dental pulp stem cells also indicated that 
length of time of preservation could affect mem-
brane cell surface marker expression possibly 
because freezing may alter the 3-D shape of the 
proteins [100].

1.5  Cryopreservation Impact 
on Molecular Integrity 
of Cancer Stem Cells

A critical step in cryopreservation is not only sur-
vival and subsequent cell proliferation but main-
tenance of cell integrity and potential biomarker 
signature, particularly if clinical application is 
desired [27, 101]. In this regard, there are only a 
limited number of publications that up until now 
have dealt directly with the cryopreservation of 
cancer stem cells [49, 50].

A significant down regulation in gene expres-
sion has been observed in global gene expression 
analysis of fresh versus post-thawed lung and 
breast cancer stem cells [50]. Comparison of 
changes in gene expression between lung and 
breast cancer stem cells indicated that no gene 
was shared between the two sets [50]. There was, 
however, similarity between the two populations 
of differentially expressed genes in terms of their 
biological functions, distribution and canonical 
pathways, including genes involved in genetic 
disorders, cancer, cell death, cellular growth and 
proliferation, and tissue development. Flow cyto-
metric analysis of some of the major cell surface 
biomarkers of lung cancer stem cells (lungo-

1 Key Issues Related to Cryopreservation and Storage of Stem Cells and Cancer…
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spheres) revealed a pattern of down regulation 
(Table 1.2) following freezing that indicates sus-
ceptibility of the stem cell membrane to cryo-
preservation [50].

1.6  Self Renewal 
and Cryopreservation

Data on the effect of cryopreservation and self- 
renewal ability of stem cells are still scarce. Self- 
renewal is a unique property of stem cells by 
which stem cells divide and make clones of 
themselves, thus preserving the stem cell pool 
throughout life. Dysregulation of stem cells could 
potentially transform normal adult stem cells into 
malignant cells capable of driving tumorigenesis 
through clonal expansion of stem/progenitor 
cells with frequent genetic or epigenetic modifi-
cations [23].

Shima et al. [102] evaluated the viability and 
functions of peripheral blood stem cells (PBSC) 
after more than 10 years of cryopreservation and 
did not observe any effect on the self-renewal 
potential of CD34+ cells. Similar results have 
also been reported on the maintenance of self- 
renewal ability in breast cancer stem cells [23]. 
In this study cells were thawed at different times 
and the self-renewal ability of the cells was com-
pared with fresh breast cancer stem cells (mam-
mospheres). The difference in self-renewal of 
cells was not statistically significant regardless 
of the length of time of cryopreservation. Since 
self- renewal is a promising target in anti-tumor 
drug targeting the impact of cryopreservation, 
storage and the thawing of the cells could be 
significant.

1.7  Senescence 
and Cryopreservation

Normal cells do not proliferate indefinitely and in 
culture they gradually lose their ability to divide 
and progress through the cell cycle but remain 
viable for a while. Most of the senescent cells go 
through drastic changes including irreversible 
growth arrest, resistance to apoptosis, and signifi-
cant changes in expression of genes such as p21 
and p16, two known cell-cycle inhibitors [103]. 
All these are vital mechanisms that constrain the 
malignant progression of many tumors [104] and 
at the same time are potentially important for the 
response to therapy [105].

To show that cryopreservation could induce 
senescence Honda et al. [39] demonstrated that 
freezing and subsequently thawing retinal pig-
ment epithelial cells severely impaired prolifera-
tion when compared with fresh non-cryopreserved 
cells. The authors also observed a notable excess 
of single-strand DNA breaks and an acceleration 
of telomere shortening in cryopreserved cells 
immediately after thawing that confirmed the 
telomerase-induced senescence [39]. Pollock 
et al. [106] also observed growth arrest in the 
post thaw samples of mesenchymal stromal cells 
with high senescence an indication that senes-
cence appears to correlate with poor post-thaw 
function. In contrast, Choudhery and Harris [107] 
did not detect a significant effect on senescent 
features of mesenchymal stem cells following 
cryopreservation.

The only report, to our knowledge, of investi-
gating any possible association between cryo-
preservation and senescence induction in cancer 
stem cells is the observation of a significant 
increase in the rate of senescence-mediated path-
ways measured by senescence-associated 
β-galactosidase assay in cryopreserved mammo-
spheres [23, 108].

1.8  Conclusion

An overwhelming majority of reports confirm 
that cryopreservation of stem cells and cancer 
stem cells is reliable and safe. The frozen cells 

Table 1.2 The expression of cell surface biomarkers in 
fresh and 12 months freeze-thaw H460 and A549 non- 
small cell lung cancer derived stem cells

Markers Cell line Fresh (%) Frozen (%)

MUC1 H460 91.60 77.45

(CD227) A549 92.72 21.54

EpCam H460 21.66 19.12

(CD326) A549 73.16 36.43

Fas H460 99.66 97.16

(CD95) A549 98.70 98.41

F. Karimi-Busheri et al.
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after long-term storage are also capable of pre-
serving their basic repair mechanisms and grow 
and proliferate normally. There are, however, 
several studies indicating alterations in some bio-
logical features and genetic integrity at the 
molecular level in post-thawed cell populations. 
Both global gene expression and molecular anal-
ysis of stem cells and cancer stem cells, in par-
ticular of cell surface markers, provide evidence 
of significant down regulation following long 
term storage of the cells. Different cell types dif-
fer significantly in response to cold stress and 
freeze-thaw processes, which sheds doubt on 
whether a standard freezing protocol would be 
optimal for all types of stem cells. In the case of 
cancer stem cells this is instructive since if they 
are more sensitive to cryopreservation then the 
discrepancies in the results obtained by different 
investigators examining biomarkers might, in 
fact, be in part attributable to the freezing pro-
cess. Accordingly, it is highly advisable to 
employ rigorous methodology for freezing and 
utilizing cancer stem cells following long-term 
storage.
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      Cryopreservation: Evolution 
of Molecular Based Strategies                     

     John     M.     Baust     ,     William     Corwin     ,     Kristi     K.     Snyder     , 
    Robert     Van     Buskirk     , and     John     G.     Baust    

    Abstract  

  Cryopreservation (CP) is an enabling process providing for on-demand 
access to biological material (cells and tissues) which serve as a starting, 
intermediate or even fi nal product. While a critical tool, CP protocols, 
approaches and technologies have evolved little over the last several 
decades. A lack of conversion of discoveries from the CP sciences into 
mainstream utilization has resulted in a bottleneck in technological pro-
gression in areas such as stem cell research and cell therapy. While the 
adoption has been slow, discoveries including molecular control and buff-
ering of cell stress response to CP as well as the development of new 
devices for improved sample freezing and thawing are providing for 
improved CP from both the processing and sample quality perspectives. 
Numerous studies have described the impact, mechanisms and points of 
control of cryopreservation-induced delayed-onset cell death (CIDOCD). 
In an effort to limit CIDOCD, efforts have focused on CP agent and freeze 
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media formulation to provide a solution path and have yielded improve-
ments in survival over traditional approaches. Importantly, each of these 
areas, new technologies and cell stress modulation, both individually and 
in combination, are now providing a new foundation to accelerate new 
research, technology and product development for which CP serves as an 
integral component. This chapter provides an overview of the molecular 
stress responses of cells to cryopreservation, the impact of the hypother-
mic and cell death continuums and the targeted modulation of common 
and/or cell specifi c responses to CP in providing a path to improving cell 
quality.  

  Keywords  

  Cryopreservation   •   Apoptosis   •   Molecular control   •   Biopreservation   • 
  Thawing   •   Cell Storage   •   Cryopreservation induced cell death   •   Improved 
survival   •   Necroptosis  

  Abbreviations 

   CCM    Complex cryopreservation media   
  CIDOCD    Cryopreservation induced delayed 

onset cell death   
  CP    Cryopreservation   
  CPA    Cryoprotective agent   
  DMSO    Dimethyl sulfoxide   
  ER    Endoplasmic reticulum   
  RNAi    RNA interference   
  ROCK    Rho-associated kinase   
  TAC    Target apoptotic control   
  Tg    Glass transition temperature   
  TNF-α    Tumor necrosis factor alpha   
  UPR    Unfolded protein response   

2.1         Introduction 

  Biopreservation   is a multi-disciplinary scientifi c 
endeavor which focuses on the development of 
methods for the  storage   of cells, tissues and 
organs and their subsequent return to pre-storage 
functionality [ 1 ]. As a fi eld, biopreservation 
incorporates a number of areas including cryobi-
ology, bioengineering, computer sciences, 
molecular biology, and cellular biology among 
others [ 2 ]. Currently, biopreservation is experi-
encing unprecedented growth and development 

as advances in areas such as  cell therapy  , stem 
 cell   research, personalized medicine, cell bank-
ing and cancer research drive the need for opti-
mal processing and storage of the unique 
biologics (cells and tissues) for downstream utili-
zation [ 3 ]. Even as advances continue to improve 
outcomes, there remain signifi cant issues with 
current preservation practices including: contin-
ued cell death, loss of function, use of animal 
based products in storage media, activation of 
molecular stress response pathways in ‘surviv-
ing’ cells and downstream effects on epigenetic 
control of gene expression and protein levels [ 4 , 
 5 ]. This last point highlights the profound change 
in our understanding of the consequences of low 
temperature, as the focus has moved from the 
physical/chemical changes (i.e. osmolarity, mem-
brane disruption, etc.) to the complex molecular 
and stress pathway associated alterations over the 
last few decades. 

 Typically, the utilization of low temperatures 
is the primary method for the preservation of bio-
logics with the goal to extend the utility and 
deliver them “on demand”.  Biopreservation   can 
be divided into two branches,  hypothermic stor-
age   and cryopreservation. Hypothermic storage 
is the use of non-frozen temperatures to store bio-
logics, from below normothermic temperatures 
(32–37 °C) to usually no lower than 0 °C. A tem-
perature range of 4–10 °C is most commonly uti-
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lized for this regime. In contrast, cryopreservation 
is the utilization of ultra-low temperatures, typi-
cally at or below −80 °C, and usually below 
−140 °C, as this is below the reported nominal 
glass transition temperature (Tg) of water (an 
important point which will be addressed later) to 
achieve long term storage. While this approach 
has demonstrated successful outcomes, advance-
ments in fi elds such as stem cell research,  regen-
erative medicine   and tissue engineering are 
placing increasing demands on current protocols 
revealing the  limitations   of current cryopreserva-
tion strategies [ 6 ]. 

 As such, a molecular-based focus has evolved, 
which is not only identifying stress pathway 
responses subsequent to storage (i.e.  apoptosis  ), 
but is also guiding the development of next gen-
eration methodologies focused on stress response 
mitigation in an effort to improve outcome. This 
molecular focus has impacted both the area of 
cryopreservation as well as  hypothermic storage  . 
This chapter focuses primarily on the molecular 
evolution in cryopreservation while touching 
upon hypothermic storage to provide perspective 
into discipline overlap.  

2.2     Hypothermic Preservation 

  Hypothermic storage   is built upon the well docu-
mented fact that the use of cold temperature has a 
protective effect on biologic materials. While the 
benefi ts of hypothermia have been known for 
centuries, our understanding of the molecular 
level effects on biologics has only recently 
evolved. This “modern era” of low temperature 
cell preservation began in the 1950s [ 5 ]. This was 
led by Carrel’s investigations on normothermic 
perfusion of organs prior to  transplantation   in 
which he described the fundamental characteris-
tics of a perfusion medium leading to the 
advancement of the cold perfusion technique 
[ 7 – 9 ]. 

 Both hypothermic and cryopreservation tech-
niques were developed during this “modern era”. 
Each provide a means of effectively storing bio-
logics for various intervals while limiting the 
negative consequence associated with removal of 

cells and tissues from their normal, in vivo set-
ting including ischemia and hypoxia [ 10 – 13 ]. 
The ability of cold temperatures to slow meta-
bolic activity within cells in a reversible manner 
is the driving principle behind these techniques. 
This reduction in activity decreases cellular met-
abolic needs as well as the accumulation of dam-
aging products from the ischemic/hypoxic 
environment, such as free radicals [ 14 ], thereby 
allowing biologics to be held in a state of “sus-
pended animation” [ 1 ,  5 ]. Further, the use of 
ultra-low temperatures in cryopreservation can 
effectively halt molecular motion [ 3 ,  15 ], theo-
retically allowing for indefi nite storage. However, 
the effectiveness of current cryopreservation 
techniques is restricted to cell suspensions or 
simple tissues. Cryopreservation of complex, 
whole organ systems results in signifi cant cryoin-
jury as current protocols result in incomplete and 
uneven cooling and  freezing  , followed by cell 
death and in turn, loss of higher order functions 
[ 16 ].  Vitrifi cation  , the process of adding high 
molar concentrations of cryoprotectant in a step- 
wise fashion during the cooling interval allowing 
for cryopreservation in an “ice-free” environ-
ment, is another approach to tissue and organ 
cryopreservation. While this technique has dem-
onstrated potential for organ cryopreservation 
[ 17 ,  18 ] it has limited usefulness and introduces 
other  challenges  , such as the cytotoxic ‘solution 
effects’ resulting from the inherent high cryopro-
tectant concentration exposure during the tran-
sient hypothermic state [ 19 ]. As such, 
 hypothermic storage   currently serves as the most 
effective paradigm for organ preservation [ 20 ]. 
While this approach has proven to be successful 
in increasing the effective storage interval for 
organs compared to warm perfusion and storage 
[ 21 ], it is essentially a tradeoff of more profound 
and fast acting stresses for less severe, but none-
theless signifi cant, stresses associated with cold 
exposure. In an effort to understand the complex 
changes associated with hypothermic storage, 
numerous reports have investigated the meta-
bolic, biochemical and physical characteristics of 
cells in their normothermic environment and how 
they change in response to exposure to cold [ 22 –
 27 ]. Concurrent advancements in cell biology 
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have furthered our understanding of many of the 
intricate normal cellular functions, from bio-
chemical processes to cell survival pathway acti-
vation. Through a more complete and thorough 
understanding of how a cell normally functions, 
it has become possible to establish a basis for 
comparison when examining cells exposed to 
cold. Further, this deeper understanding has 
allowed for a targeted and intelligent approach to 
improve storage outcome; a fact illustrated by the 
advances made in storage solution design over 
the last few decades. 

 As our understanding of cellular processes has 
progressed, including how cells regulate the fl ow 
of ions to create gradients and electron potential 
across membranes to drive reactions or how spe-
cifi c biochemical processes such as the citric acid 
cycle creates energy for the cell, it has allowed for 
calculated improvements focused on the formula-
tion of the storage solutions. A major evolution 
was achieved with the development of an ‘intra-
cellular-like’ preservation media, ViaSpan ®  
(University of Wisconsin solution), which was 
formulated in the 1980s to mitigate many of the 
known causes of cell death at that time and became 
the ‘gold standard’ for organ transplantation [ 20 , 
 28 ]. In the decades that followed, additional pres-
ervation solutions have been developed including 
Celsior, HTK-Custodial, HypoThermosol, Unisol, 
etc. [ 5 ,  26 ,  29 ]. This shift in media design has 
allowed for more successful short-term  storage   of 
cells, tissues and organs at hypothermic tempera-
tures, as well as built the foundation upon which 
many recent advances in cryopreservation solu-
tion design have been based (discussed below) 
[ 2 ]. These advances include the addition of com-
pounds, such as antioxidants and inhibitors, in a 
targeted molecular-based approach to improve 
storage outcome [ 3 ,  5 ]. As such, now recognized 
as essential to optimization of the cryopreserva-
tion process is the maintenance of proper cold- 
dependent ion ratios, control of pH at lowered 
temperature, prevention of the formation of free 
radicals, osmotic balance and the supply of energy 
substitutes [ 30 ,  31 ]. Traditional media fall short in 
addressing changes in solution pH, free radical 
production, energy deprivation, among others. 
Accordingly, the basal properties of these histori-

cal preservation media often do not provide for 
protection at the cellular level [ 32 ]. While this 
approach has yielded signifi cant improvements, 
there remains a considerable void that solution 
design alone cannot bridge. Moving forward, the 
fi eld of  biopreservation   will need to continue to 
elucidate the complex molecular changes associ-
ated with preservation stress pathway activation. 
This will likely result in a process which carefully 
controls biologic response through all stages of 
the storage process (before, during and after), to 
be optimized in a cell/tissue specifi c manner to 
achieve protocols better suited for today’s 
demands.  

2.3     Hypothermic Continuum 

 Medical literature references four stages or inten-
sities of hypothermia, including mild (32–35 °C), 
moderate (27–32 °C), deep or profound (10–
27 °C) and ultraprofound (<10 °C) [ 33 ]. 
Classically, there has been a relative isolation 
between  hypothermic storage   and cryopreserva-
tion research, likely explained by a disparity in 
conventional aims between these two techniques. 
While hypothermic storage research has made 
considerable advancements through a deeper 
understanding of complex cellular processes, 
cryopreservation initially focused on the physical 
facets associated with the phase change and 
osmotic fl ux during the freezing process. 
Considering the signifi cant overlap within these 
two fi elds, this divide has delayed potential gains 
that an integrated approach could have achieved; 
particularly given the fact that the cryopreserva-
tion process involves transitioning biologics 
through a deepening state of hypothermia ending 
when the sample transitions through the glass 
transition temperature (Tg, nominally −140 °C). 
This is again repeated during the warming phase. 

 As stated previously, while the use of hypo-
thermic temperatures increases the time that bio-
logics can remain viable through decreasing 
metabolism thus reducing oxygen and nutrient 
demand, there are a number of negative conse-
quences associated with cold exposure. A central 
problem revolves around the depletion of energy 
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(ATP) within the cell as the temperature drops 
resulting in a decrease of kinetic energy neces-
sary to drive the biochemical reactions within the 
cell [ 34 ,  35 ]. As a result, a number of essential 
cellular functions become compromised, includ-
ing membrane mediated transport [ 36 ]. The com-
bination of decreased membrane mediated 
transport along with the structural changes in the 
membrane as it changes from liquid-crystalline 
to solid gel-like state in the cold temperature 
results in pronounced ionic imbalances within 
the cell. Specifi cally, a cell experiences increases 
in intracellular sodium and calcium concentra-
tions coupled with decreased potassium and 
intracellular acidosis approaching a pH of 4 [ 23 , 
 26 ,  37 ]. Concurrent with these membrane-related 
events, a number of other deleterious effects 
occur within a cell including generation of free 
radicals, disruption of cytoskeletal components, 
leakage of hydrolases, and mitochondrial-related 
events leading to apoptotic activation [ 3 ,  36 ,  38 –
 40 ]. Taken together, these accumulated stresses 
trigger molecular-based stress and death 
responses and illustrate the importance of man-
aging these effects as future developments are 
made in  biopreservation  .  

2.4     Evolution 
of Cryopreservation 
Strategies 

 Cryopreservation is the use of ultra-low temper-
atures, usually at or below −80 °C, to preserve 
biologics for extended periods of time (days to 
years). Cryopreservation studies initially 
focused on efforts to reduce intracellular ice for-
mation through the use of cryoprotective agents 
(CPAs). In 1949 Polge, Parks and Smith [ 41 ] 
reported on the “chance” discovery of glycerol’s 
cryoprotective function during their efforts to 
preserve avian spermatozoa in the frozen state. 
In the following year, Smith [ 42 ] extended these 
observations by successfully cryopreserving 
human red blood cells (RBCs) in glycerol. 
These two reports identifi ed key elements that 
would play a crucial role in the evolution of the 
fi eld of cryopreservation including the need for 

a CPA, the process by which cells could suc-
cessfully be exposed to penetrating CPA and the 
manner of freezing and  thawing  . In 1959, 
Lovelock and Bishop [ 43 ] fi rst described the use 
of dimethyl sulfoxide as a CPA with its advan-
tage of enhanced permeability versus glycerol 
for many cell types. In the following decades, 
incremental advances were made focusing on 
changes in and the study of carrier media con-
taining the CPAs as well as the mechanisms of 
cell cryoinjury and cryopreservation [ 1 ,  44 ]. 
Most notable was a report by Mazur et al. [ 45 ] in 
1972 which put forth the “Two-factor 
Hypothesis” to describe the inter-related rela-
tionships between cooling rates and survival as 
infl uenced by either toxic “solution effects” 
experienced at sub- optimal slow  cooling   rates or 
lethal intracellular ice present at high cooling 
rates. Specifi cally, it was determined that a 
faster than optimal cooling rate results in an 
incomplete dehydration of cells and thus 
increases the likelihood of intracellular ice for-
mation [ 45 – 48 ]; conversely, if cooling is done 
too slowly, cells become exposed to higher con-
centration of solutes, a condition known as 
“solution effects”, for extended periods of time 
and as a result experience toxicity [ 19 ,  45 ]. 
From this it was determined that for mammalian 
cell systems a cooling rate of −1 °C per minute 
provided the optimal rate for maintaining viabil-
ity following cryopreservation. Further, a rapid 
 thawing   process was also shown to improve out-
comes by limiting the time cell systems are 
exposed to these damaging temperatures and 
solutes following the storage stage [ 49 ]. In 
effect, these studies established the biophysical 
foundation upon which cryopreservation 
research has rested for nearly half a century. 

2.4.1     Cryopreservation Process 

 Cryopreservation protocols begin with hypother-
mic exposure which persist through the period of 
active extracellular ice growth until equilibrium 
is reached in the glassy-state (vitrifi ed). As previ-
ously discussed, this journey of deepening hypo-
thermic stress experienced by a cell has been 
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termed the hypothermic continuum [ 1 ]. CPA 
exposure represents the second step in the preser-
vation process introducing a diversity of pene-
trating (membrane permeable) and 
non-penetrating agents contained within a carrier 
media to the hypothermic cell [ 32 ]. Incubation in 
the cryoprotective cocktail lasts between 10 and 
30 min at 4 °C followed by cooling at a nominal 
(“optimal”) cooling rate (ranging from −1 to 
−10 °C  .  min −1  is common for many mammalian 
cells). Seeding (ice nucleation) at a temperature 
close to the equilibrium freezing point of the 
cryoprotective medium (−2 to −6 °C) supports 
the controlled growth of extracellular ice and 
prevents “supercooling” and resultant “fl ash 
freezing” of the system. Seeding supports the 
osmotic effl ux of water from the cell and the 
equilibration of cryoprotective agents across the 
cell membrane [ 50 ]. As extracellular ice forma-
tion continues, the availability of freezable water 
in the cell decreases, while freeze concentration 
of solutes increases the intracellular viscosity. 
When cooling rates are too rapid, cellular dehy-
dration is inadequate, increasing the probability 
of lethal intracellular ice formation [ 47 ]. Non- 
optimal freezing effects are recognized by 
increased cell rupture and early stage necrosis 
occurring over the fi rst few hours post-thaw [ 48 , 
 51 ,  52 ]. If cooling rates are too slow, prolonged 
exposure to multimolar levels of the freeze con-
centrated solutes results in cell toxicity (solution 
effects) [ 45 ,  53 ]. An indication of “solution 
effect” toxicity is the appearance of delayed 
necrosis peaking 6–12 h post-thaw as well as 
 apoptosis   12–36 h post-thaw (timing is cell type 
dependent) [ 54 – 56 ]. 

 Controlled rate cooling (CRC) is accom-
plished by devices which support the controlled 
injection of liquid nitrogen to achieve active con-
trolled rate cooling, or by passive methods often 
using insulated alcohol baths placed in a −80 °C 
freezer. Active CRC devices monitor a represen-
tative sample vial, straw or bag, and follow a pre- 
established program to achieve a desired cooling 
profi le. Profi les are typically set to maintain a 
standard rate of cooling (e.g. −1 °C/min) over a 
prescribed temperature range and include a 
“seeding” event, nucleation through a thermal 

shock administered by a surge in cryogen to “fl at-
ten” the temperature rebound resulting from the 
latent heat of fusion of ice formation. Passive 
CRC devices contain the sample surrounded by, 
but isolated from, an alcohol bath or a thermal- 
insulation material, and when placed in a freezer 
(−80 °C), a curvilinear rate (e.g. Approximately 
−1 °C/min for a given cell type) is achieved in the 
samples. In passive CRC process seeding is often 
accomplished via mechanical agitation to create 
a nucleation event at a prescribed time during the 
cooling period. After the nucleation point, sam-
ple cooling continues at the controlled rate until a 
user-defi ned temperature is achieved, usually 
−40 to −80 °C. Once this target temperature is 
reached, samples are typically transferred to an 
ultra-low temperature environment, such as liq-
uid nitrogen immersion, liquid nitrogen vapor 
phase, or mechanical storage of <−135 °C. While 
not all cryopreservation storage is conducted at 
ultra-low temperatures, with some instead choos-
ing to maintain samples at −80 °C, ultra-low tem-
peratures are critical to reach given that they fall 
below the reported glass transition temperature 
(Tg) for water [ 56 ]. This threshold is important as 
once crossed all molecular translational move-
ment ceases and thus theoretically stops all bio-
chemical activity, including the accumulation of 
damaging products, such as free radicals [ 15 ]. 
The transition through Tg also signifi es an end to 
the hypothermic continuum as cells enter a vitri-
fi ed (glassy) state surrounded by extracellular 
ice. It is at these temperatures that an indefi nite 
storage period is theoretically possible given this 
state of ‘suspended animation’ in which cells are 
held. Retrieving samples from storage requires 
rapid  thawing   often accomplished by placing the 
sample in a 37–40 °C stirred water bath or dry 
 thawing   system (SmartThaw, ThawStar or other 
device) until most of the ice melts. The rapid 
thaw limits the time biologics spend in the dam-
aging post-storage hypothermic conditions 
(between Tg and 0 °C, nominally). Once the ice 
has dispersed, elution of the cryoprotectant cock-
tail with cell culture media in a single-step or a 
step-wise (for high CPA concentrations) dilution 
process is used. Step-wise elution minimizes the 
volume excursions of the cell thereby preventing 
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mechanical damage to the cell membrane and 
rupture. 

 Overall the cryopreservation process has 
advanced from these initial fi ndings and others 
relating to physical parameters of the 
freezing/ thawing   process to become an “opti-
mized” technique which is used today with vary-
ing degrees of success on more complex cell 
systems [ 24 ,  57 ]. However, even as these tech-
niques have improved, there continues to be  limi-
tations   in effectiveness when applied to more 
complex and sensitive cell systems.  

2.4.2     Cryopreservation Induced 
Delayed Onset Cell  Death   

 Despite the improvements and an increased 
understanding of cryopreservation, there remain 
signifi cant  challenges   which need to be over-
come. As “successful” methods of cryopreserva-
tion are applied to more sensitive and complex 
cell systems, less than ideal results are obtained. 
Often cells appear healthy and viable when 
examined immediately after thawing; however 
when examined 24–48 h later, a signifi cant por-
tion (30–70 %) of these cells are lost due to 
cryopreservation- induced delayed-onset cell 
death (CIDOCD) [ 30 ,  48 ]. This phenomenon has 
been reported in many cell systems and demon-
strates that while the cryopreservation process 
may be optimized to protect cells structurally, it 
fails to adequately manage the other stresses 
associated with this process. In sensitive biolog-
ics, such as stem cells, CIDOCD can account for 
a signifi cant loss (>50 %) of the total population 
[ 58 – 60 ] and result in high system failure, com-
promise in functionality, spontaneous differentia-
tion and alterations in gene expression following 
what was initially deemed a ‘successful’ cryo-
preservation event [ 3 ]. As researchers began 
investigating this phenomenon, it became appar-
ent that cell stress response and the activation of 
 apoptosis   played a critical role in CIDOCD. Given 
all that is now known about both apoptotic induc-
tion and cryopreservation related stresses, a con-
nection is now clear. Following apoptosis 

identifi cation, subsequent research has revealed 
how complex the cell death process is and the 
myriad of ways that molecular pathways within a 
cell can be activated following  thawing  . It is pre-
cisely this shift towards a deeper understanding 
of the molecular stress responses of a cell that 
continue to drive the fi eld of cryopreservation to 
meet the ever-changing demands on it, such as 
the preservation of stem  cells  .   

2.5     Modes of Cell Death 

 It is well understood that multiple modes of cell 
death contribute to cryopreservation failure. The 
two main molecular paths of cell death associ-
ated with cryopreservation failure include necro-
sis and  apoptosis  . Cellular rupture due to 
intracellular ice formation is a critical third mode, 
however, this is primarily controlled through 
CPA incorporation. While ice related cell rupture 
has been extensively researched [ 61 ] resulting in 
signifi cant improvements since cryopreserva-
tion’s inception, there remains signifi cant issues 
to address with the other modes of cell death that 
contribute to preservation failure, particularly in 
complex, sensitive systems. 

2.5.1     Ice Rupture 

 As ice forms outside the cell during the freezing 
process, solutes are excluded resulting in their 
concentration. Freeze concentration of solutes 
results in an increase in sample osmolality from 
approximately 350 mosmol to upwards of 
10,000 mosmol [ 45 ,  61 ]. Cells exposed to these 
conditions shrink severely, but do not necessarily 
experience a lethal event. During  thawing  , many 
cells will be subject to signifi cant cell membrane 
damage resulting in rupture while other cells may 
experience membrane damage that is repairable. 
The majority of membrane rupture occurs within 
minutes after thawing. Those cells rupturing 1 or 
more hours post-thaw experience non-repairable 
membrane damage and typically die through 
necrosis.  
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2.5.2     Necrosis 

 Necrotic cell death has been observed in numer-
ous cases of cryopreservation failure [ 51 ,  62 ,  63 ]. 
Necrosis is an energy independent form of cell 
death characterized by the swelling of a cell and 
its constituent organelles, loss of membrane 
integrity, lysosomal rupture, random DNA frag-
mentation by endonucleases and ultimately cell 
lysis [ 64 – 67 ]. As a result of cell rupture and the 
associated release of cytokines, there is typically 
an activation of an immune and infl ammatory 
response in vivo [ 64 ,  65 ,  67 ]. The progression of 
necrosis often occurs rapidly in a matter of min-
utes to hours. Induction is typically seen in 
response to severe cellular stress and results in 
the activation of detrimental intracellular signal-
ing cascades. Necrotic cell death has been 
reported to be activated by stressors such as isch-
emia, osmotic shock, severe thermal stress, ionic 
dysregulation and toxic agents. Interestingly, 
many of these necrotic activating stressors are 
involved in or associated with cryopreservation.  

2.5.3      Apoptosis   

 Apoptosis is a form of gene regulated cell death 
often referred to as programmed cell death. It is 
an energy-dependent process characterized by 
cell shrinkage, chromatin condensation, intact 
membranes but with phosphatidyl serine inver-
sion, non-random DNA cleavage, and the forma-
tion of organelle containing “blebs” [ 64 – 69 ]. 
Unlike necrosis, apoptosis does not elicit an 
immune response in vivo but instead the cell bleb 
which are then recycled through phagocytosis. 
Apoptosis is induced by a number of different 
stressors which can activate responses in the 
mitochondria, the plasma membrane or the 
nucleus [ 68 – 70 ]. Apoptosis can be induced by 
starvation (nutrient deprivation), temperature 
changes, viral infection, hypoxia, radiation, toxic 
compounds, osmotic stress and many other 
stresses. The two canonical “branches” of apop-
tosis which have been identifi ed in cryopreserva-
tion failure are the extrinsic (membrane-mediated) 
and the intrinsic (mitochondrial-mediated) path-

ways. Additionally, studies show that cross-talk, 
feedback and amplifi cation pathways exist [ 71 –
 73 ]. The identifi cation of a third, nuclear- 
mediated apoptotic pathway further complicates 
a complete delineation of the cell death process 
following  cryopreservation  .  

2.5.4      Necroptosis   

 As ongoing cell death research continues to elu-
cidate the specifi c biochemical mechanisms that 
trigger and propagate programmed cell death, an 
alternative form of cell death has been identifi ed 
[ 74 ]. This recently identifi ed type of cell death 
has been shown to result in a necrotic-like execu-
tion with classical hallmarks such as cell swell-
ing and membrane lysis while remaining highly 
regulated, distinguishing it from conventional 
necrosis. As such it has been termed necroptosis. 
Research has now begun to reveal the distinct 
mechanism of action responsible for the activa-
tion of this pathway. Specifi cally, it has been 
shown that this mode of programmed necrosis is 
triggered through the signaling of death 
 receptors, such as tumor necrosis factor receptor 
1 [ 75 ]. The binding of the respective ligand 
(TNF- α) to the death receptor, similar to 
membrane- mediated  apoptosis  , results in the 
recruitment of intracellular signaling proteins 
and the formation of an active complex respon-
sible for downstream effects. Central to this 
necrotic complex is the kinase activity of recep-
tor interacting proteins 1 and 3 (RIP1 and RIP3, 
respectively) and their substrate, the pseudoki-
nase mixed lineage kinase domain-like protein 
(MLKL) as the core machinery for execution 
[ 76 ,  77 ]. Continued efforts are necessary to elu-
cidate the specifi c signaling cascade of necropto-
sis and how the apoptotic/necroptotic balance is 
controlled during programmed death. However, 
the role of necroptosis in cryopreservation 
related stress conditions such as ischemia/reper-
fusion injury is becoming more evident [ 78 ,  79 ]. 
As such, efforts to understand the complex cell 
death interplay at the molecular level will be 
paramount for improving future cryopreserva-
tion  approaches  .  
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2.5.5     Transitional Cell Death 
Continuum 

 The original perception of molecular-based cell 
death was that there were two clear and distinct 
modes:  apoptosis   and necrosis [ 64 ]. Apoptosis is 
characterized by a particular set of molecular 
events which are highly organized and represent 
a true molecular response while necrosis was 
viewed as an uncontrolled process resulting from 
extreme stresses that involve random molecular 
changes [ 67 ,  80 ]. As continued research has fur-
ther elucidated our understanding of the cell 
death process, it has become clear that necrosis 
and apoptosis do not exist as separate entities but 
comprise opposite ends of a ‘cell death contin-
uum’ [ 81 ]. 

 Reports have describe instances in which a 
multitude of cell types have demonstrated a cell 
death that did not follow a classical route of 
demise, but instead switches between necrosis 
and apoptosis and in some case display charac-
teristics of both in a single cell [ 82 – 84 ]. To this 
end, Leist et al. [ 73 ] demonstrated that Jurkat 
cells can be shunted to a necrotic cell death fol-
lowing apoptotic induction through the removal 
of energy (ATP) from the system. Further, they 
demonstrated that returning ATP resulted in a 
reversion to more apoptotic-like death and that 
there is a point in the process when reversal can 
no longer be achieved. More recent reports have 
detailed two distinct forms of cell death that 
involve this shifting from  apoptosis   to necrosis, 
namely  necroptosis   and secondary necrosis [ 83 , 
 84 ]. Secondary necrosis describes circumstances 
for when a cell has committed to cell death 
through apoptosis but experiences a depletion of 
ATP before completing the process and therefore 
shunts to necrosis to complete cellular demise. In 
contrast,  necroptosis   is the term given to a dis-
tinct, regulated form of necrosis which results in 
a cell death with necrotic hallmarks such as cell 
and organelle swelling, membrane rupture and 
the absence of chromatic condensation. To fur-
ther complicate the picture, the literature also fur-
ther divides ‘programmed cell death’ into distinct 
categories with  apoptosis   as merely one of a host 
of different programmed pathways a cell can uti-

lize to achieve cell death. Other pathways such as 
autophagy, caspase-independent apoptosis, 
necroptosis, anoikis, cornifi cation and exocito-
toxicity demonstrate the breadth of programmed 
cell death. 

 Cryopreservation most likely triggers an array 
of stress factors and cell death mechanisms. As 
research on cell death continues to expand our 
understanding of the complexities involved in 
cellular demise, it further complicates the effec-
tive  management   in cryopreservation regimes. 
This needs to be more fully understood so that 
more effective modulation strategies can be 
developed to improve outcome.   

2.6     Preservation-Induced Stress- 
Dependent Cell Death 

 The identifi cation of programmed cell death 
involvement following cryopreservation, while a 
relatively recent discovery, has led to a number of 
improvements and preservation techniques in an 
effort to meet the demands of newer and more 
complex biologics. Given what is now known 
about both programmed cell death and low tem-
perature induces cell stresses, it seems logical 
that a multitude of cell death processes, including 
 apoptosis  , are triggered in cells during cryo-
preservation. Since initial reports on the observa-
tion of apoptosis following cryopreservation, 
numerous reports have documented this phenom-
enon occurring post-thaw in a wide variety of cell 
types [ 25 ,  85 – 92 ]. Further, a myriad of reports 
also demonstrated its involvement in response to 
 hypothermic storage   and other related stresses, 
such as ischemia and hypoxia [ 11 ,  32 ,  79 ,  93 –
 96 ]. As such, it is now recognized that molecular- 
based cell death has a signifi cant role and effect 
on storage outcomes that is seemingly indepen-
dent of cell type. 

 The temporal aspect is one of the most impor-
tant components to understand the impact of 
molecular-based cell death on a cell system. 
While many assume that once a cell emerges 
from the cryopreservation process  intact , it has 
“survived”, remaining a viable cell. However, 
studies have shown that accumulated stresses 
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during the preservation event can trigger 
molecular- based cell death pathways within the 
cell hours to days following  thawing   resulting in 
delayed cell death. Cryopreservation-Induced, 
Delayed-Onset Cell  Death   (CIDOCD), a term 
coined by Baust et al. [ 48 ], describes the phe-
nomenon of a delayed peak in both necrosis and 
apoptosis many hours following cryopreserva-
tion. It is this delayed manifestation which dem-
onstrates why timing is vital when assessing cell 
survival as well as investigating CIDOCD. If the 
assessment of cell death is conducted too early, 
while there may be an observable apoptotic and 
necrotic population, a signifi cant portion may be 
missed as death continues to occur over the 
24–48 h post-thaw, thus resulting in infl ated cell 
survival estimates. On the other hand, if assess-
ment is too late, the observed cell survival may 
be closer to the actual survival, but the contribu-
tions of  apoptosis   or necrosis may be missed ana-
lytically, leading to the incorrect conclusion that 
they did not play a role. Continued research has 
further proven this occurrence through more in- 
depth analyses showing the up- regulation   of pro- 
apoptotic genes and proteins and activation 
(cleavage) of caspases and other pro-apoptotic 
signaling molecules [ 4 ,  30 ,  88 ]. 

 While assessing viability is an important indi-
cator of preservation effi cacy, particularly when 
performed at the proper time post-thaw, function-
ality is an equally important post-preservation 
consideration that is often overlooked. While a 
cell may emerge from the cryopreservation pro-
cess “viable” and have avoided CIDOCD, its 
functionality may have been compromised by the 
process. As improved techniques continue to 
enhance our ability to maintain viability in more 
complex and sensitive biologics, it has become 
clear that “cell in does not equal cell out”. Studies 
have demonstrated changes to cells following the 
preservation process such as diminished func-
tions, loss of surface markers, and molecular dif-
ferences such as changes in gene expression [ 54 , 
 56 ,  97 – 103 ]. A potential concern is that the pres-
ervation process will select for cells with a 
molecular constitution with increased resistance 
to preservation stresses. Whether differences 
existed prior to preservation or as a result of pres-

ervation based selection, if the technique is selec-
tive for cells which have increased thermal or 
stress tolerance, it can be a cause for concern. 
The alteration of cell survival signaling pathways 
is a hallmark of cancer formation and progres-
sion. Changes in cell signaling related proteins, 
such as an over-expression of Bcl-2 or modifi ca-
tion of P53, have been shown experimentally to 
be involved with cancer formation [ 104 – 107 ]. In 
this respect, preservation techniques must be 
designed to prevent changes in a cell’s molecular 
constitution that would otherwise limit down-
stream utilization.  

2.7     Targeted Control 
of Molecular-Based Death 

 The identifi cation of a molecular-based cell death 
component to cryopreservation failure has served 
to complicate our understanding of the complex 
post-storage response. Despite the complications 
revealed by our furthered understanding of the 
entire post-storage cellular response, this also 
identifi es a wide array of targets whose modula-
tion may improve preservation outcome. Recent 
advances have revolved around changes to pres-
ervation solutions as well as the addition of 
chemical modulators to help control the molecu-
lar response following storage. 

 In cryopreservation, typical cryopreservation 
solutions are prepared by supplementing a cell’s 
basal culture media with serum proteins and 
DMSO. While this formulation provides ade-
quate physical protection and control of intracel-
lular ice formation, it provides only low level 
protection against many of the other stresses a 
cell encounters during the freeze/thaw process. 
To address this, the development and utilization 
of more “intracellular-like” solutions was under-
taken in an effort to further buffer against changes 
that an “extracellular-like” solution (high Na+, 
low K+), such as basal culture media, has trouble 
managing. Studies have shown improved out-
comes for cell systems cryopreserved using 
“intracellular-like” solutions supplemented with 
CPA’s as compared to standard culture media 
based cryopreservation solution [ 31 ,  60 ,  103 , 
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 108 – 110 ]. These advanced cryopreservation 
media are often referred to as Complex 
Cryopreservation Media (CCM) as they are 
designed to balance ionic needs of cells at low 
temperatures, buffer pH, provide energy sub-
strates, osmotic stabilization, protection against 
free radical damage, among others. Typically, the 
use of CCM’s results in improved sample quality 
post-thaw including increased viability, function-
ality, and regrowth which are usually not evident 
until hours after  thawing  . These improvements 
by CCM’s have been shown to be a result of 
decreases in molecular based cell death during 
the recovery period [ 32 ]. 

 More recently, advances in cryopreservation 
have been achieved through the incorporation of 
compounds into the cryopreservation media with 
the aim to control cell death through the targeting 
of molecular stress response pathways. This 
strategy is often referred to as Targeted Apoptotic 
Control (TAC). In this regard, the use of chemi-
cal modulators such as free radical scavengers, 
protease inhibitors and ion chelators have dem-
onstrated the ability to improve cryopreservation 
and  hypothermic storage   outcomes [ 39 ,  111 –
 113 ]. For instance, Mathew et al. [ 40 ], demon-
strated the benefi cial effect of the addition of 
vitamin E, a potent antioxidant, during hypother-
mic preservation. Other reports from this group 
described the benefi cial effect of EDTA addition 
and demonstrated implications of apoptotic 
involvement [ 113 ]. In the area of cryopreserva-
tion, early reports by Baust et al. [ 51 ], Yagi et al. 
[ 114 ], and others [ 115 ] demonstrated the benefi t 
of caspase inhibition in improving cryopreserva-
tion outcome. These initial reports were impor-
tant fi rst steps in demonstrating the ability to 
control cell death and ultimately improve post- 
preservation outcomes in a number of different 
cell systems. 

 More recent attempts at targeted  molecular 
control   of cell death have focused on targeting 
 apoptosis  . Through the use of caspase inhibitors 
during the cryopreservation, reports have demon-
strated signifi cant improvements in outcome 
through the blocking of apoptosis activated by 
the preservation process [ 51 ,  86 ,  92 ,  114 ,  115 ]. 
Interestingly, studies have shown that the utiliza-

tion of caspase inhibitors has a benefi cial effect 
in multiple cell types through a decrease in both 
 apoptosis   and necrosis, further strengthening the 
linkage of the cell death continuum [ 30 ,  90 ,  95 ]. 
Another central fi nding of this research was the 
demonstration of the temporal aspect of the 
molecular-based cell death following cryopreser-
vation. Continued research in this area has sug-
gested that the post-storage addition of agents 
such as caspase inhibitors, also has a benefi cial 
effect on outcome [ 92 ,  115 ]. To this end, a com-
binatorial approach of targeting stress pathways 
both during and after cryopreservation may result 
in improved outcomes for biologics. 

 As research continues to reveal the multitude 
of different pathways and molecular agents that 
play a role in the balance of a cell’s fate following 
cryopreservation, a number of new targets and 
strategies have been developed to modulate cel-
lular control. One such area of focus has centered 
on apoptotic control through the  management   of 
Rho-associated kinase (ROCK) through the use 
of ROCK inhibitor [ 116 ,  117 ]. ROCK has an 
important role in the morphological changes 
associated with apoptotic activation as a direct 
target of active caspase 3. Specifi cally, research 
has shown benefi cial effects of ROCK inhibitor 
on stem-cell cryopreservation when incorporated 
during and post-preservation, including increased 
survival and decreased spontaneous differentia-
tion [ 118 ]. Interestingly, studies have shown that 
utilization of ROCK inhibitor prior to single-cell 
dissociation of  pluripotent   stem  cells  , a necessary 
step for cryopreservation and a host of other 
 applications  , blocks the dissociation based apop-
totic activation in these cells and thus improves 
preservation outcomes. This important fi nding 
again illustrates the impact that the entire preser-
vation process, before, during and after, has on 
the overall success. 

 As advances in molecular biology techniques 
continue to improve their effi cacy, and in turn 
increase their utilization, new strategies for 
improving storage outcomes become more feasi-
ble. Specifi cally, the ability to modulate post- 
thaw cell stress response at the level of 
transcriptional and translational events may hold 
the key for future improvements. Typically, 
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improved outcomes resultant from targeted 
approaches act through a change to cellular func-
tion at the proteomic level to achieve their effect. 
However, newer molecular tools such as RNAi, 
gene manipulation and epigenetic control are 
demonstrating the potential for alterations at the 
level of DNA and RNA as novel approaches for 
improved cryopreservation. RNA interference 
(RNAi) in particular has become an important 
and heavily researched cellular system since its 
initial discovery in 1998 and may offer potential 
in improving cryopreservation outcome [ 119 ]. 
RNAi works through innate cellular mechanisms 
that degrade double-stranded RNA in both an 
effort to protect the cell from foreign genetic 
material (i.e. retro-virus) and as a form of post- 
transcriptional gene silencing to regulate protein 
synthesis. Through the use of microRNA and 
small interfering RNA, it is possible to insert a 
complimentary RNA sequence to mRNA tran-
scribed by the cell thus forming a double-stranded 
RNA segment, which is in-turn, degraded by the 
cell. The implication for cryopreservation then 
would be to utilize this technology to insert com-
plimentary sequences to the mRNA of pro-death 
signaling molecules, such as caspases and pro- 
apoptotic Bcl-2 family (e.g. Bax, Bid, Bcl-XL, 
etc.), in order to transiently “knock-down” their 
expression, thus effectively increasing pro- 
survival signaling. 

 Similarly, the ability to manipulate genes at 
the level of DNA transcription through gene 
insertion or deletion has the potential to improve 
cryopreservation outcome. Through these tech-
niques it may be possible to control levels of both 
pro-death and pro-survival proteins in an effort to 
increase survival through a targeted approach. 
However, there still remain concerns when 
manipulating genes, especially in a  cell therapy   
application, because of the potential for unin-
tended consequences such as cancer develop-
ment. To the end, research is continuing to 
develop safer methods of gene manipulation as 
well as elucidate and expand on our understand-
ing of the related cellular events of epigenetic 
control. Reports have begun to show a connec-
tion between thermal tolerance and epigenetic 
changes [ 120 ], demonstrating the potential for 

epigenetic manipulations as a modulator to 
improve cryopreservation outcome. Epigenetics 
could potentially allow for the targeted control of 
gene expression in a reversible manner that may 
not alter a cell’s DNA sequence, limiting the 
latent negative consequences of gene 
manipulation. 

 Lastly, while our understanding of the roles 
that organelles such as the cell membrane, 
nucleus and mitochondria play in the cell death 
cascade continue to evolve, research has revealed 
other organelles may contribute to a cell’s fate as 
well. Specifi cally, the lysosomes, Golgi appara-
tus and endoplasmic reticulum (ER) have been 
shown to play a role in cellular stress monitoring 
with the ability to trigger a molecular-based 
response if irregularities are detected [ 121 ]. The 
ER in particular has become a major area of 
research in recent years as reports have revealed 
its role in cellular homeostasis and its subsequent 
ability to trigger an apoptotic response in the 
event of profound cellular distress [ 122 – 124 ]. 
Specifi cally, the mechanism through which the 
ER conducts these functions is known as the 
Unfolded Protein Response (UPR) [ 125 – 129 ]. 
As our understanding of the role and impact these 
areas have on cryopreservation outcome contin-
ues to evolve, they too may provide additional 
targets for modulation to improve post-thaw out-
come (survival, function and genomic stability).  

2.8     Summary 

 As cell based research and development contin-
ues to advance at an exponential rate, it has 
become clear that cryopreservation protocols 
have become outdated and not kept pace with 
advances in other related fi elds. While today’s 
standard of practice for cryopreservation still 
focuses primarily on the control of osmotic fl ux, 
ice formation and associated stressors, numerous 
reports have emerged demonstrating that the 
combined targeting of physical, biochemical and 
molecular responses to the freezing/thaw process 
can greatly improve outcome. The impact of this 
combined approach extends well beyond infl u-
encing cell death but also has a long term impact 
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on biochemical pathways and cellular functional-
ity. The results of these practices are, of course, 
only realized upon sample  thawing   and utiliza-
tion. Given the complexity of events which occur 
during the seemingly simple and routine process 
of freezing, it is important to recognize and 
understand the impact of sample preparation, 
cooling, storage temperature, storage time, and 
warming have on overall sample quality. As such, 
the ability to successfully cryopreserve samples 
depends on the integration of the molecular strat-
egy to obtain the highest quality cell product 
post-thaw. This strategic shift includes a) struc-
tural methodologies which are reasonably effec-
tive (“optimized”) in preventing ice-related 
damage, b) the use of CCM based cryopreserva-
tion media and c) integration of modulations 
strategies to reduce CIDOCD. While this new 
approach is well supported, there remains a con-
tinuing need to decipher the cell's responsiveness 
to the stress events associated with cryopreserva-
tion to overcome the signifi cant cell death after 
 thawing   [ 3 ,  48 ]. As such, investigations into the 
complex molecular changes associated with cold 
exposure are necessary to elucidate additional 
targets for improving storage outcomes. 
Particularly important is the integrated study of 
cell response to hypothermic and sub-freezing 
temperatures as they are experienced by cells 
during both freezing and  thawing   processes asso-
ciated with cryopreservation. Through a more 
complete understanding of low temperature 
stress response and how associated changes alter 
a cell’s typical, normothermic baseline of func-
tion, signifi cant improvements in cryopreserva-
tion strategies can be achieved in turn yielding 
improved biologics for downstream utilization.     
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      Fundamental Principles of Stem 
Cell Banking                     

     Changbin     Sun     ,     Jianhui     Yue     ,     Na     He     ,     Yaqiong     Liu     , 
    Xi     Zhang     , and     Yong     Zhang    

    Abstract  

  Stem cells are highly promising resources for application in cell therapy, 
regenerative medicine, drug discovery, toxicology and developmental biol-
ogy research. Stem cell banks have been increasingly established all over 
the world in order to preserve their cellular characteristics, prevent con-
tamination and deterioration, and facilitate their effective use in basic and 
translational research, as well as current and future clinical application. 
Standardization and quality control during banking procedures are essen-
tial to allow researchers from different labs to compare their results and to 
develop safe and effective new therapies. Furthermore, many stem cells 
come from once-in-a-life time tissues. Cord blood for example, thrown 
away in the past, can be used to treat many diseases such as blood cancers 
nowadays. Meanwhile, these cells stored and often banked for long periods 
can be immediately available for treatment when needed and early treat-
ment can minimize disease progression. This paper provides an overview 
of the fundamental principles of stem cell banking, including: (i) a general 
introduction of the construction and architecture commonly used for stem 
cell banks; (ii) a detailed section on current quality management practices; 
(iii) a summary of questions we should consider for long-term storage, such 
as how long stem cells can be stored stably, how to prevent contamination 
during long term storage, etc.; (iv) the prospects for stem cell banking.  
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  Abbreviations 

   AMI    Acute myocardial infarction   
  CFC    Colony-forming cells   
  CGMP    Current good manufacturing practice   
  CJD    Creutzfeldt-Jakob disease   
  CMV    Cytomegalovirus   
  DNA    Deoxyribonucleic acid   
  EBV    Epstein-Barr virus   
  EMA    European Medicines Agency   
  ESCs    Embryonic stem cells   
  FDA    Food and Drug Administration   
  GMP    Good manufacturing practice   
  GvHD    Graft versus host disease   
  HBV    Hepatitis B virus   
  HCV    Hepatitis C virus   
  HIV    Human immunodefi ciency virus   
  HSCs    Hematopoietic stem cells   
  HTLV    Human T-cell leukemia virus   
  ICH    International conference on 

harmonization   
  iPSCs    Induced pluripotent stem cells   
  LAL    Limulus amebocyte lysate test method   
  MCB    Master cell bank   
  MSCs    Mesenchymal stem cells   
  NRA    National regulatory authority   
  PCR    Polymerase chain reaction   
  QA    Quality assurance   
  QC    Quality control   
  SNP    Single nucleotide polymorphism   
  SPCs    Spermatogonial stem cells   
  STR    Short tandem repeat   
  UCB    Umbilical cord blood   
  WCB    Working cell bank   
  WHO    World Health Organization   

3.1         Introduction 

 Stem cells are a class of cells that have the capa-
bility to indefi nitely self-renew and differentiate 
to special functional cell types under the right 
conditions or given the right signals [ 1 ]. 
According to their potency, i.e. the range of cell 
types to which they can differentiate, stem cells 
commonly can be classifi ed into totipotent stem 
cells,  pluripotent   stem  cells  , multipotent stem 
cells and unipotent stem cells, such as zygote, 
embryonic stem  cells   (ESCs) and induced plu-
ripotent stem cells (iPSCs), hematopoietic stem 
cells (HSCs) and mesenchymal stem  cells   
(MSCs), and spermatogonial stem cells (SPCs) 
respectively. Stem cells with properties of self- 
renewal and potency to generate different cell 
types are proving to be very promising resources 
for  application   in  cell therapy  ,  regenerative medi-
cine  , drug discovery, toxicology and develop-
mental biology research [ 2 – 6 ]. They hold great 
potential to revolutionize healthcare and to sup-
ply new methods and tools for effective treatment 
of many diseases [ 7 – 10 ]. In the process, stem cell 
banks play a pivotal role in stem cell basic and 
translational research, as well as current and 
future  clinical applications  . 

 Banking stem cell is an extension of  biobank-
ing  . The concept of biobanking has varied in his-
tory and there is no consensus [ 11 ]. The practice 
of “biobanking” has been broadly construed to 
involve storing health and genetic information 
and/or various types of biological materials in 
banks, repositories, or collections [ 12 ]. The prac-
tice of banking somatic cells, as well as primary 

C. Sun et al.



33

cell lines and immortalized cancer lines, has been 
a vital research resource for many years [ 12 ,  20 ]. 
In 1988, the fi rst successful related umbilical 
cord blood (UCB) transplant was conducted in 
Paris, France on a 6-year-old male patient suffer-
ing from a blood disorder called Fanconi’s 
Anemia [ 3 ]. In 1998,  hESC   isolation and  culture 
methods   were developed by James Thomson and 
his research group [ 5 ]. In recent years, many 
kinds of  MSCs   derived from a large number of 
different tissues show promising therapy poten-
tial [ 13 – 16 ]. In 2007, human iPSCs derived from 
human somatic cells were shown to have similar 
properties to hESCs and hold signifi cant poten-
tial in disease modeling, drug discovery and 
selection [ 4 ,  6 ]. All these important events in the 
fi eld of stem cells have sparked considerable 
public interest in stem cells banking. 

 Stem cell banks have been established in many 
countries in order to preserve stem cells and 
facilitate their research and clinical  application   
[ 17 ,  18 ]. Many benefi ts accrue from stem cell 
banking, but  standardization   and quality control 
during banking procedures are essential to allow 
researchers from different labs to compare their 
results and to develop safe and effective new 
therapies. Furthermore, many stem cells come 
from once-in-a-life time tissues, UCB for exam-
ple, thrown away in the past, can be used to treat 
many diseases such as blood cancers nowadays. 
Over the last several decades, the fi eld of UCB 
banking and  transplantation   has grown exponen-
tially. Over 600,000 UCB units have been stored 
for transplantation worldwide, and more than 
30,000 UCB transplantations have been per-
formed [ 19 ]. Meanwhile, these stem cells  stored   
in banks are immediately available for treatment 
when needed and early treatment can minimize 
disease progression [ 20 ]. 

 Before establishment of a stem cell bank, 
there are many factors that need to be taken into 
consideration including new technological devel-
opments and a deeper understanding of stem 
cells. For example,  pluripotent   stem  cell   culture 
has clearly improved in the past decade, from 
dependence on feeder cells to culture on syn-
thetic matrices [ 21 ]. Thus, stem cell banks may 
need to change their SOPs and adopt new ones to 

increase productivity and stability etc. Although 
different stem banks may store different typed of 
stem cells, the major issues are common, such as 
the design of the bank, how to guarantee storage 
cell quality, and how do maintain and manage the 
bank over the long term? These are the main 
questions that will be addressed in this article, as 
well as the prospects for stem cell banking.  

3.2     Construction and Design 

3.2.1     Functional Areas 
and Equipment 

 Stem cell banking is a procedure wherein the 
cells isolated from various sources are collected, 
proliferated, stored and preserved for their future 
use [ 7 ]. Establishing a well-functioning  biobank   
for stem cells provides the foundation for suc-
cessful storage, quality control and assessment, 
and  long-term maintenance   and  management  . 

 The basic issues pertaining to the design and 
equipping of a stem cell biobank are very similar 
to those of a regular stem cell laboratory [ 22 ], but 
more functional areas and equipment should be 
considered and coordinated, as well as more rig-
orous manufacturing practices. The key consider-
ations when setting up the bank include (1) 
defi ning the scope of the work, which includes 
the numbers and types of cell lines to be banked, 
and (2) determining the number of people who 
will work in the bank and their specifi c tasks. If 
more than one cell type will be  stored   in the same 
bank, what safeguards will be put into place to 
prevent cross-contamination? Do different cell 
types need separated areas to quarantine these 
cell types [ 22 ]? Furthermore, the processing of 
stem cells, including isolation, culture and col-
lection, requires a physical environment in which 
air quality (i.e., the number of airborne particles) 
is controlled to minimize risk of contamination. 
The processing facility should be constructed and 
operated to minimize the introduction, genera-
tion and retention of particles and microorgan-
isms. A formal program of environmental 
monitoring should be maintained in each stem 
cell bank to specify and assess key factors and 
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their infl uence on the microbiological quality of 
the process and product. This program should 
assure the manipulation of cells involved in the 
derivation of stem cell lines and their culture 
under established limits for airborne particles and 
for microbial contamination of the air and sur-
faces, especially for stem cell lines that will be 
applied to human therapy [ 23 ]. 

 When designing and building a well- 
functioning stem cell bank, the design team usu-
ally includes architects, contractors, builders, 
tradespeople and a laboratory director or man-
ager. One needs to consider budget, space, the 
biosafety level of the laboratory, major equip-
ment, number of people, major functional areas, 
freezer rooms, storage areas in and adjacent to 
the laboratory, and databases for information 
storage and extraction etc. To avoid cross- 
contamination of different functional areas, car-
rying out cell isolation, culture and quality 
control in different laboratories is recommended. 
Figure  3.1  outlines the major functional areas 
commonly needed in a stem cell bank. The major 
function of the preparation areas focuses on cell 
isolation and expansion, while the function of the 
quality assessment area is to test the cell charac-

teristics and insure the cells generated meet the 
requirement of  good manufacturing practice 
(GMP)   or good laboratory practice (GLP) or sim-
ilar quality requirements according to the local 
government.

3.2.2        File  Management      

 Figure  3.2  shows the workfl ow for stem cell 
banking under good manufacturing practice con-
ditions, which can be partitioned into three com-
ponents: manufacturing, quality control and fi le 
management. Following cell isolation, expan-
sion, characterization, storage, and quality con-
trol and assessment, many record fi les will be 
formed and archived, including data fi les, 
informed consent, personal information from 
donors, SOPs for practice etc. All should be well 
managed to insure  standardization  , effi ciency 
and privacy protection, and should guarantee cell 
quality. Ideally fi le management of stem cell 
banks should conform  good manufacturing prac-
tice (GMP)   or good laboratory practice (GLP) or 
similar quality requirements mandated by local 
government.

  Fig. 3.1    Major 
functional area in a stem 
cell bank       
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3.2.3        Master Cell Banks 
and Working Cell Banks 

 When a cell line is to be used over many manu-
facturing cycles and may be distributed to others, 
a two-tiered cell banking system consisting of a 
master cell bank (MCB) and a working cell bank 
(WCB) is recommended [ 24 ]. Upon arrival at a 
banking facility, tissue and newly acquired cells 
lines should be quarantined until shown to be 
clear of contamination (such as mycoplasma, 
HIV etc.), and then clean tissues and cells can be 
used to create the MCB [ 12 ]. This MCB must be 
characterized and extensively tested for contami-
nants such as bacteria, fungi, and mycoplasma 
after isolation and expansion before  freezing  . 
Most cell lines also require sterility and PCR test-
ing for viruses. The analysis process starts with 
the isolation of a suffi cient number of clones to 
adequately sample the population of cells in the 
culture. The characterization of single clone iso-

lates insures that there are no signifi cant numbers 
of cells with missing or mutated genetic elements 
present in the cell bank. 

 A WCB can be prepared from live cultures or 
a single frozen vial from the MCB. Cells are 
grown for several passages, allowing for minimal 
necessary characterization and scale-up prior to 
aliquoting into vials and freezing. Cells from the 
WCB are normally used for distribution to 
researchers. Thus, creation of a two-tiered frozen 
cell bank enables a supply of reliable quality- 
controlled cells at the same passage over a long 
period of time, which is the principal requirement 
for biomedical research and product develop-
ment [ 12 ,  24 ]. Furthermore, WCBs are best 
maintained at low passage to avoid phenotypic 
and genetic variation. In order to minimize the 
risk of complete loss of a cell line due to, for 
example, contamination or equipment or facility 
failure, it is critical that frozen stocks are also 
stored at a second site [ 25 ].   

  Fig. 3.2    Workfl ow for stem cells banking under  GMP   conditions       
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3.3      Quality Management      

 The application of stem cells in  cell therapy   has 
obviously increased in the past few years. The 
risk posed by the administration of a cell-based 
medicinal product is highly dependent on the ori-
gin of the cells, the manufacturing process and 
quality control program. In order to facilitate the 
effective use and prevent contamination and 
 deterioration of stem cells in  clinical applica-
tions  , stem cell banks should establish rigorous 
quality assurance (QA) and quality control (QC) 
processes, which cover the entire procedure of 
ex vivo expansion, and apply quality control tests 
for identity, sterility, viability, and other impor-
tant characteristics such as potency, genetic sta-
bility, etc. 

 This section aims to provide a thorough under-
standing of the characteristics of stem cell banks 
and the development of standardized methods 
and common strategies to meet current good 
manufacturing practice (cGMP)    compliant con-
ditions, including tissue sourcing, manufactur-
ing, testing, and storage. 

3.3.1     Current Good Manufacturing 
Practices 

 The goal of banking stem cells is to preserve their 
characteristics, prevent contamination and dete-
rioration, and facilitate their effective use in 
research and  clinical applications  . National and 
international regulatory authorities such as the 
World Health Organization (WHO), European 
Medicines Agency (EMA) and  Food and Drug 
Administration (FDA)   recommend that the gen-
eral principles of  GMP   should be applied from 
the fi rst stage of cell banking onwards [ 26 – 28 ]. 
Many important guidelines on good cell culture 
practice [ 29 ] and cell banking [ 30 ,  31 ] have been 
developed. Briefl y, the fundamental regulatory 
principles of stem cell banking include the cre-
ation of quality controls for master cell bank and 
working cell banks, supported by traceability of 
procured cell lines and thorough documentation 
of the whole stem cell banking process. Ideally 
banks should operate minimally in “the spirit” of 

GMP that complies with national and interna-
tional quality systems standards [ 32 ,  33 ].  

3.3.2     Principles of Good Cell Culture 
Practice 

 In all aspects of sourcing, banking and preparing 
cell cultures, the principles of good cell culture 
practice should be observed [ 29 ,  30 ]. Fundamental 
features to be considered in the development of 
stem cell bank are: (a) authenticity, including 
identity, provenance and genotypic/phenotypic 
characteristics; (b) absence of contamination 
with another cell line; (c) absence of microbio-
logical contamination; (d) stability and func-
tional integrity over extended in vitro passage 
[ 28 ]. 

 In order to avoid catastrophic failure of the 
stem cell bank, minimizing the opportunities for 
contamination of cell cultures is very important. 
Taking into consideration the specifi cs of the 
manufacturing process, the steps of cell manipu-
lation and open processing should be minimized. 
It is critical to employ a rigorous aseptic tech-
nique and appropriate environmental controls for 
cell culture processing and the preparation of 
growth media [ 28 ]. Meanwhile, the variation of 
physical culture parameters such as pH, tempera-
ture, humidity, gas composition also can signifi -
cantly affect the viability of cells and should be 
specifi ed within established standard operating 
procedures. In summary, a consistent process 
should be demonstrated. 

 Although antibiotic and antifungal agents may 
be required for primary cell cultures, the using of 
antibiotics in a stem cell bank is discouraged. 
When antibiotics have been used, the potential 
inhibitory effects of the antibiotics on contami-
nating organisms should be considered in 
sterility-testing.  

3.3.3     Selection of Donors, Materials 
and Reagents 

 All materials should be subjected to risk assess-
ment and testing when necessary because raw 

C. Sun et al.



37

materials can be a primary source for the intro-
duction of adventitious agents into the stem cell 
bank [ 28 ]. Careful attention should be paid to 
sourcing, production, handling, testing and qual-
ity control. According to international guidelines 
[ 28 ,  34 ,  35 ], the sections below detail the infor-
mation on manufacturing components and mate-
rials that should be considered:

•     Donor screening and testing : Donor screen-
ing and testing is performed to determine donor 
eligibility. Details of the requirements for 
screening and testing donors of  human cells   
and tissues are described in  FDA   and EMA 
documents [ 26 ,  28 ,  34 ,  35 ]. Briefl y, the donors 
of stem cells must be screened and tested for 
HIV-1, HIV-2, hepatitis B virus (HBV), hepati-
tis C virus (HCV), Treponema pallidum (syphi-
lis), and CJD. Donors of viable leukocyte-rich 
cells or tissues should be screened and tested 
for human T-lymphotropic virus types 1 and 2 
(HTLV-1, HTLV-2) and CMV.  

•    Quality control of reagents : Reagents which 
are used for cellular growth, differentiation, 
selection, purifi cation, or other critical manu-
facturing process can affect the safety, potency, 
and purity of the stem cells, especially by 
introducing adventitious agents such as bacte-
ria, fungi, mycoplasmas and viruses [ 26 ,  28 ]. 
For example, trypsin and bovine serum have 
been known to contain mycoplasma species 
and sometimes more than one viral contami-
nant. The common reagents include fetal 
bovine serum, trypsin, digestion enzymes, 
growth factors, cytokines, monoclonal anti-
bodies, antibiotics, cell separation devices, 
media components and so on. Documentation 
should be gathered on their manufacturing 
history, production, quality control in order to 
ensure the reagents’ quality and safety [ 26 –
 28 ]. The reagents should be subjected to strict 
tests for quality and freedom from contamina-
tion by adventitious agents to assure their 
acceptability for use in cell culture. 
Meanwhile, the reduction and elimination 
from the manufacturing process of reagents 
and materials derived from humans and ani-
mals is encouraged, where feasible.      

3.4     Quality Control Testing 
of the Stem Cell Bank 

 The recommendations for characterization test-
ing for cells in the stem cell bank include, but are 
not limited to, identity, purity, viability, microbi-
ological testing (including sterility, mycoplasma, 
and adventitious viral agent testing), tumorige-
nicity, stability (including stability during cryos-
torage and genetic stability), potency etc. 

3.4.1     Identity 

 Cell line misidentifi cation, contamination and 
poor annotation affect scientifi c reproducibility 
[ 36 – 38 ]. Cell banks should be authenticated by a 
cell identifi cation method approved by the NRA 
in order to confi rm that no switching or cross- 
contamination has occurred [ 28 ]. We recommend 
that the identity of the cells in the MCB and WCB 
should be characterized by phenotypic and/or 
genotypic profi les including cell morphology, 
genetic tests (STR, SNP), specifi c surface mark-
ers and gene expression products. 

 For adherent cells, morphology may be a use-
ful method in conjunction with other tests. For 
human stem cells, genetic tests such as short tan-
dem repeat (STR) analysis are most commonly 
used to confi rm cell line identity [ 39 – 42 ], and 
single nucleotide polymorphism (SNP) genotyp-
ing is also used for identifi cation of cells as well 
as for monitoring their genomic stability. We also 
recommend additional identifi cation based on 
cell surface markers or genetic polymorphisms to 
distinguish between the multiple cell lines. 

 In summary, the combined use of variety 
methods for cell identifi cation depending on the 
different cell types and tissues can achieve more 
rigorous identifi cation.  

3.4.2     Purity 

 The cellular population of interest usual contains 
other cells, which belong to different lineages or 
differentiation stages that may be unrelated to the 
intended population. The unwanted cells should 
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be defi ned and their amount in the fi nal cell bank 
should be controlled by appropriate specifi ca-
tions, Acceptance criteria for the amounts of con-
taminating cells should be set. Cell surface 
markers, genetic polymorphisms and specifi c 
biological activities are recommended methods 
to test the cell purity [ 43 ].  

3.4.3     Viability 

 A high level of viability of cell lines derived from 
stem cell banks is important for effi cient and reli-
able cell-based products [ 28 ]. Documents of the 
China  FDA   recommend that different testing 
methods (such as cell counting, cell doubling 
time, cell cycle, cloning effi ciency, telomerase 
activity) can be used to determine  cell viability   
and growth status [ 43 ]. The recommendations of 
WHO state that thawed cells should typically 
have viability levels in excess of 80 %, though 
this is not always achieved and may depend on 
the cell line [ 28 ]. Lower viabilities may still 
result in suitable growth recovery and in accept-
able product qualities. Meanwhile, for somatic 
cellular therapies, the minimum acceptable via-
bility specifi cation recommended by the FDA is 
generally set at 70 % [ 27 ]. 

  Cell viability   can be easily assessed in culture 
by employing widely applied assays. However, in 
some cases, such as pre-apoptotic cells excluding 
trypan blue, viability assays may give misleading 
results. So we suggest that when a membrane- 
integrity test is used for cell viability, additional 
cell markers such as indicators of  apoptosis   
should be studied in order to avoid signifi cant 
overestimation of viability.  

3.4.4     Microbiological Testing 

3.4.4.1     Sterility Tests 
 It is important in risk evaluation for the manufac-
turer to bear in mind that standard compendial 
tests for “sterility” are intended to give an indica-
tion of the effectiveness of aseptic processing in 
preventing general bacterial or fungal contamina-
tion. For suitable sterility tests one should refer to 

certifi ed documentation and Pharmacopoeias. If 
antibiotics were used in manufacturing, docu-
mentation should be provided indicating that the 
antibiotics were removed prior to sterility 
testing.  

3.4.4.2     Mycoplasma 
 Animal serum products used in culture and the 
culture facility environment are the two main 
sources of mycoplasma contamination. Testing 
for mycoplasma contamination should be con-
ducted on both cells and supernatant. Due to the 
limited dating period of many cellular products, 
it is frequently not feasible for a sponsor to per-
form the recommended culture-based assay. The 
EMA and  FDA   recommend the use of poly-
merase chain reaction (PCR)-based mycoplasma 
assays or another rapid detection assay during 
cell manufacturing [ 26 ,  44 ].  

3.4.4.3     Pyrogenicity/Endotoxins 
 The rabbit pyrogen test is the currently required 
method for testing biological products for pyro-
genic substances. Although the pyrogenicity test 
is required, there may be specifi c cases where 
this test method cannot be performed due to 
properties of the cellular product. Another test 
such as the Limulus Amebocyte Lysate test 
(LAL) may be used as an alternative method 
[ 27 ]. For any parenteral drug, the  FDA   recom-
mends that the upper limit of acceptance criterion 
for endotoxin be 5 EU/kg body weight/hour. For 
intrathecally-administered drugs, an upper limit 
of acceptance criterion is 0.2 EU/kg body weight/
hour [ 27 ].  

3.4.4.4     Adventitious Agent Testing 
 As appropriate, adventitious agent testing should 
include in vitro viral testing, in vivo viral testing 
and selected species-specifi c testing for adventi-
tious viruses. 

 In vitro viral testing should be conducted by 
inoculating the test sample (MCB) onto various 
susceptible indicator cell lines such as the human 
 cell   line MRC-5 or Vero cells. We recommend 
that in vivo viral assays be carried out by inocu-
lating the test sample (MCB) into animals such as 
adult and suckling mice and embryonated hen 
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eggs. Finally, assays for the presence of species- 
specifi c viruses also should be performed espe-
cially when the cell lines are used as a therapeutic 
product. We recommend that testing for human 
pathogens (CMV, HIV-1 & 2, HTLV-1 & 2, EBV, 
HBV, HCV, B19), and other human viral agents, 
for which PCR-based assays are available, should 
be performed [ 44 ,  45 ].   

3.4.5     Tumorigenicity 

 Testing for tumorigenicity of cells derived from 
cell culture and banked will be required with a 
test approved by the NRA. Several in vitro sys-
tems, such as cell growth in soft agar [ 46 ] and 
muscle organ culture [ 47 ], have been explored as 
alternatives to in vivo tests for tumorigenicity. 
The test should involve a comparison between 
the cell line and a suitable positive reference 
preparation (e.g. HeLa cells) and a standardized 
procedure for evaluating results. 

 Other assays can also be considered, such as 
proliferative capacity, dependence on exogenous 
stimuli, response to  apoptosis   stimuli and 
genomic modifi cation, in order to evaluate the 
risk of cellular transformation and subsequent 
potential for tumorigenicity.  

3.4.6     Stability 

 The stability of cell banks during cryostorage, 
and the genetic stability of cell lines are key ele-
ments in a successful cell bank programme. 

3.4.6.1     Stability During Cryostorage 
 Data should be generated to support the stability or 
suitability of the cryopreserved cell banks during 
storage. Continuous monitoring records and suc-
cessful periodic production runs could be useful 
strategies to monitor the stability of the cell bank.  

3.4.6.2     Genetic Stability 
 Cell genome stability is the key quality and safety 
indicator of stem cell banks. Genomic instability 

refers to an increased tendency to generate altera-
tions in the genome during the life cycle of cells. 
It is main driving force for tumorigenesis [ 40 ]. 
The WHO has pointed out that any features of the 
cell lines that might affect quality should be dis-
cussed with the NRA to ensure that tests used by 
the manufacturer to monitor genetic stability are 
adequate [ 28 ]. 

 However, there is no standard method to eval-
uate the genetic stability of cell lines in MCB and 
WCB at present. The common methods such as 
doubling time of cell lines and karyotyping 
already cannot meet the comprehensive assess-
ment of genomic stability. Here we recommend 
high-throughput sequencing which has better 
resolution and accuracy to assess genetic stabil-
ity. Other approaches include examining telomer-
ase activity, chromosomal integrity, expression of 
proto oncogenes, etc.   

3.4.7     Potency 

 According to ICH guideline 6QB, potency is the 
quantitative measure of biological activity [ 48 ], 
but in addition, qualitative biological assay may 
be included. 

 Basically, potency assays can be performed 
in vitro using cell systems and in vivo using ani-
mal models [ 48 ,  49 ]. As stem cells have a ten-
dency to spontaneously differentiate in culture, 
the stem cell bank should ensure that pluripo-
tency is not lost during in vitro expansion and 
 cryopreservation  . As the function of cells such as 
viability, self-renewal, differentiation and  apop-
tosis   are critical to their quality, potency assays 
may need to be evaluated during manufacturing 
using appropriate markers and technology, such 
as gene expression profi les, fl ow cytometry, cell 
cloning, PCR, etc. [ 50 ]. In vivo assays for potency 
may also be useful especially using available ani-
mal models. As described in the referred guide-
line, the combination of multiple methods may 
be better to adequately evaluate the potency of 
the cells in the stem cell bank.   
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3.5     Long -Term  Maintenance   
and  Management   

 Stem cells have been applied in research and 
clinical use for many years, and appropriate cryo-
preservation protocols for long-term storage is 
essential [ 51 ].  Standardization   of processes and 
the implementation of quality control pro-
grammes should be established during the bank-
ing process in order to prevent contamination and 
deterioration and maintain post-thaw quality, plu-
ripotency and genetic stability of recovered cells 
[ 17 ,  24 ]. Moreover, viability tests, functional 
assays, stability measurements, authentication 
and documentation have to be carried out [ 52 , 
 53 ]. 

3.5.1     Quality Control During Stem 
Cell Cryopreservation Process 

3.5.1.1     Storage Temperature 
 Storage temperature is a key factor for long-term 
 storage   of stem cells in a stable state. Lower tem-
peratures can reduce metabolism of cells and 
effi ciently reduce the rate of degradation [ 53 ]. In 
general, the lower the storage temperature, the 
more stable the cells remain and the longer they 
can be preserved [ 54 ,  55 ]. The traditional method 
for long-term cryopreservation of stem cell is 
storage in liquid nitrogen, which can reach a ter-
minal temperature of −196 °C [ 52 ]. 

 Quality control methods should be applied to 
keep a stable temperature environment in long- 
term storage vessels as stored  cells   may be sub-
jected to temperature changes during the 
maintenance of storage vessels. For example, 
storage vessels are opened frequently to gain 
access to stored vials, intermittent warming may 
occur to cryovials. Furthermore, some storage 
racking material can act as good heat conductors 
and may promote warming cycles and tempera-
ture gradients within the storage vessel. Finally, 
there may be failures in the liquid nitrogen fi lling 
process [ 25 ]. A number of straightforward proce-
dures can be taken to keep a stable temperature 

environment in stem  cell storage   vessels during 
the long-term storage process: (1) choose a suit-
able terminal temperature for the long-term stor-
age of stem cells; (2) use appropriate facilities to 
cryopreserve samples and manual or automatic 
continuous temperature monitoring to detect and 
provide useful monitoring data of temperatures; 
(3) set up an automatic liquid nitrogen fi lling sys-
tem; (4) keep vessel vacuum checks, electrical 
testing, and other maintenance procedures regu-
larly and periodically audited [ 25 ,  53 ].  

3.5.1.2     Contamination 
 It is crucial to prevent microbial/cross contami-
nation during the long-term storage of stem cells. 
The risk of stem cell products is mainly associ-
ated with contaminated liquid nitrogen during 
long-term storage [ 51 ] as microbial fl ora can eas-
ily accumulate within ice sludge debris [ 25 ]. 
Quality control methods should be taken to pre-
vent contamination of cell samples in these long- 
term storage vessels [ 56 ]. It has been shown that 
vapour phase storage can largely overcome sam-
ple contamination as it can prevent the liquid 
nitrogen permeating into cryovials thereby avoid-
ing contamination by contaminated liquid [ 57 ]. 
However, all long-term storage samples run the 
risk of cross contamination risk when they are 
stored in the same cryotank, rewarmed in the 
same water bath, and because of other potential 
environmental sources. 

 Quality control methods can be taken as fol-
lows to reduce the contamination of stem cells 
during long-term storage: (1) choose a vapour 
phase liquid nitrogen containment vessel; (2) set 
security caps when sample have to be submersed 
in liquid nitrogen; (3) employ internal threads 
and double bagging to store cell samples; (4) 
maintain the storage container closure integrity 
and within the product shelf life; (5) set up a 
quarantined storage area to control the spread of 
pathogens and infectious agents; (6) keep storage 
containers in a clean and controllable environ-
ment to reduce the contamination risk from the 
surrounding area; (7) make sure the source of liq-
uid nitrogen is clean [ 53 ].   
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3.5.2     Quality Validation 
for Recovered Stem Cell 

 Stem cells should have the ability to survive 
long-term storage and keep their functions after 
recovery. Post-thaw  cell viability   testing is vital 
to evaluate the effects of cryopreservation on 
stem cells. Quality assessment including viability 
tests, functional assays, stability measurements 
and authentication should be applied to analyze 
the post-thaw stem cells metabolic functions, 
genetic integrity and totipotency after recovery 
[ 25 ,  58 ]. 

 These quality control measures have been 
shown to be necessary in various studies. For 
example, the numbers of colony-forming cells 
(CFC) and CD34 cells, which can effectively pre-
dict  engraftment   kinetics and hematopoietic 
recovery, were measured to evaluate the function 
of 9.5-year cryopreserved hematopoietic stem 
cells [ 59 ], and the differentiation potential of 
long-term cryopreserved human adipose- derived   
stem cells was measured by using different induc-
tion medium to test totipotency after rewarming 
[ 60 ]. 

 Trypan Blue exclusion assay is used to deter-
mine the post-thaw  cell viability   of stem cells, 
and a light microscope is used to count total num-
ber of dead cells and live cells [ 60 ]. Stability 
assessment for stem cells includes: evaluation of 
totipotency by  cell differentiation   potential 
assays and morphological characteristics; studies 
of phenotypes; cytological and karyotype testing; 
confi rmation of functional biochemistry (metab-
olites/proteins, proteins/enzymes); omics analy-
ses; biomarker studies;, investigations of genome 
structure, DNA damage and repair, chromatin 
analysis, analysis of DNA adducts (methylation, 
oxidation) and confi rmation of genetic modifi ca-
tions [ 61 ]. Furthermore, since cells that have 
been held in long-term storage may have been 
cross-contaminated by other samples, authentica-
tion is particularly important and quality control 
needs to be performed to insure sample identity 
following the cells retrieval from storage [ 53 ].   

3.6     Prospects for Stem Cell 
Banking 

 Many countries have now established stem cell 
banks. Table  3.1  shows the major stem cell banks 
in the world. Stem cells  stored   in banks play an 
important role in promoting biological develop-
ment and providing medical science with a pow-
erful tool. Several types of conditions are 
currently being treated with stem cell-based ther-
apies, including autoimmune diseases, neurolog-
ical disorders, cancers, and infertility [ 62 ]. To 
date, several stem cell therapeutic products have 
been approved in different countries (Table  3.2 ). 
Especially worthy of mention is umbilical cord 
blood. Since the fi rst successful transplantation, 
the fi eld of UCB banking and transplantation has 
grown exponentially. Over 600,000 UCB units 
have been stored for transplantation worldwide, 
and more than 30,000 UCB transplantations have 
been performed [ 19 ].

    Treatments in regular clinical use are limited 
to adult stem cells. Many stem cell  therapies      are 
based on the regenerative capacities of stem cells 
to produce a variety of tissues, either in the 
patient’s body or in vitro [ 62 ]. And other thera-
pies depend on the transplanted stem cells to pro-
vide signals that regulate the activities of nearby 
cells [ 63 ]. Although unanticipated  challenges   in 
safety or effi cacy still exist, we can optimistically 
believe that products and medicine based on stem 
cells will be widely used in the future.  

3.7     Summary 

 Since signifi cant progress has been made in stem 
cell research and application over the last few 
decades, stem cell banks have become very 
important platforms to preserve their characteris-
tics, prevent contamination and deterioration and 
facilitate their effective use in baicl and transla-
tional research, as well as clinical  application   all 
over the world [ 17 ,  18 ]. A number of stem cell 
banks have been established in many countries 
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and regions, and the number will increase. There 
are many factors that need to be carefully consid-
ered before establishing a stem cell bank. New 
technology development and knowledge will 
undoubtedly lead to improvements in stem cell 
bank maintenance and  management  . For exam-
ple, at present most banks banking  MSCs   adhere 
to the minimal criteria proposed by the 
International Society for Cellular Therapy 
(ISCT), i.e. (1) MSCs must be plastic-adherent 
when maintained in standard culture conditions; 
(2) MSCs must express CD105, CD73 and CD90, 
and lack expression of CD45, CD34, CD14 or 
CD11b, CD79alpha or CD19 and HLA-DR sur-
face molecules. (3) MSCs must differentiate to 
osteoblasts, adipocytes and chondroblasts in vitro 
[ 64 ]. However, many investigations reported 
recently have shown that  MSCs   isolated utilizing 
these criteria are heterogeneous and different 
MSCs subtypes may have discordant functional 
properties, implying their applications need fur-
ther elaboration [ 65 ,  66 ], and as a result banking 
SOPs need corresponding modifi cation. Thus, 

the practice of stem cell banking is a dynamic 
process, which will advance with the times.     
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Resource for Precision Medicine 
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    Abstract  

  The Cancer Genome Atlas effort has generated signifi cant interest in a new 
paradigm shift in tumor tissue analysis, patient diagnosis and subsequent 
treatment decision. Findings have highlighted the limitation of sole reliance 
on histology, which can be confounded by inter-observer variability. Such 
studies demonstrate that histologically similar grade IV brain tumors can be 
divided into four molecular subtypes based on gene expression, with each 
subtype demonstrating unique genomic aberrations and clinical outcome. 
These advances indicate that curative therapeutic strategies must now take 
into account the molecular information in tumor tissue, with the goal of 
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identifying molecularly stratifi ed patients that will most likely to receive 
treatment benefi t from targeted therapy. This in turn spares non- responders 
from chemotherapeutic side effects and fi nancial costs. In advancing clinical 
stage drug candidates, the banking of brain tumor tissue necessitates the 
acquisition of not just tumor tissue with clinical history and robust follow-
up, but also high quality molecular information such as somatic mutation, 
transcriptomic and DNA methylation profi les which have been shown to 
predict patient survival independent of current clinical indicators. 
Additionally, the derivation of cell lines from such tumor tissue facilitates 
the development of clinically relevant patient-derived xenograft mouse 
models that can prospectively reform the tumor for further studies, yet have 
retrospective clinical history to associate bench and  in vivo  fi ndings with 
clinical data. This represents a core capability of Precision Medicine where 
the focus is on understanding inter- and intra-tumor heterogeneity so as to 
best tailor therapies that will result in improved treatment outcomes.  

  Keywords  

  Glioblastoma   •   Histology   •   Glioma-propagating cells   •   TCGA   •   Patient- 
derived xenografts   •   Tumor resource   •   Precision medicine   •   Connectivity 
map   •   Patient stratifi cation   •   Bioinformatics  

  Abbreviations 

   bFGF    Basic fi broblast growth factor   
  CMAP    Connectivity map   
  CNS    Central nervous system   
  EGF    Epidermal growth factor   
  GBM    Glioblastoma multiforme   
  GEMM    Genetically engineered mouse model   
  GPCs    Glioma-propagating cells   
  MRI    Magnetic resonance imaging   
  NIH    National Institutes of Health   
  PDX    Patient-derived xenograft   
  TCGA    The Cancer Genome Atlas   

4.1          Introduction 

 Glioblastoma multiforme (GBM) remains a can-
cer with the worst prognosis. Patients often show 
a median survival period of 15 months, even with 
advanced surgical intervention, chemotherapy 
and radiation treatment [ 1 ]. Temozolomide, the 

standard of care drug in the clinic, has annual 
global sales of US$ 1 billion, yet it merely 
extends survival by 3 months. Among the reasons 
for the highly invasive and recurrent nature of the 
disease lies in the cellular and molecular hetero-
geneity of GBM. Recent deep molecular profi l-
ing efforts such as  The Cancer Genome Atlas 
(TCGA)   demonstrated that histologically identi-
cal GBM tumors are molecularly heterogeneous, 
further suggesting that their regulatory pathway 
networks determine each tumor’s sensitivity to 
targeted therapeutic approaches [ 2 ,  3 ]. While 
these computational analyses reveal the putative 
mechanisms underlying tumor resistance and 
recurrence, biological or functional validation in 
preclinical animal models is lacking. In the past 
decade, the use of mouse xenograft models cre-
ated from commercially procured serum-grown 
glioma cells has been challenged by studies dem-
onstrating that such xenografted tumors fail to 
recapitulate the patient’s original tumor morphol-
ogy and transcriptomic profi les [ 4 ]. In addition, 
such  in vitro  serially passaged serum-grown cells 
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often contain genomic aberrations not found in 
the original primary tumor [ 5 ,  6 ]. Indeed, the 
widely used US National Cancer Institute NCI- 
60 panel of human cancer cell lines commonly 
passaged in serum-containing media will soon be 
decommissioned, with an aim to launch a rejuve-
nated repository of cancer models that are derived 
from fresh patient samples and tagged with 
details about their clinical past [ 7 ]. 

  Glioma-propagating cells (GPCs)   have been 
isolated from malignant brain tumors, and culti-
vated as spheroid structures in serum-free media 
supplemented with growth factors [ 8 ]. This media 
composition is similar to that used to passage neu-
ral  stem cells  , and helps promote self- renewal and 
tumorigenicity of GPCs [ 9 ]. In contrast, the addi-
tion of serum encourages differentiation of GPCs, 
resulting in cessation of cell  proliferation   with 
subsequent involution of tumor growth. We and 
others previously demonstrated the preservation of 
karyotypic hallmarks in these cells, similar to the 
original tumors [ 6 ,  10 ]. We developed a method to 
passage these spheroid structures by mechanical 
trituration, thus avoiding constant use of harsh 
enzymatic solutions that have been shown to alter 
karyotypic patterns in human embryonic stem 
 cells      grown as embryoid bodies [ 11 ]. We discuss 
 vitrifi cation  , a technique adapted from  in vitro  fer-
tilization procedures, and emphasize the impor-
tance of preserving these spheroid structures with 
reduced water content to prevent damage from ice 
crystals during the  thawing   process. Collectively, 
these methodologies preserve the integrity of 
GPCs and their ability to establish  patient-derived 
xenograft (PDX)   tumors that faithfully phenocopy 
the original tumor pathophysiology, cytogenetic 
and transcriptomic profi les. This capability refl ects 
the importance of establishing a cell line and 
tumor tissue bank that presents the most clinically 
relevant resource to test and validate computa-
tional predictions generated from large patient 
glioma databases. 

 Crucial to establishing clinical relevance of our 
brain  tumor resource  , we discuss computational 
platforms such as the  Connectivity Map   to link 
molecular data acquired from  in vitro  and animal 
studies with multi-dimensional clinical informa-
tion such as the patient’s age, tumor grade, molec-

ular information, Karnofsky score and magnetic 
resonance imaging (MRI) scans available in large 
clinical databases such as  TCGA   [ 12 ]. These 
computational advances have expanded the scope 
of studies made possible with our brain tumor 
resource [ 13 – 17 ]. Importantly, we now have a 
brain tumor  biobank   that facilitates studies in 
Precision Medicine where biological validation of 
patient-centric predictions is achievable.  

4.2     Brain  Tumor Resource   

 With the advance of  TCGA   efforts, several brain 
tumor banks containing low-passage cell lines have 
been established with a focus on acquisition of 
clinical history with deep content molecular infor-
mation (genotype-phenotype databases). The goal 
of such tumor banks is to facilitate studies requir-
ing capability to remodel the disease accurately so 
as to prospectively test computational predictions 
based on patient information [ 18 ]. Central to this 
 biobank   creation, we previously demonstrated 
three important criteria: (1) Growth of patient-
derived glioma cells in serum- free media supple-
mented with growth factors, (2)  Vitrifi cation   as a 
 cryopreservation   method, and (3) Ability to estab-
lish orthotopic  PDX   models that recapitulate the 
patient’s original tumor pathophysiology. As such, 
genotype–phenotype databases previously needed 
only simple computing technologies, including 
very basic data fi elds relating to pathogenicity, but 
did not capture the process of pathogenicity inter-
pretation. Going forward, this approach will have 
to change, especially if we wish to deliver truly 
Precision Medicine-based fi ndings, which will 
require mechanistic in addition to probabilistic 
modeling, and hence even more sophisticated 
sources of input information and tools for the 
recording of results. 

  GPCs   can be maintained and propagated as 
tumor neurosphere cultures in defi ned serum-free 
condition supplemented with epidermal growth 
factor (EGF) and basic fi broblast growth factor 
(bFGF), a paradigm that is adopted from the 
traditional neurosphere culture [ 19 ,  20 ]. 
Furthermore, Lee and colleagues have shown that 
tumor stem-like cells grown in serum-free condi-
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tion closely mimic the genotype, transcriptomic 
profi le and morphological features of their paren-
tal tumors [ 6 ]. Thus, the establishment of a tumor 
neurosphere repository with preservation of 
essential features of tumor heterogeneity would 
provide a clinically relevant resource to investi-
gate the disease. Such a method would also allow 
us to return to the same experimental cell line 
passages to reduce variability in experimental 
replication. Recent efforts by the Roadmap 
Epigenomics Project spearheaded by the National 
Institutes of Health (NIH) highlighted epigenetic 
silencing differences of  in vitro  cultured cells 
when compared to similar cell lineages in pri-
mary tissue, thus underscoring the importance of 
cryopreserving low-passage  GPCs   with retention 
of its molecular fi ngerprint [ 21 ]. In many studies 
involving the prospective isolation of tumor- 
propagating cells, only small amounts of clinical 
material are available, and this  limitation   is com-
pounded by lack of appropriate methods to pre-
serve such cells at convenient time points. 
Although  in vivo  serial passage of GPC-derived 
tumors has been described as the most reliable 
method to preserve the cells, practically, it is not 
always feasible to have access to suitably-aged 
immunocompromised mice [ 8 ]. We developed 
mechanical trituration as a method to passage 
three-dimensional spheroid cultures for the rea-
son that acute dissociation of such structures into 
single cells promotes cellular senescence over an 
extended period [ 9 ]. In addition, induction of cel-
lular differentiation, such as by the presence of 
serum, results in loss of tumorigenicity and con-
sequent involution of tumor growth [ 22 ]. 

 We adapted a method used in cryopreserva-
tion of embryos from  in vitro  fertilization proce-
dures.  Vitrifi cation   is a process of glass-like 
solidifi cation in which an aqueous solution is pre-
vented from crystallization by rapid cooling [ 23 ]. 
This method has been commonly used for the 
 cryopreservation   of embryos at different devel-
opmental stages from various species such as 
murine, rabbit, sheep and bovine [ 24 – 29 ]. 
Furthermore, human and mouse multi-cell 
embryos have been successfully cryopreserved 
using this strategy [ 30 ]. This highlights the feasi-
bility of cryopreserving cellular aggregates. In 
addition, it has been demonstrated that vitrifi ed 

embryonic stem  cells   retained their pluripotency, 
cytogenetic profi le and viability upon  thawing   
[ 31 ]. Taken together,  vitrifi cation   could provide 
an effective means of storage of brain tumor- 
propagating cells cultured as spherical structures. 
Although adherent  GPC   cultures using laminin 
have been proposed, these growth conditions 
resulted in transcriptomic shift of the cells [ 32 ]. 
In support, Dirks and colleagues showed that a 
chemical genetics screen utilizing GPC spheroid 
cultures identifi ed small molecules affecting neu-
rotransmission in the adult central nervous sys-
tem (CNS), thus suggesting that clinically 
approved neuromodulators may remodel the 
mature CNS and fi nd  application   in the treatment 
of brain cancer [ 33 ]. 

 To facilitate testing of  patient stratifi cation   
methods and identifi cation of molecular mecha-
nisms contributing to disease progression, a 
genomic roadmap is created to characterize the 
cells, tumor xenografts and primary tumors. The 
pivotal goal of molecular profi ling of 
 patient- derived cells aims to stratify patient 
cohorts and identify amenable therapeutic strate-
gies. The content-rich patient tumor molecular 
profi les need to be systematically archived for 
effi cient data mining to evaluate proof-of-con-
cept studies. Initial steps at identifying potential 
cancer- specifi c biomarkers require patient-cen-
tric  bioinformatics   interrogation, information 
from which can then be used for the analysis of 
samples stored in tissue banks. In  TCGA  , the 
quality of samples acquired was assessed from 
several participating tissue banks that surpris-
ingly showed only one percent of the samples 
being reliable for downstream molecular data 
acquisition [ 2 ,  34 ,  35 ]. Sample quality and the 
associated clinical information are important fac-
tors in tissue banking. The importance in having 
expertise at tissue sampling and culturing of 
patient-derived cells, with preservation of cyto-
genetic and transcriptomic hallmarks found in 
the original primary tumor has previously been 
reported by our colleagues [ 6 ,  10 ]. Precision 
Medicine-driven studies, dependent on this 
molecular heterogeneity, warrant a preclinical 
mouse model that recapitulates the patient’s orig-
inal tumor pathophysiology and aids at advancing 
chemotherapeutic candidates into clinical  trials     .  
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4.3     Animal Model Established 
from the  Biobank  : 
An Informative Preclinical 
Mouse Model 

 Modeling brain tumors in animals reveals genetic 
events and molecular mechanisms that contribute 
to oncogenesis. The mouse shares extensive 
molecular and physiological similarities to 
human beings and is a powerful tool for studying 
cancer [ 36 ]. Unlike invertebrate model systems, 
tumor development in mice is accompanied by 
other complex processes such as angiogenesis 
and metastasis, similar to those in human cancer 
[ 37 ]. More importantly, mouse tumor models 
provide a temporal perspective and genetically- 
controlled system for studying the tumorigenic 
process, as well as response to specifi c 
therapies. 

 Genetically engineered mouse models 
(GEMMs) are a popular model to study tumor 
biology [ 37 ]. There are several  limitations   to 
using GEMMs as more than one driver mutation 
is required to initiate tumorigenesis [ 38 ,  39 ]. The 
expression of the transgene is often elevated to 
levels that exceed those in patients. Tumors that 
arise in this model are often sporadic, resulting in 
diffi culty of study designs that require signifi cant 
animal numbers for reproducibility.  TCGA   
efforts have also demonstrated that the spectrum 
of driver  mutations   differs signifi cantly among 
patients, thus the relevance of a particular GEMM 
may be limited [ 2 ,  40 ]. Nevertheless, GEMMs 
will likely provide useful insight into the tumor 
cell-of-origin and initiating events. 

 Xenograft models established from commer-
cially procured serum-grown cell lines date back 
to the late 1960s. However, several studies dem-
onstrated that such xenografted tumors exhibit 
signifi cant morphological and molecular features 
not found in the original primary tissue [ 4 ,  6 ]. 
Such issues have subsequently been overcome 
through the development of  PDX   models. Several 
studies revealed that the orthotopic xenograft 
model established from patient-derived glioma 
cell lines or tumor explants bear more clinical 
relevance [ 41 – 43 ]. This is due to the presence of 
the microenvironment provided by the normal 

brain parenchyma, where better measurement of 
drug delivery and clearance kinetics can be eval-
uated. The orthotopic  PDX   model is useful as 
tumor formation with high incidence and the 
ability to generate large cohorts of animals in 
preclinical studies are attainable. Several investi-
gators have provided evidence that PDX tumors 
phenocopy the pathophysiology and molecular 
features of their parental tumor [ 6 ,  44 ]. 
Importantly, this model allows assessment of 
therapeutic responses using stratifi ed clinical 
material, a core capability of Precision Medicine. 
We and others previously integrated the use of 
such an in-house brain  tumor resource   to inter-
rogate lab fi ndings in clinical glioma databases 
[ 7 ,  10 ,  14 – 17 ]. We showed that transcriptomic 
patterns derived from  in vitro  drug-treated or 
genetically manipulated cells mapped to patient 
clinical databases, and dictated primary tumor 
phenotype. 

 Despite the frequent use of the  PDX   model in 
studying drug therapy response, we recognize 
that immunogenic and microenvironmental fac-
tors may not be fully represented. Additionally, 
 engraftment   ineffi ciency can be as high as 90 %, 
depending on the type of cancer [ 45 ]. Such  limi-
tations   suggest that the use of mouse models 
should be carefully considered to provide maxi-
mum information about the study  question  .  

4.4     Enabling Precision Medicine- 
Based Studies: Highlighting 
the Importance of a  Biobank   

 A brain tumor biobank that merges multi- 
platform data from patient material (cells, xeno-
graft and primary tumors) and seeks to address 
clinical and imaging phenotypes with molecular 
data will advance studies in stratifi ed medicine. 
The development and preclinical validation of 
novel anti-cancer drugs require low-passage cell 
lines that are representative, scalable and repro-
ducible in experimental models. In the absence of 
an integrated human brain biobank, research 
fi ndings from  in vitro  and  in vivo  models of neu-
rological disorders cannot be functionally vali-
dated in the actual disease context.  TCGA   efforts 
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revealed that gene expression drives GBM dis-
ease progression and survival outcome [ 3 ,  46 –
 48 ]. Although an important prognostic factor of 
glioma progression relies on the World Health 
Organization (WHO) grading scheme, the wide 
differences in treatment response and survival 
suggest that the aggressiveness of treatment can-
not be decided just by  histology   alone. These 
fi ndings underscore the  limitation   of relying 
solely on morphological criteria to diagnose 
patients. Future brain tumor classifi cation must 
now include molecular information which in turn 
guides diagnosis and subsequent treatment deci-
sion [ 49 ]. Development and maintenance of  bio-
banks   as an international resource for the study of 
human diseases provides the scientifi c commu-
nity with well-characterized cells and rich pheno-
typic data. Such resources facilitate prospective 
remodeling of the disease in mouse models, with 
retrospective clinical  information   to evaluate cor-
relation patterns and directly validate the 
mechanism. 

 Targeted therapy is an attractive approach to 
overcome the highly infi ltrative and recurrent 
nature of GBM. Recent characterization of the 
epigenome, somatic mutation profi le and tran-
scriptome of tumor tissue has now provided a 
deeper understanding of the alterations underly-
ing the disease phenotype [ 2 ,  3 ,  50 ,  51 ]. Tumor 
cells are assessed for the underlying pattern using 
unsupervised computational approaches to dis-
cern their molecular heterogeneity. An important 
evaluation is to computationally identify regula-
tory pathways that can be targeted with small 
molecule drugs. These predictions are then func-
tionally validated in  PDX   models. Transcriptomic 
resources of xenograft and primary tumors are 
scrutinized for highly variable genes which can 
refl ect a common bias present among primary 
tumors and xenografts established from  GPCs  . 
This common and systematic bias can be con-
trolled and nullifi ed by statistical algorithms such 
as Anova-based batch effect removal and princi-
pal component based analysis [ 52 ,  53 ]. A scatter 
plot accounting for major principal components 
across matched primary and orthotopic tumors 
demonstrates close proximity of matched sam-

ples, indicating that GPCs can recreate the origi-
nal tumor molecular profi le  in vivo  (Fig.  4.1 ).

   Computational evaluation of matched molecu-
lar data from biobanked patient tumors and GPCs 
requires systematic validation of molecular pro-
fi les using  bioinformatics   approaches. A compu-
tational pipeline is required to interrogate gene 
signatures (transcriptomic classifi ers) derived 
from  GPCs   and a large set of independent predic-
tive database collection from patients’ molecular 
data [ 12 ,  54 ,  55 ]. Molecular perturbation experi-
ments on GPCs have demonstrated promising 
evidence in conferring the patient’s prognosis in 
predictive databases and  in vivo  experiments [ 13 , 
 15 ]. The most comprehensive glioma patient’s 
database was established by  TCGA  , where key 
components of clinical phenotype and genomics 
information were catalogued into a multi-tier 
organizational structure for 33 different tumor 
types [ 56 ]. Each tier is confi ned with a data struc-
ture from genomic platforms including somatic 
mutation, copy number, methylation, transcrip-
tomic and proteomic technologies. Importantly, 
we have merged our cell and xenograft  tumor   

  Fig. 4.1     Recapturing molecular portrait of primary 
tumors in orthotopic xenograft tumors derived from  
  GPCs   . Principal Component Analysis (PCA) map dem-
onstrates similar transcriptomic profi les between matched 
xenograft and primary tumors. Each  color  denotes similar 
patient material with corresponding xenograft tumor. 
 Triangle , xenograft tumor;  square , patient tumor       
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molecular patterns with international collections 
by adapting the statistical framework to control 
for systematic batch effects across different col-
lections [ 52 ,  53 ]. This integrated evaluation also 
confi rms the consistency across tumor cell types 
and provides greater statistical power [ 57 ]. We 
have successfully adapted a qualitative enrich-
ment pipeline, the  Connectivity Map   (CMAP) to 
interrogate active pathway programs coded as 
gene signatures in our biobanked cells with our 
patients’ transcriptomic patterns [ 12 ,  13 ,  17 ]. 
These patients’ prognoses can then be retrospec-
tively predicted by mapping survival and clinical 
response parameters with enrichment scores 
from the CMAP pipeline. Thus, molecular per-
turbation experiments tapping into our brain 
tumor biobank serve as effective tools to biologi-
cally validate these patient-centric computational 
 predictions  .  

4.5     Conclusion 

 Biobanking coupled with deep molecular charac-
terization is a core capability for Precision 
Medicine-based studies (Fig.  4.2 ). The ability to 
remodel brain tumors in mice facilitates biologi-
cal and functional validation of computationally 
predicted pathway networks that should be thera-
peutically targeted.
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      Slow Cooling Cryopreservation 
Optimized to Human Pluripotent 
Stem Cells                     

     Takamichi     Miyazaki      and     Hirofumi     Suemori    

    Abstract  

  Human pluripotent stem cells (hPSCs) have the potential for unlimited 
expansion and differentiation into cells that form all three germ layers. 
Cryopreservation is one of the key processes for successful applications of 
hPSCs, because it allows semi-permanent preservation of cells and their 
easy transportation. Most animal cell lines, including mouse embryonic 
stem cells, are standardly cryopreserved by slow cooling; however, hPSCs 
have been diffi cult to preserve and their cell viability has been extremely 
low whenever cryopreservation has been attempted. 

 Here, we investigate the reasons for failure of slow cooling in hPSC 
cryopreservation. Cryopreservation involves a series of steps and is not a 
straightforward process. Cells may die due to various reasons during cryo-
preservation. Indeed, hPSCs preserved by traditional methods often suffer 
necrosis during the freeze-thawing stages, and the colony state of hPSCs 
prior to cryopreservation is a major factor contributing to cell death. 

 It has now become possible to cryopreserve hPSCs using conventional 
cryopreservation methods without any specifi c equipment. This review 
summarizes the advances in this area and discusses the optimization of 
slow cooling cryopreservation for hPSC storage.  
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  Abbreviation 

   hPSC    Human pluripotent stem cell   
  hESC    Human embryonic stem cell   
  hiPSC    Human induced pluripotent stem cell   
  DMSO    Dimethyl sulfoxide   
  ROCK     Rho-associated coiled-coil forming 

kinase   
  MEF    Mouse embryonic fi broblast   
  EG    Ethylene glycol   
  KSR    Knockout serum replacement   
  FCS    Fetal calf serum   

5.1         Introduction 

 Human pluripotent stem cells (hPSCs), includ-
ing human embryonic stem  cells      (hESCs) [ 1 ] 
and  human induced pluripotent stem cells (hiP-
SCs)   [ 2 ], have an infi nite proliferative potential 
and capacity for differentiation into all cells of 
the three germ layers. Their unique properties 
make them promising sources of cells for  trans-
plantation   therapy, drug discovery and investi-
gations of human congenital abnormalities. For 
successful  applications   of hPSCs in  regenera-
tive medicine  , it is necessary to prepare large 
numbers of hPSCs with known genetic back-
grounds [ 3 ] and establish stable  cell storage   sys-
tems (cell banking). To this end, cryopreservation 
is a key tool that enables long-term preservation 
of cell stocks. Additionally, cryopreservation is 
important for easy transportation of cells, 
enabling the use of hPSCs as desired, and mini-
mizing the loss of their specifi c cellular poten-
tials. Methodologies for effective hPSC 
cryopreservation have been actively pursued, in 
parallel with investigations to improve hPSC 
yield. However, the progress of hPSC cryo-
preservation has been ambiguous, and it has 
also been unclear which factors affect hPSC sur-
vival in the cryopreservation process. 

 Here, we review the cellular characteristics of 
hPSC cells and the history of hPSC cryopreserva-
tion, together with the diffi culties that have been 
encountered with hPSC cryopreservation to date. 

Finally, we describe an optimized method for 
hPSC cryopreservation.  

5.2     Slow Cooling in hPSC 
Cryopreservation 

 In general, cryopreservation is a process of stor-
ing  cells  , tissues, and organs to maintain their 
properties and viability [ 4 ]. Biological material is 
cooled to  freezing   temperatures, typically to 
lower than −140 °C. For cell survival following 
freezing and  thawing  , it is necessary to avoid ice 
crystal formation at icing temperature, which 
would otherwise cause cell death due to stress 
from excess intracellular water volume. “Slow 
Cooling” is one of the cryopreservation methods 
used to avoid ice crystal formation. The cooling 
rate is maintained at approximately −1 °C/min 
(ranging from −1 to −10 °C) in freezing medium 
that typically contains 10 % (ranging from 2 to 
20 %) dimethyl sulfoxide (DMSO) as a cryopro-
tectant. The cryoprotectant enters the cytoplasm, 
and dehydration and condensation of the cyto-
plasm are promoted as the freezing medium 
cools, inhibiting the generation of ice crystals 
[ 4 ]. This slow cooling technique is widely applied 
to different cell types, including mouse embry-
onic stem  cells   [ 5 ]. However, it has been diffi cult 
to apply slow cooling cryopreservation to hPSCs. 
Standard slow cooling resulted in less than 10 % 
survivability of hPSCs after cryopreservation (as 
measured 24 h after cryopreservation) [ 6 ]. The 
use of a modifi ed cryoprotectant that contained 
DMSO, ethylene glycol (EG) and fetal calf serum 
(FCS) increased hPSC viability to 30 % (as mea-
sured by counting cell colonies after 10 days) [ 7 ]; 
while use of propylene glycol or glycerol cryo-
protectant solutions resulted in 20–60 % of cells 
recovering [ 8 ]. Most of the improvements to the 
slow cooling method have focused on modifying 
the cryoprotectant. The rationale for cryoprotec-
tant modifi cation approaches may come from the 
impression that hPSCs are fragile and intolerant 
to the  freeze-thawing   process; however, the 
actual reason for the failure of cryopreservation 
had not been clarifi ed. To better appreciate the 
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underlying reason for the resistance of hPSCs to 
cryopreservation using the slow cooling method; 
it is important to understand the specifi c cellular 
characteristics of hPSCs.  

5.3     Cellular Characteristics 
of hPSCs 

 The diffi culty with cryopreserving hPSCs might 
arise from the colony formation pattern that is 
characteristic of hPSCs. When hPSCs proliferate, 
they form tightly-packed colonies that are diffi -
cult to dissociate without damaging the cells. 
Cell-to-cell contact and the signals derived from 
these interactions, such those arising from 
E-cadherins, are vital for hPSC survival [ 9 ]. 
Indeed, inhibition of cell-to-cell interactions due 
to E-cadherin antibody leads to death of dissoci-
ated hPSCs [ 10 ]. To avoid this damage, hPSCs 
have been cultured in the presence of mild dis-
sociation treatments such as Accutase or 
Collagenase IV, avoiding the complete single- 
cell state. Until the discovery of Rho-associated 
coiled-coil kinase (ROCK) inhibitors’ effects on 
single dissociated hPSC survival [ 11 ], sustaining 
small clusters of cells was essential for hPSC cul-
turing. This approach was applied to the cell 
detachment process during cryopreservation. 
Therefore, to cryopreserve hPSCs without single 
cell dissociation, researchers focused on another 
cryopreservation manner,  vitrifi cation  .  

5.4      Vitrifi cation   for hPSC 
Cryopreservation 

 Dramatic improvements in cell survival have 
been achieved by applying vitrifi cation to hPSC 
cryopreservation. Vitrifi cation involves fl ash 
cooling cells directly in liquid nitrogen. In con-
trast to slow cooling, vitrifi cation avoids ice crys-
tal formation in both the intracellular and 
extracellular environments. It is achievable when 
solutes are suffi ciently concentrated, or when 
they are cooled rapidly, thereby increasing the 
viscosity [ 12 ]. Therefore, vitrifi cation requires a 
system of effi cient thermal conduction and is 

routinely administered in a narrow vessel such as 
an open pulled straw [ 13 ,  14 ]. Although most 
standard cell lines are generally cryopreserved by 
slow cooling, certain cell types and tissues, 
including oocytes, fertilized eggs and the 
embryos of several mammalian species and 
humans, are often preserved using vitrifi cation 
[ 15 – 18 ]. Moreover,  hESCs   have also been suc-
cessfully cryopreserved using vitrifi cation [ 13 ]. 
In early hESC studies cells were  stored   in an 
open pulled straw and the maximum cryopreser-
vation volume was extremely limited. However, 
an improved vitrifi cation approach was soon 
developed, that instead used a cryotube and a 
small volume of freezing medium [ 19 ]. In com-
parison with the low cell survival obtained with 
slow cooling, vitrifi cation sustained relatively 
higher cell survival rates after freeze- thawing      
[ 14 ,  20 ]. 

 However, some problems remain with using 
vitrifi cation for clinical or industrial hPSC appli-
cations. The improved vitrifi cation method still 
restricts the number of cells that may be treated at 
any one time, and it is fewer than the number of 
cells that can be processed using slow cooling. 
Moreover, the freezing medium that is used for 
vitrifi cation is signifi cantly more harmful to 
hPSCs than that used in slow cooling. The small 
volume of freezing medium easily leads to an 
increase in temperature when transferring cryo-
tubes at room temperature; consequently, rigor-
ous control of the sample temperature is 
constantly necessary, and skilled handling is 
required for reliable vitrifi cation results. 
Additionally, depending on the container used, 
there is a risk of contamination with infectious 
agents via direct contact with the liquid nitrogen. 
Thus, vitrifi cation is unsuitable for the bulk stor-
age of hPSCs, especially when they are intended 
for future clinical purposes. 

 In light of the  limitations   of applying vitrifi ca-
tion for hPSC cryopreservation, it would be ideal 
if the slow cooling method could be modifi ed to 
achieve hPSC cryopreservation. To adapt slow 
cooling to hPSCs, it is fi rst necessary to recog-
nize what factors underlie the diffi culty of apply-
ing this technique. A review of previous studies 
shows that slow cooling of hPSCs has been trou-
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blesome, as shown in Table  5.1 . To clarify the 
infl uence of cryopreservation on hPSC survival, a 
detailed revision of how  cell viability   is estimated 
during cryopreservation is  warranted  .

5.5        The Cryopreservation 
Process 

 We often assume that cryopreservation is a sim-
ple technique. However, it involves several pro-
cessing stages, including cell detachment, 
freezing, storage,  thawing  , and also ‘reseeding’. 
Signifi cantly, a proportion of cells die as a result 
of different factors at each processing stage. 
When the cells are detached there may be a high 
risk of necrotic cell death due to physical damage 
from handling. During freezing and thawing, 
cells may also be at high risk of necrotic cell 
death due to physical damage; for example, due 
to the cytotoxicity of cryoprotectant [ 21 ], osmotic 
injury due to excursion of cryoprotectant [ 22 ], 
intracellular ice formation in the cooling process 
[ 23 ], and recrystallization of intracellular ice dur-
ing warming [ 24 ]. On the other hand, at reseed-
ing following freeze- thawing     , cells may be at risk 
of apoptotic cell death due to accumulated dam-
age as a result of freeze-thawing [ 4 ] or insuffi -
cient adhesion. Together, these possibilities 
suggest that cell survival during cryopreservation 
should be individually estimated in a stepwise 
manner to allow the development of an optimal 
cryopreservation approach.  

5.6     Estimation of hPSC Survival 

 Before a detailed discussion of cell survival effi -
ciency, we should fi rst review the method by 
which survival is measured. Development of an 
effi cient methodology is most easily achievable 
when studies can be compared using a common 
parameter. However, as shown in Table  5.1 , the 
method for estimating hPSC survival effi ciency 
during cryopreservation is not standardized. In 
addition, previous studies have had trouble esti-
mating the true survival effi ciency. One of the 
issues in the estimation of hPSC viability is 

selection of the target cells to be counted. The 
hPSCs are often counted as colonies grown for 
several days; however, this is quite inaccurate 
because it easily leads to an overestimation 
because of the divisions of the original colonies 
during the freezing and  thawing   processes. 
Therefore, even when hPSCs are seeded as colo-
nies, we should estimate the total number of cells 
by counting the number of single hPSCs after 
complete dissociation. The other issue is the tim-
ing of the counting and the target cells used for 
comparison. As also shown in Table  5.1 , the time 
at which  cell viability   is counted is widely vari-
able between different studies. There is a broad 
time range between 24 h and 1 week that is used 
for cell counting, while cell survival rates are 
estimated by the comparison with the number of 
living cells prior to freezing. Of course, hPSCs 
proliferate after seeding; therefore, it is inaccu-
rate to calculate cell survival rates by comparing 
cell numbers a few days after seeding with those 
prior to freezing. Additionally, counting cells 
several days after seeding can mask the reason 
for reduced  proliferation  , which may be caused 
by cell adhesion failure or reduced growth. Thus, 
cell counting should be performed in a stepwise 
manner, minimizing the time period after the ini-
tial cell count to be used for comparison. Accurate 
cell estimates will allow the development of reli-
able improvements in cell survival effi ciency 
using this technology.  

5.7     Optimization of hPSC 
Cryopreservation 

 Based on the above background, Miyazaki et al. 
used a stepwise approach to estimate the detailed 
survival rates of hPSCs at each stage of cryo-
preservation [ 25 ]. Firstly, they estimated survival 
up until immediately after freeze- thawing      using 
slow cooling. Dispase treatment was used to 
detach intact hPSCs colonies, after which sur-
vival of individual cells was calculated (42.3–
59.4 % for each hPSC line). After freeze- thawing  , 
hPSCs from these colonies had low survival rates 
(15.5–32.5 %). This data shows that most of the 
colony hPSCs had already died before reseeding. 
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As described earlier, slow cooling requires suffi -
cient penetration of cryoprotectant and adequate 
dehydration inside the cells. Therefore, it is 
thought that hPSCs under a colony state are not 
tolerate to the process of slow cooling. To over-
come this problem, Miyazaki et al. tried chang-
ing the state of hPSCs prior to  freeze-thawing   
and estimated hPSC survival immediately after 
thawing. The hPSCs, dissociated into single cells 
by treatment with EDTA and TrypLE Select, had 
much high survival rates before freeze-thawing 
(68.1–77.7 %). More importantly, hPSCs 
remained viable even after thawing (59.7–66.1 
%, corresponding with 80–90 % survival). This 
data shows that physical damage during  freeze- 
thawing   is minimized when hPSCs are cryopre-
served in a single cell state, and suggests that 
colony morphology enhances direct damage that 
lead to necrotic cell death at the fi rst step of cryo-
preservation. Together, these results suggest that 
the majority of hPSCs that are killed are a result 
of the process of traditional slow cooling itself, 
and are already dead before the reseeding stage. 

 After establishing the importance of the cel-
lular state prior to freeze- thawing     , appropriate 
colony dissociation methods for slow cooling 
were mostly addressed. The next consideration is 
avoiding the apoptotic cell death of single hPSCs 
when they are reseeded. To solve this problem, 
there are two approaches that may be used to 
improve the survival of single hPSCs. The fi rst 
approach is the adjustment of the cell density at 
reseeding. Adequate cell density is required to 
allow cell-cell interactions, which promotes 
hPSC survival [ 26 ]. By optimizing the seeding 
density of freeze-thawed hPSCs, hPSCs showed 
robust adhesion and increased survival (40–60 %, 
compared with numbers of seeded alive cells) at 
12 h after seeding [ 25 ]. 

 The second approach is the use of ROCK 
inhibitor at cell reseeding, which effectively 
increased the survival of single hPSCs (55 % on 
average in comparison with the number of seeded 
viable cells). Importantly, higher cell density (for 
example, 3 × 10 5  cells/cm 2 ) did not require the 
use of ROCK inhibitors for hPSC survival, but 
cells at lower densities (for example, 0.5 × 10 5  
cells/cm 2 ) benefi ted from its use. To achieve a 

density of 0.5 × 10 5  cells/cm 2 , a slightly higher 
seeding density is required when the cells are 
subcultured. Therefore, cryopreserved single- 
hPSCs should be seeded at higher cell densities 
without the use of ROCK inhibitor, but it should 
be used for lower seeding densities. The described 
experiments were carried out using Matrigel- 
coated culture dishes. However, some culture 
substrates, such as specifi c laminin isoform and 
its fragment, have been shown to enhance the 
survival of single hPSCs [ 26 ]. When these sub-
strates were used to coat culture vessels instead, 
cryopreserved single hPSCs were effi ciently 
recovered at much lower cell densities (60 % at 
12 h, compared against the number of cells 
seeded). Therefore, following optimization of the 
culture conditions, hPSCs that have been cryo-
preserved and thawed can easily and effi ciently 
recover to subculture.  

5.8     Conclusion 

 We have summarized the main diffi culties 
encountered with using the slow cooling method 
for hPSC cryopreservation. During freeze- 
 thawing     , hPSCs that have been dissociated from 
the culture media and frozen as intact colonies 
are mostly killed, presumably having suffered 
necrotic cell death due to insuffi cient penetration 
of the cryoprotectant into the colony state. 
Following  thawing  , hPSCs survival has also been 
low, due to cells being seeded at an inadequate 
density, which is thought to lead to apoptotic cell 
death in response to earlier damage from the 
freeze-thawing process. By solving those prob-
lems; that is, dissociating hPSCs into a single cell 
state and optimizing the reseeding density after 
 freeze-thawing  , slow cooling becomes an effec-
tive method for hPSC cryopreservation. 
Importantly, because this is a routine cell culture 
technique, specifi c equipment is unnecessary. 

 The use of slow cooling for cryopreservation 
of hPSCs will be further optimized in the future 
to suit a wider range of clinical material. In doing 
so, it is highly recommended that the cellular 
state of target hPSCs be taken into consideration. 
If this is done, there should be no signifi cant trou-

5 Slow Cooling Cryopreservation Optimized to Human Pluripotent Stem Cells



64

ble in the cryopreservation of undifferentiated 
hPSCs. Where differentiated cells that are derived 
from hPSCs are to be cryopreserved, the dissoci-
ation manner of target cells should be considered. 
This is because most differentiated cells form 
robust tissue structures, and these are more sensi-
tive to disruption than those of cells in an undif-
ferentiated state. As long as insuffi cient 
penetration of cryoprotectant into tissues remains 
a problem, it will be necessary to dissociate target 
cells into a single cell state. Although slow cool-
ing is highly recommended for hPSC cryopreser-
vation,  vitrifi cation   is recommended instead for 
certain types of differentiated cells. We conclude 
that in any situation requiring hPSC cryopreser-
vation it is important to optimize each step of the 
procedure and consider the cellular state of the 
hPSCs to be freeze-thawed. This approach is 
non-specifi c and may also be applied to the cryo-
preservation of pluripotent stem cells from other 
animal species.     
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      Cryopreservation in Closed Bag 
Systems as an Alternative to Clean 
Rooms for Preparations 
of Peripheral Blood Stem Cells                     

     Silvia     Spoerl    ,     Robert     Peter    , and     Angela     M.     Krackhardt    

    Abstract  

  Autologous and allogeneic stem cell transplantation (SCT) represents a 
therapeutic option widely used for hematopoietic malignancies. One 
important milestone in the development of this treatment strategy was the 
development of effective cryopreservation technologies resulting in a high 
quality with respect to cell viability as well as lack of contamination of the 
graft. 

 Stem cell preparations have been initially performed within standard 
laboratories as it is routinely still the case in many countries. With the 
emergence of cleanrooms, manufacturing of stem cell preparations within 
these facilities has become a new standard mandatory in Europe. However, 
due to high costs and laborious procedures, novel developments recently 
emerged using closed bag systems as reliable alternatives to conventional 
cleanrooms. Several hurdles needed to be overcome including the addition 
of the cryoprotectant dimethylsulfoxide (DMSO) as a relevant manipula-
tion. As a result of the development, closed bag systems proved to be com-
parable in terms of product quality and patient outcome to cleanroom 
products. They also comply with the strict regulations of good manufac-
turing practice. 

 With closed systems being available, costs and efforts of a cleanroom 
facility may be substantially reduced in the future. The process can be eas-
ily extended for other cell preparations requiring minor modifi cations as 
donor lymphocyte preparations. Moreover, novel developments may 
 provide solutions for the production of advanced-therapy medicinal prod-
ucts in closed systems.  
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  Abbreviations 

   ATMP    Advanced therapy medicinal 
products   

  CCPS    Closed cryo prep set   
  CCFPS Closed    cryo frozen prep set   
  CD    Cluster of differentiation   
  DLI    Donor lymphocyte infusions   
  DMSO    Dimethylsulfoxide   
  EMA    European Medicines Agency   
  EU    European Union   
  FACT    Foundation for the accredita-

tion of cellular therapy   
  FDA    Food and Drug Administration   
  GMP    Good manufacturing process   
  HES    Hydroxyethyl Starch   
  HEPA    High-effi ciency particulate air   
  LC    Langerhans cells   
  MNC    Mononuclear cells   
  PBSC    Peripheral blood stem cells   
  PVA    Polyvinyl alcohol   
  SCT    Stem cell transplantation 

(SCT)   
  SOP    Standard operating procedures   
  ULPA    Ultra-low particulate air   

6.1         Introduction 

 Cryopreservation of  peripheral blood stem cells 
(PBSC)   collected by apheresis has become an 
essential procedure for many institutions worldwide 
as the number of autologous and allogeneic stem 
cell  transplantations   is constantly rising. Although 
cryopreservation of PBSC is in principle a simple 
procedure, it needs to ensure a high quality with 
respect to PBSC viability and lack of contamination 
being highly essential for successful transplantation 
of the immune-compromised patient. 

 Depending on the transplantation setting, 
PBSC are collected by apheresis from a patient or 
from an allogeneic donor following prior stem 
cell mobilization. Eventually, multiple apheresis 
procedures may be necessary to obtain the ade-
quate PBSC numbers needed for one or multiple 
PBSC transplantations. 

 Cryopreservation of PBSC gives high fl exibil-
ity with respect to repeated transplantations as 
well as patient specifi c schedules. In case of 
patients with multiple myeloma, the number of 
PBSC to be collected may be suffi cient for up to 
four transplantations. Cleanrooms have been the 
standard for cryopreservation for many years – 
especially within Europe. Their construction and 
maintenance are strictly regulated by SOP (stan-
dard operating procedures) guidelines according 
to GMP (good manufacturing practice) regulat-
ing and controlling all procedures conducted in 
the cleanroom environment [ 1 ]. 

 Although the advantages of a cleanroom facil-
ity ensuring the high quality of collected PBSC 
are predominant, cleanrooms are quite expensive. 
The initial fi xed costs for the establishment of a 
class B clean room are approximately 1 million 
euro. The variable yearly costs are about 35,000–
100,000 euros depending upon space and instru-
mentation. Thus, novel developments reducing 
the costs but maintaining high product quality are 
urgently needed.  

6.2     Collection 
and Cryopreservation 
of  PBSC   

 Since the fi rst allogeneic transplantations being 
performed in the US in the 1950s and 1960s [ 2 , 
 3 ] cell based therapies have become substantial 
in the treatment of hematopoietic malignant dis-
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eases. Subsequently, novel therapeutic strategies 
using autologous stem cell transplantations 
developed [ 4 ]. To date, clinical indications for 
stem cell transplantation cover a broad range of 
hematopoietic malignancies but also solid tumors 
and non-malignant diseases [ 5 – 7 ]. Patients or 
healthy donors who donate PBSC undergo leuka-
pheresis after stem cell mobilization. Apheresis is 
performed if the blood cell count contains a suf-
fi cient level of PBSC. The patients/donors blood 
is removed through a venous catheter and is 
transferred to a blood cell separator machine, 
where PBSC are separated by centrifugation. As 
anticoagulant, a citrate solution is commonly 
used. Once the required amount of PBSC is col-
lected, DMSO is added to the cells at concentra-
tions of 5–10 % and controlled rate  freezing   is 
started. The PBSC can be stored at temperatures 
below −130 °C for years. Before and after cell 
processing,  cell viability   and potential contami-
nation is assessed as major aspects of quality 
control. When the cell product is required for an 
autologous or allogeneic transplantation, con-
trolled  thawing   is performed prior to the trans-
plantation and the cells are transfused to the 
patient.  

6.3     Cryoprotectants 

 Cryoprotectant agents, controlled rate freezing 
and the usage of liquid nitrogen are the most 
important breakthrough developments enabling 
the storage of viable cells over a longer period of 
time. Cryoprotectants penetrate the cells and pre-
serve their solute concentration, without being 
toxic to the cellular product. In 1948, Polge and 
colleagues accidently found that glycerol would 
enable fowl spermatozoa to survive freezing to 
−70 °C [ 8 ]. In 1959, Lovelock and Bishop [ 9 ] 
described that freezing damage could be prevented 
from cells by adding DMSO. Some years later, in 
1965, Bouroncle et al. published the preservation 
of living cells in the presence of DMSO [ 10 ]. 

 To date, DMSO is the most commonly used 
cryoprotectant. However, other substances are 
used for specifi c cell types or experimental pur-
poses. Hydroxyethyl Starch (HES), a polymer 

with a high molecular weight, is used for cryo-
preservation of red blood cells [ 11 ]. Polyvinyl 
alcohol (PVA) [ 12 ] has been described as a new 
cryoprotectant and has also been applied for freez-
ing of red blood cells. This agent might become an 
alternative to other cryoprotectants as DMSO and 
Glycerol in future. However, so far PVA was used 
only in experimental systems, thus, the potential 
clinical  application      needs to be further evaluated. 

 The addition of DMSO is, in fact, the only 
open manipulation during cryopreservation of 
PBSC. This has historically been performed 
without a cleanroom facility, as it is still per-
formed outside of Europe. The DMSO concen-
tration varies between different centers according 
to their internal standards and usually stays 
within a certain range of 5–10 % [ 13 ,  14 ]. The 
optimal concentration is still under debate 
although lower concentrations may result in 
reduced cell toxicity and side effects during and 
after transplantation [ 15 ]. It has been also pub-
lished that the usage of 7.5 % DMSO was favor-
able compared to 10 % regarding  engraftment   of 
leukocytes, although platelet  engraftment   and 
transplantation-associated side effects did not 
seem to differ in both groups [ 16 ]. However, oth-
ers report lack of statistical difference in thera-
peutic complications and engraftment for 5 % 
versus 10 % DMSO [ 17 ].  

6.4     Controlled Freezing 

 With controlled-rate or  slow freezing  , biological 
materials are frozen down using programmable 
sequences. Slow freezing is protective for cellu-
lar products that have been pretreated with cryo-
protectants such as glycerol or DMSO. A typical 
freezing program for PBSC would start at a tem-
perature of about 2 °C. The temperature then 
decreases stepwise until a fi nal temperature of 
−150 °C. The total freezing process takes about 1 
h - in some protocols up to 2 h - and is supervised 
at all times and secured by a special alarm sys-
tem. After the freezing process, the cellular prod-
ucts are transferred to Liquid Nitrogen (N 2 ) for 
further storage [ 18 ]. There are controversies 
about the need of a precooling step in the con-
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trolled freezing protocol. According to Dijkstra- 
Tiekstra et al., precooling was not necessary for 
the viability of cryopreserved cells, however the 
freezing rate had an infl uence on the recovery of 
white blood cells: slow-rate freezing revealed a 
higher cell recovery than fast-rate freezing [ 19 ]. 
The optimal cooling rate may additionally depend 
on the cell type [ 20 ].  

6.5     Differences in the Processing 
of PBSC Between the US 
and Europe According 
to  GMP   

 GMP guidelines regulate the manufacturing pro-
cess of hematopoietic stem cells for clinical use. 
GMP guidelines aim to secure a high product 
quality for routine manufacturing processes by 
implementation of high standards for quality 
control. They were fi rst implemented by the  FDA   
(Food and Drug Administration) in the US and 
later in Europe concluded by the EU directive 
2003/94 [ 21 ]. In Europe, the European Medicines 
Agency (EMA) is responsible for the develop-
ment of guidelines and standards for medicinal 
products. In addition, every medicinal product 
for human use has to be granted a marketing 
authorization delivered by a competent regional 
authority. In the United States, the Foundation for 
the accreditation of cellular therapy (FACT) and 
the  Food and Drug Administration (FDA)   pro-
mote standards for cellular therapies according to 
evidence-based  requirements  .  

6.6     Legal Developments 
in the EU 

 In 1989, the fi rst edition of the EU guideline to 
good manufacturing practice of medicinal prod-
ucts for human and veterinarian use was pub-
lished including an annex of the manufacture of 
sterile medicinal products. In January 1992, a 
second edition was released implementing 
Commission Directives 91/356 and 91/412. 

Twelve additional annexes were included. The 
rules governing medicinal products in the 
European Union contain guidance for the inter-
pretation of the principles and guidelines of good 
manufacturing practices. They were laid down in 
Commission Directives 91/356/EEC and were 
amended by Commission Directive 2003/94/EC, 
of 8 October 2003, combining the guidelines of 
good manufacturing practice in respect of medic-
inal products for human use. 

 In this directive, high standards for quality 
control securing the safety of medicinal prod-
ucts are described. The manufacturing and pro-
cessing of cellular products in clean room 
 facilities   is regulated by EudraLex (“The rules 
govering medicinal products in the European 
Union”), Volume 4 (EU Guidelines to good 
manufacturing practice), Annex 1 2008 
(Manufacture of Sterile Medicinal Products). 
The principle in Annex I defi nes the manufac-
ture of sterile products as subject to special 
requirements in order to minimize risks of 
microbiological contamination and of particu-
late and pyrogen contamination. It therefore 
requires the manufacturing of sterile products 
in clean areas entry to which should be through 
airlocks for personnel and/or for equipment and 
materials. Clean areas should be maintained to 
an appropriate cleanliness standard and sup-
plied with air which has passed through fi lters 
of an appropriate effi ciency. 

 The goal of production in a cleanroom envi-
ronment is to ensure a low and controlled level of 
contamination (e.g. airborne microbes, aerosol 
particles) as regulated in the EU  GMP   guidelines 
Annex I. Cleanrooms are classifi ed in grades 
A-D, defi ned by the maximum permitted number 
of particles per m 3  at different sizes (0,5 μm or 5 
μm) at rest or in operation and limits for  microbial 
contamination (in cfu/m 3 ), either the air sample, 
the settle plate, the contact plate and the glove 
print. According to common standards, the air 
entering a cleanroom facility is fi ltered and the 
air inside is recirculated through high- effi ciency 
particulate air (HEPA) and/or ultra- low particu-
late air (ULPA) fi lters. 
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 There are different standards for clean rooms: 
the European  GMP   classifi cation (A–D), the 
British BS 5295 (class 2–4) and the ISO 14644-1 
cleanroom standards (ISO 1-9). The ISO 14644-1 
designation 1-9 is classifi ed by the number of 
particles (>0.1 until 1 particles/m 3 ) and the 
microbial active air action levels (1–100 cfu/m 3 ), 
with ISO 1 being the “cleanest environment and 
ISO 9 referring to common room air. ISO desig-
nations provide uniform particle concentration 
values for cleanrooms in multiple industries. 

 A class A cleanroom is defi ned by a maximum 
of 3520 particles of a size of 0.5 μm per m 3  at rest 
and in operation and 20 particles at 5 μm m 3  at 
rest and in operation. A class B cleanroom allows 
3520 particles of 0.5 μm at rest (29 particles at 
5 μm) and 352,000 particles at 0.5 μm at rest and 
2900 at 5 μm in operation. A class C cleanroom is 
defi ned by 352,000 particles of 0.5 μm (2900 at 
5 μm) at rest and 3,520,000 of 0.5 μm (29,000 at 
of 5 μm) in operation. A class D clean room is 
also defi ned at rest with 3,520,000 particles of 
0.5 μm and 29,000 particles of 5 μm, no limiting 
values are defi ned for a cleanroom class D in 
operation. 

 Cleanrooms are routinely monitored in opera-
tion, in terms of particles and microbial counts 
(based on the temperature and humidity), and 
they are further monitored on formal risk analy-
sis. The personnel has to be trained in regards to 
hygiene and is equipped with special protective 
clothing such as hoods, face masks, gloves, boots, 
and coveralls. Desinfectants/detergants have to 
be available and sterilization has to be performed 
using common principles as moist heat, ethylene 
oxide, UV radiation. Aseptical fi lling is per-
formed using a fi lter with 0,22 μm. Integrity test-
ing of the fi lter needs to take place before and 
after using the fi lter. 

  Regulations   according to different cleanroom 
standards are essential to maintain a certain qual-
ity level of the cellular products leaving a clean-
room facility in terms of sterility and integrity. 
They help to provide international standards, 
especially for products being transferred from the 
EU to the US or vice versa.  

6.7     Cryopreservation 
in the Closed Bag System 

 With the high costs associated with the estab-
lishment and maintenance of a cleanroom facil-
ity, alternatives to conventional clean rooms 
such as the closed bag systems for cryopreser-
vation are of high interest. Closed bag systems 
have been proposed for the preparation of 
diverse cell products. They consist of tightly 
connected sterile bags for collection and cryo-
preservation of PBSC, without the need of 
reopening the system within the cryopreserva-
tion procedures. All steps from stem cell collec-
tion until the freezing procedure are performed 
in a “closed system”. 

 Closed bag systems for collection and  storage   
of previously collected cells have been primarily 
described in an experimental animal model in 
1979 by Fliedner et al. [ 22 ]. In 1980, the closed 
bag system was proposed for collection and 
freezing of human blood-derived mononuclear 
cells (MNC) as well as  thawing   the cryopre-
served cells and washing them free of DMSO 
before transfusion to a patient [ 23 ]. A closed bag 
system has also been described for umbilical 
cord blood, as it was described in 1997 by 
Ademokun et al. [ 24 ]. This publication is sup-
ported by the work of Armitage et al. in 1999, 
presenting also a triple bag system for cord blood 
collection [ 25 ]. Both publications show favorable 
recoveries of nucleated cell counts, total progeni-
tors and CD34-positives, which is especially 
important for cord blood where cell counts are 
usually low and good recovery rates are essential. 
In 2006, closed bag systems have been applied 
for cryopreservation of human mesenchymal 
stem  cells      [ 26 ]. Closed bag systems have been 
also proposed for cell therapeutics with potential 
use in cancer immunotherapy [ 27 ,  28 ]. 
Genetically modifi ed, biologically functional 
CD34+ hematopoietic progenitor cell-derived 
Langerhans cells (LC) were grown in hydropho-
bic, closed culture bags. Those LC were compa-
rable in terms of their viability and functionality 
compared to other LC conventionally grown in 
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fl asks or plates. However, in this system, the LC 
were used only experimentally and their clinical 
use needs to be further investigated [ 28 ]. 

 Closed bag systems for cryopreservation of 
peripheral blood progenitor cells have been pri-
marily described in 2007 in a preclinical study 
testing buffy coats and leukapheresis products of 
healthy donors [ 29 ]. In their study, Humpe et al. 
reported a closed system using a sterile fi lter to 
be equivalent to cleanroom-based methods in 
terms of quality of the cellular products and ste-
rility [ 29 ]. The closed system described in this 
analysis consists of three cryopreservation bags, 
different tubing, a DMSO-resistant sterile fi lter, a 
tubing line for sterile connecting and a syringe 
for the removal of air. 

 The fi rst functionally closed system involving 
routinely cryopreserved PBSC outside of a clean-
room facility for clinical use was published in 
2015 [ 14 ]. This system has been accepted by 
legal authorities in the EU and is in process since 
2010, so long-term results on a large patient 
cohort were available. Two systems for cryo-
preservation of peripheral blood stem cells 
(PBSC) within a functionally closed bag system 
were described: the “closed cryo prep set (CCPS) 
followed by a further development, the closed 
cryo frozen prep set (CCFPS) [ 14 ]. The CCPS 
consists of three components: two cryobags 
being connected to a tube system with a DMSO- 
resistant sterile fi lter, a syringe and a disposal 
bag. The system can be also used for manufactur-
ing of donor lymphocyte infusions (DLI). In this 
context, the cell number can be individually 
adjusted by the treating clinician [ 14 ].  

6.8     Comparison of Product 
Quality 

 Lack of contamination represents a crucial speci-
fi cation for product release. With respect to 
cleanroom facilities, divergent contamination 
rates are described. Donmez et al. found that in 
their setting, large-volume leukapheresis and 
high numbers of stem cell culture sampling were 

defi ned as risk factors for bacterial contamination 
[ 30 ]. Samples of the leukapheresis products were 
sent for bacterial culture from two time points: 
after processing and after  thawing  . Those sam-
ples were compared and microbial contamination 
was found in 5.7 % of the products after process-
ing, and 3.66 % after  thawing   [ 30 ]. Kamble et al. 
found 4.5 % of their bone marrow and 3,9 % of 
their peripheral blood hematopoietic progenitor 
cell harvests to be contaminated. Both studies 
were conducted in cleanroom areas [ 31 ]. 

 Few studies, in fact, compared contamination 
rates for manufacturing of PBSC in or outside of 
cleanroom facilities [ 32 ,  33 ]. In the study of 
Humpe et al., processing was performed accord-
ing to a standard protocol under cleanroom class 
A conditions with surrounding class B conditions 
and appropriate monitoring (particulate and 
microbial). Outcome was compared to the pro-
cessing in a normal laboratory without classifi ed 
air class but with cryoprotective solution pre-
pared under cleanroom conditions. Cellular 
integrity (viability) and cellular functionality did 
not differ substantially among both groups and 
no contaminations were reported. However, no 
clinical data are available, so no conclusion on 
clinical impact could be drawn in this context 
[ 29 ]. 

 With respect to clinical  application   only two 
retrospective analyses compared PBSC cryo-
preservation in and outside the cleanroom. 
Cassens et al. reported in 2002 that there was no 
signifi cant difference in contamination rates of 
clean benches (1.03 %) in comparison to clean 
rooms (1.32 %) [ 32 ]. This is in contrast to data 
published by Ritter et al. [ 33 ] demonstrating a 
contamination rate of 5.2 % in products from 
clean benches in contrast to 0.8 % in cleanroom 
derived compounds. Our group found only 1 out 
of 283 autologous and allogeneic cellular prod-
ucts being produced in the presented closed bag 
system outside of a cleanroom facility to be con-
taminated [ 14 ]. There are a number of factors 
potentially infl uencing the high contamination 
rate observed by Ritter et al. [33] including a high 
fl uid volumes used for testing. In a study by 
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Weinstein et al., 5 ml versus 10 ml sample that 
was injected into blood culture fl asks was com-
pared and an increased rate of blood pathogens 
was detected when using a higher volume [ 34 ]. 

 Of note, it seems that mostly dermal germs 
which usually do not cause bacteremia are the 
source of contamination of compounds as 
reported by diverse groups [ 31 ,  35 ]. Multiple fac-
tors can be associated with bacterial contamina-
tion including the presence of hair at the 
phlebotomy site [ 36 ] or desinfection of the 
involved skin [ 37 ] according to studies conducted 
by Perez et al. and Lee et al. demonstrating that 
bacterial contamination often occurs prior to the 
processing of the cellular product. 

 Thus, although it is undoubted that the risk 
should be minimized as best as possible, the role 
of infectious complications due to contaminated 
stem cell compounds seem to be overall of minor 
clinical signifi cance independent of the usage of 
cleanroom facilities [ 38 ,  39 ]. Protective antibi-
otic treatment can be provided either by routine 
prophylaxis (sequential prophylaxis [ 40 ]) or 
according to previous sensitivity testing. 

 Apart from sterility,  cell viability   after cryo-
preservation is an important issue for cellular 
products which may depend on the defi ned pro-
cessing conditions. Reduced viability of rein-
fused cells was shown to be associated with 
longer time to  engraftment   [ 41 ,  42 ] and viability 
post-thaw is important to assess in order to be 
able to predict potential delayed  cell engraftment  . 
In their study, Reich-Sloty and colleagues report 
that mostly granulocytes did not survive cryo-
preservation [ 43 ], other cell types as the CD34+ 
cells have clearly higher viability rates. We found 
in our previous study that cryopreservation of 
PBSC using a closed bag system was safe and 
effective with a high level of cellular viability and 
low contamination rates. When comparing the 
production in cleanroom areas and using closed 
bag systems, analysis of the viability of leuko-
cytes and CD34+ stem cells and the recovery rate 
after manufacturing was found not to be compro-
mised [ 14 ,  29 ].  

6.9     Comparison 
of Transplantation Outcome 

 Cell products being manufactured in cleanroom 
facilities or with a closed bag system have been 
also analyzed in regard to their clinical outcome 
after transplantation. Mortality until neutrophil 
 engraftment   and duration until neutrophil/plate-
let engraftment after transplantation seem to be 
comparable for products being manufactured in a 
closed bag system compared to what is reported 
in the current literature [ 44 – 46 ]. However, there 
is few corresponding literature available and dif-
ferent factors may infl uence the outcome after 
transplantation which need to be taken into 
account as patient collective (older, heavily pre-
treated patients compared to younger ones with-
out any signifi cant comorbidities), antibiotic 
prophylaxis, the amount of transfused hemato-
poietic stem cells, remission status or condition-
ing treatment. Of note, mortality rates before 
 engraftment   seem to be comparable in the autolo-
gous as well as allogeneic setting using closed 
bag systems compared to centers using stem cell 
products having been prepared in cleanroom 
facilities [ 41 ,  42 ]. Future assessment will be nec-
essary to further confi rm these results.  

6.10     Potential Use of Automatic 
Cell Manufacturing 

  GMP  -compliant automatic cell manufacturing 
with the automat CliniMACS Prodigy [ 47 ] can 
be additionally used for a cleanroom-free pro-
cessing of PBMC providing the advantage for 
additional major modifi cations. The automated 
system is able to save time of qualifi ed staff, and 
more complex procedures as cell enrichment and 
depletion or fi nal product formulation can be 
performed. 

 Hümmer et al. and Spohn et al. found that for 
this fully automatic system, recovery of target 
cells (e.g. CD34+ stem cells) after additional 
sorting was comparable to what was reported for 
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the semiautomatic method [ 47 ,  48 ]. However, 
another study conducted by Stroncek et al. found 
CD34+ recovery and CD3+ T  cell   depletion to be 
lower than with the semiautomated CliniMACS 
Plus method [ 49 ]. 

 Both, closed bag and automatic cell manufac-
turing systems require highly trained profes-
sional staff to supervise and validate the 
procedure. The closed bag system has to undergo 
several manual tests, especially tightness tests, 
before the manufacturing process can be started. 
Automatic cell manufacturing systems require 
high technical support and close monitoring. 
However, the fi nancial efforts are still inferior in 
comparison to the costs of establishing and main-
tenance of a cleanroom facility.  

6.11     Conclusions/Outcome 

 Closed bag systems have been investigated for 
cryopreservation of PBSC and they were shown 
to be safe in terms of product quality and further 
clinical outcome after transplantation. One major 
advantage is that they are clearly cost-saving for 
the manufacturing of PBSC compared to the high 
costs necessary for establishment and mainte-
nance of a cleanroom facility. These processes 
can be extended to other minimally manipulated 
processes such as donor lymphocyte infusions 
(DLI). Currently, closed manufacturing processes 
within automatic cell manufacturing systems are 
developed and validated to be used for more com-
plex cellular products as advanced medicinal- 
therapy medicinal products (ATMP). With respect 
to limited resources within the health care sys-
tems, these developments may become an impor-
tant alternative to the usage of cleanroom facilities 
and may facilitate the clinical  application   of  cel-
lular therapies   including ATMPs.     
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    Karen     Bieback     , and     Olle     Ringdén    

    Abstract  

  Mesenchymal stromal cells (MSCs) harbor great therapeutic potential for 
numerous diseases. From early clinical trials, success and failure analysis, 
bench-to-bedside and back-to-bench approaches, there has been a great 
gain in knowledge, still leaving a number of questions to be answered 
regarding optimal manufacturing and quality of MSCs for clinical applica-
tion. For treatment of many acute indications, cryobanking may remain a 
prerequisite, but great uncertainty exists considering the therapeutic value 
of freshly thawed (thawed) and continuously cultured (fresh) MSCs. The 
fi eld has seen an explosion of new literature lately, outlining the relevance 
of the topic. MSCs appear to have compromised immunomodulatory 
activity directly after thawing for clinical application. This may provide a 
possible explanation for failure of early clinical trials. It is not clear if and 
how quickly MSCs recover their full therapeutic activity, and if the “cryo 
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stun effect” is relevant for clinical success. Here, we will share our latest 
insights into the relevance of these observations for clinical practice that 
will be discussed in the context of the published literature. We argue that 
the differences of fresh and thawed MSCs are limited but signifi cant. A 
key issue in evaluating potency differences is the time point of analysis 
after thawing. To date, prospective double-blinded randomized clinical 
studies to evaluate potency of both products are lacking, although recent 
progress was made with preclinical assessment. We suggest refocusing 
therapeutic MSC development on potency and safety assays with close 
resemblance of the clinical reality.  

  Keywords  

  Mesenchymal stromal cell   •   Cell therapy   •   Cryopreservation   •   Freeze- 
thawing   •   Freeze injury   •   Cell engraftment   •   Cryopreservation-induced 
cell death   •   T cells   •   Complement   •   Coagulation  
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7.1         Introduction 

 Cryopreservation, often viewed as an “old 
school” discipline, is currently evolving at an 
accelerated rate [ 1 ], and has also attracted 
renewed attention in stem cell research [ 2 ]. 
Recently, Galipeau et al. initiated a critical dis-
cussion on clinical MSC cryopreservation [ 3 ], in 
order to understand the failure of a phase III clin-
ical  trial   with MSCs [ 4 ]. This has now lead to 
broader discussion of this complicated matter 
[ 5 – 11 ]. 

 Although the cells appear to be effective in 
many preclinical immunomodulatory and regen-
erative approaches,  MSCs   demonstrated subopti-
mal effi cacy in a number of clinical trials [ 5 ]. 
Galipeau and others hypothesized [ 4 – 7 ], that this 
discrepant outcome is due to simple but substan-
tial differences in the preparation and  application   
of therapeutic MSCs in preclinical models com-
pared to patient trials. 

 Parameters under scrutiny are: (1) the com-
mon use of fresh cells in preclinical models ver-
sus the predominant clinical use of thawed cells 
readily retrieved from cryostorage [ 3 ,  4 ], (2) the 
passage number of ex vivo-expanded cells, with 
minimal expanded cells (passage 1–4) used in 
European studies versus highly expanded cells 
(above passage 5) used in the failed company- 
sponsored phase three trial [ 4 ,  8 ,  12 ], and (3) the 
mode of application in preclinical and clinical 
settings (e.g. cell reconstitution, infusion buffers, 
and mode of cell injection) [ 6 ]. 

 Consequently, means to optimize the conven-
tional MSC product would be to use fresh mini-
mal expanded cells reconstituted with a buffer 
optimized for systemic infusion [ 6 ]. This refi ned 
mode of cell graft preparation and application 
may be a fi rst step to minimize the instant blood- 
mediated infl ammatory reaction (IBMIR) and 
cell-mediated immunity [ 13 – 19 ], which appear 
to compromise therapeutic cell  engraftment      and 
bioactivity in vivo. 

 Galipeau et al. also highlighted that MSCs are 
transfused shortly after withdrawal from cryos-
torage [ 3 ], and that it appears to be more mean-
ingful to assess their functional properties within 
this time frame [ 4 ], in order to predict their per-

formance as pharmaceutical. During the follow-
ing discourse, we will address the question if 
 MSCs   are really like sushi “fresh is best”, and we 
will highlight novel approaches envisioned for 
development of more effi cient MSC 
therapeutics.  

7.2     MSC Therapy 

 MSC therapies are tested in more than 500 regis-
tered clinical studies [ 20 ,  21 ] and on their best 
way to revolutionize modern medicine. MSC- 
based therapeutics address a so far unmet clinical 
need for new regenerative and immunomodula-
tory therapies, based on their ability to regenerate 
defective tissues and balance detrimental immune 
responses [ 6 ,  22 – 24 ].  

7.3     State of the ‘Art’ 

 Experimental MSC therapies have already been 
studied in a very broad range of treatment indica-
tions (Fig.  7.1a ) (  www.clinicaltrials.gov    ) [ 20 ], 
such as hematological and (auto)-immune dis-
ease (20 %), e.g. graft-versus-host disease 
(GvHD) and infl ammatory bowel disease, bone 
and cartilage disease (19 %), neurological disease 
(18 %), cardiovascular  disease   (15 %), lung, liver, 
and kidney diseases (13 %), and many other indi-
cations (15 %).

   MSCs have been mainly isolated from bone 
marrow (BM) (Fig.  7.1b ) [ 25 ], but also other tis-
sue sources, such as  adipose tissue   (AT) and peri-
natal tissues, have rapidly gained popularity since 
2008, now accounting for 50 % of new drug sub-
missions [ 26 ]. Particularly, extra-embryonic ges-
tational tissues, such as placenta-derived fetal 
membranes (e.g. decidua) and umbilical cord 
(UC), are easily accessible without adverse donor 
site morbidity [ 27 – 30 ]. 

 Studies on biodistribution and time course of 
MSC  engraftment   suggest that most cells are 
trapped in the lung microvasculature and 
destroyed shortly after infusion due to number of 
antagonizing mechanisms (Fig.  7.1c ) [ 6 ,  31 – 33 ], 
e.g. triggering of innate immune cascades,  natural 
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killer (NK) cells, and T- and B-cell-mediated 
adaptive immune responses [ 32 ]. Thus, it appears 
that MSC’s therapeutic activity is not the result of 
long-term engraftment in vivo, but rather due to a 
modulatory action exerted within the fi rst hours 
of infusion [ 18 ,  19 ]. 

 At its latest follow-up in our and collaborating 
centers, 71 % of patients with steroid-resistant 
GvHD responded to MSC treatment [ 6 ,  34 ], with 
a trend for better response with lower passage 
(P1-2) fresh cells (Fig.  7.1c ) [ 14 ]. The 1-year sur-
vival was better for patients receiving early com-
pared to late passage cells (75 % vs. 21 %) [ 35 ], 
suggesting that fresh early passage  MSCs   have 
higher therapeutic value [ 13 ,  14 ,  35 ] and higher 
potency [ 6 ]. 

 Initially, mostly BM-derived MSCs expanded 
in fetal calf serum (FCS) were used for treatment 
of acute GvHD [ 36 ]. Although FCS has been 
used as expansion medium for MSCs in the vast 
majority of studies, platelet lysate medium and 
human AB-serum have recently been used more 
frequently to substitute animal products [ 21 ,  37 –
 45 ]. There seems to be a trend for more complete 
responders among patients treated with FCS- 

expanded MSCs [ 46 ]. However, recent meta- 
analysis on MSC therapy in GvHD found no 
relation between MSC age, expansion medium, 
MSC dose and the effi cacy of MSC therapy [ 47 ]. 

 Because BM aspiration is an invasive proce-
dure with obvious discomfort for the donor, alter-
nate MSC sources have been considered in 
several trials. AT-derived MSCs are increasingly 
used [ 48 ], and in recent years also UC-derived 
MSCs [ 49 ] and placenta-derived decidua stromal 
cells (DSCs) have been used to treat GvHD [ 29 ]. 
Promisingly, when the DSCs were dissolved and 
suspended in 5 % human albumin instead of 
human AB-plasma [ 15 ], survival for severe acute 
GvHD was improved in a pilot study [ 30 ]. 

 A problem with evaluating these pilot studies 
is the lack of prospective randomized controls 
[ 47 ]. In a large study from the Osiris using 
BM-MSCs in a phase 3 acute GvHD trial com-
pete response at 28 days was the same as in the 
placebo arm [ 50 ,  51 ]. However, among patients 
with liver GvHD, response to BM-MSCs was 
76 % compared to 47 % in the placebo arm 
(p = 0.026). Among patients with gastrointestinal 
GvHD, complete response was 78 % to 
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  Fig. 7.1    Recent developments in MSC therapy. ( a ,  b)  
Different treatment indications and tissue sources used for 
isolation of  MSCs  , and ( c ) time course of MSC  engraft-
ment  , antagonizing mechanisms, and differential priming 

of therapeutic effects in response the fresh and thawed 
MSCs in vivo (extrapolated from e.g. [ 6 ,  13 – 16 ,  18 ,  81 ]). 
 Abbreviations :  MSC  mesenchymal stromal cell,  IBMIR  
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BM- MSCs   compared to 64 % in the placebo arm 
(p = 0.018). Further, in many small clinical stud-
ies only one dose of MSCs has been used, and 
some studies indicate that repeated (e.g. at least 
weekly) doses may be superior to single-dose 
treatment [ 52 ]. With regard to dosing, it seems 
that 1 × 10 6 /kg of MSCs seem to be suffi cient 
according to available data [ 47 ]. 

 With regard to comparison between fresh and 
thawed  MSCs   and role of MSC passage there are 
only few studies evaluating survival and response 
in patients with GvHD [ 14 ,  35 ]. To circumvent 
donor-to-donor heterogeneity and eliminate the 
risk that patients may respond to one batch of 
MSCs, but not to another, pooled cells from sev-
eral donors have been used [ 53 ]. Recently, 
BM-MSCs from eight third-party donors were 
pooled and minimal expanded (P2) for treatment 
of steroid-refractory acute GVHD in children 
with excellent results [ 21 ].  

7.4     Potency Assessment 

 In contrast to the more defi ned pharmacokinetics 
and dynamics of pharmaceuticals, novel MSC- 
based cellular therapeutics demonstrate a highly 
complex, multifactorial, conditional, and syner-
gistic biological activity in vitro and in vivo [ 6 , 
 8 ,  24 ,  54 ,  55 ]. Although being an endeavor for 
industrial product development, this could 
indeed be the essence of their superior benefi cial 
activity in the above-mentioned treatment indi-
cations [ 24 ]. 

 MSC potency testing may thus require a 
screening strategy for a panel of factors impli-
cated in mediating their therapeutic activity 
(Fig.  7.2 ) [ 5 ,  24 ,  56 ]. For economical reasons, 
each individual panel to be tested could be 
adjusted from case to case, according to the spe-
cifi c treatment indication targeted, and the postu-
lated mechanism of action (MOA) identifi ed for 
this application. The fi gure summarizes a few of 
the many possible mediators implied to mediate 
MSC’s benefi cial therapeutic effects and poten-
tial readout methods.

   The factors are categorized here into conven-
tional cell-bound or secreted factors, and short- 

lived immunomodulatory metabolites. The fi rst 
category maintains its activity on the cell surface 
or when secreted and deposited into the sur-
rounding tissue matrix. The second category has 
to be continuously replenished through action of 
their parental enzymes. 

 When attributing MSC’s paracrine  effect   pri-
marily to short-lived metabolites, one may have 
to consider that their action would be most effec-
tive in a closed tissue compartment (e.g. solid 
tumor tissue compartment). Here, the enzymes 
can effectively “prepare/condition” the local 
environment, through depletion or enrichment of 
specifi c substrates and metabolites, respectively, 
temporarily rendering the neighboring or infi l-
trating immune cells quiescent. 

 It should also be considered that any stronger 
diffusion or mass exchange process (e.g. through 
blood circulation) might render the metabolite 
mechanism less effective. This could be counter-
acted by infusing/injecting suffi ciently large 
amounts of cells with the potential to drive sys-
temic  immunomodulation   via respective para-
crine mechanisms. 

 Both resting and infl ammation-activated 
 MSCs   should be studied [ 5 ,  8 ,  24 ,  55 ,  56 ], to 
obtain better representation of their bioactivity 
within a complex infl ammatory environment. A 
recent International Society for Cellular Therapy 
(ISCT) position paper recommends a defi ned 
stimulus for immune activation [ 5 ], e.g. human 
interferon gamma (IFNg), or IFNg used together 
with tumor necrosis factor alpha (TNFa) or inter-
leukin 1 alpha/beta (IL1a/b) [ 55 ]. The combina-
tion of IFNg with one of the other factors 
enhances their inhibitory effect [ 57 ], which will 
allow to readout their conditional response on a 
molecular level. 

 In a more pleiotropic approach, data obtained 
with these defi ned stimuli have been supple-
mented with data from MSCs exposed to com-
plex stimuli [ 24 ,  55 ,  56 ,  58 ]. This can be achieved 
by coculture with mitogen- or alloantigen- 
stimulated peripheral blood mononuclear cells 
(PBMCs) or by coculture with cellular subsets 
(e.g. anti-CD3/CD28 stimulated T-cells) [ 59 ]. 
The advantage of these complex stimuli lies in 
the fact that the resulting MSC response is not 
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limited to one specifi c pathway, but represents an 
aggregate multifactorial MSC response, more 
accurately depicting the highly complex molecu-
lar crosstalk in vivo. 

 The classical view that MSCs exert their func-
tion primarily through the paracrine secretion of 
small molecules has recently been contested by a 
newer hypothesis (Fig.  7.3 ). Upon systemic infu-
sion or whole blood exposure MSCs activate the 
IBMIR (Fig.  7.3a ), normally associated with 
adverse effects but here leading to benefi cial reac-
tions (Fig.  7.3b ). Innate immunity promotes disinte-
gration and release of bioactive microparticles [ 14 ], 
e.g. exosomes (70–150 nm), microvesicles (100 nm 
to 1 um), and apoptotic bodies (1–5 um) [ 14 ,  60 ].

   These microparticles contain numerous 
immunomodulatory molecules, micro-RNAs, 
and transfer-RNAs [ 60 – 65 ], with the capacity to 

induce regenerative processes in vivo, e.g. angio-
genesis and tissue self-renewal, and to modulate 
host-resident immune effector cells, e.g. MSC- 
derived microparticles can be engulfed by phago-
cytic cells, leading to a type-2 reprogramming 
into immunosuppressive and regenerative pheno-
types (Fig.  7.3b ). 

 For example, MSC’s were shown to shed 
micro-RNA-containing exosomes that inhibit 
macrophage activation by suppressing Toll-like 
receptor signaling [ 65 ]. These exosomes were 
also shown to transfer mitochondria by means of 
fusion with macrophage, resulting in enhanced 
macrophage bioenergetics [ 65 ]. This study 
mechanistically links mitophagy and MSC sur-
vival with macrophage function, thereby provid-
ing a physiologically relevant context for the 
innate immunomodulatory activity of  MSCs  .  

Galectins,
Integrins, and
Co-stimulation

e.g. GAL1/3,
ICAM1/VCAM1,

CD80/86, MHC1/2

Cytokines, chemokines, 
growth and trophic factors, 

and secreted soluble HLA-G5

e.g. TGFb/IL10/8/6/4,IL1RN,
CCL2/7/8, CXCL9/10, and
TSG6, HGF, SDF1, sHLA-G5

Conventional cell-bound or secreted factors:
constitutively expressed or modulated upon 
priming with e.g. IFNg/TNFa/IL1a/b or MLRs

Suggested readout methods:
• ELISA or MULTIPLEX Analyte amount secreted
• Western blot Amount in cell lysate and media
• FACS Cell surface and intracellular expression

IDO

Kynurenine

COX1/2

PGE2

iNOS

NO

HO1

CO and 
Biliverdin

Short lived immunomodulatory metabolites:
mostly inflammatory stimulation dependent
or primed by e.g. IFNg/TNFa/IL1a/b or MLRs

Suggested readout methods:
• Quantitative real time PCR Gene expression
• Western blot, ELISA, FACS Analyte amount
• Other assays Analyte amount and activity

  Fig. 7.2    Conventional readout strategy for MSC-derived 
therapeutic factors. The list of factors given in this fi gure 
does not aim to be a complete representation of all the 
possible paracrine mediators associated with MSC’s ther-
apeutic function. Both, resting and infl ammation primed 
 MSCs   should be studied. We here also suggest investigat-
ing both, defi ned and complex infl ammatory stimuli. 
 Abbreviations :  CD80 / 86  cluster of differentiation 80/86, 
 GAL1 / 3  galectin 1 and 3,  MHC1 / 2  major histocompatibil-
ity complex 1 and 2,  ICAM1  intracellular adhesion mole-
cule 1,  VCAM1  vascular cell adhesion protein 1,  IFNg  
interferon gamma,  TNFa  tumor necrosis factor alpha, 
 IL1a / b  interleukin 1 alpha and beta,  MLR  mixed lympho-

cyte reaction,  TGFb  transforming growth factor beta, 
 IL1RN  IL1 receptor antagonist,  CCL2 / 7 / 8  chemokine C-C 
motif ligand 2, 7, and 8,  CXCL9 / 10  chemokine C-X-C 
motif 9 and 10,  TSG6  TNF-stimulated gene 6 protein, 
 HGF  hepatocyte growth factor,  SDF1  stroma cell-derived 
factor 1,  sHLA - G5  soluble human leukocyte antigen G5, 
 IDO  indoleamine 2,3-desoxygenase,  HO1  hemeoxygen-
ase 1,  CO  carbon monoxide,  iNOS  inducible nitric oxide 
synthase,  NO  nitric oxide,  COX1 / 2  cyclic oxide synthase 
1 and 2,  PGE2  prostaglandin E2,  ELISA  enzyme linked 
immunosorbent assay,  FACS  fl uorescence-activated cell 
sorting,  PCR  polymerase chain reaction       
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7.5     Mechanism of Action 

 Conventional wisdom acquired during the devel-
opment of pharmaceuticals may not always be 
suitable to assess or understand the complex 
in vivo MOA of MSCs and other cell-based 
advanced therapy medicinal products (ATMPs). 

The cellular and molecular mechanisms 
employed by MSCs to exert their therapeutic 
effects are manifold and their complicated cross-
talk with host cells is highly complex [ 8 ,  22 ,  24 , 
 55 ,  66 – 69 ]. 

 The prior section on potency assessment intro-
duces three major ideas to understand MSCs 

Target
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  Fig. 7.3    Revised hypothesis for MSC therapeutic func-
tion in vivo. ( a ) Instant blood-mediated infl ammatory 
reaction (IBMIR, this fi gure is adapted from incompatibil-
ity reactions triggered by innate immune responses to 
therapeutic cells [ 6 ]). Upon exposure to blood, recogni-
tion molecules belonging to different innate cascade sys-
tems target altered-self and non-self structures on cells. 
Factor VII (FVII), fi brinogen, and tissue factor (TF) are 
“recognition or trigger” molecules of the  coagulation   sys-
tem, FXII and high molecular weight kininogen (HMWK) 
of the contact system, and C1q, mannose-binding lectin 
(MBL), and properdin of the  complement   system. The 
activation of each cascade system triggers multiple ampli-
fi cation reactions: activation of the  coagulation   cascade 
leads to generation of prothrombin and thrombin; activa-
tion of the contact system elicits generation of the potent 
vasoactive peptide bradykinin from HMWK; in the  com-
plement   cascade, there is a powerful amplifi cation of C3 
that initiates generation of the anaphylatoxins C3a and 
C5a, as well as the lytic C5b-9 complex. These activation 

products trigger activation of platelets, polymorphonu-
clear leukocytes (PMNs), and monocytes/macrophages, 
which normally results in thrombotic and infl ammatory 
reactions. These adverse events, together with 
 complement  - mediated cell lysis and  coagulation  - mediated 
sequestration may lead to rejection or serious damage to 
the cells. ( b ) The IBMIR response to  MSCs  , convention-
ally understood as adverse reaction, may actually promote 
benefi cial reactions and MSC therapeutic effects. Cell 
injury and disintegration due to innate immune cascade 
recognition promotes the release of different types of bio-
active molecules and microparticles from dying  MSCs  , 
thus greatly amplifying the initial signal, leading to signal 
recognition/amplifi cation by multiple effector cell types, 
here represented by monocytes/macrophages, and eventu-
ally effector cell maturation/polarization into benefi cial 
phenotypes, thus halting adverse immune reaction and 
promoting benefi cial endogenous repair processes by 
reprogrammed host cells       
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MOA in treatment of different indications. First 
of all, the holistic approach relying on systemic 
assessment of clinical responses, second, the 
integrative approach based on a complex assay 
matrix, and last, reductionist analysis of selective 
molecular pathways. We will here outline the 
advantages and disadvantages of each concept in 
preparation of the following failure analysis.  

7.6     Holistic View 

 A good example for understanding MSCs veto- 
function in vivo is the treatment of Type 1 diabe-
tes (T1D) patients and its modeling in animal 
models (Fig.  7.4a ) [ 70 – 77 ], due to easy monitor-
ing of systemic glucose levels, thus allowing a 
fairly clear interpretation. T1D patients appear to 
show a benefi t from MSC infusions [ 72 ], and 
MSC treatment has also been extensively studied 

during the past decade in a preclinical model 
[ 73 – 77 ], by systemically infusing MSCs into dia-
betic/hyperglycemic streptozotocin-induced 
NOD/SCID mice.

   The most recent report from Lavoie et al. [ 77 ] 
indicated that only half of the MSC preparations 
actually possess therapeutic activity, and that the 
regenerative potential is lost with increasing pas-
sage number. Although the authors could clearly 
readout success or failure of the therapeutic 
approach on a systemic level, the molecular basis 
was diffi cult to address. Regenerative and non- 
regenerative  MSCs   showed hundreds of differen-
tially regulated genes. 

 Nonetheless, two prospective markers 
(EMILIN1 and ILK) were identifi ed, which were 
signifi cantly associated with blood glucose low-
ering function in vivo. The mechanistic basis 
why these markers are prospective of treatment 
success remains elusive.  

A) Holistic view B) Integrative C) Reductionist

Translational medicine:
bench-to-bedside-to-bench

Complex assay matrix with
in vitro licensing approach

Identify and validate individual
molecular mediators / pathways

  Fig. 7.4    Approaches to decipher MSC’s mechanism of 
action. ( a ) Holistic view, from bench to bedside and back 
again, based on patient trials supported by modeling in 
preclinical animal models to decipher the therapeutic 
value of MSCs in patient oriented clinical studies, ( b ) 
integrative analysis, in vitro assessment of  MSCs   thera-

peutic properties through a complex assay matrix, sup-
ported by a robust in vitro licensing approach for studying 
resting and activated MSCs in order to replicate the clini-
cal situation, and ( c ) reductionist approach, for identifying 
and validating individual molecular mediators and signal-
ing pathways associated with MSCs therapeutic function       
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7.7     Integrative Analysis 

 MSC-like cell products share fundamental MOAs 
mediating their anti-infl ammatory and repair 
properties [ 5 ,  8 ]. It is widely accepted, that the 
pharmaceutical effect of MSCs is predominantly 
mediated by both paracrine and contact- 
dependent factors, arising from intrinsic MSC 
physiological processes maintained after culture 
expansion. It is also accepted, that following 
in vivo delivery,  MSCs   respond to environmental 
cues, leading to additional cellular functionalities 
[ 18 ]. Thus, the ISCT suggested using an assay 
matrix, based on assessment of selected MSC 
markers robustly deployed by in vitro licensing 
(Fig.  7.4b ) [ 5 ]. 

 The ISCT workshop participants identifi ed 
three preferred analytic methods that could 
inform a matrix assay approach: quantitative 
RNA analysis of selected gene products, fl ow 
cytometry analysis of functionally relevant sur-
face markers and protein based assays of the sec-
retome. The authors highlighted that the assay 
matrix approach could satisfy both mechanistic 
research, as well as development of release 
potency assays, to meet regulatory authority 
requirements for conduct of advanced clinical 
studies and their eventual registration.  

7.8     Reductionist Approach 

 This approach aims to directly connect the dis-
ease status, interventional treatment, and conse-
quent healing outcome with a molecular 
mediator/signaling pathway (Fig.  7.4c ). Based on 
animal models and detailed mechanistic in vitro 
experiments one can elucidate cellular and 
molecular details of specifi c underlying mecha-
nisms. The identifi cation of these MSC-derived 
mediators could lead to markers for therapeutic 
potency and open new avenues for early support-
ive intervention. One of the greatest  challenges   is 
to fi nd valid animal models appropriately mim-
icking human disease [ 78 ]. For example,  MSCs   
were used in patients suffering from severe 
GvHD [ 34 ,  79 ], a remarkable success now vali-
dated by others [ 21 ]. Notably, subsequent studies 

in mouse models reported just after the fi rst clini-
cal study, did not demonstrate a therapeutic effect 
[ 78 ]. Since then, the scientifi c foundation of 
MSC suppression of GvHD in both humans and 
mice is increasingly understood, but if the mouse 
models had been tested fi rst, the patients may 
have never been treated with MSCs [ 78 ].  

7.9     Failure Analysis 

 The excitement about MSCs unique properties 
has led to a rapid clinical translation from initial 
preclinical proof-of-concept, to safety and effi -
cacy analysis of therapeutic MSCs. Although 
MSC safety was documented in most cases, the 
rapid translation was overshadowed by a lack in 
effi cacy of many fi rst generation products [ 4 ]. 
Failure analysis, however, signifi cantly contrib-
uted to improving our knowledge and to advance 
 clinical trials  . Major  challenges   remain [ 80 ], 
mainly related to issues in MSC production, e.g. 
cell product characterization, loss of potency 
with time in culture, and isolation methods that 
maximize per-cell/unit therapeutic effi cacy. On 
the patient side, attention focused on the mecha-
nistic basis for rapid cell elimination after sys-
temic infusion, anti-donor immune responses to 
allogeneic MSCs and the primary mechanism of 
action in different clinical situations [ 80 ].  

7.10      Engraftment   and Bioactivity 

 The therapeutic effi cacy of  MSCs   needs to be 
improved [ 6 ], and investigators wondered if 
increased cell persistence in vivo could promote 
a more sustainable therapeutic effect and sup-
ported the idea that a transient increase in cell 
survival would be benefi cial in eliciting more 
sustainable responses in patients. Long-term 
engraftment of infused MSCs in patients is low 
to undetectable [ 81 ,  82 ]. Kinetics of MSC per-
sistence in vivo indicate that most infused cells 
are rapidly cleared (Fig.  7.1c ), due to embolisa-
tion and damage in the microvasculature [ 32 , 
 83 ,  84 ]. This may result from the increase in 
MSC size and phenotypic changes accumulat-
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ing after expansion [ 16 ,  85 – 87 ], triggering of 
innate immune cascades [ 13 – 17 ], and triggering 
of innate/adaptive cellular immune responses, 
e.g. NK-, T-, and B-cells [ 88 ]. Improved micro-
vascular passage can be achieved by using 
smaller cells [ 89 ], by vasodilation [ 90 ,  91 ], and 
by using anticoagulants [ 17 ,  92 ]. Anticoagulation 
has also been shown to reduce anaphylactic 
reactions and microvascular toxicity in response 
to therapeutic stromal cells [ 16 ,  17 ,  93 ]. 
Experience with clinical islet cell and MSC 
infusion has shown that IBMIR damages many 
therapeutic cells [ 94 – 96 ], compromising 
engraftment and bioactivity, thus raising the 
need for multiple cell graft  infusions   [ 97 ].  

7.11     Adverse Immune Reactions 

 The fast recognition, embolisation, and clearance 
of infused MSCs suggests the involvement of the 
IBMIR (Figs.  7.1c  and  7.3a ) [ 6 ,  13 – 18 ,  95 ], a 
sequence of incompatibility reactions of the 
innate immune system, observed after systemic 
introduction of cells and biomaterials into the 
blood circulation [ 95 ]. The IBMIR elicits its del-
eterious effects through a cascade of events being 
initiated by triggering of innate immune cascades 
and followed by subsequent effector cell infi ltra-
tion and graft destruction [ 6 ]. 

 Both  MSCs   pro-coagulant [ 13 ,  98 ,  99 ] and 
 complement   activating properties [ 100 – 102 ] 
have been implied to hamper graft performance 
[ 88 ,  103 – 105 ]. Known risk factors attributed to 
recognition of MSCs by IBMIR are induction of 
tissue factor expression [ 13 ,  16 ,  98 ,  99 ], long- 
term culture expansion [ 13 ,  16 ,  99 ], use of thawed 
cells from cryostorage [ 14 ,  15 ,  103 ], and poten-
tially allogeneic mismatch [ 88 ,  101 ,  106 ]. 
Overcoming IBMIR-related graft damage could 
prove to be a key for maximizing the effi cacy of 
cellular therapies [ 95 ,  96 ]. 

 Apart from IBMIR, therapeutic MSCs may 
also become the target of innate and adaptive cel-
lular immune responses such as NK-, T-, and 
B-cells [ 88 ]. Two major genetic barriers are 
embedded in every human, providing the genetic 
basis for transplant incompatibility and graft 

rejection: (1) the allogeneic-barrier between dif-
ferent human individuals, and (2) the xenogeneic- 
barrier between species. Both aspects are 
frequently reviewed in the context of MSC  trans-
plantation  , e.g. when discussing the donor choice 
for clinical use or the choice of supplements for 
cell culture and processing [ 4 ,  24 ,  80 ,  107 – 109 ]. 

 Although  MSCs   inhibit activation of NK cells 
in vitro, the cells can be targeted by activated NK 
cells in vivo [ 88 ]. Allogeneic MSCs show attenu-
ated immunogenicity and may thus be rejected 
over time due to induction of adaptive immunity 
[ 107 ,  110 ,  111 ]. This limits their use in tissue 
replacements, but they may provide suffi cient 
in vivo persistence for eliciting  immunomodula-
tion  , with the safety advantage of being only tran-
siently present. Furthermore, clinical MSCs do 
not express xeno or ABO antigens [ 15 ,  112 ,  113 ], 
but they could potentially be contaminated with 
these highly immunogenic carbohydrate antigens 
from culture supplements and washing buffers 
used for cell preparation [ 15 ,  114 ,  115 ].  

7.12     Timing Is Everything 

 Timing is critical in MSC therapy, from the initial 
MSC isolation from adult-donors, to the best 
time points for patient treatment, and eventually 
choosing meaningful time points for readout of 
treatment response and conducting correlations 
to MSC product properties [ 8 ]. Thus, we will out-
line in the following paragraphs some of the most 
important aspects of timing in MSC therapy and 
strongly excuse any shortcomings due to brevity. 

 First of all, the time point of cell infusion in 
relation to the progress of the treated indication 
in patients may affect their therapeutic effi cacy 
[ 8 ], e.g. in treatment of GvHD earlier diagnosis 
of disease-progression and fast intervention may 
yield a better response. Also younger patients 
may respond better than older patients [ 52 ]. As 
outlined above, patient clinical responses to MSC 
batches may not be robust and they may be tran-
sient in nature, both complicating patient 
response readout and MSC potency assessment. 

 Second, a number of time-dependent vari-
ables complicate  MSCs   production [ 6 ,  8 ]. 
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Particularly intrinsic (cell donor age) and extrin-
sic cell ageing (ex vivo expansion process) may 
affect MSCs therapeutic properties, as reviewed 
elsewhere [ 116 – 120 ]. It is now well established 
that bone marrow stem cell content decreases 
with donor age [ 121 ], and that both, donor age 
and comorbidities, may affect cell effi cacy [ 122 ]. 
If allogeneic cells are applicable, MSCs from 
younger donors may thus optionally be preferred 
for clinical use. 

 The most evident factor effecting MSCs 
potency appears to be the time in culture. Potency 
reduces after expansion and after repeated pas-
saging [ 4 ,  8 ,  13 ,  35 ,  82 ,  83 ,  123 – 127 ], resulting 
in a gradual loss of progenitor properties and tis-
sue forming capacity [ 123 ,  128 ], reduced long- 
term  engraftment   [ 82 ], lower clinical response 
and survival benefi t [ 35 ,  125 ], and increased trig-
gering of IBMIR [ 13 ], thus compromising 
engraftment and function. 

 Eventually, a major point of criticism raised is 
[ 3 ], that MSCs are mostly infused as thawed cells 
shortly after retrieval from cryostorage. Thus, it 
would appear more meaningful to also assess 
their functional properties within this time frame 
[ 4 ]. If thawed cells actually have different thera-
peutic qualities than fresh cells harvested directly 
from culture will be addressed in the following 
sections.  

7.13     Fresh Versus Thawed Cells 

 Differences in clinical outcome may result from 
variables in MSC production and consequent 
therapeutic properties, as outlined above and 
reviewed elsewhere [ 6 ]. The product potency can 
be affected by MSC tissue origin, donor varia-
tion, culture time, supplements, and various other 
aspects of cell delivery, e.g. the use of fresh or 
thawed cells [ 4 ,  6 ,  9 ,  10 ]. 

 Recent data indicate that it could be crucial for 
the outcome of MSC therapy, if the functional 
potency assessment of MSC products is con-
ducted before or after cryobanking and conse-
quent local or systemic therapeutic use (Fig.  7.5 ) 
[ 3 ]. Past experience has shown that hematopoi-
etic stem cells can be cryopreserved with suffi -

cient functional recovery [ 3 ,  129 ], but it is not 
clear yet if same also applies to  MSCs   [ 3 ]. Thus, 
we have established a working model for address-
ing issues of potential relevance (Fig.  7.6 ), to 
compare fresh and thawed MSCs produced with 
conventional protocols.

7.14         Clinical Cell Graft 
Preparation 

 Both, freshly harvested cells and freeze-thawed 
cells derived from cryostorage are usually 
detached from adherent 2D (e.g. single-layer or 
multi-stack tissue culture fl asks) or 3D culture 
surfaces (e.g. advanced hollow-fi ber bioreactors) 
by employing proteolytic enzymes such as tryp-
sin (Fig.  7.6a ). After reconstituting the cells as 
“single cell suspension” with an appropriate cry-
omedium,  MSCs   usually undergo the cryobank-
ing procedure by controlled-rate  freezing   and 
cryobanking in liquid nitrogen or gas phase 
devices [ 9 ,  10 ]. 

 While adherent cells in log-phase growth dis-
play optimal cell membrane physiology and 
metabolism, both detached fresh or freeze- 
thawed cells display substantial differences in 
physiology (Fig.  7.6b ) [ 14 ,  15 ,  18 ,  59 ,  130 – 137 ]. 
Thawed cells readily recovered from cryostorage 
can show a higher degree of membrane asymme-
try, phosphatidylserine exposure, heat shock pro-
tein expression, and actin-cytoskeletal disruption. 
Altogether, this may result in a relevant differ-
ence in susceptibility to innate and adaptive host 
immune recognition [ 14 ], and biodistribution fol-
lowing systemic delivery [ 135 ,  136 ], and may 
furthermore compromise MSC’s intrinsic pro-
duction of immunomodulatory molecules [ 130 ]. 

 This may lead to cell injury and disintegration 
post infusion (Fig.  7.6c ) [ 14 ], as characterized by 
cell shrinkage, cytoplasmic leakage, debris and 
apoptotic body formation, all induced by a panel 
of damage mechanisms (Fig.  7.6d ), such as  com-
plement   opsonization and cell membrane pore 
formation, T-cell cytolysis, and phagocytic 
engulfment [ 14 ,  136 ], which will attack particu-
larly the readily thawed  MSCs   shortly after infu-
sion [ 18 ,  136 ]. 
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 This complex mixture of viable and dying 
MSCs and cell-derived constituents (e.g. free or 
membrane engulfed MSC-derived bioactive mol-
ecules and membrane patterns) [ 14 ], can induce 
effector cell polarization into benefi cial pheno-
types (Fig.  7.6e ) [ 100 ]. The effi cacy of this pro-
cess may or may not differ for fresh and thawed 
MSCs [ 18 ], depending on the exact disintegra-
tion rates and metabolic responsiveness of both 
cell types. 

 Interestingly, a series of very recent reviews 
ascribed similar immunomodulatory activity as 
described for MSCs also to the silent clearance of 
apoptotic cells [ 138 ,  139 ], with the potential to 
reduce GvHD, favor  engraftment   and reduce 

transplant rejection. Importantly, the outcome of 
apoptotic cell-based therapies may be highly 
dependent on the specifi c early apoptotic signals 
to be mediated and the appropriate apoptotic cell 
type to be used. 

 Other clinically relevant differences between 
fresh and thawed cells my lie in their noticeably 
different aggregation properties, antigen adsorp-
tion, and microvascular toxicity upon reconstitu-
tion as “single cell suspension” with various 
infusion buffers [ 15 ,  93 ,  103 ,  137 ], and after sub-
sequent exposure to human whole blood follow-
ing systemic delivery [ 13 – 16 ], resulting from 
their suboptimal hemocompatibility, particularly 
after  thawing   [ 14 ].  

Quality testing:

GMP data,
phenotypic and

functional assessment of
complex MSC product properties

Passage

(P1-4)

Harvest

Clinical
cell graft

(F/T)

Local or systemic
cell delivery?

Injection Infusion

(F/T)

MSC tissue sources

Bone Marrow
Umbilical Cord
Placenta
Adipose
Others

In vitro cell
expansion

  Fig. 7.5    Basic overview for the MSC production process. 
 MSCs   can be derived from different adult and prenatal 
tissue sources, upon primary isolation through selective 
adherence to tissue culture plastic, the cells are expanded 
in vitro for several passages (often P1-4), and then usually 
harvested via enzymatic detachment with proteolytic 
enzymes such as trypsin, and subjected to cryobanking. 

The clinical cell graft is subjected to extensive quality 
testing, such as phenotypic and functional assessment, 
before and optionally also after cryobanking. The cell 
graft can be delivered to patients via local injection or sys-
temic infusion.  Abbreviations :   GMP    good manufacturing 
process,  MSC  mesenchymal stromal cell,  F  fresh,  T  
thawed,  P  passage       
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7.15     Cell Phenotype 
and Bioactivity 

 As a matter of fact,  MSCs   are subject to substan-
tial physiological changes during the freeze- 
 thawing      procedure, which potentially affects a 
number of cellular properties (Table  7.1 ), such as 
in vitro cell growth, phenotype, differentiation, 
viability, bioactivity, and most importantly their 
in vivo bioactivity, biodistribution and safety 

profi le [ 10 ]. Some researchers have observed 
altered properties of thawed MSCs [ 14 ,  15 ,  18 , 
 59 ,  130 – 137 ], while others have documented lit-
tle to no differences between both cell types 
(Table  7.1 ) [ 140 – 148 ].

   Either way, many researchers documented 
that compromised functionality of thawed cells 
can be restored following a short subculture 
period post  thawing   [ 130 ,  132 ,  135 ,  136 ]. Thus, 
the answer may lie in the exact assay design and 

Fresh 
cells

Thawed 
cells

A) Unperturbed 
adherent MSCs

Optimal cell membrane 
integrity and metabolism!

Serum 
exposure

Trypsin +/-
cryoprocess

Medium 
cell loss

C) Cell injury and 
disintegration

Cell shrinkage, debris and 
apoptotic body formation,
and cytoplasmic leakage?

B) Fresh vs. thawed 
MSCs in suspension

Substantial differences in
cell membrane integrity 
and metabolic activity! 

=
Relevant differences in 
complement and T-cell 
cytolysis susceptibility?

D) Mechanisms
of cell damage:

a) Complement
opsonization + cell 

membrane damage

b) NK- and T-cell 
cytolysis

c) Phagocytic 
engulfment 

(efferocytosis)

E) Augmented host 
cell polarization into 
immunomodulatory 

and regenerative 
phenotypes???

Different

physiology

Good 
integrity

Poor 
integrity

Higher 
cell loss

  Fig. 7.6    Immunological analysis of fresh versus thawed  MSCs         

    Table 7.1    Comparison of fresh and thawed cells in vitro and in vivo   

 Cellular properties in vitro and 
in vivo  No relevant difference  Relevant difference  Restored after cryorecovery? 

 Differentiation in vitro  [ 140 – 147 ]  [ 131 ] 

 Cell growth in vitro  [ 140 – 146 ]  [ 134 ] 

 Phenotype in vitro  [ 14 ,  131 ,  140 – 147 ]  [ 18 ,  130 ,  133 – 137 ]  [ 130 ] 

 Viability in vitro  [ 14 ,  134 ,  142 – 147 ]  [ 18 ,  130 ,  131 ,  133 , 
 135 ,  137 ] 

 [ 130 ] 

 Bioactivity in vitro  [ 135 ,  147 ]  [ 14 ,  59 ,  130 ,  136 ]  [ 130 ,  136 ] 

 Bioactivity in vivo  [ 148 ]  [ 14 ,  18 ,  103 ,  132 ]  [ 132 ] 

  Engraftment   in vivo  [ 14 ]  [ 135 ,  136 ]  [ 135 ] 

 Biodistribution in vivo  [ 14 ]  [ 135 ,  136 ]  [ 135 ] 

 Adverse events in vivo  [ 14 ]  [ 18 ,  103 ]  [ 103 ] 
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timing of cell preparation and readout, greatly 
complicating the following discussion. Only a 
few hours of variation in cell suspension holding 
time, holding temperature, or assay readout time 
will give the cells room to alter their physiology 
[ 131 ], potentially resulting in different 
outcomes. 

 First of all, global variations in gene expres-
sion between fresh and thawed cells shortly post 
thawing are generally smaller than variation 
between different MSC donors [ 18 ], although the 
expression of key factors mediating MSCs thera-
peutic effects may differ [ 130 ]. Further, the small 
transcriptional differences between both cell 
types in vitro stand in no relation to  MSCs   high 
response to the microenvironment they encounter 
in vivo [ 18 ]. 

 Although cell growth, differentiation, and 
general phenotype are minimally affected by 
 freeze-thawing   [ 131 ,  140 – 147 ], confl icting 
results are reported for viability and bioactivity 
[ 14 ,  18 ,  130 ,  131 ,  133 ,  135 – 137 ]. In vitro differ-
ences in bioactivity between fresh and thawed 
cells can be found with earlier readout post thaw-
ing [ 14 ,  130 ], which replicates clinical reality of 
rapid cell infusion post cryoretrieval. MSCs 
recovering from the freeze-thawing process are 
impaired by the cellular heat shock response 
[ 130 ], but these differences are diluted at later 
time points [ 130 ,  147 ], indicating functional 
recovery during extended in vitro culture. 

 In contrast, to the in vitro situation, the in vivo 
readout strongly depends on the initial MSC 
holding temperature and time of cells in suspen-
sion before infusion [ 131 ], and the exact time 
point of analysis post infusion [ 18 ]. While MSC’s 
transcriptional and translational readout shows 
little functional differences shortly (2 h) after cell 
infusion [ 18 ], readout at 8 h post infusion detected 
signifi cant differences in the IBMIR response. 
Importantly, recent work by Cruz et al. highlights 
that fresh and thawed  MSCs   can be equally effec-
tive in vivo and that more disease-specifi c in vivo 
models should be tested [ 148 ]. 

 To conclude, similarities and differences exist 
between fresh and thawed cells and timing is cru-
cial for the observed outcome. Potency assess-
ment for clinical use should more strongly engage 

disease-specifi c in vivo models to validate the 
in vitro fi ndings.  

7.16      Engraftment   and Clinical 
Response 

 Conclusions from clinical data are very limited 
by the small number of infusions, but suggest that 
also thawed cells are quite good when given at a 
very early passage [ 14 ], although long-term 
engraftment was no different to our surprise. We 
thus assume that any advantage in cell survival 
and bioactivity of fresh cells in vivo appears to be 
rather transient (in the range of hours to days), 
which might however still be relevant for the 
cells ability to elicit a better clinical response 
(Fig.  7.1c ). It appears, that optimizing or tailor-
ing the cell production parameters according to 
the respective treatment indication may yield the 
most benefi cial responses in the long run [ 18 ]. 
Some indications might allow for the use of fresh 
cells and it should then be considered (e.g. if 
yielding more robust responses), while other 
ones don’t and we might have to fi nd other ways 
to optimize the clinical effi cacy [ 18 ].  

7.17     Improvements in Process 
Design 

 Any improvements in process design need to 
anticipate the potential MOA of  MSCs   in differ-
ent treatment indications. For many indications it 
has not been demonstrated to date if MSC’s 
in vitro activity correlates with a therapeutic 
effect in vivo [ 6 ,  18 ]. Do the cells need to be 
active to elicit good clinical responses? If so, we 
may have to adjust the clinical  application   strat-
egy accordingly, to give the cells optimal fi tness 
for clinical use [ 9 ,  10 ]. 

 If any detrimental effects can be overcome by 
optimizing the freeze- thawing      protocol alone is 
diffi cult to say, since there might be certain limits 
to MSC biology [ 10 ]. Current data indicate that 
 MSCs   need to “reboot” after thawing and need 
time to restart their metabolism and other bio-
chemical processes, thus one could consider to 
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“jump-start” the cells by giving a revitalization 
cocktail, or use a cryorecovery approach as sug-
gested by Galipeau [ 136 ]. 

 Considering IBMIR and  complement   activa-
tion, it is worth testing different protocols focus-
ing on DMSO, composition of cryomedia, and 
cell membrane physiology after thawing. 
Freezing of mammalian cells normally requires 
cell membrane permeabilization with DMSO 
forming pores [ 10 ], which is the likely reason for 
thawed MSC’s altered surface topology and 
increased susceptibility to  complement  -mediated 
pattern recognition.  

7.18     Optimized Freeze- Thawing      
Protocol 

 During the past decades, major developmental 
activities have focused on optimizing the freeze- 
thawing process of therapeutic cells [ 1 ,  9 ,  10 ], 
e.g. by improving freezing media, by refi ning 
 vitrifi cation  , controlled rate freezing, and  stor-
age   devices used for cell banking, and by devel-
oping new approaches for more controlled 
thawing conditions. Major efforts are currently 
invested into optimization of cryoprotective 
agents (CPAs) such as nontoxic nanoscale bio-
inspired CPAs or freezing cells encapsulated in 
nanoliter droplets [ 149 ].  

7.19     Pre-/Post-thaw Cellular 
Conditioning 

 Galipeau et al. studied pre-/post-thaw cellular 
conditioning and cryo-recovery of therapeutic 
cells before clinical use [ 135 ,  136 ]. For cryore-
covery, the clinical  MSCs   could be produced and 
banked by conventional means, and to restart 
their metabolism before infusion, recovered by a 
24–72-h subculture in  GMP  -compliant devices. 
The problem with thawed  MSCs   seems to be 
unresponsiveness directly after  thawing  , but if 
the MSCs are allowed to recover in culture they 
should be just as good as fresh cells. Further, the 
evaluation of various conditioning strategies did 
not yield any added value of alternative cryo-

preservation methods and formulations or 
autophagy and caspase inhibitor pretreatment, 
but IFNg-prelicensing prior to MSC freezing par-
tially restored functionality in vitro and in vivo.  

7.20     Continuous Production 
and Application 

 Currently, industrial models are mainly focusing 
on producing cryobanked cell batches, which are 
then released from the cell bank for clinical use 
upon demand. Alternatively, future developments 
may focus on the establishment of high- 
throughput online approaches, preferentially 
using fresh cells from bioreactors for direct use. 
This mode is applicable, if a therapeutic center 
has the capacity for online production and use of 
several hundred to thousand cell doses per year at 
specialized production and application sites, 
serving a larger area with several million inhabit-
ants. Daily or weekly clinical demand could be 
estimated, and cell-harvesting windows estab-
lished, for cells produced with advanced bioreac-
tors. The cells could be harvested and prepared 
for infusion in the morning and used in the 
afternoon.  

7.21     Conclusion 

 A hot debate is currently ongoing about the issue 
whether fresh therapeutic  MSCs   are more effec-
tive than cryopreserved MSCs. Thus, we here 
reviewed the current status of the fi eld with 
regards to clinical use of MSCs, their MOA, 
potency assessment, failure analysis, and new 
improvements in process design. Although cer-
tain indications exist that readily thawed MSCs 
can be functionally impaired, too few data exist 
to date to make a fi nal statement on the value of 
fresh and thawed MSCs. More preclinical and 
clinical assessment needs to be undertaken to 
evaluate the use of fresh and frozen cells with 
focus on individual clinical indications, as under-
taken by Cruz et al. [ 148 ]. Recent clinical data 
also indicate that frozen cells are quite effi cient 
when given at very early passage [ 14 ,  21 ], but 
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clinical value may be increased by giving early 
passage fresh cells [ 14 ]. Use of cryobanked cells 
remains a prerequisite for many acute indica-
tions, but pre-/post-thaw cellular conditioning, 
culture recovery, and continuous cell production 
and application, are valuable options to be stud-
ied in the future. Other approaches to improve 
therapeutic effi cacy may be to give pooled cells 
from several donors [ 21 ,  53 ], and to employ cell 
sources that may be more robust to freeze- 
 thawing     , such as placenta-derived DSCs. More 
research in vitro and especially in vivo, in well 
designed animal models and prospective clinical 
studies, is necessary to establish when it will be 
most applicable to give fresh or frozen stromal 
cells.     
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    Abstract  

  Human mesenchymal stem cells (hMSCs), a type of adult stem cells that 
hold great potential in clinical applications (e.g., regenerative medicine 
and cell-based therapy) due to their ability to differentiate into multiple 
types of specialized cells and secrete soluble factors which can initiate tis-
sue repair and regulate immune response. hMSCs need to be expanded 
 in vitro  or cryopreserved to obtain suffi cient cell numbers required for clin-
ical applications. However, long-term  in vitro  culture-expanded hMSCs 
may raise some biosafety concerns (e.g., chromosomal abnormality and 
malignant transformation) and compromised functional properties, limit-
ing their use in clinical applications. To avoid those adverse effects, it is 
essential to cryopreserve hMSCs at early passage and pool them for off- 
the- shelf use in clinical applications. However, the existing cryopreserva-
tion methods for hMSCs have some notable limitations. To address these 
limitations, several approaches have to be taken in order to produce healthy 
and effi cacious cryopreserved hMSCs for clinical trials, which remains 
challenging to date. Therefore, a noteworthy amount of resources has been 
utilized in research in optimization of the cryopreservation methods, 
development of freezing devices, and formulation of cryopreservation 
media to ensure that hMSCs maintain their therapeutic characteristics 
without raising biosafety concerns following cryopreservation. Biobanking 
of hMSCs would be a crucial strategy to facilitate clinical applications in 
the future.  
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8.1         Introduction 

  Regenerative medicine  , a growing area of medi-
cine, aims to treat diseases which are not easily 
treated, e.g.,  cardiovascular diseases   and diabe-
tes, by repairing the injured tissues and restoring 
their functions [ 1 ]. Human stem cells, particu-
larly human mesenchymal stem cells (hMSCs), 
hold great promise in regenerative medicine due 
to their  multilineage differentiation   potential and 
paracrine function (ability to secrete soluble fac-
tors), which can regulate immune response and 
initiate tissue repair or regeneration [ 2 – 5 ]. 
Further, hMSCs are relatively easy to be isolated 
from various tissues in human body (e.g.,  adipose 
tissues  , bone marrow and periosteum), and ethi-
cal concerns related to the use of embryonic stem 
 cells   can be avoided [ 6 – 8 ]. To date, hMSCs have 
been applied in  clinical trials   targeting clinical 
disorders such as graft-versus-host disease 
(GvHD), stroke and  cardiovascular diseases   [ 9 ]. 
Such clinical applications may require trillions of 
hMSCs, which can be produced through exten-
sive  in vitro  cell expansion [ 10 ]. However, long- 
term  in vitro  cell expansion may raise biosafety 
concerns (e.g., chromosomal aberration and 
malignant transformation) and reduce therapeu-
tic potency of hMSCs [ 11 ,  12 ]. It has been 
reported that patients treated with hMSCs at early 
passage have improved clinical outcome over 

those treated with late passage cells [ 13 ]. 
Therefore, an effective method of long-term pres-
ervation and storage of hMSCs at early passage is 
essential. 

  Cryopreservation   is the only method used to 
preserve and store cells, including hMSCs, for a 
long-term period [ 14 ]. Cryopreservation adopts a 
principle which utilizes ultralow temperatures 
(approximately −196 °C, e.g., in liquid nitrogen) 
to halt the metabolic activity of cells while main-
taining their life and cell functionality [ 15 ,  16 ]. 
Cryopreservation allows transportation and pool-
ing of cells to reach cell numbers required for 
clinical applications while maintaining their 
functional properties [ 17 ]. It also allows the com-
pletion of quality control and safety testing of 
cells prior to clinical applications [ 18 ,  19 ]. A 
bank of effi cacious and healthy cryopreserved 
cells would be available as a ready off-the-shelf 
supply, allowing better timing of therapy [ 15 ]. 
Further, cryopreservation produces a bank of 
cells at specifi c passages with intact functional 
properties and genetic characteristics. These vali-
dated cells can be used to initiate new experi-
ments, maximize the long-term use of cells, and 
minimize experimental variation [ 20 ]. 

 A successful cryopreservation requires the 
development of protocols that achieves high cell 
recovery and maintain cell functionality, includ-
ing  proliferation   potential, multi-lineage differ-
entiation potential, immunomodulatory property, 
migration ability and secretory profi le, which are 
identical to that of the cells at pre-storage state 
[ 21 ]. As the utilization of cryopreserved cells 
continues to increase, researchers are demanding 
a standardized protocol which can achieve higher 
cell recovery and the cells recovered are bio-
chemically and physiologically identical to that 
of pre-storage state at the structural, genomic, 
proteomic and functional levels [ 22 ]. Further, the 
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cells should be xeno-free, nontoxic and immune 
privileged in human [ 14 ]. However, many  chal-
lenges   remain thus far, including sub-optimal cell 
recovery, addition of toxic or animal components 
in the cryopreservation medium and potential 
contamination [ 23 ]. Therefore, a remarkable 
amount of resources has been utilized in research 
in optimization of the cryopreservation methods, 
development of  freezing   devices, and formula-
tion of cryopreservation media, in order to ensure 
that hMSCs maintain their therapeutic character-
istics without raising biosafety concerns follow-
ing cryopreservation [ 15 ].  

8.2     Clinical Applications 
of hMSCs 

 The fi rst clinical  trial   of  in vitro  culture-expanded 
hMSCs isolated from bone marrow was con-
ducted in patients with hematologic malignancies 
in year 1995 [ 24 ]. Since then, the clinical appli-
cation of hMSCs has been further explored. From 
year 2010 to 2014, the clinical trials database 
(  http://www.clinicaltrials.gov    ) demonstrated 685 
registered  clinical trials   of hMSCs in different 
clinical phases to evaluate their potential thera-
peutic applications worldwide. The number of 
registered clinical trial of hMSCs has been rising 
since year 2010 (Fig.  8.1a ). Most of these trials 
are aimed to treat  cardiovascular diseases   (e.g., 
myocardial ischemia and stroke), musculoskele-
tal diseases (e.g., osteoarthritis and rheumatic 
diseases), neurological diseases (e.g., spinal cord 
injury and amyotrophic lateral sclerosis) and 
immune system diseases (e.g., GvHD and multi-
ple sclerosis) (Fig.  8.1b ). Majority of these trials 
are in Phase I (safety evaluation), Phase II (estab-
lishment of the effi cacy of hMSCs against a pla-
cebo), or a mixture of Phases I/II studies. Only an 
inconsiderable number of  clinical trials   are in 
Phase III (establishment of the effi cacy of hMSCs 
against many standard or well-known treatments) 
or a mixture of Phases II/III or Phase IV (descrip-
tion of the additional information such as treat-
ment’s risk and optimal dosage) (Fig.  8.1c ). In 
general, most trials have reported that no sign of 

signifi cant adverse effects was seen in the patients 
receiving hMSCs-based therapies [ 25 ]. Further, 
many completed  clinical trials   have showed the 
effi cacy of hMSCs in treating clinical disorders, 
including GvHD, amyotrophic sclerosis, liver 
cirrhosis, stroke and acute myocardial infarction 
[ 26 ].

   As of 31st December 2014, there are 23 regis-
tered clinical trials of cryopreserved hMSCs 
(derived from bone marrow) in patients with clin-
ical disorders such as myocardial infarction, 
GvHD and Crohn’ disease. The fi rst clinical trial 
using infusion of cryopreserved hMSCs (named 
as Prochymal® or remestemcel-L) in patients 
with GvHD was conducted in year 2005. 
Prochymal is an off-the-shelf stem cell product, 
which is frozen and  stored   in Plasma-Lyte®A (an 
isotonic solution for intravenous infusion) con-
taining 5 % human serum albumin and 10 % 
DMSO. For administration, Prochymal was 
thawed and diluted with Plasma-Lyte®A to 
achieve the cell concentration needed for infu-
sion and to reduce fi nal concentration of DMSO 
in the infused product to 3.75 %. The viability of 
cells after  thawing   was at least 70 %, as deter-
mined by Trypan blue assay [ 27 – 30 ]. Prochymal 
has been approved by Canada as the fi rst adult 
stem  cell-based therapy   to treat GvHD. No iden-
tifi able adverse effect or acute toxicity was seen 
in the patients receiving this therapy [ 27 – 29 ]. 
Prochymal is currently undergoing Phase III tri-
als for refractory Crohn’s disease, and Phase II 
trials for the treatment of myocardial infarction, 
diabetes mellitus type 1 and chronic obstructive 
pulmonary disease. On the other hand, 
MultiStem®, another product of cryopreserved 
hMSCs (derived from bone marrow), which is 
also stored frozen in a mixture of PlasmaLyte, 
human serum albumin and DMSO, undergoes 
Phase II trials for ischemic stroke, acute myocar-
dial infarction, acute respiratory distress syn-
drome, and infl ammatory bowel diseases (e.g., 
ulcerative colitis) [ 31 ]. 

 Taken together, hMSCs have only been 
approved for the treatment of GvHD, whereas 
signifi cant efforts are required in  clinical trials   in 
order to prompt the use of hMSCs in the treat-
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ment of other clinical disorders in the future. 
Since cryopreserved hMSCs offer great potential 
for clinical application, most research has been 
focused on optimization of cryopreservation con-
dition of hMSCs (including hMSCs isolated from 
umbilical cord,  adipose tissues   and amniotic fl uid 
other than bone marrow) in order to produce 
more off-the-shelf hMSCs for clinical  trial   and 
future clinical applications.  

8.3     Existing Methods 
of Cryopreservation 
of hMSCs 

8.3.1      Slow Freezing   

 The slow freezing method is the preferred method 
of cryopreservation of high volume cells such as 
hMSCs and cell lines [ 32 ]. With a freezing rate of 
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  Fig. 8.1    ( a ) Number of registered  clinical trials   of hMSCs from year 2010 to 2014. ( b ) Clinical trials of hMSCs clas-
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1 °C/min (an optimal cooling rate for mammalian 
cells) [ 33 ], a large number of cells can be frozen 
in a cryovial at a low concentration (<1.5 M) of 
cryoproctective agents (CPAs) [ 34 ]. This freez-
ing rate allows cellular dehydration and reduces 
the risk of intracellular ice formation. To achieve 
such a low freezing rate, direct contact of cells 
with non-sterile liquid nitrogen is not required 
during freezing, thus avoiding potential contami-
nation with other microorganism or pathogens 
[ 14 ]. Therefore, a large amount of cryopreserved 
cells which are contamination-free can be pooled 
to provide suffi cient cells for off-the-shelf clini-
cal use. A uniform freezing rate can be generated 
in a passive or active manner. Passive freezing 
approach utilizes a commercially available freez-
ing container fi lled with alcohol, e.g., “Mr. Frosty” 
(temperature is lowered at freezing rate of 1 °C/
min due to the slow freezing property of isopro-
panol), whereas active freezing approach uti-
lizes a programmable controlled rate freezer 
[ 22 ]. However, it has been reported that both 
freezing approaches, display similar potential to 
maintain phenotype, viability, and functional 
properties of hMSCs [ 35 ]. With the advance of 
technology a programmed freezer termed “Cell 
Alive System” (CAS) has been developed, 
which vibrates the water molecules and cells 
using alternating magnetic fi eld and electric 
fi eld during the process of freezing to prevent 
intra- and extra-cellular ice formation [ 36 ]. It 
has been reported that the risk of  freeze injury   to 
MSCs can be further reduced by using this sys-
tem [ 37 ]. Among various types of slow freezing 
methods, freezing protocol which adopts pas-
sive freezing approach is favorable for cryo-
preservation of hMSCs due to low cost and high 
cryopreservation effi ciency. 

 To preserve hMSCs effi ciently using a  slow 
freezing   method, it is essential to optimize and 
determine the ideal CPAs used to preserve 
hMSCs. The roles of CPAs in cell cryopreserva-
tion are to stabilize the cell membrane, minimize 
osmotic stress to the cells, and protect cells 
against intracellular and extracellular ice crystal 
formation which are both harmful to cells [ 38 , 
 39 ]. CPAs are divided into permeating CPAs 
(e.g., dimethyl sulfoxide (DMSO) and glycerol) 

and non-permeating CPAs (e.g., sucrose, treha-
lose and fetal bovine serum (FBS)). Permeating 
CPAs can penetrate the cell membrane due to 
their low molecular weight and remove the water 
from the cells to prevent the formation of intra-
cellular ice [ 40 – 42 ]. Non-permeating CPAs is 
unable to pass through the cell membrane but it is 
able to protect the cell membrane by forming a 
viscous glassy shell around the outer surface of 
cells and regulate intracellular and extracellular 
osmotic pressure [ 40 ,  41 ] (Fig.  8.2 ).

   Among the CPAs, DMSO with relatively high 
membrane permeability and FBS being rich in 
protein and growth factors is commonly utilized 
for cell cryopreservation [ 43 ]. DMSO with a con-
centration of 10 % (v/v) combined with FBS 
(20–90 %) (v/v) has been commonly used to pre-
serve hMSCs [ 44 – 46 ], but both exhibit a consid-
erable disadvantages. DMSO is cytotoxic at the 
temperatures beyond 4 °C [ 47 ]. The clinical uses 
of cells preserved in 10 % DMSO have caused 
many adverse effects (e.g., neurotoxicity and 
respiratory depression) in recipients [ 48 ,  49 ]. 
DMSO may induce undesired differentiation of 
stem cells to neuronal-like cells [ 50 ]. On the 
other hand, FBS contains a number of proteins 
and peptides which can initiate xenogeneic 
immune responses [ 51 ,  52 ]. In addition, FBS 
could possibly transfer pathogens [ 47 ]. Therefore, 
it is recommended to minimize or exclude the use 
of FBS as part of the cryopreservation medium 
[ 53 ]. Overall, an ideal CPA should maintain 
functional properties and high survival rate of 
cells after  thawing  , and allow for cell  transplanta-
tion   without raising biosafety issues (e.g., xeno-
geneic immune response, cytotoxicity and 
 tumourigenesis  ).  

8.3.2      Vitrifi cation   

 Vitrifi cation is a process which requires a very 
high freezing rate to convert a cell-laden CPA 
suspension directly from its aqueous phase to a 
glass state upon contact with liquid nitrogen [ 54 ]. 
Generally, two approaches have been used to pre-
serve cells using vitrifi cation – equilibrium vitri-
fi cation and non-equilibrium vitrifi cation. In 
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equilibrium vitrifi cation, cells are exposed to 
multimolar CPA mixtures in a stepwise manner, 
which helps to reduce chemical toxicity, followed 
by immersion into liquid nitrogen [ 55 ]. hMSCs 
have been vitrifi ed using this approach, which 
could successfully maintain their functional 
properties and viability [ 56 – 58 ]. However, this 
approach has high potential to cause osmotic 
shock and chemical toxicity to cells [ 55 ]. 

 In non-equilibrium vitrifi cation, extremely high 
freezing rates has been performed with only one 
CPA at a low concentration for cell preservation 
[ 55 ]. In this approach, vitrifi cation systems are 
divided into carrier-based systems and carrier- free 
systems. Cryoloops (700,000 °C/min), quartz 
microcapillaries (250,000 °C/min) and plastic 
straws (2500 °C/min) are among the carriers that 
have been developed for vitrifi cation with each of 
them offering a different freezing rate [ 34 ]. The 
utilization of higher freezing rate allows vitrifi ca-
tion using CPA at a lower concentration, thereby 

reducing the risk of osmotic damage and chemical 
toxicity to the cells. On the other hand, carrier-free 
systems which can generate micro- droplets of 
cell-laden CPA followed by ejection into liquid 
nitrogen, have been developed to further increase 
freezing rate of vitrifi cation [ 34 ]. hMSCs have 
been vitrifi ed using a carrier-free system without 
the need for directly contacting the cells with liq-
uid nitrogen [ 59 ], and the results seem  promising  .  

8.3.3      Slow Freezing   
Versus  Vitrifi cation   

 Post-thaw viability of cells was reported to be 
higher using vitrifi cation compared to slow freez-
ing method as the high freezing rate reduces the 
time of intra- and extracellular ice formation 
[ 60 ]. However, vitrifi cation which adopts an 
approach of direct cell-to-liquid nitrogen contact, 
may lead to potential pathogenic contamination 

Dehydration
Slow cooling

Optimal cooling
cryoprotectants

+

Cooling
Rapid cooling

Cell death due to cellular
dehydration and shrinkage

Cell death due
to intracellular ice formation

Prevention of dehydration and
shrinkage-induced cell death

Ice crystals

Non-permeating cryoprotectants

Permeating cryoprotectants

  Fig. 8.2     The role of CPAs in cell cryopreservation . 
Cryopreservation requires CPAs (either permeating or 
non-permeating) to protect cells from  freeze injury   (e.g., 

cell death) by avoiding the formation of intra- and extra- 
cellular ice crystals which are both harmful to cells during 
freezing (Reproduced from Martin-Ibanez et al. [ 65 ])       
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[ 61 ]. The Hepatitis B virus and  Aspergillus sp . 
are among the pathogens which have been 
reported to contaminate liquid nitrogen [ 61 ,  62 ]. 
The source of contamination may come from 
non-sterile liquid nitrogen itself or cross- 
contamination from infected samples in the liq-
uid nitrogen storage tank [ 63 ]. Therefore, good 
operational skill is required for vitrifi cation. 
Large scale cryopreservation of cells is impracti-
cal. Vitrifi cation is usually applied to small vol-
ume cells such as embryonic stem  cells  , embryos 
and oocytes because it requires low volume of 
cell suspension to achieve high freezing rate [ 64 ]. 
Therefore, it is not recommended to cryopreser-
vation of hMSCs in large volumes. Further, the 
recycling of cells is labor-intensive as it needs 
manual picking up of individual cell colonies 
[ 60 ], which may lead to the cell loss. The advan-
tages and disadvantages of slow freezing and vit-
rifi cation are described in brief in Table  8.1 . 
Collectively, the  slow freezing   method is prefer-
able because cryopreservation of hMSCs can be 
performed on a large scale, the post-thaw viabil-
ity of cells is high, and it avoids the risk of patho-
genic contamination, allowing cryopreserved 
hMSCs to be used for clinical applications with 
low risk of pathogen  transmission  .

8.4          Challenges   
in Cryopreservation 
of hMSCs for Clinical 
Applications 

8.4.1      Slow Freezing   

 Today, the issue of adverse effects in recipients of 
cells cryopreserved in 10 % DMSO and FBS 
using a slow freezing method is challenging [ 60 , 
 65 ]. Although the transplantation protocol has 
included the step of post-thaw washing of the 
cells to remove DMSO prior to transplantation 
[ 66 ,  67 ], but washing the cells by centrifugation 
prior to removal of DMSO can cause a signifi cant 
cell loss. Further, total removal of DMSO from 
cryopreserved cells is time-consuming and com-
plex [ 68 ]. Therefore, the development of an alter-
native cryopreservation medium or a 
cryopreservation medium consisting of a reduced 
concentration of DMSO is required [ 69 ]. To date, 
the introduction of non-toxic polymers (e.g., 
polyvinylpyrrolidone) and disaccharides (e.g., 
sucrose and trehalose) as a CPA [ 35 ,  70 ], have 
not achieved the aim of replacing DMSO for 
cryopreservation of hMSCs as they are less effi -
cient than DMSO in maintaining the viability of 
hMSCs, possibly due to their inability to pene-
trate cell membrane. However, when trehalose 
encapsulated in genipin-cross-linked Pluronic 
F127-chitosan nanoparticles was delivered into 
hMSCs for cryopreservation, it was found that 
cells are capable to maintain their functional 
properties and high viability following cryo-
preservation [ 71 ]. This indicates that non- 
permeating CPAs, e.g., trehalose, may be more 
effi cient when they are delivered intracellularly 
for cryopreservation of hMSCs. Further investi-
gation is needed to assess the biodegradability 
and cytotoxicity of the genipin-cross-linked 
Pluronic F127-chitosan nanoparticles, and 
explore more effi cient  methods      to deliver CPAs 
intracellularly. Further investigation is also 
required to explore alternative CPAs to replace 
DMSO completely. 

   Table 8.1    Comparison between  slow freezing   and  vitri-
fi cation   method   

 No  Aspect 
 Slow 
freezing  Vitrifi cation 

 1.  Concentration of 
CPAs required 

 Low  High 

 2.  Risk of  freeze 
injury   

 High  Low 

 3.  Post-thaw viability  High  Higher 

 4.  Risk of toxicity of 
CPAs 

 Low  High 

 5.  Potential pathogenic 
contamination 

 Low  High 

 6.  Operational skill  Easy  Good 
operational 
skill is needed 

  Adapted from Yong et al. [ 14 ] 
  CPAs  cryoprotective agents  
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 Recently, it has been proposed that xeno-free 
cryopreservation medium can be used to preserve 
hMSCs [ 14 ]. For instance, 5 % human albumin 
solution has been proposed to replace FBS for 
cryopreservation of hMSCs [ 72 ]. Further, our 
recent study has demonstrated that hMSCs pre-
served in xeno-free cryopreservation medium 
consists of only 5 % DMSO were capable to 
maintain high viability and their functional prop-
erties following cryopreservation [ 73 ]. However, 
it has been reported that cells (e.g.,  ESCs   and 
lymphocytes) cryopreserved in DMSO may dis-
play chromosomal abnormality and changes in 
telomere length, which might in turn lead to 
tumour formation [ 74 ,  75 ]. These concerns have 
established the need for assessment of tumouri-
genic potential and chromosomal abnormality in 
cryopreserved hMSCs prior to clinical applica-
tions. It has been demonstrated that cryopreser-
vation does not alter chromosome structures and 
numbers in hMSCs, indicating no sign of chro-
mosomal abnormality [ 45 ,  76 – 78 ]. Further, our 
recent study has demonstrated that cryopreserved 
hMSCs including those preserved in 5 % DMSO 
display low tumourigenic potential, indicating 
their low risk in tumourigenesis [ 79 ]. These 
results indicate that hMSCs preserved in 5 % 
DMSO which have low risk in inducing xenoge-
neic immune response and cytotoxicity, could be 
an ideal cell source for clinical applications in the 
future. Further investigation is needed to assess 
immunomodulatory property, migration ability 
and secretory profi le of hMSCs preserved in 5 % 
DMSO following  cryopreservation  .  

8.4.2      Vitrifi cation   

 To vitrify cells for clinical applications, many 
issues need to be addressed, including small scale 
cryopreservation, high risk of contamination and 
cell loss due to the ineffective collection of fro-
zen cells. With the advance of technology, the 
development of an ejection-based micro-droplet 
generation system permits effi cient vitrifi cation 
of micro- droplets   in a continuous and high 
throughput manner, which has signifi cantly 
improved the performance for cryopreservation 

of hMSCs. Further, a closed, sterile, and auto-
mated vitrifi cation system (e.g., ejection-based 
micro-droplet generation system) which allows 
vitrifi cation of cells via indirect contact with liq-
uid nitrogen should be developed to avoid poten-
tial contamination and reduce cell loss [ 32 ,  59 ]. 
Xu’s group has developed a device which can 
vitrify micro-droplets of cell-laden CPA printed 
on a silver fi lm via boiling heat transfer without 
the need for direct contact with liquid nitrogen 
[ 59 ]. hMSCs subjected to vitrifi cation using such 
approach were found to maintain cell phenotype, 
high viability and osteogenic differentiation 
potential. This device allows vitrifi cation with 
low risk of contamination and cell loss, indicat-
ing its potential use in vitrifi cation of hMSCs for 
clinical applications. Further investigation is 
needed to perform further assessment of cell 
functionality in hMSCs subjected to vitrifi cation 
using this device. In addition, a sterile polyetra-
fl uoroethylene cartridge with fi lteration and 
ultraviolet radiation has been suggested to steril-
ize liquid nitrogen prior to vitrifi cation of cells 
since liquid nitrogen has been reported to be 
potentially contaminated with infectious  agents      
[ 80 ].  

8.4.3      Thawing   

 Besides freezing, it is essential to select the opti-
mum method to thaw the frozen cells. The stan-
dard thawing method is to warm the cells at a 
rapid rate (>100 °C/min) at 37 °C in a water bath 
until all the ice melted [ 68 ], resulting in recovery 
of a high numbers of viable cells following thaw-
ing. Thawing frozen cells at such a rapid rate 
could minimize ice recrystallization and cellular 
exposure time to high concentrations of CPA 
[ 22 ]. A dry warming procedure has been pro-
posed to thaw the frozen cells to avoid possible 
contamination of cells with microorganism pres-
ence in the water bath [ 81 ]. Therefore, a 
controlled- rate thawing chamber was developed 
to thaw frozen cells at a warming rate of 10 °C/
min, resulting in a high viability of cells, which is 
comparable to those thawed with the standard 
method [ 82 ]. After thawing, the cells are washed 
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by centrifugation to remove CPAs, which are par-
ticularly toxic (e.g., DMSO) prior to clinical 
applications. However, the process of washing 
may result in a signifi cant cell loss which may in 
turn affect the clinical outcome. In the future, it is 
essential to develop a controlled-rate dry warm-
ing device which is low cost, reliable and porta-
ble for thawing frozen cells, and a method which 
can remove CPAs while minimizing cell loss for 
effective clinical  applications  .   

8.5     Conclusion and Future 
Perspectives 

 Nowadays, the demand for organ transplantation 
has been rising rapidly due to the increasing inci-
dence of chronic diseases (e.g., liver cirrhosis and 
myocardial ischemia), which lead to the end- 
stage failure of many vital organs (e.g., liver and 
heart). The supply of organs from deceased 
donors has remained low and insuffi cient to meet 
the increasing demand. So, shortage of organs for 
transplantation has become a major crisis world-
wide. To solve the organ shortage problem, 
 regenerative medicine   which emphasizes on the 
use of human stem cells in the treatment, has 
evolved rapidly. Among various types of stem 
cells, hMSCs possess paracrine function and 
immunosuppressive property, which support 
their use in various clinical settings. Implantation 
of such multi-functional hMSCs may treat the 
fatal diseases while addressing the problems of 
organ shortage crisis. However, long-term 
culture- expanded hMSCs may raise biosafety 
concerns and demonstrate decreased therapeutic 
potency, limiting their widespread use. 
Cryopreservation could retain the therapeutic 
characteristics of hMSCs with low risk of bio-
safety issues, indicating their potential use in 
clinical applications. Therefore, the development 
of  biobank   of hMSCs is essential as healthy and 
effi cacious cryopreserved cells can be pooled for 
off-the-shelf use when needed, allowing better 
timing of therapy. To date, many  challenges   
remains in addressing the  limitations   of the exist-
ing cryopreservation protocols (from freezing 
process to  thawing   process and therapeutic 

administration), including sub-optimal cell 
recovery, potential contamination and addition of 
toxic or animal-based agents into the cryopreser-
vation medium. A standardized and safe cryo-
preservation protocol of hMSCs which can 
achieve high recovery of cells and maintain cell 
functionality should be established. In the future, 
biobanking of hMSCs would be a crucial strategy 
to facilitate clinical applications.     
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    Abstract  

  Accumulating evidence has demonstrated that menstrual blood stands as a 
viable source of stem cells. Menstrual blood-derived stem cells (MenSCs) 
are morphologically and functionally similar to cells directly extracted 
from the endometrium, and present dual expression of mesenchymal and 
embryonic cell markers, thus becoming interesting tools for regenerative 
medicine. Functional reports show higher proliferative and self-renewal 
capacities than bone marrow-derived stem cells, as well as successful dif-
ferentiation into hepatocyte-like cells, glial-like cells, endometrial stroma- 
like cells, among others. Moreover, menstrual blood stem cells may be 
used with increased effi ciency in reprogramming techniques for induced 
Pluripotent Stem cell (iPS) generation. Experimental studies have shown 
successful treatment of stroke, colitis, limb ischemia, coronary disease, 
Duchenne’s muscular atrophy and streptozotocin-induced type 1 diabetes 
animal models with MenSCs. As we envision an off-the-shelf product for 
cell therapy, cryopreserved MenSCs appear as a feasible clinical product. 
Clinical applications, although still very limited, have great potential and 
ongoing studies should be disclosed in the near future.  

        M.  C.  O.   Rodrigues      (*) 
  Division of Clinical Immunology, Ribeirão Preto 
Medical School ,  University of São Paulo , 
  Ribeirão Preto ,  Brazil    
 e-mail: mcarolor@usp.br   

  9

    T.   Lippert    •    H.   Nguyen    •    S.   Kaelber    •    P.  R.   Sanberg    
   C.  V.   Borlongan      (*) 
  Department of Neurosurgery and Brain Repair, 
Morsani College of Medicine ,  University of South 
Florida ,   12901 Bruce B. Downs Blvd , 
 Tampa ,  FL   33612 ,  USA   
 e-mail: cborlong@health.usf.edu  

mailto:mcarolor@usp.br
mailto:cborlong@health.usf.edu


112

  Keywords  

  Endometrium   •   Regenerative medicine   •   Endometrial stem cells   • 
  Menstrual blood stem cells   •   Pluripotent stem cells   •   Immunomodulation   • 
  Stem cell therapy  

  Abbreviations 

   MenSCs    Menstrual blood-derived stem cells   
  iPS    Induced Pluripotent Stem cell   
  MHC    Major histocompatibility complex   
  ERCs    Endometrial regenerative cells   
  hTERT    Human telomerase reverse 

transcriptase   
  MMPs    Matrix metalloproteases   
  VEGF    Vascular endothelial growth factor   
  BDNF    Brain-derived neurotrophic factor   
  DOPAC    Dopamine and dihydroxyphenylace-

tic acid   

9.1         Introduction 

 In the past decades, several cell types from differ-
ent sources have been investigated as therapeutic 
tools in experimental, translational and clinical 
research. Stem cells have been especially 
explored for their cytoprotective, regenerative 
and immunomodulatory capacities [ 1 ]. Adult, 
rather than embryonic stem  cells  , or those 
obtained by iPS-generating techniques, have 
been currently preferred in studies that aim clini-
cal translation, despite their more restricted dif-
ferentiation potential. Indeed, teratogenicity and 
ethical concerns, high costs and low effi ciency 
stand as obstacles still to be surpassed before the 
more immature stem cells are enrolled in  clinical 
trials  . 

 Cells derived from bone marrow and cord- 
blood have been the focus of the initial studies on 
 cell therapy  , due to the already established expe-
rience with bone marrow  transplantation  . Later, 
easier access sources began to be examined, 

mainly in disposable tissues such as the placenta, 
amniotic fl uid and membrane, umbilical  cord tis-
sue  , dental pulp, and  adipose tissue  , among oth-
ers [ 2 – 5 ]. Of particular relevance are the 
mesenchymal cells, which have been more exten-
sively studied and hold good  in vivo  repairing 
potential. Mesenchymal cells do not spontane-
ously express class II major histocompatibility 
complex (MHC) molecules, what confers them 
low immunogenicity and ability to be tolerated 
by the host immune system [ 1 ]. Therefore, they 
have been tested as tools for treatment of autoim-
mune, infl ammatory and degenerative diseases. 

 Successive studies have reported differences 
in mesenchymal cells from different sources and 
how they may be more or less suitable for treat-
ment of specifi c disorders according to their tis-
sue of origin [ 6 – 8 ]. In this scenario, menstrual 
blood has recently been investigated as source of 
stem cells for therapeutic purposes, the  in vitro  
and preclinical studies revealing great potential, 
perhaps overcoming that of cells from other 
sources. This review addresses current and 
already established knowledge about  in vitro  and 
 in vivo  research on menstrual blood-derived stem 
cells, with emphasis on morphological and func-
tional characteristics. Also discussed are the 
future perspectives of such cells, especially con-
cerning clinical  applications     .  

9.2      Endometrium   and Menstrual 
Blood-Derived Stem Cells 

 More than 30 years ago, stem cells were fi rst 
described to be present in the endometrium [ 9 ]. 
The intense tissue remodeling observed during 
menses and pregnancy mirrors the endometrial 
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potential to renew itself, effect that has been 
ascribed to local stem cell activity [ 10 ]. In addi-
tion, endometrial cells from patients with endo-
metriosis are remarkably able to migrate and 
graft to distantly located tissues [ 11 ]. In the endo-
metrium, epithelial cells can be found in the sur-
face epithelium as well as within the tubular 
glands, which anatomically continue to the inter-
face with the myometrium. 

 The remaining tissue consists of stromal cells, 
smooth muscle cells, endothelial cells and leuko-
cytes [ 12 ].  The functionalis , which can be con-
sidered the upper layer of the endometrium, 
contains glands that are held together loosely by 
stromal tissue. The basalis contains dense stroma, 
basal regions of the glands, supportive vascula-
ture and lymphoid aggregates [ 13 ]. The  functio-
nalis  is eliminated monthly during menstruation, 
while the remaining,  basalis , is able to renew the 
endometrium, under hormonal infl uence. At each 
cycle, progenitor cells migrate from the  basalis , 
proliferate, and regenerate the  functionalis . In 
post-menopause women, progenitor cells can be 
found in the  basalis , as a possible explanation to 
menstrual cycle reactivation through hormonal 
replacement [ 14 ]. 

 The endometrium contains three types of stem 
cells: the epithelial progenitor cells, mesenchy-
mal cells and endothelial progenitor cells [ 11 ]. 
Although multipotent stem cells may be isolated 
and cultured from endometrial biopsies and men-
strual blood, it has been proposed that epithelial 
progenitor cells cannot be obtained from men-
strual blood and most likely reside in the  basalis  
layer [ 15 ,  16 ]. In fact, epithelial progenitors can 
be found in the endometrial  basalis  in post- 
menopause women, indicating a possible source 
of stem cells when menstrual blood is not any 
more available [ 14 ]. 

 In 2004, Chan et al. isolated epithelial progen-
itors and stromal cells derived from the endome-
trium [ 17 ]. In the laboratory, both the isolated 
epithelial progenitors and the stromal cells were 
cloned and amplifi ed, but phenotypic markers 
within the epithelial cells were lost and a feeder 
layer was needed over cell passages. Later, simi-
lar cells were isolated from menstrual blood [ 18 –
 20 ] and named endometrial regenerative cells 

(ERCs). These cells differentiated into tissues 
from the three germ layers, indicating their  in 
vitro  multipotentiality. In 2008, Patel et al. iso-
lated stem cells from menstrual blood (MenSCs)   , 
showing  in vitro  clonogenic properties as well as 
the differentiation of tissues derived from meso-
derm and ectoderm [ 21 ]. They also demonstrated 
markers of pluripotency, such as Oct-4, SSEA-4 
and c-kit, which were expressed by the MenSCs 
and are usually found in immature cell types, 
such as embryonic stem  cells  . Furthermore, 
telomerase activity and human telomerase 
reverse transcriptase (hTERT) expression in 
those cells resembled that of embryonic stem 
 cells   [ 21 ,  22 ]. In a subpopulation of the MenSCs, 
unexpectedly high clonogenic and proliferative 
potential was confi rmed, besides expression of 
pluripotency markers (e.g., SSEA-4) [ 20 ]. Also, 
MenSCs were effi ciently and stably gene modi-
fi ed by retroviral transfection, indicating that 
these cells could become suitable tools for gene 
delivery. Finally, levels of matrix metalloprote-
ases (MMPs) in MenSCs are several fold above 
those presented by mesenchymal cells derived 
from cord blood, indicating a specifi c ability for 
remodeling [ 18 ]. 

 Studies have investigated the  in vitro  potential 
of the MenSC cell fate, in particular demonstrat-
ing the stem cells derived from menstrual blood 
differentiated into functional hepatocyte-like 
cells, expressing hepatic surface markers (e.g., 
albumin, cytokeratin-18 and alpha fetoprotein) 
and genes [ 23 ,  24 ]. Menstrual blood-derived 
cells were also differentiated into nucleus 
pulposus- like cells in a co-culture system, the 
fi nal product confi rmed by phenotypic and gene 
expression evaluations [ 25 ]. Similarly, menstrual 
blood progenitors were differentiated into glial- 
like cells [ 26 ]. Moreover, MenSCs have higher 
capability to be differentiated towards cardiomy-
ocytes than bone marrow-derived cells and  in 
vivo  differentiation of menstrual blood cells into 
cardiomyocytes has been reported [ 27 ,  28 ]. 
Finally, chondrogenic differentiation of MenSCs 
seeded on a nanofi brous scaffold, strongly reac-
tive to anti-collagen II antibodies, has been 
reported [ 29 ]. Menstrual blood-derived stem 
 cells   may also be used with increased effi ciency 

9 Therapeutic Applications of Menstrual Blood-Derived Stem Cells



114

in reprogramming techniques for iPS generation 
[ 30 ,  31 ]. 

 Although numerous studies have been pub-
lished on MenSC properties in the past years, 
some questions still remain unanswered. Since 
the initial investigations, it has been shown that 
more than one single cell population may be iso-
lated from either endometrial tissue or menstrual 
blood, and the multiple available reports do not 
clearly indicate which is the most important cell 
type for regenerative purposes. Cervello et al. 
[ 32 ] isolated epithelial and stromal-cell enriched 
side populations through fl ow cytometry of 
Hoechst- stained endometrium cells [ 32 ].  In 
vitro , the cells were characterized and showed 
high proliferative potentials, especially when 
they were exposed to an environment containing 
hypoxic conditions, similar to that of the endo-
metrial environment. However, when these cells 
were administered to immunodefi cient mice, lim-
ited  proliferation   and differentiation were 
observed, demonstrating a divergence of  in vitro  
and  in vivo  effects. Masuda et al. (2010) implanted 
similar cells in female mice under the kidney 
capsule, and observed human tissue development 
in some of the animals under estrogen stimula-
tion [ 33 ]. Side-population cells successfully dif-
ferentiated into glandular epithelial, stromal and, 
for the fi rst time, endothelial cells, with presence 
of CD31 and human vimetin co-expressing in 
small and medium sized vessels. However, 
although they were detectable, the  in vivo  differ-
entiation capacity was considered poor. For bet-
ter proliferative results, cells were combined with 
the endometrial cells of the remaining population 
(i.e., main population.). Combined with reported 
data from literature, these fi ndings suggest that 
the endometrium has multiple factors that can 
cooperate for therapeutic properties of this tissue, 
rather than from a single cell type. In fact, it has 
been previously proposed that even the endome-
trial niche itself may contribute to the quality of 
cell activity [ 11 ]. 

 The angiogenic potential of the endometrium- 
derived cells is also pertinent for vascular growth 
and remodeling investigation.  Disorders   such as 
stroke, cardiac ischemia and chronic vascular 
insuffi ciency, among others, may stand as perfect 
targets for these cells. In fact, successful results 

have been achieved by preclinical studies on 
myocardial infarct, limb ischemia, and stroke 
[ 25 ,  34 ,  35 ]. Angiogenic effects are also proposed 
in the treatment of severe skin burns, perhaps 
associating cells to intelligent artifi cial fi lms [ 34 , 
 36 ]. 

 Another question concerns the classifi cation 
criteria for menstrual blood-derived stem cells. 
Murphy et al .  [ 34 ] speculate that the ERCs they 
isolated share properties that overlap and may 
even be considered equivalent to cells reported 
by other studies, but may not be the same endo-
metrial stromal cells described by Taylor, in 2004 
[ 18 ,  21 ,  37 ,  38 ]. The ERCs show low concentra-
tions of the STRO-1 mesenchymal cell marker, 
differentiate into a wider range of tissues and 
exhibit higher proliferative capacity than cord 
blood-derived cells [ 18 ]. When compared with 
bone marrow-derived mesenchymal cells, ERCs 
also presented higher lymphocyte proliferative 
inhibitory potential, and different gene expres-
sion profi les, which were mostly towards infl am-
matory and immune pathways in the ERCs, while 
stem cell and cancer signaling in the bone 
marrow- derived mesenchymal cells [ 39 ]. Taylor 
postulates that the stromal cells observed within 
the endometrium are derived from the bone mar-
row, as observed in female recipients of alloge-
neic bone marrow transplantation that have donor 
cells detected in tissues from endometrial biop-
sies. These fi ndings were later duplicated in 
female rats, which presented bone marrow- 
derived GFP-positive cells in the endometrium 
long after transplantation [ 40 ]. In practical 
 matters, however, although endometrial-derived 
cells are grouped through different phenotypical, 
differentiation and proliferative criteria, when 
applied  in vivo  they have similar effects and com-
parable therapeutic abilities to advance  repair  .  

9.3     Experimental Applications 
of Stem Cells Derived 
from the  Endometrium   

 Progenitor cells derived directly from the endo-
metrium or indirectly, from menstrual blood, 
have been investigated for their  in vivo  immuno-
modulatory and restorative effects (see Table  9.1 ). 
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In an aggressive glioma mouse model, ERCs 
injected either by intravenous or intratumoral 
routes successfully reduced tumor size in almost 
50 % [ 43 ]. Among possible mechanisms, the 
authors considered secretion of inhibitory factors 
by the injected cells, selective angiogenesis in 
favor of benign and against malignant tissue, and 
cell-tumor interaction stimulating the differentia-
tion of the tumoral tissue.

   Borlongan et al. evaluated the effects of men-
strual blood-derived cell transplantation in exper-
imental stroke [ 35 ]. Stromal-like menstrual blood 
cells were selected for CD117 or C-kit receptors 
by isolating and expanding the stem cells. Those 
cells selected indicate a high probability of  pro-
liferation  , migration and survival [ 44 ]. The 
embryonic-like stem cells expressed  in vitro  phe-
notypic markers, such as Oct4, SSeA and Nanog. 
Up to nine passages of cultures were maintained, 
which provided evidence of the safety and reli-
ability of those cells, and part of the cells were 
induced to express neural markers (MAP2 and 
Nestin). 

 When menstrual blood cells were added to 
cultured rat neurons that had been exposed to a 
hypoxic insult, the menstrual blood cells exerted 
neuroprotective effects. Behavioral tests were 
administered and stroke animals that received 
menstrual blood cells displayed less neurological 
defi cits, irrespective of the injection site, i.e. sys-
temic or local  administration   into the striatum. 

 Analyses of the central nervous tissue in the 
transplanted stroke rats revealed that the grafted 
cells did not exhibit markers of cell lineage dif-
ferentiation. Results showed that the  human cells  , 
although detected and some migrating to areas 
other than the injected, expressed their original 
stemness markers. Altogether, these results indi-
cate that  cell differentiation   was not the main 
therapeutic operating mechanism and that other 
pathways may be involved in the observed func-
tional recovery. 

 In addition, vascular endothelial growth factor 
(VEGF), brain-derived neurotrophic factor 
(BDNF), and neurotrophin-3 were detected as 
possible neuroprotective trophic factors released 

   Table 9.1    Main preclinical studies reporting use of menstrual blood and endometrial-derived cells   

 Animal model  Main in vivo effect  Administration route  Reference 

  Endometrial tissue-derived cells  

 Parkinson’s disease  Dopamine and 
dihydroxyphenylacetic acid 
(DOPAC) production 

 Local (brain)  [ 37 ] 

 Experimental allergic 
encephalitis 

 Prevented development of 
neuroinfl ammation (prophylactic 
effect) 

 Intraperitoneally  [ 41 ] 

 Pelvic organ prolapse  Decreased chronic infl ammation 
and fi brosis 

 Local (pelvis)  [ 42 ] 

  Menstrual blood-derived cells  

 Duchenne muscular 
dystrophy 

 In vivo expression of dystrophin/
possible fusion to myocytes 

 Intramuscular  [ 22 ] 

 Coronary artery ligation  Improved heart function, decreased 
infracted areas 

 Local (heart)  [ 28 ] 

 Chronic limb ischemia  Prevented limb amputation  Intramuscular  [ 34 ] 

 Glioma  Reduction in 50 % of tumor size  iv and intratumoral  [ 43 ] 

 Stroke  Neuroprotection  Iv and local (striatum)  [ 35 ] 

 Liver cirrhosis  Restored liver function  Intrasplenic  [ 24 ] 

 Colitis  Decreased disease activity  iv  [ 46 ] 

 Streptozotocin-induced 
diabetes 

 Extended survival and improved 
glycemic control 

 iv  [ 47 ] 

  Abbreviation:  iv  intravenous  
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by ERCs. These results may be supported by a 
recent  in vitro  study reporting that menstrual 
blood-derived stem cells express the neuronal 
marker β-III-tubulin and endogenous BDNF in 
higher levels than bone marrow and  adipose 
tissue  - derived cells [ 45 ]. 

 In a different CNS disorder context, empha-
sizing more restorative than neuroprotective 
effects, Wolff et al. reported the use of 
endometrial- derived cells in a Parkinson’s dis-
ease immunocompetent mouse model [ 37 ]. 
 In vitro  differentiated dopamine-producing cells 
expressing neural markers nestin and tyrosine 
hydroxylase were injected into the brains of the 
animals. Labeled cells were detected in the brains 
up to 5 weeks after administered. Therapeutic 
potential was recognized  in vivo  when the migra-
tion, differentiation and production of dopamine 
were detected. These cells have the potential to 
functionally restore the damaged tissues, either 
through cell replacement or endogenous repair. 

 An experimental colitis mouse model 
improved after treatment with intravenous injec-
tions of human menstrual blood-derived ERCs 
[ 46 ]. Despite short follow-up of 14 days, treated 
animals presented decreased disease activity 
scores, reduced infl ammatory cytokine levels and 
higher regulatory cell frequencies, indicating a 
systemic benefi cial effect of cell infusions. In 
addition, histological evaluations evidenced sig-
nifi cant modulation of the infl ammatory 
infi ltrate. 

 Streptozotocin-induced diabetes mice were 
treated with one single intravenous injection of 
human menstrual blood-derived stem cells [ 47 ]. 
Treated mice presented longer survival and better 
glycemic control when compared with untreated 
diabetic mice. In accordance with previous 
reports, MenSCs presented high  proliferation  , 
short doubling time, and increased expression of 
the immature cell marker Oct-4. Although migra-
tion of labeled MenSCs to the pancreata and islet 
beta-cell regeneration were detected, there were 
no evidence of cell transdifferentiation into pan-
creatic tissue, suggesting that paracrine mecha-
nisms prevailed. 

 Menstrual blood-derived cells were also tested 
in a rat coronary ligation model [ 28 ]. In this 

study, menstrual blood-derived mesenchymal 
cells were co-cultured with fetal  cardiomyocytes   
separated by an athelocollagen membrane (no 
cell-cell contact), and  in vitro  differentiated into 
 beating   cardiac precursor-like cells. Subsequently, 
non-differentiated menstrual blood-derived mes-
enchymal cells were injected into and marginal to 
the ischemic area of the heart, 2 weeks after coro-
nary artery ligation. Clinical and histological 
effects were compared to bone marrow mesen-
chymal cell and culture medium or fi broblast 
injections. Animals treated with MenSCs pre-
sented higher heart function recovery rates, as 
well as smaller infarcted areas, than those from 
the other treatment groups. High in situ cardio-
myogenic transdifferentiation was also observed. 
Also investigating the vessel-regenerating poten-
tial of the ERCs, Murphy et al. injected MenSCs 
into the hind-limb muscle just distal to the level 
of artery ligation, in a chronic limb ischemia rat 
model [ 34 ]. Multiple cell injections were admin-
istered shortly after the vascular obstruction – 
immediately, 2 and 4 days after ligation – and 
showed a protective effect, preventing limb 
necrosis and amputation. Finally, MenSC differ-
entiated  in vitro  into hepatocyte-like cells were 
injected intrasplenically and restored liver func-
tion, normalizing albumin and transaminase  lev-
els   [ 24 ].  

9.4     The Advantages 
and Disadvantages 
of  Cryopreservation   
of Menstrual Blood-Derived 
Stem Cells 

 Cryopreservation can be utilized to preserve pre-
viously expanded stem cells for future use, as 
shown in Fig.  9.1 . MenSCs can be cryopreserved 
for extended period of time. There are both 
advantages and disadvantages of cryopreserva-
tion of stem cells. These pros and cons will even-
tually determine if the MenSCs should be 
cryopreserved. Table  9.2  summarizes the advan-
tages and disadvantages of cryopreservation.

    The fi rst advantage of cryopreservation is that 
the stem cells can be  stored   for extended period 
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of time. Hence, it can be readily available for 
expansion and use with relatively short period of 
time. This is extremely important for acute time 
sensitive disorders such as stroke and traumatic 
brain injury. Many preclinical studies have dem-
onstrated that the earlier the injection of stem 
cells, the better the recovery is. Therefore, cryo-
preserved stem cells can shorten the waiting 
period so that they can be used within the critical 
therapeutic period. In addition, cryopreservation 
of stem cells allows autologous transplant. In 
clinical settings, autologous transplant is always 
more preferable than heterologous transplant. 
Another advantage of cryopreserved stem cells is 
that the quality of the stem cells can be ensured. 
The stem cells can be phenotyped, karyotyped 
and scanned for quality and any abnormality 
prior to transplantation. These tests can ensure 
the integrity of the stem cells for transplantation. 
Finally, cryopreservation of stem cells allows 
them to become ‘off the shelf’ products. These 
cells can be distributed to many small hospitals 
and clinics nationwide and even worldwide 
instead of concentrated in small number of major 
facilities, which have the equipment and the 
experience to harvest and process the stem cells. 

 Despite many advantages of cryopreserved 
stem cells, there are also disadvantages that are 
worth taken into consideration. Cryopreservation 
involves  freezing   and  thawing   processes of the 
stem cells. This raises the concern of the cells’ 
viability since many cells may not survive the 
processes. One of the solutions for this issue is to 
store a large numbers of cells, which in turn 
raises the cost associated with stem cell treat-
ment. Another concern with cryopreservation of 
stem cells is that the function of the stem cells 
might change because of the freezing and thaw-
ing processes. Since freezing and thawing are 
forms of stress to the cells, this might change the 
properties of the stem cells. Further investiga-
tions might help to elucidate the effects of cryo-
preservation on the stem cells. Finally, the cost of 
processing and  storing   of the stem cells are high. 
This might create a bioethical issue that the 
majority of the population would not be able to 
afford the treatment and only a small niche of 
wealthy people could have access to this type of 
therapy. It is important for both scientists and 
 clinicians to consider these issues so they can be 
addressed.  

9.5      Clinical Applications   
of Menstrual Blood-Derived 
Stem Cells 

 Only in the last decade has the potential of men-
strual blood-derived stem cells in  regenerative 
medicine   began to be explored. Therefore, very 
few clinical studies are available, most of them 
still ongoing (see Table  9.3 ). The only clinical 
study yet published evaluated safety aspects of 
endometrial-derived stromal cell administration 
in patients with multiple sclerosis [ 48 ]. Four 
patients were treated with intrathecal injections 

Obtain menstrual
blood stem cells

Expand
stem cells

Cryopreserve
stem cells

Thaw
stem cells

Transplant
stem cells

  Fig. 9.1    Menstrual blood can be harvested and processed to obtain stem cells. The MenSCs are expanded and then 
cryopreserved until needed, when the cells are thawed and prepared for transplantation       

   Table 9.2    Advantages and disadvantages of cryopreser-
vation of stem cells   

 Advantages  Disadvantages 

 Extended storage 
time 

  Cell viability   might be low due to 
freezing and  thawing   

 Ready to use for 
acute diseases 

 Functional properties of stem 
cells might change due to 
cryopreservation 

 Autologous 
transplant 

 High cost for storage 

 Quality control  Potential bioethics dilemma 

 Easy for 
distribution 
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of 16–30 million cells and one of the patients also 
received an additional intravenous injection of 
the stem cells. No adverse events were registered, 
in accordance with the pre-clinical studies, and 
functional stabilization was reported. However, 
due to the nature of multiple sclerosis and the 
worsening progression of the illness, any conclu-
sions about the effectiveness of the treatment 
could be considered premature due to the longest 
follow-up reaching only 12  months  .

   Ongoing trials aim to evaluate the effect of 
MenSC injections in several clinical conditions. 
Menstrual blood-derived stem cells have been 
tested in congestive heart failure patients, as a 
follow-up of the preclinical study published by 
Hida et al. [ 28 ,  49 ]. This double-blind, random-
ized phase II study intends to include 60 patients, 
divided into placebo and treatment groups. 
Allogeneic MenSCs (Medistem Inc, California, 
USA) are injected through a minimally invasive 
and previously described retrograde delivery 
technique [ 50 ]. The last communication, in 2013, 
reported that 17 patients had been enrolled, with 
safety being so far analyzed and confi rmed [ 49 ]. 

 In another trial, female liver cirrhosis patients 
receive intravenous injections of MenSCs twice a 

week, for 2 weeks [ 51 ]. Patients will be followed 
for 2 years and evaluated for safety and effi cacy 
of the  cell therapy   upon liver function and pro-
gression of the cirrhosis. Another trial evaluates 
effi cacy of MenSC intravenous injections in 
patients with acute lung injury due to H7N9 bird 
fl u infections [ 52 ]. Effects of the cells upon lung 
injury are the main outcomes. 

 A phase I/II clinical  trial   investigating the 
effect of escalating doses of ERCs on limb isch-
emia has also been launched in 2012, aiming to 
enroll 15 patients with critical limb ischemia not 
eligible for invasive interventions [ 53 ]. Data on 
the study status, however, are not available. 
Effects of ERCs on type 1 diabetes are also under 
investigation in a phase I/II open label trial 
launched in 2012 [ 54 ]. In this study, multiple 
doses of ERCs are injected through the pancre-
atic artery or intravenously. Adverse events and 
effects on glucose metabolism and pancreatic 
beta cell function will be evaluated. Updated sta-
tus of the study is also not available. Finally, the 
effects of ERCs on embryo implantation in the 
uterine cavity during  in vitro  fertilization will be 
 investigated   [ 55 ].  

   Table 9.3     Clinical trials   evaluating menstrual blood-derived cells   

 Treated condition  Outcomes 
 Number of 
patients  Status 

 Administration 
route  Reference 

 Multiple 
sclerosis 

 Safety and 
neurological 
function 

 4  Completed  Intrathecal and iv  [ 48 ] 

 Congestive heart 
failure 

 Safety and cardiac 
function 

 17 out of 
60 
planned 

 Ongoing/recruiting  Local – coronary 
sinus delivery 

 [ 49 ] 

 Liver cirrhosis  Safety and liver 
function 

 50 
planned 

 Ongoing/recruiting  iv  [ 51 ] 

 H7N9 bird fl u 
lung injury 

 Safety and lung 
injury 

 20 
planned 

 Ongoing/recruiting  iv  [ 52 ] 

 Critical limb 
ischemia 

 Safety, 
vascularization and 
frequency of 
amputation 

 15 
planned 

 Ongoing/unknown  Intramuscular  [ 53 ] 

 Type 1 diabetes  Safety, glucose 
metabolism, beta 
cell function 

 50 
planned 

 Ongoing/unknown  Pancreatic artery 
or iv 

 [ 54 ] 

 Embryo 
implantation 

 Endometrial 
receptivity 

 60 
planned 

 Ongoing/unknown  Intrauterine  [ 55 ] 

  Abbreviation:  iv  intravenous  
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9.6     Conclusions 

 Menstrual blood-derived cells have great poten-
tial in  regenerative medicine   [ 56 ]. Ease of access, 
availability and safety are considered their main 
key to future clinical studies.  In vitro  investiga-
tions have shown the superiority of MenSC in 
 proliferation   and differentiation assays, as well as 
immunomodulatory potential, when compared 
with more traditionally used sources such as the 
bone marrow and cord blood. Moreover, preclini-
cal studies have successfully shown their poten-
tial to modulate infl ammation, prevent neuronal 
death and possibly increase angiogenesis,  in vivo . 
Importantly, cell fusion may be a therapeutic 
mechanism in muscle and cardiac tissue injuries. 
These effects may be result of the more immature 
behavior of these cells, which although bringing 
them closer to embryonic stem  cells  , still retain a 
safe profi le. Although clinical studies have 
already been started, further experimental studies 
are still required, as several questions about the 
full therapeutic potential and specifi c mecha-
nisms of action persist. In particular, cryopreser-
vation of MenSCs while feasible, may require 
further validation of the frozen-and-thawed stem 
cells, as well the cost-limiting ethical concerns 
that may be associated with such cell banking 
approach. These investigations may help to 
explore benefi ts of such cells and expand appli-
cations. Clinical practice bears specifi c  chal-
lenges  , such as the low yield and diffi culty in 
expansion of ample supply of stem cells from this 
source, mainly low replication rate and risk of 
contamination. Additionally, stem cells derived 
from menstrual blood would only be applicable 
to the pre-menopausal female population, thereby 
limiting the target patient population when con-
templating autologous menstrual blood  cell ther-
apy  . A feasible solution would be to educate the 
female pre-menopausal population about the 
potential of the menstrual cells and, therefore, 
encourage this young adult population towards 
the anticipated harvesting and cryopreservation 
of the cells, for future autologous use. When such 
pre-menopausal collection and banking is not 
pursued in time, the use of stem cells derived 
from a post-menopausal  endometrium   may be a 

solution, though more invasive. For the male 
population, there remains the alternative of using 
allogeneic cells and of searching for alternative 
autologous sources.     
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Abstract

In recent years, human pluripotent stem cell-derived cardiomyocytes 
(hPSC-CMs) have emerged as a vital cell source for in vitro modeling of 
genetic cardiovascular disorders, drug screening, and in vivo cardiac 
regeneration research. Looking forward, the ability to efficiently cryopre-
serve hPSC-CMs without compromising their normal biochemical and 
physiologic functions will dramatically facilitate their various biomedical 
applications. Although working protocols for freezing, storing, and thaw-
ing hPSC-CMs have been established, the question remains as to whether 
they are optimal. In this chapter, we discuss our current understanding of 
cryopreservation appertaining to hPSC-CMs, and proffer key questions 
regarding the mechanical, contractile, and regenerative properties of cryo-
preserved hPSC-CMs.
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Abbreviations

hPSC-CMs  Human pluripotent stem cell- 
derived cardiomyocytes

CPA Cryoprotective agent
DMSO Dimethyl sulfoxide
FBS Fetal bovine serum
ROCK Rho-associated kinase

10.1  Introduction

Despite advances in prevention and management, 
cardiovascular disease remains a leading cause of 
morbidity and mortality worldwide—underscor-
ing the need for novel and improved therapies. 
While still critically important, animal models 
fail to recapitulate several key aspects of human 
cardiovascular physiology. Thus, the develop-
ment of new cardiac therapies has been partly 
hindered by a lack of human cardiac tissues and 
isolated cardiomyocytes to study in vitro. Primary 
human cardiomyocytes are difficult to obtain, fail 
to thrive in culture, and are especially refractory 
to genetic manipulation. In this regard, human 
pluripotent stem cells (hPSCs), including human 
induced pluripotent stem cells (hiPSCs) and 
human embryonic stem cells (hESCs), have been 
vaunted as a promising platform to effect prog-
ress. Due to their unparalleled self-renewal 
capacity and differentiation potential in vitro, 
hPSCs represent a consummate and theoretically 
unlimited source of cardiomyocytes for disease 
modeling, stem cell research, drug discovery, and 
cell-based regenerative therapies. In contrast to 
their primary counterparts, cardiomyocytes 
derived from hPSCs are readily amenable to 
long-term culture and can be additionally manip-
ulated for genetic modifications and tissue engi-
neering purposes. Considering the time and cost 
of continuous culture, cryopreservation of hPSC- 
derived cardiomyocytes (hPSC-CMs) will greatly 
facilitate their various applications.

In this chapter, we further enumerate the uses 
of hPSC-CMs in both clinical and research set-
tings and explain the value of their cryopreserva-

tion. We additionally discuss considerations and 
strategies for freezing, storing, and thawing 
methods as well as our current understanding of 
the phenotype and function of cryopreserved 
hPSC-CMs. Finally, we highlight key questions 
that must be rejoined before cryopreserved 
hPSC-CMs can be credibly regarded as an equiv-
alent cell source when compared to their freshly- 
derived counterparts for in vitro modeling, drug 
discovery, and in vivo cardiac regeneration.

10.2  Applications of Pluripotent 
Stem Cell-Derived 
Cardiomyocytes

hPSC-CMs have been used broadly for cardiac 
tissue engineering [1, 2] and developmental biol-
ogy [3, 4], but the applications garnering the 
most attention are in disease modeling, drug 
development, and cardiac regeneration therapy. 
Therefore, in this section, we will provide a brief 
introduction into these areas of investigation to 
emphasize the importance of hPSC-CMs in bio-
medical research.

10.2.1  Disease Modeling

In recent years, hPSC-CMs have emerged as a 
fruitful tool for modeling genetic cardiac 
 disorders in vitro [5–7]. Although valuable, ani-
mal models cannot accurately model many 
aspects of human cardiac syndromes due to sub-
stantial differences in cardiac electrophysiology. 
While seemingly a better alternative, primary 
human cardiomyocytes are difficult to obtain and 
genetically manipulate in vitro. Furthermore, 
they cannot proliferate and rapidly dedifferenti-
ate in culture exhibiting dramatic, time-depen-
dent phenotypic changes [8]. These hurdles limit 
their use for disease pathway studies and drug 
discovery applications.

In contrast, hiPSCs derived from afflicted 
patient somatic cells are readily expandable in 
culture and can be differentiated into cardiomy-
ocytes at any time, providing a theoretically 
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limitless source of human diseased cells for in 
vitro studies. Furthermore, hPSCs are amenable 
to genetic manipulation prior to differentiation, 
enabling the use of classic molecular biology 
techniques to interrogate cardiac biology and 
disease pathophysiology. Numerous reports 
have established that hiPSC-CMs can recapitu-
late the main pathognomonic characteristics of 
genetic cardiac disorders including inherited 
arrhythmias at the single cell level, and can thus 
subsequently be used to gain insights into dis-
ease mechanisms [9]. Such disease models have 
been successfully generated from patients 
afflicted with disorders including long QT syn-
drome (LQTS) [10–12], Timothy Syndrome 
[13], and catecholaminergic polymorphic ven-
tricular tachycardia (CPVT) [14, 15], to name a 
few. Moreover, in the emerging field of preci-
sion medicine, this technology could 1 day be 
used to tailor new or existing therapies to 
patient-specific needs [16].

10.2.2  Drug Discovery and Safety 
Testing

The fact that hPSC-CMs exhibit key cardiac elec-
trophysiological responses to external electrical 
and pharmacological stimuli at the cellular level 
makes them suitable for drug discovery and 
safety testing. Moreover, they are permissive to 
physiologically-relevant tissue engineering and 
high throughput screening platforms. While the 
prospect of drug discovery using hPSC-CMs is 
currently being explored, these cells have already 
been successfully applied in safety pharmacol-
ogy testing to identify drug-induced cardiotoxic-
ity [17, 18]. Numerous drugs make it through 
animal studies, but are withdrawn during human 
trials due to proarrhythmic side effects such as 
QT interval prolongation and torsades de pointes 
[19–21]. A prevailing expectation is that incorpo-
rating hPSC-CMs into early drug screens will 
minimize the risk of cardiotoxic events in clinical 
subjects, and thus reduce the rates of late-stage 
drug attrition [22].

10.2.3  Myocardial Repair

Perhaps the most revolutionary prospect of 
hPSC-CMs is for use in cardiac regeneration 
therapy. Due to the heart’s limited regenerative 
capacity, cells lost during ischemic heart disease 
are not replaced intrinsically—resulting in fibro-
sis, reduced cardiac function, and overall morbid-
ity [23]. Therefore, proposed strategies to restore 
the damaged myocardium have focused on exter-
nal interventions such as cell, tissue, or full organ 
replacement [24]. In contrast to other non- 
cardiomyogenic stem cell types such as mesen-
chymal precursor cells that confer benefits 
through paracrine effects [25], transplanted 
hPSC-CMs also have the potential to achieve true 
contractile tissue regeneration [26]. Indeed, 
experiments in small and large animal models 
have demonstrated that hPSC-CMs transplanted 
to sites of ischemic injury survive and can electri-
cally couple to the host myocardium [27–34]. In 
the case of human myocardial infarction, it is 
estimated that up to one billion hPSC-CMs may 
need to be transplanted for sufficient contractile 
tissue repair to be accomplished [35, 36], empha-
sizing the demand for efficient and scalable 
methods of procuring these cells for medical 
applications, including forthcoming clinical trials 
[37].

10.3  Considerations 
for the Cryopreservation 
of Pluripotent Stem Cell- 
Derived Cardiomyocytes

As the usage of hPSC-CMs increases, so does the 
demand for their long-term storage. 
Cryopreservation enables the storage of hPSC- 
CMs with desired phenotypes for later investiga-
tion and supports the establishment of clinical 
large-scale biobanking initiatives. Freezing may 
also be used as an effective strategy to attain 
clinically- relevant quantities of hPSC-CMs, since 
they can be generated in multiple batches and 
amassed over time, and allow sufficient time to 
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perform quality control for cell preparations. 
Moreover, frozen hPSC-CMs can be used by 
researchers with minimal knowledge of hPSC 
culture or differentiation procedures, since the 
maintenance of pre-made hPSC-CMs is relatively 
inexpensive and simple compared to the time-
consuming and resource-intensive process of car-
diac differentiation from hPSCs. Current protocols 
for cryopreserving hPSC-CMs are similar to those 
for other cultured cell types, and thus aim to mini-
mize the formation of damaging ice crystals. 
These procedures involve cell dissociation, cen-
trifugation, re-suspension in the presence of a 
cryoprotective agent (CPA), and cooling in cryo-
vials. A working protocol for the cryopreservation 
of hPSC-CMs has already been established [38], 
and thus will not be re-iterated here. However, 
elements of the cryopreservation procedure may 
differ slightly between laboratories—varying in 
cell handling, freezing rate, storage temperature, 
and choice of CPA(s). Therefore, in this section, 
we review the literature available regarding these 
variables, and compare methods for successfully 
freezing and storing hPSC-CMs.

10.3.1  Cardiac Maturity

The optimal differentiation day at which to freeze 
hPSC-CMs has been explored, with the general 
consensus being that younger cells exhibit 
enhanced recovery from cryopreservation com-
pared to older hPSC-CMs. This may be due, at 
least in part, to the fact that immature cardiomyo-
cytes are smaller, rounder, and less structured 
than their mature counterparts [39–41]. Another 
possibility is that immature hPSC-CMs are pro-
tected by their distinct metabolic profile, which is 
more glycolytic in nature than mature hPSC- 
CMs [3, 39, 42]. Studies have reported high 
recovery percentages of beating hPSC-CMs fro-
zen at days 12–30 after cardiac induction [28, 29, 
43] with diminished survival observed in hPSC- 
CMs frozen later than 30 days [44]. In a direct 
comparison between day 12- and day 16-frozen 
cells (pre-beating and post-beating), day 
12- frozen cells exhibited significantly higher 
post-thaw viability and fewer ultrastructural 

alterations than day 16-frozen hPSC-CMs [43]. 
Since hPSC-CMs typically initiate beating after 
differentiation day 14, these results suggest that 
improved cryopreservation outcomes may be 
achieved when cells are frozen at a pre- contraction 
stage. If this is true, the post-thaw cardiomyo-
genic capacity of hPSC-CMs frozen at even ear-
lier progenitor stages should be explored.

10.3.2  Pro-survival Treatments

hPSC-CMs that are cryopreserved for eventual 
cardiac transplantation are often subjected to a 
pro-survival protocol. The method was initially 
established by Laflamme and colleagues, and has 
been shown to enhance engraftment and survival 
after transplantation [27]. The protocol consists 
of two parts, the first of which is performed prior 
to cryopreservation. Approximately 24 h prior to 
cryopreservation, cells are heat-shocked for 
30 min by incubation at 43 °C, then returned to 
37 °C in medium supplemented with 100 ng/mL 
IGF1 (Peprotech) and 0.2 μM cyclosporine A 
(Sandimmune, Novartis). The next day, hPSC- 
CMs are dissociated and cryopreserved as usual 
[29, 33, 45].

10.3.3  Cell Dissociation

The first step in cryopreserving hPSC-CMs 
(excluding the pro-survival pre-treatment) 
involves their removal from any culture surface 
and enzymatic dissociation (Fig. 10.1). 
Dissociation of hPSC-CMs into a single-cell sus-
pension is imperative for minimizing the forma-
tion of damaging ice crystals, since it allows for 
maximal exposure of the cells to CPAs. 
Approximately 1 h prior to enzymatic dispersion, 
cells may be treated with 10 μM of Y-2763, an 
inhibitor of the pro-apoptotic protein Rho- 
associated kinase (ROCK), which has been shown 
to promote post-cryopreservation survival of 
hPSC-CMs and stem cells [43, 46–49]. Efficient 
dissociation of hPSC-CMs can be achieved by 
incubation at 37 °C for 5–10 min with Gibco® 
0.25 % Trypsin-EDTA, Accutase®, or the xeno-
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free TrypLE™ family of products (Thermo 
Fisher). Gentle dissociation reagents are not 
advised, since they require extended incubation 
times and are markedly less effective. If using 
trypsin, the enzyme should be neutralized after 
incubation either with serum-containing media or 
a chemically-defined trypsin inhibitor. Neutralized 
cells are then washed via centrifugation (300 g, 5 
min) and re-suspended directly in a cryoprotec-
tive solution in preparation for freezing.

10.3.4  Cryoprotective Solutions

Successful freezing of hPSC-CMs requires cell 
concentrates to be suspended in a cryopreserva-
tion solution. Depending on the eventual applica-
tion of the cells, the solution usually consists of a 
xeno-free, chemically-defined cryopreservation 
solution (e.g. CryoStor® CS10) [38, 45, 48, 49] 
or fetal bovine serum (FBS) containing a CPA 
[43, 44]. In principle, CPAs are compounds that 
reduce cellular damage during freezing by lower-
ing the probability of intracellular and extracellu-
lar ice crystal formation [50–53]. A variety of 
cell-penetrating and membrane non-permeable 
CPAs are available, but dimethyl sulfoxide 
(DMSO) at a concentration of 10 % is the most 

widely-used for hPSC-CM cryopreservation. 
Careful adherence to optimized protocols is rec-
ommended, since prolonged exposure to DMSO 
is assumed to be harmful to hPSC-CMs based on 
its clinical cardiotoxicity profile [54, 55]. The per-
centage of FBS in cryoprotective solutions can 
range from 30 % to 90 %, with improved recovery 
observed in preparations containing higher levels 
of FBS [43, 44]. If a lower percentage of FBS is 
used, the remaining portion is completed with 
hPSC-CM culture media, such as RPMI 1640 
containing B27 supplement (Life Technologies).

10.3.5  Cell Density and Solution 
Volume

Cell density and attendant solution volumes for 
the cryopreservation of hPSC-CMs have also 
been examined (Table 10.1). Recovery percent-
ages of hPSC-CM preparations with cell densi-
ties of approximately 27–53 million cells per mL 
in CryoStor® CS10 volumes of 0.25–1.5 mL per 
vial were reported to be comparable [45]. 
Interestingly, recovery percentages in CryoStor® 
CS10 preparations containing 10–15 million 
cells per mL in volumes of 1–2 mL per vial were 
reported to be higher, suggesting that lower cell 

Fig. 10.1 General procedure for the cryopreservation of hPSC-CMs
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concentrations are preferable [48]. However, this 
discrepancy may be attributed to differences in 
methodology, since the higher density recovery 
percentages were quantified via flow cytometry 
in lieu of trypan blue exclusion.

10.3.6  Freezing Rates and Storage

Cryopreservation of hPSC-CMs is generally 
achieved by controlled-rate or uncontrolled freez-
ing techniques that cool samples to a temperature 
of −80 °C before they are transferred to ultra-low 
temperature storage (i.e. liquid nitrogen immer-
sion). As the name implies, controlled-rate freez-
ing is a process whereby sample temperatures are 
continuously monitored by a programmable 
device and adjusted internally to maintain a pre-
determined cooling rate. Uncontrolled freezing 
techniques utilize containers in which samples are 
surrounded by an insulating substance that is 
placed into a −80 °C freezer to achieve an approx-
imate cooling profile of 1 °C per minute. The obvi-
ous advantage of controlled- rate freezing is that 
multiple freezing rate steps can be incorporated to 
minimize the liberation of fusion heat, which is 
cell-injurious [52, 56]. Studies have optimized 
freezing protocols for other cell types [57], but no 
consensus currently exists regarding the best strat-
egy for freezing hPSC-CMs. However, a few 
groups have published their controlled-rate freeing 
protocols, which we have enumerated here (Table 
10.1). Another aspect that remains undetermined 
is the durability of hPSC-CMs in a cryopreserved 

state. Retrospective studies have observed that 
hematopoietic stem cells can be effectively cryo-
preserved for well over a decade [58–61], but these 
results cannot be assumed for hPSC-CMs. 
Therefore, the long-term viability of hPSC-CMs at 
ultra-low storage temperatures should be evalu-
ated, since this will be an important consideration 
in future biobanking initiatives. For very short-
term storage, cryopreservation may not even be 
necessary, since recent evidence suggests that 
hPSC-CMs can be efficiently stored in hypother-
mic conditions (4 °C) for up to 7 days without sig-
nificantly compromising cell viability [62].

10.3.7  Thawing Strategies

Rapid thawing of frozen samples minimizes 
recrystallization of ice, and thus provides 
improved cell viability compared to slow thawing 
[63–66]. Once samples are removed from cryo-
genic storage, they are dipped immediately in a 
warm 37 °C water bath. If there is distance 
between the cryogenic storage vessel and the 
water bath, the frozen samples are transported on 
dry ice (−80 °C) until immediately before thaw-
ing. Samples are swirled or gently shaken in the 
bath to ensure the entire sample thaws at a consis-
tent rate, and removed when the last visible ice 
crystal has melted. To remove the cryoprotective 
agent from the sample, the thawed cells are thor-
oughly dispersed in an excess of culture media, 
and washed once via centrifugation (300 g, 5 min) 
before re-suspension and plating. To enhance via-

Table 10.1 Cell densities, suspension volumes, and freezing rates for hPSC-CM cryopreservation

Reference
Cell density (cells/
mL)

Freezing volume 
(mL)

Recovery rate (%), 
assay Freezing rate (Δ°C/min)

Xu et al. [45] ~27 million 1.5 70–77, cell counting 
and flow cytometry

1 until −40 °C

~53 million 1.5 5 from −40 °C to  
−80 °C40 million 0.25

Zhu et al [38] 40 million 0.25 Not reported 1 from 0 °C to −7 °C

0.75 from −7 °C to 
−10 °C

1 from −10 °C to  
−80 °C

Chen et al. [48] 10 million 1 84.3 ± 5.2, trypan blue 
exclusion

Controlled rate 
program not specified15 million 2
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bility, cells may be thawed in media containing 
Y-2763 [46–48]. hPSC-CMs that are thawed for 
continued culture may be seeded onto matrigel-
coated plates. In some instances, hPSC- CMs may 
form aggregates during the freeze/thaw cycle. 
Presumably, cell aggregation occurs as a result of 
adhesive DNA molecules released from dying 
cells. In these cases, addition of the endonuclease 
deoxyribonuclease I (DNase I) may be added to 
curtail the presence of free DNA fragments and 
cell clumps [49]. DNase I Solution (Stem Cell 
Technologies) is added to the media during the 
initial dispersal and washing step to achieve a 
final concentration of 0.1 mg per mL (i.e. 200 
Kunitz units per mL), followed by incubation for 
15 min at room temperature prior to proceeding 
with downstream applications (Fig. 10.2).

The percentage of cell recovery after cryo-
preservation of hPSC-CMs ranges from 55 % to 
more than 90 %, with an average of ~83 % [45, 
48]. The method of cardiac differentiation does 
not appear to affect the cryopreservation out-
comes of resultant hPSC-CMs, since both growth 
factor and small molecule-induced hPSC-CMs 
recover equally well [44]. The percentage of car-
diomyocytes in a mixed population of hPSC- 
CMs also does not appear to affect post-thaw 
recovery, since viability has been found to be 
similar across cell preparations with varying 
degrees of cardiac purity [45].

10.4  Functional Recovery of Stem 
Cell-Derived Cardiomyocytes 
After Cryopreservation

After rapid thawing of ≤day 30 hPSC-CMs, high 
cell viability and recovery of spontaneous beat-
ing can be expected. Several studies have reported 
data regarding post-thaw cell viability, cardiac 
cell purity, engraftment efficiency, and contractil-
ity parameters from frozen hPSC-CM prepara-
tions [29, 38, 43–45, 48, 67]. In general, these 
studies suggest that the form and function of 
cryopreserved hPSC-CMs are similar to their 
freshly-derived counterparts in the short term, but 
one study has reported that accelerated, irregular, 
and arrhythmic beating occurs during extended 

post-thaw culture [43]. In-depth characterization 
of the transcriptomic, proteomic, metabolic, epi-
genetic, and therapeutic properties of cryopre-
served hPSC-CMs is lacking, and will be 
necessary to determine if these cells can be used 
for transplantation comparable to freshly-derived 
cells. In this section, we review previously 
reported cell recovery parameters.

10.4.1  Cell Structure and Cycling

Micro- and ultrastructural alterations in cryopre-
served hPSC-CMs have been reported, but not 
yet linked to functional consequences. Post-thaw 
hPSC-CMs retain their cardiogenic features, but 
do exhibit features of organelle damage. 
Transition electron microscopic analysis of cel-
lular components in cryopreserved hPSC-CMs 
revealed partially disrupted nuclei, damaged cell 
membranes, and loss of mitochondrial integrity 
[43]. However, the maturation stage of the cell 
appears to be critical in structural recovery, since 
hPSC-CMs frozen at a pre-contraction differen-
tiation stage (day 12) exhibited less structural 
damage than cells frozen at a post-contraction 
stage (day 16). In terms of cell cycling, cryo-
preservation does not appear to arrest cells that 
are in active phases, since the expression of Ki-67 
[45] and BrdU incorporation [43] were both 
detectable in post-thaw cryopreserved 
hPSC-CMs.

10.4.2  Mechanical and Contractile 
Properties

The majority of cryopreserved hPSC-CMs 
recover contractility 1–5 days post-thawing [43, 
45, 48], but the question remains as to whether 
they recover 100 % of their pre-frozen contractile 
capacity. An early study used perforated patch 
clamp to show that cryopreserved hPSC-CMs 
retained cardiac action potential characteristics 
and expected electrophysiological responses to 
pharmacological modulators [48]. A later study 
performed a comprehensive physiological analy-
sis of cryopreserved hPSC-CMs and acutely- 
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isolated adult rabbit ventricular cardiomyocytes, 
but did not directly compare the contractile prop-
erties of thawed hPSC-CMs to freshly-derived 
hPSC-CMs [44]. In this study, experiments were 
performed 3–5 days post-thaw, and demonstrated 
that hPSC-CMs retained a functional sarcoplas-
mic reticulum (SR) and robust intracellular Ca2+ 
handling after cryopreservation. Moreover, the 
study showed that cytosolic Ca2+ buffering, 
twitch transient amplitude, resting diastolic Ca2+ 
content, SR Ca2+ content, and relative contribu-
tion of SR Ca2+ flux were comparable between 
cryopreserved hPSC-CMs and acutely-isolated 
adult rabbit cardiomyocytes. Collectively, these 
results imply that the contractile parameters of 
cryopreserved hPSC-CMs are mostly uncompro-
mised during short-term post-thaw culture. 
However, a separate study that examined thawed 
hPSC-CMs in extended culture observed pro-
found contractile alterations that progressively 
deteriorated until ultimate arrest [43]. In this 
study, spontaneous beating frequency of post- 
thaw hPSC-CMs was initially similar to that of 
non-frozen cells, but began to accelerate 6 days 
after thawing to unprecedented rates of 108 beats 
per minute compared to 20–40 beats per minute 
in non-frozen cells. Furthermore, the beating 

became irregular 8 days after thawing, and com-
pletely arrested at post-thaw day 12.

In addition to apoptosis and anoikis, cryo-
preservation is known to disrupt cell-cell and 
cell-matrix adhesion [68–70], increase produc-
tion of reactive oxygen species [71], and activate 
various cellular stress pathways [51, 52]. In other 
proliferating cell types, any losses of function 
may be recovered in subsequent generations [72, 
73]. However, the opportunity for hPSC-CMs to 
recover during extended culture is forfeited, since 
the majority of fully differentiated cardiomyo-
cytes have negligible cell cycle activity [74]. 
Therefore, it is not surprising that post-thaw 
functionality may be compromised during pro-
longed post-thaw culture. This again brings the 
question of whether freezing hPSC-CMs during 
their still-proliferative cardiac progenitor phase 
would result in improved post-thaw outcomes, 
assuming that the ultimate cardiomyogenic 
capacity of the cells is unaffected by the cryo-
preservation procedure. This is an intriguing 
notion, and should be further explored.

Another interesting concept is that the post- 
thaw environment may influence the functional 
recovery of cryopreserved hPSC-CMs. A study 
performed in standard two-dimensional (2D) cul-

Fig. 10.2 General procedure for thawing cryopreserved hPSC-CMs
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ture conditions reported progressive functional 
decline during extended (≥6 days) post-thaw 
maintenance, while a study that maintained 
hPSC-CMs in a three-dimensional (3D) micro- 
tissue culture system did not report any beating 
abnormalities up to a week post-thaw [49]. 
Furthermore, studies that have transplanted cryo-
preserved hPSC-CMs into rodents presented no 
evidence of arrhythmias after host-graft electrical 
coupling [33, 49]. These results suggest that 
thawed hPSC-CMs are especially vulnerable 
to 2D culture, but may demonstrate improved 
long-term outcomes in host tissues or under 
tissue- like conditions. This inference is corrobo-
rated by a recent study that demonstrated hPSC-
CMs cultured in 3D micro-tissue aggregates also 
are more resistant to prolonged hypothermic (4 
°C) storage-induced cell injury compared to their 
counterparts cultured in 2D monolayers [62]. 
However, differences in cryopreservation meth-
odology may have also contributed to the 
observed differences, so these results must be 
interpreted with caution.

10.4.3  Post-transplantation 
Engraftment and Electrical 
Coupling

Experiments in rodents and large animal models 
have demonstrated that transplanted cryopre-
served hPSC-CMs partially re-muscularize 
injured hearts and can beat synchronously with 
the host myocardium [28, 29, 33, 45, 49, 75]. Xu 
et al. compared post-transplantation cell survival 
of freshly-derived and cryopreserved hPSC-CMs 
using an athymic rat model of acute myocardial 
ischemia-reperfusion. Immunohistological anal-
ysis of the injured myocardial tissue 1 week and 
4 weeks after transplantation revealed similar 
overall graft sizes between the two hPSC-CM 
preparations, demonstrating comparable short 
and long-term engraftment efficiency at small 
scales [45]. Using a large-scale animal model, 
Chong et al. also found no adverse impact of 
cryopreservation on hPSC-CM graft size in pig-
tail macaques [29]. Efficient host-graft electro-
mechanical integration of cryopreserved 

hPSC-CMs has also been reported, with 1:1 cou-
pling between in vivo hPSC-CM calcium fluores-
cence transients and the host ECG in rodents [33, 
49] and non-human primates [29]. The fact that 
the monkey study utilized approximately one bil-
lion cells suggests cryopreservation of hPSC- 
CMs may be a sound strategy for scaling-up to 
transplantation in humans. However, in contrast 
to rodents, non-fatal ventricular arrhythmias 
were observed transiently in primates that 
received cryopreserved hPSC-CMs over the 
course of a 3-month period—although this might 
be due to species-specific differences in heart 
size and beating rate, and may not be attributed to 
cryopreservation per se [29].

10.5  Conclusions and Future 
Directions

Although current cryopreservation protocols are 
viable, the question still remains as to whether or 
not they are optimal. To adequately address this 
question, more studies that directly compare the 
physiological properties of freshly-derived and 
cryopreserved hiPSC-CMs and hESC-CMs are 
warranted. As mentioned earlier, the differentia-
tion stage at which hPSC-CMs should be frozen 
for maximal post-thaw functional recovery 
remains to be established, and the potential for 
freezing cardiac progenitors should be further 
explored. Also imperative are studies that investi-
gate and characterize the biology of 
cryopreservation- associated physiological 
sequelae in hPSC-CMs, since there is evidence 
from both in vitro [43] and in vivo [29] studies 
that cryopreserved hPSC-CMs acquire pro- 
arrhythmic tendencies during extended post-thaw 
time periods. Another important concern stems 
from evidence showing that freeze/thawed mes-
enchymal stromal cells [76] and natural killer 
cells [77, 78] show impaired immunomodulatory 
and therapeutic properties compared to freshly- 
derived cells, despite exhibiting high post-thaw 
viability. In light of this, a side-by-side compari-
son of transplanted non-frozen and cryopreserved 
hPSC-CMs’ ability to improve cardiac function 
in recipient hearts would be very informative. 
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Finally, since frozen cells often show variable 
viability upon thawing, standardized or auto-
mated methods of thawing hPSC-CMs should be 
established.

In conclusion, the ability to successfully cryo-
preserve and thaw hPSC-CMs with their thera-
peutic potential intact would greatly facilitate 
their availability and distribution for preclinical 
studies and clinical trials of myocardial repair. 
While progress has been made in developing 
methods and characterizing freeze-thawed hPSC- 
CMs, further studies are needed before cryopre-
served hPSC-CMs can be regarded as functionally 
and therapeutically equivalent to their freshly- 
derived counterparts for their multiple in vitro 
and in vivo applications.
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    Abstract  

  Adipose-Derived Stromal/Stem Cells (ASC) have considerable potential 
for regenerative medicine due to their abilities to proliferate, differentiate 
into multiple cell lineages, high cell yield, relative ease of acquisition, and 
almost no ethical concerns since they are derived from adult tissue. Storage 
of ASC by cryopreservation has been well described that maintains high 
cell yield and viability, stable immunophenotype, and robust differentia-
tion potential post-thaw. This ability is crucial for banking research and for 
clinical therapeutic purposes that avoid the morbidity related to repetitive 
liposuction tissue harvests. ASC secrete various biomolecules such as 
cytokines which are reported to have immunomodulatory properties and 
therapeutic potential to reverse symptoms of multiple degenerative dis-
eases/disorders. Nevertheless, safety regarding the use of these cells clini-
cally is still under investigation. This chapter focuses on the different 
aspects of cryopreserved ASC and the methods to evaluate their function-
ality for future clinical use.  
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  Abbreviations 

   ASC    Adipose-derived stromal/stem cells   
  ANGPT1    Angiopoietin 1   
  CAL    Cell Assisted Lipotranfer   
  CPA    Cryoprotectant agents   
  cGMP    Current Good Manufacturing Practice   
  DS    Dextran sulfate   
  DMSO    Dimethyl sulfoxide   
  EG    Ethylene glycol   
  EAE    Experimental autoimmune encephalitis   
  FDA    U.S. Food and Drug Administration   
  GLUT4    Glucose transporter   
  HGF    Hepatocyte growth factor   
  HES    Hydroxyethylstarch   
  INSR    Insulin receptor   
  IL-1β    Interleukin 1 beta   
  IL-6    Interleukin 6   
  IL-12    Interleukin 12   
  IFN-γ    Interferon gamma   
  MSC    Mesenchymal stem cell   
  SVF    Stromal vascular fraction   
  MC    Methylcellulose   
  PD    Parkinson’s disease   
  PVP    Polyvinylpyrollidone   
  TNF-α    Tumor necrosis factor alpha   
  VEGF    Vascular endothelial growth factor   

11.1         Introduction 

  Regenerative medicine   aims to restore tissue or 
organ form and function with the use of  cell ther-
apy  , organ transplant, tissue engineering among 
other techniques and the combination of biologi-
cal tissues with natural or synthetic materials [ 1 ]. 
Mesenchymal stem  cells   (MSC) including 
Adipose- Derived   Stromal/Stem Cells (ASC) are 

multipotent with the ability to differentiate into 
tissues of mesodermal origin (bone, cartilage and 
fat). This property, associated to other mecha-
nisms such as the release of paracrine factors, 
scavenging of reactive oxygen species, immuno-
modulatory function are ASC mechanisms con-
tribute for tissue regeneration and possible 
translational applications [ 2 – 5 ]. Adipose tissue is 
a useful source for stromal/stem cells with no 
ethical restriction given its adult tissue origin and 
accessibility, targeting, ease of collection, ability 
to expand, maintenance in culture, and ability to 
contribute to tissue regeneration after implanta-
tion [ 6 ]. The Stromal Vascular Fraction (SVF), 
the uncultured heterogeneous cell population 
obtained after adipose tissue digestion, have also 
increasing research interest due to less 
 manipulation related to cell culture and immuno-
modulatory effects [ 7 ,  8 ]. 

 The potential  challenge   to the clinical transla-
tion of MSC-based products is the diversity in 
how MSC are defi ned. This can be based on mul-
tiple criteria, including the tissue source, meth-
ods for processing/manufacturing, cell surface 
marker expression and other  in vitro  and  in vivo  
characteristics as described in regulatory submis-
sions to the  FDA   [ 9 ]. Current Good Manufacturing 
Practice (cGMP)    protocols for generating 
clinical- grade cells are necessary before begin-
ning a clinical  trial   based on guidance documents 
[ 10 ]. Donor tissue and cell products must be 
screened for viral agents (such as HIV, Hepatitis 
C in case of allogenic use), aerobic and anaerobic 
bacteria, endotoxin, and mycoplasma. Cell bio-
logical characterization and product quality con-
trol must be included. The manufacturing facility 
must meet and be routinely monitored based on 
rigorous standards which include documentation 
of all processes based on established and vali-
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dated standard operating procedures [ 11 ]. In this 
chapter we discuss the critical aspects for the 
clinical use of ASC for regenerative/reconstruc-
tion purposes.  

11.2      Adipose-Derived Stromal/
Stem Cells   Cryopreservation 

 Long-term cryopreservation is fundamental for a 
reliable product supply for research or clinical 
purposes. Current cryopreservation techniques 
already allow easier access and use of the prod-
ucts for clinical use such as blood transfusion, 
bone marrow  transplantation  ,  in vitro  fertiliza-
tion, vascular grafts, bone grafts and skin grafts 
[ 12 ]. This knowledge can be transferred for ASC 
cryopreservation and some principles can be kept 
such as addition of cryoprotective agents (CPA) 
before controlled  freezing   at which the cells are 
 stored  , rapidly thaw cells and remove the CPA for 
use [ 13 ]. Simply freezing a cell or tissue is not 
enough to maintain its long-term viability since 
ice crystal formation will damage the cells by 
direct disruption or due to the increase in solute 
concentrations as water within the cytoplasm is 
sequestered [ 14 ]. Permeable CPA prevent this 
outcome by entering the cell and equilibrating 
across cell membranes where it replaces the lost 
water and maintains an acceptable volume allow-
ing cell survival [ 15 ]. Dimethyl sulfoxide 
(DMSO) is the most commonly employed per-
meable CPA. Bone marrow and blood cell prod-
uct cryopreservation routinely combines the use 
of albumin and DMSO; however, DMSO can be 
clinically associated with toxicity including 
genotypic changes, impaired differentiation 
potentiality, and symptomatic side effects in the 
recipient, thus making dilution or washing steps 
to reduce or remove DMSO fundamental to pro-
tect against such complications [ 16 ,  17 ]. 
Alternative permeable CPA include glycerol, eth-
ylene glycol and propylene glycol. Although 
these do not cause the same degree of toxicity as 
DMSO, none has displayed equivalent or better 
 cell viability   post-thaw after cryopreservation. 
Impermeable CPA act extracellularly to prevent 
ice crystal formation and protect against plasma 

membrane damage. Impermeable CPAs include 
both low molecular weight compounds (glucose, 
sucrose, trehalose, hydroxyethylstarch/HES) 
and high molecular weight macromolecular 
polymers (dextran sulfate/DS, methylcellulose/
MC, Polyvinylpyrollidone/PVP) [ 18 ,  19 ]. 

 ASC isolation, expansion and cryopreserva-
tion methods typically use animal or human 
products such as serum [ 20 ]. Historically, serum 
is employed as a source of proteins and chemi-
cals promoting cell growth, attachment, and neu-
tralization of toxins and oxidants. Bovine or 
human serum derived products added to DMSO 
or other low molecular weight chemical CPA 
serves as a source of additional high molecular 
weight impermeable colloid CPA; however, even 
with rigorous screening for common infectious 
agents (such as HIV, hepatitis B or C), human 
serum proteins remain a potential source of bac-
terial, prion, or viral contaminants [ 21 ]. 
Consequently, it is important to establish xeno- 
free defi ned protocols capable of preserving cell 
function post-thaw to levels comparable to that 
seen in freshly isolated tissue at the various steps 
during  ASC   processing in order to avoid contam-
ination risks associated with human or animal 
cell culture and/or cryopreservation components 
[ 4 ,  9 – 11 ,  22 ,  23 ]. While autologous donor serum 
or platelet-derived supplements have potential as 
acceptable alternatives, an optimal human serum 
reagent would need to have any antibodies or 
 complement   proteins depleted to remove any risk 
of cell damage [ 24 ]. 

 Systematic analyses combining different CPA 
to optimize a CPA solution’s function could mini-
mize cytotoxicity and provide either an allogenic 
or xenogeneic serum-free cryopreservation solu-
tion. Published studies have begun to pursue such 
an approach [ 24 ]. After storage in liquid nitro-
gen, 10 % PVP in the absence of serum or DMSO 
at concentrations as low as 2 % maintained post- 
thaw  cell viability   at levels close to those dis-
played by freshly isolated cells [ 17 ]. The 
favorable outcomes using DMSO and/or PVP 
were not observed with the use of glycerol or MC 
as CPA, which resulted in sub-optimal cryo-
preservation based on  in vitro  assays [ 25 ,  26 ]. 
Trehalose has been used to preserve not only 
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cells but also intact tissues (including pancreatic 
islets, skin, oocytes, testis, and lipoaspirate frag-
ments) that displayed functional viability when 
transplanted  in vivo  [ 27 ]. With the aim to avoid 
the use of xenogenic product, a CPA solution 
with antioxidants (reduced glutathione and ascor-
bic acid), polymers (PVA and fi coll), permeating 
CPA (ethylene glycol/EG and DMSO), a disac-
charide (trehalose), and a calcium chelator 
(EGTA) were added to HEPES-buffered DMEM/
F12 and ASC retained their multipotency and 
chromosomal normality [ 20 ]. 

 The optimization of CPA solution has so far 
focused on the clinical translation of adipose tis-
sue and cells for regenerative medical applica-
tions and the complete characterization of the 
cells is of fundamental importance for product 
development, regulatory approval and patient 
safety [ 17 ,  25 ,  26 ,  28 – 31 ]. Extensive published 
studies have addressed optimized approaches to 
SVF and ASC cryopreservation based on  in vitro  
assays.  In vitro  assays include adipogenic, osteo-
genic and chondrogenic differentiation, cell 
 apoptosis  , glycerophosphate dehydrogenase 
(GPDH) enzyme activity, cell  proliferation   rate, 
surface  immunophenotype   (FACS) and Magnetic 
Cell Sorting (MACS), adipose-derived cell 
recovery rates, viability (MTT), karyotype and 
gene expression [ 20 ,  28 ,  29 ,  31 ,  32 ]. The vast 
majority of the protocols utilize storage in liquid 
nitrogen after controlled rate  cooling   [ 20 ,  28 , 
 31 – 34 ] (Table  11.1 ).

11.3        Why  ASC   Cryopreservation 
Remains a Relevant Research 
Question 

 Recent studies have found that the age, body 
mass index, and overall health condition of 
donors impacts the functionality of isolated 
ASC. The ASC from elderly donors expressed 
elevated levels of senescence markers, oxidative 
stress, lower antioxidant enzyme (superoxide 
dimutase) activity, increased cell doubling times 
and reduced clonogenic potential [ 35 ,  36 ]. The 
differentiation potential of ASC especially 
towards osteogenic and chondrogenic pathways 
was compromised from the aged donors whereas 
the adipogenic ability tended to increase [ 35 , 
 36 ]. The Angiogenic differentiation potential 
and the ability to secrete pro-angiogenic growth 
factors such as ANGPT1, HGF, and VEGF, was 
also hampered in  ASC   isolated from older 
donors [ 37 ,  38 ]. Furthermore, ASC isolated 
from the obese individuals display impaired 
functionality. The therapeutic effi cacy of ASC 
from obese donors to treat multiple sclerosis 
was decreased in comparison to ASC from lean 
donors [ 39 ]. The osteogenic potential of ASC 
from obese donors was also reduced relative to 
ASC from lean donors [ 39 ]. Collectively, these 
published fi ndings suggest that ASC from 
young, healthy, lean donors will have the great-
est potential for effi cacy in  clinical applications  . 
However, most of the patients who benefi t from 

   Table 11.1    Adipose-derived stem/stromal  cells   (ASC) cryopreservation literature   

 Author  CPA  Time 

 De Rosa et al.  4 % DMSO/6 % trehalose  12 months 

 Gonda et al.  Proprietary + bovine serum  6 months 

 Devireddy, Gimble et al.  DMSO/glycerol/MC/PVP  2 weeks 

 Lopez et al.  Antioxidants + polymers + EG/DMSO + 
trehalose + EGTA 

 Not specifi ed 

 Hoogduijn et al.  20 % DMSO + 20 % FBS  Not specifi ed 
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ASC therapies are elderly with co-morbidities 
associated with obesity. Thus, their autologous 
ASC may not display the desired therapeutic 
benefi ts, making such patients dependent on the 
use of allogeneic ASC. Consequently, cryo-
preservation of ASC from young and healthy 
individuals may emerge as an opportunity to 
create a new cell product, similar to type O 
erythrocytes that can be  transplanted to multiple 
recipients with minimal risk and maximal ben-
efi t. For these reasons, it remains important to 
develop cryopreservation protocols that retain 
the post thaw functionality of ASC while mini-
mizing risks of infectious agent contamination 
or  transmission  .  

11.4     Pre-clinical Models 
and Clinical Use 

 Despite variation in processing methods, isolated 
 ASC   have displayed regenerative, anti- 
infl ammatory and immunomodulatory potential. 
Studies in animal models have determined the 
benefi cial effects of ASC in the healing of Acute 
Myocardial Infarction, Chronic Ulcers, Peripheral 
Vascular Disease, and Bone defects among other 
conditions [ 11 ,  40 – 44 ]. There remain  challenges   
to the development of clinical grade quality cell 
products without biological contaminants, with 
high  cell viability  , low product variability and 
constant and reproducible potency [ 45 ]. In addi-
tion to the impact of cryopreservation and  thaw-
ing   on the cell characteristics, studies must 
consider the fi nal success of the ASC when 

administered to the recipient in vivo [ 32 ]. For 
example, the intravenous infusion of MSC has 
been found to modulate the cytokines released by 
resident lung immune cells [ 46 ]. Furthermore, 
the gene expression profi le can change after MSC 
have been exposed to the host/recipient [ 32 ]. 
Thus, pre-clinical animal models are critically 
necessary to defi ne the mechanisms of action and 
to identify the ideal method for cell transplanta-
tion [ 45 ]. 

 The existing body of basic science investiga-
tions has contributed to an increased number of 
 clinical trials   using ASC for Soft Tissue 
Reconstruction, Osteoarticular Defects, and 
Cardiovascular, Pulmonary and Neurological dis-
eases, among others (  www.clinicaltrials.org    ); 
however, at present, there are no U.S. FDA-approved 
ASC-based products (Table  11.2 ).

11.5        Potential Reconstructive 
and Chronic Disease Targets 
for  ASC   Therapies 

11.5.1     Soft Tissue Reconstruction 

 Fat grafting is a useful tool for soft tissue recon-
struction to repair volume loss or improve shape. 
Recently, the use of Cell Assisted Lipotransfer 
(CAL), which combines autologous SVF cells 
with fat grafts, has gained considerable interest 
among plastic surgeons internationally. The SVF 
cell enriched fat graft contains increased num-
bers of ASC and associated cells which have 
been reported to improve breast reconstruction 

   Table 11.2    Clinical studies using  ASC  /SVF   

  Target tissue   Soft tissue reconstruction  Breast reconstruction and augmentation; 
pressure ulcer; facial atrophy; 
enterocutaneous/recto-vaginal fi stulas 

 Hard tissue reconstruction  Osteoarticular (osteoartritis, degenerative 
disc disease; osteoporotic fractures; genu 
varum) 

  Underlying disease   Neurological  Parkinson’s disease; multiple sclerosis; 
Autism 

 Circulatory and cardiovascular  Stroke; chronic ischemic heart disease; acute 
myocardial infarction; critical limb ischemia; 
ischemic nephropathy 

 Methabolic and auto-immune  Diabetes type I and II; liver cirrhosis 
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outcomes by increasing volume retention and 
reducing irregularities or retractions [ 47 ,  48 ]. 
Facial atrophy [ 49 ] and other craniofacial malfor-
mations [ 50 ] classically treated with fat grafts 
have also displayed improved outcomes when 
treated with CAL.  

11.5.2     Hard Tissue Reconstruction 

 Although autologous or allogeneic bone graft 
remains the bone regeneration “gold standard” 
for treatment, this approach is fl awed due to 
volume  limitation   and morbidity associated with 
the tissue harvesting. Thus, ongoing efforts are 
underway to seek an improved solution [ 42 ]. 
Published studies have achieved the successful 
reconstruction of large mandibular defects using 
a tissue-engineered construct containing beta- 
tricalcium phosphate, recombinant bone 
morphogenetic protein and Good Manufacturing 
Practice-level autologous ASC allowing for full 
functional recover and patient rehabilitation [ 51 ]. 
Likewise, similar approaches have used autolo-
gous ASC to repair calvarian defects through 
local ossifi cation, thereby improving the patient’s 
quality of life [ 52 ].  

11.5.3     Multiple Sclerosis 

 Administration of SVF cells has ameliorated the 
 severity   of experimental autoimmune encephali-
tis (EAE) in mice (an animal model of Multiple 
Sclerosis) by decreasing the magnitude of the 
pro-infl ammatory cytokines interleukin (IL-12) 
and interferon gamma (IFN-γ) which contribute 
to the progression of the disease [ 53 ]. 
Furthermore, administration of culture expanded 
ASC after the establishment of the disease could 
still alleviate the signs and symptoms associated 
with chronic EAE [ 54 ]. In contrast, bone marrow- 
derived mesenchymal stem  cells   (BM-MSCs) 
were only able cure the disease when they were 
injected at the initiation stage of the EAE model 
[ 55 ]. Currently, at least one company is sponsor-
ing a registered clinical  trial   to treat multiple 
sclerosis using autologous SVF with an estimated 

enrolment of 100 participants [ClinicalTrials.gov 
Identifi er: NCT02157064]. Their goal is to com-
plete the study by May 2017.  

11.5.4     Osteoarthritis 

 A phase I/II clinical study designed to test the 
effect of injected ASC in to intra-articular carti-
lage of knee in patients suffering with osteoar-
thritis has so far shown reported promising 
results [ 56 ]. This trial has enrolled 18 patients 
with osteoarthiritis divided into groups who 
received autologous ASC at one of three different 
cell concentrations: low (10 7  cells), intermediate 
(5 × 10 7  cells), and high (10 8  cells) respectively 
[ 56 ]. In the group that received high dose of ASC 
hyaline-like cartilage was regenerated at carti-
lage defects resulting in improved function and 
relief of knee pain without any severe side effects 
[ 56 ]. Another clinical  trial   has reported that the 
14 out of 16 elderly osteoarthritis patients 
injected intra-articularly with ASC suspended in 
platelet rich plasma showed signifi cant cartilage 
regeneration, reduced pain relief, and improved 
ambulatory function [ 57 ].  

11.5.5     Crohn’s Disease 

 Crohn’s disease is an infl ammatory disease that 
affects the entire digestive tract and commonly is 
associated with the development of fi stulas. The 
use of ASC to treat Crohn’s disease has shown 
some success in a phase I clinical study [ 58 ]. 
Patients suffering from a perianal fi stula received 
2 × 10 7  ASC which resulted in complete healing 
of fi stula 8 weeks post injection with no adverse 
events [ 58 ,  59 ]. There were no signs of recur-
rence of fi stula 8 months after the ASC injection 
[ 58 ]. In a phase II clinical study, the same group 
demonstrated that administration of ASC 
improved recovery of fi stulas in 27 out of 33 
[ 59 ]. A follow up phase II trial investigation con-
ducted in 43 patients showed the long-term sus-
tainability of ASC treatment since 75 % of the 
patients maintained complete closure of the fi s-
tula without recurrence [ 60 ]. Other groups have 
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reported similar benefi cial results in phase I and 
II  clinical trials   [ 61 ,  62 ]. Anterogen Co., Ltd. a 
South Korean based company, is currently mar-
keting an ASC based product, (Cupistem®) as an 
injection to treat Crohn’s disease.  

11.5.6     Parkinson’s Disease 

 Parkinson’s disease (PD) is a progressive central 
nervous  system   disorder that results in the chronic 
degeneration of dopamine producing neurons in 
the substantia nigra region of brain [ 63 ] and the 
accumulation of alpha-synuclein protein aggre-
gates called Lewy Bodies [ 64 ]. ASC transplanted 
into the subventicular region of the brain in a rat 
PD model signifi cantly improved neurogenesis in 
comparison to controls [ 65 ]. Furthermore, there 
was an increase in the levels of brain-derived 
neurotrophic factor and the number of tyrosine 
hydroxylase and glial fi brillary acidic secreting 
cells resulting in betterment of motor function in 
the PD model rats transplanted with ASC [ 66 ]. At 
present a clinical study sponsored by StemGenex 
medical group is recruiting participants with PD 
to study the safety and effi cacy of autologous 
SVF transplantation for up to 12 months 
[ClinicalTrials.gov Identifi er: NCT02184546]. 
The study is expected to be complete by June 
2017.  

11.5.7     Diabetes 

 Diabetes is a chronic disease that affects the insu-
lin secretion and glucose metabolism leading to 
hyperglycemia. An intravenous infusion of autol-
ogous ASC in diabetic rats signifi cantly reduced 
hyperglycemia [ 67 ,  68 ]. The mechanism involved 
the regeneration of pancreatic β cells and 
increased insulin secretion [ 67 ]. Additionally, 
ASC infusion signifi cantly lowered the level of 
pro-infl ammatory cytokines such as TNF-α, 
IL-1β, and IL-6 in comparison to untreated dia-
betic controls [ 67 ,  68 ]. Moreover, cells in the 
recipient animal’s liver and adipose tissues 
showed improved insulin sensitivity based on 
enhanced expression levels of both the glucose 

transporter (GLUT4) and the insulin receptor 
(INSR) [ 67 ]. In addition to ameliorating the 
major diabetic symptoms such as hyperglycemia, 
impaired insulin secretion, and insulin resistance 
ASC infusion reduced other adverse effects such 
as diabetic nephropathy and diabetic wounds [ 68 , 
 69 ]. Adistem Ltd is conducting phase I and II 
clinical studies to treat diabetes type 1 and 2 
using intravenous administration of  ASC   
[ClinicalTrials.gov Identifi ers: NCT00703599; 
NCT00703612].   

11.6     Summary 

 Although ASC are relatively easy to harvest,  ASC   
cryopreservation will allow for their use as an “of 
the shelf” product immediately available at the 
bedside. Although  clinical applications   for ASC 
and SVF cells remains experimental, their future 
success will rely in part on the development of 
fully tested protocols relating to tissue acquisi-
tion, processing, cryopreservation,  thawing  , CPA 
dilution and infusion techniques. These may need 
to be modifi ed depending on the target organ or 
tissue to be treated. These advances will require 
the use of internationally harmonized assays pre-
dictive of both functionality and potency.     

  Disclosures   Fabiana Zanata received fi nancial support 
from CAPES, Brazil (Process BEX 1524/15-1). Jeffrey 
Gimble and Xiying Wu are co-owners and employees of 
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Abstract

Stem cells are found in all multicellular organisms and are defined as cells 
that can differentiate into specialized mature cells as well as divide to pro-
duce more stem cells. Mesenchymal stem cells (MSC) were among the 
first stem cell types to be utilized for regenerative medicine. Although ini-
tially isolated from bone marrow, based on ease and costs of procurement, 
MSC derived from adipose tissue (AT-MSC) and umbilical cord tissue 
(CT-MSC) are now preferred stem cell sources for these applications. 
Both adipose tissues and cord tissue present unique problems for biobank-
ing however, in that these are whole tissues, not cellular suspensions. 
Although the tissues could be processed to facilitate the biobanking pro-
cess, by doing so additional regulatory issues arise that must be addressed. 
This review will discuss the technical issues associated with biobanking of 
these tissues, as well as regulatory concerns when banking of utilizing 
MSC derived from these sources in the clinic.
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Abbreviations

MSCs Mesenchymal stem cells
AT-MSC Adipose tissue-MSC
CT-MSC Cord tissue-MSC
BM Bone marrow
MS Multiple sclerosis
TNC Total nucleated cells
SVF Stromal vascular fraction
IND Investigational new drug
BB Obstetrician

12.1  Introduction

Stem cells are found in all multicellular organ-
isms and are defined as cells that can differentiate 
into specialized mature cells as well as divide to 
produce more stem cells. Stem cells can be 
divided into embryonic/fetal stem cells, and adult 
stem cells, based on their origin. Stem cells can 
be further classified as totipotental capable of 
giving rise to all tissues in the organism including 
the organism itself; as pluripotential able to give 
rise to multiple lineages of tissues and cells from 
different germ lineages; as multipotential which 
can give rise to different cell types generally 
within the same germ lineage; or as progenitor 
cells which only give rise to more lineage- 
restricted cells and tissues from a single germ 
layer origin. This appreciation for the numbers, 
types and potentials of stem cells has given rise to 
the fields of regenerative medicine and tissue 
engineering which encompasses a variety of cel-
lular therapies. Mesenchymal stem cells (MSC) 
were among the first stem cell types to be utilized 
for such applications. Initially, all MSC were 
bone marrow (BM) derived. However, based on 
the ease and costs of procurement, as well as the 
possibility of obtaining autologous MSC from 
most patients using these sources, MSC derived 
from adipose tissue (AT-MSC) and umbilical 
cord tissue (CT-MSC) are now beginning to 
replace BM as the preferred source of clinically 
applicable MSC. In fact, as of March 2016 there 

were 176 clinical studies listed on www.clinical-
trials.gov for AT-MSC and an additional 342 
studies listed for CT-MSC, with thousands of 
patients having received such treatments. These 
studies encompassed such clinical applications as 
osteoarthritis, orthopedic reconstructions, autism, 
multiple sclerosis (MS), spinal cord injury, dia-
betes, wound healing, cardiovascular disease and 
pulmonary disease.

Work done over the past decade has demon-
strated that subcutaneous adipose tissue (AT) is 
the richest source of MSC in the human body, 
containing 100–1000× more MSC/g or cc of tis-
sue that either BM or CT [1, 2]. In fact, as many 
as 1 % of all total nucleated cells (TNC) con-
tained within AT may be MSC [1, 2]. However, 
AT is a tissue, not a cellular suspension, posing 
unique constraints on its use. In fact, lipoaspirate, 
which is often the starting point for AT-MSC col-
lection, is a viscous gelatinous tissue that is dif-
ficult to manipulate, even at room temperatures 
(see Fig. 12.1). Although the lipoaspirate can be 
digested and processed, such a procedure would 
necessarily require imposition of additional and 
somewhat onerous regulatory guidelines (see 
below). The physical characteristics of the bio-
specimen also present unique requirements when 
it comes time to thaw, wash and clinically use the 
banked sample. Although MSC in general have 
long been studied as a clinically relevant source 
of stem cells, and have been extensively studied 
in multiple regenerative medicine and tissue 
engineering applications [3–5], it was not until 
recently that the umbilical cord (specifically the 
Wharton’s jelly contained within the tissue; CT) 
itself was recognized as an economical and 
 readily available source of large numbers of MSC 
[6, 7]. Similar to adipose tissues, CT presents 
unique problems for biobanking in that it is a 
whole tissue, not a cellular suspension (see  
Fig. 12.2). Although the tissue could be pro-
cessed to facilitate the biobanking process, by 
doing so additional regulatory issues arise that 
must be addressed. However, as one of the young-
est sources of MSC available its inclusion into 
any stem cell banking program is worthwhile.
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12.2  Technical Issues in Tissue 
Stem Cell Banking

Whenever possible it is always preferable to uti-
lize a closed and sterile system for stem cell col-
lection and processing, which simplifies and/or 
eliminates many regulatory requirements. If the 
stem cell collection device and the cell processing 

device can be combined into a single system 
design, then the methodological approach 
becomes more attractive to the end-user and more 
likely to be utilized. As most stem cell collections 
(and eventually their utilizations) will be per-
formed by clinicians who may or may not have 
extensive experience in stem cell collection or 
cell manipulations, the employed systems should 

Fig. 12.1 Adipose tissue collection (left) and storage (right) using 60 cc syringes and 60 cc bags, respectively. Note the 
gelatinous nature of the stem cell source

Fig. 12.2 The umbilical cord of a newborn (left) and a cross-sectional representation of the anatomy (right) demon-
strating the unique structure of the stem cell source
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be easy to use without extensive previous train-
ing. Although most collection systems are gener-
ally sterile, the commercially available options 
are constrained by the particulars of the stem cell 
source.

Neither CT nor AT are single cell solutions 
similar to blood that are easily manipulated and 
banked. Rather, both AT and CT are intact tissues 
that require extensive manipulation to obtain/
retrieve the MSC contained within the tissue. 
This observation is true whether the tissues are to 
be used immediately in the clinic (e.g., point of 
care use) or banked for future use. These con-
straints and the caveats discussed below should 
be remembered carefully in light of marketing 
efforts by numerous commercial entities that 
entreat parent and patients to pay for AT-MSC 
and CT-MSC biobanking with the promise of 
having viable and potent stem cells available in 
the future whenever needed. Not everything is as 
simple as it looks, or as good a deal as it might 
appear. Many of these advertised approaches will 
not result in clinically utilizable stem cell prod-
ucts if ever needed.

12.3  Adipose-Derived 
Mesenchymal Stem Cells

Adipose tissue may be collected either as a by- 
product of a liposuction procedure (under gen-
eral anesthesia), or as an independent 
stand-alone procedure (using local anesthetics 
such as lidocaine). Both approaches utilize 
syringes (either large 60 cc syringes that can 
connect to a liposuction canister or small 20 cc 
syringes with a cannula for the manual proce-
dure). Both collection systems can be consid-
ered “closed”. The syringes can also be sterilely 
connected in a closed fashion to large (commer-
cially available) bags for processing and storage 
(depending on volumes desired). As an add-on 
to a liposuction procedure it is possible to obtain 
several liters of lipoaspirate (although most adi-
pose banks collect and store no more than 2000 
cc). As a stand-alone procedure done under 
local anesthetic, harvests are normally no larger 
than 20–100 cc.

AT-MSC have unique processing require-
ments in that the MSC are not obtained from a 
cellular suspension like BM, but are contained 
within a fairly viscous tissue composed of multi-
ple cell types. Initial processing (often called 
“enhancement”) removes as much tumescent 
fluid as possible along with any contaminating 
blood via the use of several low speed centrifuga-
tions (300×g). This process leaves the adipose 
tissue containing the MSC amenable for immedi-
ate cryopreservation or for clinical use, or as a 
source of MSC after enzymatic digestion. 
However, in each of these examples it can be pro-
cessed sterilely in a closed system using either 
manual or automated methods. Methodology has 
been developed that allows for economical, 
closed system processing that meets FDA 
requirements for minimal manipulation utilizing 
modified syringes [8]. Automated approaches to 
processing can be found with companies such as 
BioSafe, GDP Inc., Cytori, TissueGenesis and 
American Cryostem. The automated approaches 
tend to be more expensive, requiring the purchase 
of machinery and/or expensive consumables. 
However, these approaches do increase through-
put and are very reproducible. In addition, being 
a closed system these methodologies are compli-
ant with (some) FDA regulations and minimize 
the risks of sample contamination. Generally, the 
machines have received a 510 k registration with 
the FDA for clinical use, and even for point-of- 
care applications, but none of the devices have 
received FDA approval for AT-MSC banking or 
later clinical applications after thawing at some 
time in the future. Each one of these systems is 
closed from start to finish, harvest to cryopreser-
vation, including the thawing of the sample after 
storage. However, the major and significant dif-
ference between the manual systems and the 
automated systems is that the automated systems 
produce what is referred to as a stromal vascular 
fraction (SVF) after enzymatic digestion of the 
“enhanced fat” which by definition is “more than 
minimally manipulated” and requires an 
Investigational New Drug (IND) application 
from the FDA before clinical use (see www.fda.
gov and guidance on adipose tissues). The man-
ual system discussed in [8] only produces 
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“enhanced fat” that is minimally manipulated 
and can be immediately used for cosmetic and 
reconstructive purposes, or processed further 
under IND for regenerative medicine applica-
tions. Oftentimes, the SVF must be cultured 
in vitro to purify the AT-MSC before clinical use 
in order to remove the contaminating cell types. 
In vitro expansion (although not as often needed 
with AT-MSC as with other MSC sources) 
requires adherence to another and different set of 
FDA regulations. As AT contains the greatest 
number of MSC per gm or cc of tissue, and since 
most individuals have plenty of AT to harvest, it 
is generally more a matter of MSC purification or 
enrichment through in vitro culture than designed 
MSC expansion by culturing. A recent presenta-
tion has described a short term panning proce-
dure that allows for almost 100 % enrichment 
with less than one to two cell doublings over the 
course of 3–5 days [9] that may be applicable to 
most clinical settings where MSC numbers are 
sufficient but non-MSC cells need to be removed. 
However, this methodology would still be con-
sidered a manipulation under FDA law requiring 
IND clearance before clinical use. It should be 
noted that AT, unlike CT as discussed below, is 
the only one of these two MSC sources that can 
be processed in a closed system, biobanked with-
out manipulation (by FDA definitions), and later 
thawed with 80 % or greater cellular recovery for 
research or clinical use [8].

12.4  Umbilical Cord Tissue- 
Derived Mesenchymal  
Stem Cells

Collection of umbilical cord tissue (CT) is a 
recent development in the stem cell field (within 
the last 5 years or so). By its nature, CT is not 
sterile (at least the exterior which recently exited 
the birth canal and is generally covered with 
blood and mucus from the birth) and cannot be 
collected in a closed system, as its connected on 
one end to the baby and on the other end to the 
placenta. Normally, the physician, obstetrician 
(OB), or other caregiver will cut a 6–10 in. seg-

ment of the umbilical cord after birth of the child 
and ligation of the cord. The segment of umbili-
cal cord is then placed into a sterile capped cup 
(e.g. sterile, screw-capped urine specimen cup) 
that contains a transport buffer (nutrients as well 
as antibiotics and antifungals). Care must be 
taken to insure that the CT is not exposed to 
excessive air and is kept “wet” (i.e., submerged) 
during transport.

Due to the nature by which CT is harvested 
and its structural composition, CT must be pro-
cessed in an “open” fashion. Generally this 
means that it is either stored as whole minced tis-
sue or the CT is enzymatically processed to its 
cellular components before use or banking (this 
latter approach would be classified as “more than 
minimally manipulated” for regulatory pur-
poses). Therefore, extensive sterility testing (bac-
terial, fungal and mycobacterial) is necessary, as 
is testing of the donor for a variety of viral infec-
tions. The stem cells of interest, the MSC, lie 
within the cord tissue either as perivascular cells 
or contained within the Wharton’s jelly [3, 4], 
and this anatomical distribution must be taken 
into consideration when processing and banking 
the stem cells. If one attempts to cryopreserve the 
whole, intact unprocessed tissue the MSC will be 
damaged and will not survive the procedure. 
Thus, one must either finely mince the tissue 
before cryopreservation or enzymatically digest 
the tissue and then freeze the isolated MSC as is 
typically done for a single cell suspension [6, 7]. 
Finely minced tissue requires the slow infusion 
of DMSO over prolonged periods of time to 
insure homogenous distribution of the cryopro-
tectant throughout the tissue [10]. The finely 
minced tissue may also be used for explant cul-
tures although the time required to obtain suffi-
cient numbers of MSC for use can be several 
weeks or more. Isolated MSC obtained from an 
enzymatic digest (or from in vitro expansion) can 
be frozen as for any single cell suspension. Two 
problems present themselves however, with 
either methodology. If one enzymatically digests 
the cord tissue before cryopreservation it is now 
considered more than minimally manipulated by 
the FDA, requiring an IND prior to clinical use. 
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Cryopreserved whole, minced CT meets the reg-
ulatory definition of minimal manipulation, but 
one generally only recovers approx. 10 % of 
starting MSC population, requiring extensive 
ex vivo expansion prior to clinical use (again 
requiring an IND prior to clinical utilization), as 
compared to 80 % or higher recoveries for frozen 
adipose tissues [11]. CT is problematic to thaw as 
the tissue itself serves as a “sink: for the cryopro-
tectant DMSO, making it difficult to thoroughly 
remove which results in a loss of viable cells. 
Thus, CT is a less than optimal stem cell source 
for clinical applications due to the regulatory 
oversight that is necessary for its clinical use.

Oftentimes thawing of whole minced CT 
results in few viable MSC being obtained, and 
many fewer than needed for most clinical appli-
cations [10]. However, thawed tissue can be 
grown in vitro as explants rather than digested 
with much more successful results. Unfortunately, 
in vitro culture and expansion is also considered 
a manipulation and requires extensive regulatory 
oversight along with an IND application. 
Although fresh CT can be easily digested with 
combinations of fairly benign enzymes (such as 
collagenase and hyaluronidase), the numbers of 
MSC obtained per gram of tissue is often quite 
low (often 50–100 times fewer MSC per gm of 
tissue for CT as compared to AT; [10, 11]). Thus, 
CT-MSC will most likely always require some 
in vitro expansion before clinical use, mandating 
federal oversight and need to obtain an IND.

12.5  Regulatory Issues

As with any type of cellular therapy, regenerative 
medicine application or tissue engineering proce-
dure, there are always concerns and confusions 
about which guidelines mandated by the FDA 
(see 21CFR regulations) must be followed. Stem 
cell therapies are more in the spotlight these days 
than ever before with the seemingly nonstop con-
struction of stem cell clinics and the rapid com-
mercialization of this medical field (endeavor) by 
individuals that are neither qualified by training 

nor experience. Generally, the FDA is concerned 
with several basic issues such as sample identity 
(does the stem cell sample come from the person 
that is going to use it in an autologous setting, or 
is it suitably matched if unrelated?); sample 
purity (has it been adulterated by foreign sub-
stances which may be harmful or which may 
obliterate its usefulness?); the potency of the 
sample (is there a standard against which the 
sample can be compared to measure its potential 
biological function?); is the sample efficacious 
(will the sample have any beneficial effects after 
administration?), and is the sample free of exog-
enous disease causing organisms (i.e., what is the 
risk of disease transmission?). In order to address 
these issues and to determine the level of over-
sight required the FDA has instituted about 10 
years ago two sets of guidelines termed “351” 
and “361” regulations. Generally the “361” 
guidelines are less onerous and sometimes apply 
to therapies carried out under the practice of 
medicine but often requiring an IRB approval. 
However, the “351” guidelines require an IND 
prior to clinical use (21 CFR Part 1271, human 
cells, tissues, and cellular and tissue-based prod-
ucts or HCT/Ps) in that cells and tissues (includ-
ing stem cells) falling under these guidelines are 
considered “biological drugs”. For a procedure to 
qualify under the “361” regulations one must use 
autologous tissues and cells, do no more than 
minimally manipulate the cells and tissues, and 
then use the cells and tissues in a homologous 
fashion. Under strict FDA interpretations, it is 
difficult to qualify under the less strenuous “361” 
guidelines.

The FDA’s view on AT-MSC procedures has 
been clearly enunciated as can be found at (http://
www.fda.gov/biologicsbloodvaccines/guidance-
complianceregulatoryinformation/guidances/cel-
lularandgenetherapy/ucm427692.htm). However, 
there is surprisingly little guidance when it comes 
to CT-MSC. Autologous use of cells and tissues 
is fairly straightforward although sometimes the 
definition has been expanded to include first and 
second degree relatives (e.g., parents, siblings, 
aunts and uncles, and cousins). In terms of 
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AT-MSC the FDA defines “minimal manipula-
tion” for structural tissue such as AT as “process-
ing that does not alter the original relevant 
characteristics of the tissue relating to the tissue’s 
utility for reconstruction, repair, or replacement”. 
By definition then, enzymatically digested AT to 
generate SVF would be considered “more than 
minimally manipulated” and would require an 
IND. An IND is undesirable not just because of 
regulatory paperwork and inspections that 
accompany it, but also because non-academic 
establishments are not allowed to charge a profit 
for any cellular endeavor until it is proven safe 
and efficacious which may take up to a decade or 
more at an investment that is often in the hun-
dreds of millions of dollars range. In addition, 
with regard to AT the federal guidelines have 
sometimes been interpreted to mean that MSC 
isolated from various anatomical locations 
throughout the body cannot be used at any other 
dissimilar location in the body, although there is 
no data to support that assumption [2]. In regard 
to CT these guidelines could be interpreted to 
mean that CT-MSC will always require an IND in 
that the umbilical cord and those MSC contained 
within only exist during gestation whose only 
purpose is to protect the fetal blood supply during 
pregnancy. Homologous use of cells and tissues 
seems to pose the greatest confusion for practi-
tioners. A strict definition would imply use only 
in the same context as the cells and tissues were 
originally found. For example, AT-MSC used to 
reconstruct atrophied facial fat after chemother-
apy or used to reconstruct structural tissue in a 
different part of the body or a limb would be 
homologous use. However, utilization of AT-MSC 
or CT-MSC for treatment of stroke, myocardial 
infarction, or Multiple Sclerosis most probably 
would be considered non-homologous use. Many 
stem cell clinics and physicians claim to be 
exempt from such guidelines under the practice 
of medicine. However, nothing could be further 
from reality, as the practice of medicine does not 
allow for the routine application of unproven or 
unsafe medical practices, particularly for profit. 

It should be noted that several such stem cell clin-
ics have been closed and physicians have been 
arrested and their medical license suspended for 
continuing to perform such unauthorized and 
unproven practices, particularly when they are 
not qualified by training or experience (see for 
example, http://www.ipscell.com/2015/01/stem-
humanexperiment/; http://www.nejm.org/doi/
full/10.1056/NEJMp1504560 and http://www.
ipscell.com/tag/celltex/). As an example, 
wouldn’t you prefer a licensed professional to 
perform your liposuction and do you really want 
an everyday GP to be injecting your joints or spi-
nal cord (see http://www.scripps.edu/friedlander/
docs/Graefe’s%20Arch%20Clin%20Exp%20
Ophthalmol.pdf versus https://www.ipscell.
com/2016/01/us-stem-cell-clinic-sued-for-
injection- into-patients-eyes-landmark-case/ for 
example).

For some reason CT has really not been regu-
lated or even discussed in this context at all 
despite a large and successful commercial 
endeavor on the part of numerous cord blood 
banks. Many consumers are misled by these 
evangelists, opportunists and charlatans to 
believe that their CT-MSC will survive banking 
and be immediately available for clinical use 
when needed in the future. Those banks freezing 
minced whole tissue will recover few cells upon 
thaw that require extensive expansion before use 
which will require weeks to months (see above 
and reference [11]). Those banks that digest the 
CT before banking in order to cryopreserve the 
isolated MSC may not be able to use the samples 
upon thaw due to improper methodology that 
runs afoul of regulations. In both cases the num-
bers of cells obtained is generally below clini-
cally useful levels and will require expansion 
before use. Perhaps the FDA has concluded that 
since there will always be a requirement for 
in vitro expansion before clinical use they will 
wait to have regulatory oversight at that time. Or 
perhaps the cord blood banking industry is more 
influential than the AT-MSC industry (e.g., 
lobbying).
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12.6  Conclusions

Stem cells are found in different locations 
throughout the body, with each anatomical site 
generally containing a mixture of stem cell types. 
However, the most frequently utilized sources 
due to ease of accessibility and reduced costs are 
those stem cells found in adipose tissue, bone 
marrow (similar to mobilized peripheral blood), 
umbilical cord blood, and umbilical cord tissue. 
Each of these stem cell sources has different 
requirements when it comes to collection, pro-
cessing, cryopreservation and storage. Cord tis-
sue and adipose tissue are unique in that both are 
(semi) solid tissues that require enzymatic diges-
tion before the MSC contained within can be 
obtained, purified and stored or utilized. CT is a 
preferred MSC source in that it represents the 
youngest gestational source of MSC for regener-
ative medicine and tissue engineering, having 
demonstrated superior proliferative capacity to 
other MSC types. AT is a preferred source of 
MSC for many applications in that it generally 
can be obtained from all potential subjects (autol-
ogous) removing concerns of immune rejection, 
and AT is the richest source of MSC in the body 
with more than 500,000 MSC/g of tissue [2, 10, 
11], eliminating the need to expand MSC before 
use, which can induce cellular senescence [12]. 
However, for both CT and AT the need to use 
enzymatic digestion to obtain the MSC prior to 
banking or utilization falls under the “more than 
minimally manipulated” category, even in an 
autologous setting, mandating FDA oversight 
and the need to obtain an IND approval before 
clinical use. This point cannot be emphasized or 
overstated enough in that although both CT and 
AT are sources of MSC with significant potential 
for use in regenerative medicine and tissue engi-
neering, without adherence to the regulatory 
guidelines (including oversight and an under-
standing of proper methodology) that have been 
instated for such tissues and their clinical use, it 
is only a matter of time before a patient is injured 
or is killed. If that were to happen, the fields of 

regenerative medicine and tissue engineering 
could be set back years with patients in need not 
having access to lifesaving and life-altering med-
ical advances.
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Mature Oocyte Cryopreservation 
for Fertility Preservation

Tina Liang and Tarek Motan

Abstract

In recent decades, advances in cancer treatment have led to a dramatic 
improvement in long term survival. This has led to an increasing focus on 
quality of life after surviving cancer treatment, with fertility being an impor-
tant aspect. Given the known reproductive risks of cancer therapies, there 
has been a growing interest in the field of fertility preservation (also referred 
to as oncofertility). Mature oocyte cryopreservation is no longer considered 
experimental and has become a realistic option for reproductive aged women 
prior to undergoing cancer treatment. Additionally, as cryopreservation 
techniques improve, mature oocyte cryopreservation is increasing being 
marketed to healthy women without cancer wishing to delay child bearing, 
also termed “social egg freezing”. This chapter provides a review of the cur-
rent technology, use, and outcomes of mature oocyte cryopreservation. It 
also outlines the ethical debate surrounding social egg freezing and direc-
tions for future research in female fertility preservation.
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13.1  Introduction

The correlation of increasing age with decreasing 
female fertility is due to the natural decline in 
ovarian reserve throughout all stages of a wom-
an’s life. Women are born with a finite number of 
oocytes, decreasing from a peak of 6–7 million in 
a 20-week gestation fetus to 1–2 million at birth 
[1]. This number continues to decline from 
300,000–500,000 at puberty to less than 1000 at 
age 51, the average age of menopause in the 
United States [1]. In addition to the decrease in 
number, there is a decrease in the quality of 
remaining oocytes. Epidemiological studies have 
consistently demonstrated a decline in female 
fertility as early as beginning of the thirties to a 
more dramatic decline after the mid-thirties [2]. 
Although outcomes have significantly improved 
in assisted reproductive technologies (ART), the 
factor of advanced age or decreased ovarian 
reserve still cannot be completely overcome with 
the exception of using donor eggs [2–4]. As a 
result, the advent of mature oocyte cryopreserva-
tion offers much hope for fertility preservation in 
women facing anticipated fertility decline. These 
include women undergoing gonadotoxic chemo 
or radiation therapies for cancer, women with a 
genetic predisposition to primary ovarian insuf-
ficiency, or healthy women who wish to delay 
child-bearing.

Among current existing options for fertility 
preservation, embryo cryopreservation is a well- 
established technology that is widely used in in- 
vitro fertilization (IVF) treatments [5]. However, 
it requires a male partner or the use of donor 
sperm in order to fertilize oocytes retrieved. 
Mature oocyte cryopreservation is a newer tech-
nology but no longer considered experimental. 
Its advantages include lack of need for male part-
ner or donor sperm, lack of ethical, personal, reli-
gious or legal concerns for embryo storage and 
disposition, and greater control of disposition of 
gametes in the future [4–7].

13.2  Current Uses for Mature 
Oocyte Cryopreservation

Indications for mature oocyte cryopreservation 
are summarized in Table 13.1 [6, 8]. Mature 
oocyte cryopreservation can be used for women 
facing anticipated fertility decline for various 
reasons. Certain gonadotoxic cancer therapies 
involving chemotherapy or radiation destroy 
growing oocytes in the ovary, therefore mature 
oocytes may be retrieved and preserved prior to 
undergoing such treatments. Women may also 
wish to preserve their fertility prior to undergoing 
surgeries involving risk of damage to the ovaries 
or oophorectomies, for example in the case of 
genetic conditions like BRCA for cancer prophy-
laxis. Women with an increased risk of primary 
ovarian insufficiency such as those with a family 
history may also wish to preserve their fertility at 
an earlier age. Other medical indications include 
storage of excessive numbers of oocytes obtained 
during hyper stimulation of patients with poly-
cystic ovarian syndrome. Recently women with 
severe progressive endometriosis have requested 
oocyte cryopreservation [9]. A growing number 
of women in developed countries where there is 
an increasing trend to delay child bearing also 
undergo elective mature oocyte cryopreservation 

Table 13.1 Current uses for mature oocyte 
cryopreservation

Fertility preservation prior to gonadotoxic cancer 
therapies

Fertility preservation prior to surgeries with risk of 
damage to ovary

Fertility preservation due to risk of primary ovarian 
insufficiency

Fertility preservation for elective reasons to delay 
child bearing

Storage and banking of donor eggs

Failure to obtain sperm on day of oocyte retrieval in 
IVF treatment for infertility

Excess oocytes obtained with legal or moral 
restrictions to embryo cryopreservation
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in hopes of circumventing the age-related fertil-
ity decline (also termed as “social egg freezing”). 
In addition, there are many indications for mature 
oocyte cryopreservation other than anticipated 
fertility decline. Much of the research in the early 
days of oocyte cryopreservation was related to 
preservation of donor eggs. Today, storage and 
use of mature oocytes in donor egg banks is avail-
able worldwide. Certain countries (eg. Italy) have 
legal restrictions on embryo freezing and storage. 
Therefore, mature oocyte cryopreservation is 
used instead of embryo cryopreservation in IVF 
treatments to minimize the number of controlled 
ovarian stimulation cycles a woman may need to 
undergo. For couples undergoing IVF treatments 
for infertility, mature oocyte cryopreservation is 
also used for instances where sperm cannot be 
obtained on the day of oocyte retrieval or if cou-
ples have ethical or moral problems with embryo 
cryopreservation.

13.3  Oocyte Cryopreservation 
Technology

Advances in cryopreservation have allowed 
major breakthroughs in assisted reproduction. 
The first major turning point came in 1949 with 
the discovery of glycerol as a cryoprotectant for 
human sperm [10], which quickly led to the first 
reported human birth from frozen sperm in 1953 
[11]. This was followed by extensive work on the 
physiology of cellular water movement and 
mechanisms of cell freezing [12]. Other cryopro-
tectants that minimized cellular damage were 
also identified, such as propanediol, ethylene gly-
col and dimethylsulfoxide (DMSO) [6]. In 1984, 
the first birth from a human frozen embryo was 
reported. Since then, embryo cryopreservation 
has been widely and successfully applied [6].

In 1986, Chen reported the first pregnancy 
from a frozen oocyte [13]. However, technical 
difficulties due to unique properties of the mature 
oocyte prevented consistent success initially. In 
the following decade, only a handful of pregnan-
cies and no births from frozen oocytes were 
reported [12]. Challenges to oocyte freezing 
include its relatively large size, high water con-

tent, unique chromosomal arrangement and mei-
otic spindle [6]. These properties make the oocyte 
especially vulnerable to damage from ice crystal 
formation during the freezing and thawing pro-
cess. Two main freezing techniques have been 
developed to overcome these challenges. In the 
older slow-freeze technique, cells are gradually 
dehydrated in the presence of cryoprotectants 
while programmable freezers lower the tempera-
ture at a very slow rate to minimize ice crystal 
formation. However, cells exposed to low tem-
peratures for long periods were still prone to 
chilling injury [14]. Subsequently, an alternative 
to slow-freeze, vitrification has been developed. 
Vitrification uses high initial concentrations of 
cryoprotectants and ultra-rapid cooling to mini-
mize crystallization. Various vitrification proto-
cols using different devices have been developed. 
Most devices are known as “open systems” as 
they expose samples directly to liquid nitrogen to 
maximize the cooling and thawing rate [14]. The 
Cryotop method is one such widely used open 
system developed in Japan which has been piv-
otal to success in vitrification [15]. Most recent 
studies suggest superior post thaw oocyte sur-
vival and pregnancy rates of vitrification com-
pared to the slow-freeze technique [6, 14].

In most cryopreservation protocols, oocytes 
are denuded by removing the outer layer of 
cumulus cells in order to assess for oocyte matu-
rity, as only mature metaphase II oocytes are 
selected for cryopreservation. The removal of 
cumulus cells raises concern for reduced fertil-
ization following standard insemination. In addi-
tion, hardening of the zona pellucida of the 
oocyte has been seen following rewarming of 
cryopreserved oocytes which may also affect fer-
tilization. Therefore, intracytoplasmic sperm 
injection (ICSI) is generally performed for fertil-
ization of cryopreserved oocytes to improve fer-
tilization rates [6].

13.4  Clinical Outcomes

Many studies comparing clinical outcomes of 
fresh versus frozen oocytes involve donor 
oocytes. One of the largest published prospective 
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randomized controlled trials included 600 
patients randomized to receive vitrified or fresh 
donor oocytes, with over 3000 oocytes used in 
each arm [16]. Survival of vitrified oocytes was 
reported at 92.5 % and there were no differences 
in fertilization rate (74.2 % vs. 73.3 %), clinical 
(50.2 % vs. 49.8 %) or ongoing pregnancy rates 
per transfer cycle (44.4 % vs. 43.3 %) between 
vitrified and fresh oocytes. Similarly, 2 prospec-
tive randomized studies using non-donor sibling 
oocytes also showed comparable high survival 
rates and no statistical differences in fertilization 
rates between vitrified and fresh oocytes [17, 18]. 
In a 2014 meta-analysis including 21 prospective 
studies involving vitrified oocytes, the ongoing 
pregnancy rate per warmed oocyte or “oocyte 
efficiency” was found to be 7 %, similar to effi-
ciency estimates using fresh oocytes [19].

The effect of storage time on outcomes is 
demonstrated by a recent large retrospective 
study with over 42,000 vitrified donor oocytes 
[20]. No differences in oocyte survival, clinical 
and ongoing pregnancy rates were found 
between 8 categories of storage time ranging 
from less than 6 months to over 5 years. 
Currently, the longest reported storage period of 
a cryopreserved oocyte resulting in a live birth 
is 14 years [21].

Numerous studies have also shown that out-
come is dependent on the age at which oocytes 
are cryopreserved [22–24]. In an individual 
patient data meta-analysis including 2265 cycles 
from 1805 patients, live birth rates declined with 
increasing age at freezing regardless of the freez-
ing technique used [22]. An age cut-off point of 
36 years was found to provide the highest dis-
crimination between success and failure. 
Similarly, a more recent retrospective study of 
1468 women who underwent elective oocyte 
cryopreservation showed a live birth rate of 50 % 
for women 35 years or younger at vitrification, 
compared to 23 % for women 36 years or older at 
vitrification [24]. In addition, freezing 10–15 
oocytes yielded a 60.5–85.2 % chance of live 
birth in women 35 years or younger, thus provid-
ing a “number needed to freeze” for a reasonable 
chance of success [24]. It is evident that to 
achieve a high probability of a live birth, multiple 

stimulation cycles may be required to attain the 
optimal number of oocytes.

Relatively few studies focus specifically on 
cancer patients undergoing fertility preservation 
[25, 26]. A recent study of 176 cancer patients 
who underwent oocyte cryopreservation found 
similar oocyte survival rate (86 %) and fertiliza-
tion rate (72 %) to previous reports [25]. There 
were 4 live births from 10 patients who returned 
for oocyte thaw.

13.5  Risks

A theoretical concern with oocyte cryopreserva-
tion is possible damage to the meiotic spindle 
from the freeze/thaw process could lead to greater 
risk of aneuploidy [6]. Two well designed studies 
where all resulting embryos were genetically 
tested showed reassuring outcomes with no dif-
ference in rate of embryo aneuploidy comparing 
cryopreserved to fresh oocytes [27, 28]. Studies 
looking at rates of congenital anomalies have 
also been reassuring. Two larger studies includ-
ing 200 and over 900 infants born from cryopre-
served oocytes showed incidences of congenital 
anomalies to be 2.5 % and 1.3 %, respectively, 
which are no higher than incidences of congeni-
tal anomalies in infants born from IVF using 
fresh oocytes [29, 30]. Additionally, a large retro-
spective study including over 1000 infants born 
from vitrified oocytes compared to over 1200 
infants born from fresh oocytes showed no differ-
ence in rates of various adverse obstetrical and 
perinatal outcomes [31]. Although short term 
safety data appear reassuring, there is still a lack 
of long term data such as developmental out-
comes in children born from cryopreserved 
oocytes [6].

Risks associated with ovarian stimulation and 
oocyte retrieval, all of which have been previ-
ously described at less than 1 %, also apply to 
oocyte cryopreservation [7]. However, since the 
majority of women undergoing oocyte cryo-
preservation do not undergo embryo transfer 
immediately following oocyte retrieval, the risk 
of ovarian hyperstimulation syndrome (OHSS) is 
low [6]. An overall complication rate of 0.8 % 
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and severe OHSS of 0.25 % has been reported 
[32]. It is important to bear in mind the well 
described risks associated with pregnancies from 
ART compared to pregnancies conceived natu-
rally. These include multiple pregnancies, as well 
as various adverse obstetrical and perinatal 
 outcomes which are independently associated 
with ART and advanced maternal age (AMA) [2, 
33].

13.6  Ethical Considerations

While oocyte cryopreservation for fertility pres-
ervation was initially introduced for women fac-
ing cancer treatment related fertility loss, the 
procedure is increasingly being marketed to 
women who wish to delay child bearing for vari-
ous social reasons. The major reasons for post-
poning parenthood include desire to achieve 
higher education, career or financial goals, and 
not having met a suitable partner [7]. Proponents 
of elective oocyte cryopreservation argue that it 
offers women the reproductive freedom to choose 
parenthood at a more suitable stage of life. It 
allows more personal autonomy in the ability to 
retain the legal right to use one’s own oocytes in 
case of a change in partner. However, the 
increased marketing of oocyte cryopreservation 
has also been criticized for encouraging women 
to delay motherhood while providing them with a 
false sense of security. Women must be aware 
that successful live birth cannot be guaranteed 
with the use of cryopreserved oocytes and that it 
is by no means an insurance policy, but rather a 
second option in case natural conception fails [7, 
34–37].

13.7  Future Directions

Mature oocyte cryopreservation is no longer con-
sidered an experimental technique for fertility 
preservation. However, it does require a patient to 
be post pubertal in order to undergo controlled 
ovarian stimulation, which takes a time period 
ranging from 1 to 2 weeks [5]. The supraphysio-
logic estrogen levels achieved with ovarian stim-

ulation may also be a concern for hormone 
sensitive malignancies such as breast cancer [5, 
38]. For pre-pubertal adolescents or those unable 
to undergo ovarian stimulation, there are experi-
mental options which are directions for future 
research.

Ovarian tissue cryopreservation is one option 
where ovarian cortical tissue is surgically 
obtained and cryopreserved either by slow freez-
ing or vitrification [4, 39]. The ovarian tissue is 
then thawed and transplanted back to a pelvic 
(orthotopic) site or extrapelvic (heterotopic) site. 
To date, at least 60 live births from natural con-
ception or IVF have been achieved with re- 
implantation of cryopreserved ovarian tissue, 
with one case involving tissue cryopreserved pre-
pubertally as an adolescent [5]. However, an 
important disadvantage is risk of cancer recur-
rence or malignant transformation of the trans-
planted tissue [5, 39].

Alternatively, immature oocytes can be 
retrieved, not requiring ovarian stimulation, and 
may be used in combination with ovarian tissue 
cryopreservation [5, 38, 40, 41]. Previous studies 
have shown poor outcomes of vitrification of 
immature oocytes compared to mature oocytes, 
therefore in-vitro maturation (IVM) is carried out 
prior to vitrification [42]. To date, only a few live 
births have been reported from cryopreserved in- 
vitro matured oocytes [43].

13.8  Summary

Mature oocyte cryopreservation is an established 
method for female fertility preservation. It is cur-
rently being used as fertility preservation for 
women facing anticipated fertility loss due to 
various medical reasons or due to age related fer-
tility decline. It is also widely used in donor egg 
banking and IVF treatments for infertility. Recent 
advances in freezing technology have resulted in 
outcomes comparable to fresh oocytes allowing 
women the opportunity of motherhood by saving 
a small number of oocytes for future utilisation. 
Although short-term safety data appears reassur-
ing, long-term data and studies on children born 
from cryopreserved oocytes is ongoing. There is 
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a lack of awareness of fertility preservation strat-
egies which prevents oncology patients from 
benefiting from the available technologies. 
Proactive counseling by health professionals 
(oncologists, surgeons, nurses, etc.), public 
awareness campaigns presented in the media and 
education of patients, is required to improve utili-
sation of fertility preservation options. However 
healthy women choosing to freeze oocytes for 
elective reasons in order to delay child bearing 
must be cautioned that the procedure is not a 
guarantee for future live birth.
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Stem Cell Banking and Its Impact 
on Cardiac Regenerative Medicine

Silvana Bardelli and Marco Moccetti

Abstract

Cardiovascular diseases, including heart failure, are the most frequent 
cause of death annually, even higher than any other pathologies. 
Specifically, patients who suffer from myocardial infarction may encoun-
ter adverse remodeling processes of the heart that can ultimately lead to 
heart failure. Prognosis of patients affected by heart failure is very poor 
with 5-year mortality close to 50 %. Despite the impressive progress in the 
clinical treatment of heart failure in recent years, heart transplantation is 
still required to avoid death as the result of the inexorable decline in car-
diac function. Unfortunately, the availability of donor human hearts for 
transplantation largely fails to cover the number of potential recipient 
requests. From this urgent unmet clinical need the interest in stem cell 
applications for heart regeneration made its start, and has rapidly grown in 
the last decades. Indeed, the discovery and application of stem and pro-
genitor cells as therapeutic agents has raised substantial interest with the 
objective of reversing these processes, and ultimately inducing cardiac 
regeneration. In this scenario, the role of biobanking may play a remark-
able role to provide cells at the right time according to the patient’s clinical 
needs, mostly for autologous use in the acute setting of myocardial infarc-
tion, largely reducing the time needed for cell preparation and expansion 
before administration.
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Abbreviations

MI Myocardial Infarction
AMI Acute Myocardial Infarcion
BMMNCs Bone Marrow Mononuclear Cells
BMMSCs Bone Marrow Mesenchymal Stem 

Cells
CHF Chronic Heart Failure
SPECT Single-Photon Emission Computed 

Tomography
LV Left Ventricular
MRI Magnetic Resonance Imaging
PCI Percutaneous Coronary Intervention

14.1  Heart Regeneration

The human heart is one of the organs which 
regenerate less in the body, or at least its regen-
erative potential is clearly lower than the intes-
tine, liver, bone or skin [1]. As a consequence, 
heart failure and its growing incidence raises 
many questions from the regenerative medicine 
point of view, mostly considering the predicition 
that it will reach epidemic proportions as the pop-
ulation ages.

Unlike humans, many lower vertebrates can 
regenerate limbs and internal organs after injury. 
Amphibian heart regeneration is well known. 
Furthermore, more recently the zebrafish has 
demonstrated to be a useful experimental model 
based on its broad regenerative capacity and easi-
ness of genetic manipulation. Of note, the zebraf-
ish heart can fully regenerate following surgical 
amputation of up to 20 % of the ventricular mass 
[2, 3]. This remarkable regenerative capacity is 
missing in the postnatal mammalian hearts, how-
ever some degree of cardiomyocyte renewal has 
to be recognized [4–6]. Despite the fact that pro-
liferative rates are clearly small and quite diffi-
cult to detect, they raise the question whether 

such innate processes could be increased and 
employed therapeutically. To achieve functional 
heart recovery, it is critical to address its real 
cause which is the loss of cardiac tissue. The 
human left ventricle has 2–4 billion cardiomyo-
cytes, and a myocardial infarction can eliminate 
up to 25 % of them in a few hours causing cardio-
myocyte deficieny in the heart. Disorders of car-
diac overload like hypertension or valvular 
disease slowly eliminate cardiomyocytes over 
many years, and aging is associated with physio-
logical loss of ~1 g of myocardium per year in the 
absence of any specific cardiac disease. Given 
these observations, the main objective of cardiac 
regenerative medicine is to replace damaged 
heart cells and, therefore, to restore the physio-
logical structure and function of the organ [7–9]. 
These innovative cell-based therapeutic applica-
tions are of particular interest in the clinical set-
ting of cardiovascular diseases which could 
significantly benefit from a regenerative 
approach.

Over the past decades, several stem cell types 
have been identified for their capacity to regener-
ate the human heart. Bone marrow, and its sub-
populations, including mesenchymal stem cells 
(MSCs) and endothelial progenitor cells (EPCs), 
have been thoroughly evaluated [10–14]. In addi-
tion, other therapeutically appealing sources are 
adipose tissue or the umbilical cord blood which 
seem to harbor a reservoir of suitable stem cells 
for cardiac regeneration. Furthermore, the more 
recent identification of endogenous progenitor 
cells in the human heart pushed the development 
of next-generation regenerative approaches 
employing heart-derived stem cells [15–17], as 
well as stem cells guided toward cardiac lineage 
ex vivo [18–20].

We are on the verge of a remarkable develop-
ment in the field of cardiac regenerative medi-
cine. Having such valuable biological sources 
available rapidly moves the question on the 
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opportunity of storing them according to the 
patient’s clinical needs. Hence the opportunity of 
storing such reservoirs for specific therapeutic 
use is progressively under evaluation. For suc-
cessful clinical application in the setting of 
regenerative medicine or other therapies, the con-
cept of an off-the-shelf product is desirable. One 
important feature of such cellular product is its 
instant availability for the intended applications. 
Thus, biobanking technology applied to cardiac 
regenerative medicine will further facilitate clini-
cal application since it allows sufficient time for 
product qualification, and mostly it can favor the 
optimal timing for transplantation, when the 
patient is ready to receive the cells.

In this chapter we will review to the best of 
our knowledge the most updated applications of 
cryopreserved stem cells sources for human car-
diac regeneration.

14.2  Available Sources 
for Cardiac Regenerative 
Medicine

In recent years, stem cell biology has become one of 
the fastest moving areas of biomedical research. 
Particularly, the heart is one of the human organs on 
which this type of research is more actively investi-
gating for regenerative purposes. In general and 
quite simplifying, we can divide the field of cardiac 
regenerative medicine into two main areas concern-
ing cell type: endogenous and exogenous cells.

Resident stem or progenitor cell populations 
were identified in postnatal hearts by means of a 
variety of approaches, including expression of 
surface markers like c-Kit, Sca-1, Isl-1 or physi-
ological properties like the ability to efflux fluo-
rescent dyes or form multicellular spheres in 
culture. Initially, little overlap among these pro-
genitor classes was thought to exist. However, 
recent studies indicate shared markers among 
cell populations or different stages of maturation 
of the same cell type. C-kit-positive cells or 
Cardiac Stem Cells are extensively studied. The 
tyrosine kinase receptor c-Kit is expressed by 
hematopoietic stem cells, mast cells and other 
mature circulating cells, as well as in the thymic 

epithelium. Small c-Kit-positive cells have been 
identified in niches throughout the adult heart 
and, following isolation, they have been reported 
to give rise to cardiomyocytes, smooth muscle 
cells and endothelial cells when administered, 
eventually contributing to the regeneration of the 
myocardium [21–25]. These observations led to 
the SCIPIO (Stem Cell Infusion in Patients with 
Ischemic cardiOmyopathy, ClinicalTrials.gov 
Indentifier: NCT00474461) Phase I randomised, 
open-label, single centre trial which tested the 
safety and feasibility of autologous c-Kit-posi-
tive cell administration as an adjunctive treat-
ment to patients undergoing coronary bypass 
surgery [26, 27].

Cardiosphere-derived cells (CDCs) are the 
other cardiac progenitor cell population already 
employed in clinical trials for the treatment of 
recent myocardial infarctions (CADUCEUS 
trial, ClinicalTrials.gov Indentifier: 
NCT00893360). CDCs outgrow from cultured 
cardiac tissue fragments and form the so-called 
cardiospheres. These spheres obviously represent 
a mixture of cells which express stem cell mark-
ers like c-Kit, and other markers typical of the 
stromal-vascular compartment [28, 29]. Patients 
treated with CDCs showed significant reductions 
in scar mass, and increase in viable heart mass 
[30, 31].

Considering stem cell sources outside the 
heart, considerable interest was focused in the 
earlier studies on bone marrow-derived cells for 
cardiac regeneration. This interest was derived by 
the observation that hematopoietic stem cells 
could transdifferentiate into cardiomyocytes 
[10]. However, subsequent reports showed that 
hematopoietic stem cells do not form cardiomyo-
cytes but become mature blood cells after trans-
plantation [12, 13]. Nevertheless, the 
administration of hematopoietic stem cells after 
infarction showed improvement in ventricular 
function, and paracrine signaling was identified 
as the principal mechanism of their action. In 
analogy, bone marrow-derived mesenchymal 
stromal cells (MSCs) were originally reported to 
differentiate into cardiomyocytes and, similarly, 
are now thought to exert their actions through 
paracrine effect [14]. Clinical trials indicate the 
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safety and feasibility of bone marrow-derived 
cells through coronary injection, however the 
observed benefits are quite modest [32–39]. Bone 
marrow-derived MSCs are also employed in clin-
ical trials (e.g. Prospective Randomized Study of 
Mesenchymal Stem Cell Therapy in Patients 
Undergoing Cardiac Surgery, PROMETHEUS, 
ClinicalTrials.gov Indentifier: NCT00587990) as 
well as adipose tissue-derived stromal cells 
(ClinicalTrials.gov Indentifier: NCT02387723). 
On the overall, the most updated evidence indi-
cates that these cells produce signals that control 
the response of cells resident in the myocardium, 
and therefore regulate cardiac healing [40, 41].

Another very interesting approach involves 
the “cardiopoietic” guidance of multipotent adult 
stem cells [19, 20, 42]. This is achieved through a 
specific cardiogenic cocktail which guides human 
Mesenchymal Stem Cells towards the cardiac lin-
eage through manipulation of their culture envi-
ronment as was assessed in the C-CURE trial 
(ClinicalTrials.gov Indentifier: NCT00810238).

For a comprehensive overview of the differ-
ent adult stem cell types employed in clinical 
trials for cardiac regeneration, please refer to 
Table 14.1.

The inherent characteristics of pluripotent 
stem cells offer a potential solution to the current 
epidemics of heart failure by providing human 
cardiomyocytes to support heart regeneration. 
These properties apply to embryonic stem cells 
(ESCs) and the more recently developed induced 
pluripotent stem cells (iPSCs). Human embry-
onic stem cells (hESCs) derived from the inner 
cell mass of the pre-implantation embryo appear 
to be a promising cell source for regenerative 
medicine [43, 44]. They are capable of extensive 
proliferation in and self-renewal and, as pluripo-
tent cells, may be induced to generate more dif-
ferentiated cell types such as functional 
cardiomyocyte. ESCs have been differentiated in 
three-dimensional aggregates, the so-called 
embryoid bodies (EBs), which typically delivers 
<1 % cardiomyocytes. Further improvement of 
the methodology are available through Wnt/β- -
catenin signaling pathway. Human ESC-derived 
cardiomyocytes express early cardiac transcrip-
tion factors like Nkx2.5 and GATA4, and possess 

functional properties similar to cardiomyocytes 
in the developing heart [45]. Obviously, also 
these approaches have their drawbacks: ESCs are 
derived from the inner cell mass of pre- 
implantation blastocysts, and this raises the ethi-
cal controversy of their use in addition to the 
potential formation of teratomas [46]. Moreover, 
ESC-based therapies will be allogeneic and 
therefore require immunosuppression.

IPSCs were originally generated by the repro-
gramming of adult somatic cells (mainly dermal 
fibroblasts) via the expression of up to four 
embryonic stem cell-related transcription factors 
(Oct-4, Sox2, Klf4 and c-Myc) [47]. These “first- 
generation” iPSCs were questionable because 
viruses were used to introduce reprogramming 
factors, therefore raising concerns about neoplas-
tic transformation. The use of episomal gene 
delivery, excisable transgenes, or cell-permeant 
recombinant proteins have been introduced quite 
recently to overcome this issue. In the most suc-
cessful experimental setting, cardiac differentia-
tion was obtained by reprogramming mouse 
embryonic fibroblasts into cardiomyocytes [48, 
49] with the so-called Yamanaka factors (Oct-4, 
Sox2, Klf4 and c-Myc) to initiate reprogram-
ming, subsequently blocking signaling through 
the JAK-STAT pathway, which is required for 
pluripotency in the mouse, and by finally adding 
the cardiogenic factor BMP-4. This method acti-
vated the cardiac lineage program and, within 2 
weeks, substantial numbers of beating colonies 
were observed. Despite some challenges, this is 
an exciting new avenue of research and could be 
used in autologous cell therapies.

The emergence of personalized medicine has 
raised especially in complex diseases such as 
cancer, cardiovascular and neurodegenerative 
diseases in which individual responses often 
complicate the development of therapeutic treate-
ment. In the growing field of research on extra-
cellular vesicles (EVs), exosomes (EXOs), a 
specific type of EVs, have been proposed as an 
interesting tool. Both healthy and unhealthy cells 
secrete vesicles into the extracellular space [50, 
51]. EVs entrap lipids, proteins and nucleic acids 
which can mediate different biological functions. 
The extracellular vesicles (EVs) are mainly clas-
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sified as exosomes (EXOs), microvesicles (MVs), 
retrovirus-like particles, and apoptotic bodies 
(APOs) according to their origin. In particular, 
EXOs are currently defined as cup-shaped 
nanovesicles about 30–100 nm wide that origi-
nate within the endosomal network and can be 
found in body fluids, including urine, saliva, 
blood, breast milk, and cerebrospinal fluid. They 
are of particular interest to the study of complex 
diseases for their contribution to long-range 
intercellular communication. Moreover, the 
experimental observation that the production of 
EXOs is increased in association with disease, 
and the fact that their content varies with disease 
state, led to the evaluation of the potential of 
EXOs as biomarkers and vehicles to regulate the 
spread of disease [52, 53]. Current experimental 
evidence supports a central role of EXOs in can-
cer development, progression, metastasis, and 
drug resistance through promotion of carcino-
genesis and tumor growth, angiogenesis, modu-
lation of the tumor microenvironment, modulation 
of immune responses, and induction of mecha-
nisms to acquire therapy resistance. Despite 
some controversial results found in literature, 
efforts are being made to resolve the lack of con-
sensus on the methods of isolation and rigorous 
criteria to characterize them highlighting their 
potential importance in clinical applications, 
especially in the cancer field. As our understand-
ing of the biology of EXOs increases, the oppor-
tunity of employing EXOs as nanocarriers for 
immunotherapeutics or vaccines, as angiogenesis 
modulators and for many other applications is 
intensely being evaluated.

A critical issue which emerged from the “first 
generation” of cell therapy-based clinical trials 
for cardiovascular regenerative medicine is the 
overall low retention rate after cell delivery to the 
myocardium. In order to exploit their full thera-
peutic potential, cells need to be retained at the 
site of injury, and their long-term survival is a 
fundamental characteristic to enable them to 
fully achieve regeneration. To overcome this 
problem, the concept of 3D cell culture has been 
proposed to enhance cell engraftment based on 
the mimicking of the in-vivo tissue microenviron-
ment. The growth of 3D cell culture is essential 

to consider cells in their comprehensive context 
because in nature, i.e. within the body, a cell is 
always surrounded by its niche or microenviron-
ment that has profound infuence on its properties. 
Most commonly, this involves the use of porous, 
biodegradable scaffolds onto which cells are 
seeded, but other approaches include the integra-
tion of cells into hydrogels or creating scaffold- 
free tissues composed only of cells and the matrix 
they secrete. Of great interest is the use of so- 
called microtissues or spheroids [54, 55]. 
Microtissues are composed of 500 up to 10,000 
cells and were initially used as a model to eluci-
date tumor biology; they have recently evolved 
from their known role as in vitro models to a 
novel role as therapeutic agents. In the setting of 
cardiovascular applications, microtissues may 
provide an optimal strategy to implant stem cells 
into the injured heart since they can be trans-
planted via transcatheter delivery because of their 
scaffold-free nature. The cardiomyocytes used in 
tissue engineering are commonly immature cells 
or stem cells [56]. In order to sustain an adult 
workload, these cells will need to organize into 
the cable-like structure of myocardium and 
increase in size more than ten-fold. There is an 
ongoing debate whether this maturation should 
take place before or after transplantation. 
Certainly, when myocyte-only constructs are 
transplanted the tissue survives poorly. When 
vascular endothelial cells and stromal cells are 
also included, the mixed population creates a 
synergic effect: the endothelial cells form net-
works resembling a primitive vascular system, 
and the stromal cells create a matrix to provide 
mechanical integrity. Interestingly, the body 
mostly reacts to the surface topography of the 
implanted material (whether it is smooth or con-
tains pores and grooves) rather than to its chemi-
cal composition. More complex topographies 
provide less inflammation, less scarring, and 
increased angiogenesis. Although this rapidly 
emerging field of tissue engineering has been 
extensively studied so far mainly in preclinical 
models, such as constructs of engineered heart 
tissue from neonatal cardiomyocytes sutured to 
the surface of infarcted rat hearts, initial studies 
are promising [57].
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14.3  Biobanking: A Clinical Need 
for Cardiac Regenerative 
Applications

As previously mentioned, the importance of stem 
cell biobanking for cardiovascular diseases lays 
on the opportunity of delivering an “off-the- 
shelf” product readily available according to the 
patient’s needs. This applies in particular in the 
acute clinical setting, when the rapid administra-
tion of an autologous stem cell therapy product is 
critical to beneficially affect the clinical 
outcome.

The intrinsic nature of biobanking activities 
related to standardization of protocols, evaluation 
of isolation yields, factors that affect character-
ization and storage of samples, argues in favor of 
biobanks playing a central role in the advance-
ment of stem cell-based research and mostly in 
the development of stem cell-based clinical 
applications. Biobanks, intended as institutions 
applying standardized protocols for the collec-
tion, processing, storage and release for adminis-
tration of human stem cells are the ideal 
infrastructure acting as a service platform to 
overcome current research hurdles and mainly to 
expedite the progression of stem cell-based appli-
cations in the treatment of cardiovascular dis-
eases for the upcoming era of precision and 
personalized medicine [58–60].

In general, ice formation during cryopreserva-
tion may be a crucial and critical event because it 
can produce severe cell damage, both during 
freezing and thawing processes. Vitrification is 
the transformation of liquids into a solid state. 
This can be achieved by rapid cooling in combi-
nation with a cryoprotective agent with a high 
osmolarity which prevents cryoinjury due to ice 
formation. Commonly, the slow-cooling 
approach is accompanied by a low concentration 
of the cryoprotective agent to reduce cytotoxicity. 
Of note, every cell type has its specific optimal 
cooling rate. Interestingly, gap junctions propa-
gate intercellular ice formation at a given tem-
perature, and may lead to increased intracellular 
damage and finally to cryoinjury. In addition to 
the general problems related to the cryopreserva-
tion of single cells, such as cryoinjury caused by 

ice formation, there are additional considerations 
for the cryopreservation of 3D tissues [54]. 
Importantly, the cryoprotective agent should be 
distributed homogeneously within the entire tis-
sue to protect the cells from intracellular ice for-
mation, which can lead to severe cell damage and 
cell death. For some cell types, such as embry-
onic stem cells, freezing in aggregates results in 
higher cell number recovery after thawing com-
pared to single-cell suspensions. Beneficial 
effects are attributed to the cryoprotective role of 
the surrounding extracellular matrix.

Historically, cardiac valve cryopreservation 
has long been used for the treatment of valvular 
heart disease. Valvular heart disease is still a sig-
nificant cause of morbidity and mortality world-
wide. In the United States, approximately 60,000 
valve replacement operations are performed 
annually, and valve replacement surgery is effica-
cious [1, 61]. State-of-the-art valves used in the 
clinical setting include mechanical valves and 
biological valves such as glutaraldehyde fixed 
xenografts (derived from animals) or cryopre-
served homografts (derived from human donors). 
Glutaraldehyde-fixed or cryopreserved biologi-
cal valves do not require anticoagulation treat-
ment, however, they represent non-viable 
prostheses. They basically lack the ability to 
grow, to repair, or to remodel. This raises severe 
problems specifically related to pediatric patients. 
Approximately 1 % of all newborns have con-
genital heart defects, and many of them require 
surgical heart valve replacement. Since currently 
available valves cannot grow with the young 
patients, repeated surgical replacement opera-
tions have to be performed with exponentially 
increased morbidity and mortality. Given these 
crucial observations, the importance of providing 
patient-specific cryopreserved cardiomyocytes is 
imperative. For this important reason, biobanking 
patient-specific stem cells is of utmost impor-
tance [62, 63].

Here we report some specific recent examples 
in which cardiac stem cell banking has been par-
ticularly successful in terms of its therapeutic 
application.

As an important translational step towards 
creating an effective clinical therapy, Chong et al. 
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[64] investigated the ability of exogenously deliv-
ered human Embryonic Stem Cell-derived 
Cardiomyocytes (hESC-CMs) to engraft and 
electrically couple to infarcted host myocardium 
in a non-human primate (NHP) model of myo-
cardial infarction (MI). This model provides a 
heart size and rate more comparable to the human 
and required delivery of about 1 × 109 cells. 
Feasibility of this large-scale hESC-CM delivery 
required cryopreservation of cells, a method 
which was previously validated by the authors in 
an established immunodeficient mouse model of 
MI. No adverse effects of cryopreservation on 
hESC-CM were reported Therefore, delivery of 
cryopreserved hESC-CMs appears to be a sound 
strategy for large- scale transplantation in large 
animals or in humans. In particular, seven pigtail 
macaques (Macaca nemestrina) were used for 
this study without randomization. MI was created 
by percutaneous ischemia-reperfusion 2 weeks 
prior cell administration, and immunosuppres-
sion started 5 days prior to hESC-CM delivery. In 
order to obtain differentiated cultures containing 
beating cardiomyocytes, Activin A and Bone 
Morphogenetic Protein 4 (BMP4) were applied 
to defined, serum-free, monolayer culture condi-
tions. hESC-CMs were collected and cryopre-
served after 16–20 days of CM differentiation. 
One day before collection for delivery, cells were 
subjected to a pro-survival “cocktail” (PSC) pro-
tocol, to enhance engraftment after transplanta-
tion. Briefly, cultures were heat-shocked and 
exposed to RPMI-B27 medium supplemented 
with IGF1 (100 ng ml−1) and cyclosporine A (0.2 
mM). One day later, cultures were collected with 
Trypsin-EDTA, and neutralized with a Trypsin 
inhibitor. Cells were washed and resuspended by 
slowly adding cryopreservation solution 
CryoStorTM CS-10 (BioLife Solutions Inc.). 
The final cell concentrations were approximately 
5–10 × 106 cells in 0.25 ml/vial or 4–8 × 107 cells 
in 1.5 ml/vial. Cells were frozen using a con-
trolled rate freezer at −1 °C/min before the tem-
perature reached −40 °C, and −5 °C/min from 
−40 °C to −80 °C. Vials were then transferred to 
a liquid nitrogen tank after reaching −80 °C. To 
thaw the cells, the vials were incubated in a water 
bath at 37 °C until no ice crystals were visible. 

The cell suspension was slowly diluted with 
RPMI/B27. The cells were subjected to flow 
cytometric analysis, cultured on Matrigel-coated 
plates in RPMI/B27 or prepared for transplanta-
tion. Immediately before transplantation, cells 
were suspended in a 1.5 ml volume (per animal) 
of modified PSC consisting of 50 % (v/v) growth 
factor–reduced Matrigel, supplemented with 
Bcl-XL BH4 (50 nM), cyclosporine A (200 nM), 
IGF1 (100 ng ml−1) and pinacidil (50 mM). 
hESC-CMs were delivered into the infarct region 
and surrounding border zones under direct surgi-
cal visualization using a method optimized to 
improve cell retention. No macroscopic or micro-
scopic evidence of teratoma or other tumor was 
detected. All hESC-CM- treated monkeys showed 
significant remuscularization of the infarct areas. 
Graft size, calculated on the basis of green fluo-
rescence protein (GFP) expression, ranged from 
0.7 to 5.3 % of the LV, averaging 40 % of the 
infarct volume. Greater than 98 % of engrafted 
human cells expressed the sarcomeric protein 
α-actinin, indicating that almost all graft cells 
were cardiomyocytes. Importantly, these hESC-
 CM displayed increased maturation from 14 d to 
84 d, evidenced by increased myofibril align-
ment, presence of sarcomeres and increase in car-
diomyocyte diameter. This remarkable study 
demonstrates that hESCs can be grown, differen-
tiated into cardiomyocytes and cryopreserved at a 
scale sufficient to treat a large animal model of 
MI. With further refinements in manufacturing, 
scale up to trials in human patients appears fea-
sible. Despite previous studies of the same group 
in smaller animal models such as mice, rats, and 
guinea pigs gave no evidence of arrhythmias after 
hESC-CM engraftment [45], arrhythmias were 
consistently observed in the non-human primate 
study. The two most likely reasons appear to be 
differences in heart size and rate. Regarding size, 
the larger hearts of adult macaques (37–52 g) 
compared to hearts of mice (0.15 g), rats (1 g) 
and guinea pigs (3 g) allows for more hESC-CMs 
to be delivered, and resultant grafts are approxi-
mately ten-fold larger than the largest obtained in 
other species. Another important factor is the 
species-specific heart rates (macaques: 100–130 
beats/min, vs. guinea-pigs: 230, rats: ~400, mice 
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~600). Faster spontaneous rates will favor ven-
tricular capture from native conduction path-
ways. These factors are relevant to clinical 
translation given that the human heart is larger 
(300 g) with a slower basal rate (70 beats/min) 
than macaques used in this study. Since ventricu-
lar arrhythmias can be life-threatening, they need 
to be understood mechanistically and managed to 
guarantee safe clinical translation. Nevertheless, 
the extent of remuscularization and electrome-
chanical coupling documented in this study with 
cryopreserved ESC-derived cardiomyocyes 
encourage further development of human cardio-
myocyte transplantation as a clinical therapy for 
heart failure. Of note, this methodology does not 
require feeder cells or conditioned medium for 
the maintenance of undifferentiated hESCs, and 
cardiomyocyte differentiation is achieved by 
treatment of adherent cultures with only two 
growth factors, activin A and BMP-4, in a defined 
serum-free medium. The differentiated cells 
express appropriate cardiomyocyte markers and 
display electrophysiological phenotypes expected 
for cardiomyocytes. Furthermore, to our knowl-
edge, this is the first time that efficient cryo-
preservation of hESC-derived cardiomyocytes is 
performed. The cryopreserved cardiomyocytes 
were shown to survive both in vitro and in vivo 
and have the ability to form viable grafts. The 
cryopreserved cells are capable of surviving even 
in the central regions of the infarct region for as 
long as 4 weeks after the transplantation. 
Together, this differentiation and cryopreserva-
tion technology will offer significant advantages 
to support a robust process for the production of 
cardiomyocytes on a scale suitable for cellular 
therapy. Mainly, highly specific and scalable car-
diomyocyte differentiation of hESCs maintained 
in serum-free medium has been demonstrated, 
the resulting differentiated cells possess the char-
acteristics of human cardiomyoyctes and have 
shown successful engraftment of the cryopre-
served cardiomyocytes after transplantation. 
Further optimization of the process, such as the 
use of completely xeno-free reagents, will be key 
for safer clinical applications [65–69].

Umbilical Cord Blood (UCB) stored in bio-
banks has now been quite frequently used to treat 

hematopoietic malignancies, marrow failure, 
metabolic diseases, and immunodeficiency disor-
ders. The plasticity of UCB cells and its readily 
availability as stored material have also encour-
aged its broader regenerative applications, such 
as the treatment of spinal cord injury and chronic 
wounds, including clinical trials on other non- 
hematopoietic diseases, such as epidermolysis 
bullosa, and neonatal hypoxic ischemic encepha-
lopathy [70]. More recently, the potentiality of 
UCB has been explored in animal models of car-
diac infarction, diabetes, and various neurologi-
cal diseases. Specifically, in animal models of 
MI, direct injection of CD34+, CD133+, or 
mononuclear cells (MNCs) from UCB into the 
necrotic myocardium or into the border zone 
after coronary artery ligation, resulted in reduced 
infarction size and improved left ventricular (LV) 
function. In addition to the CD34+ or CD133+ 
populations and MNCs of UCB, UCB-derived 
Unrestricted Somatic Stem Cells (USSCs) have 
also been applied to treat MI in animal models. 
USSC is the first identified UCB stem cell popu-
lation with intrinsic pluripotent differentiation 
potential. These CD45neg/CD34neg cells were iso-
lated from UCB based on their outgrowth in the 
presence of dexamethasone. USSCs could be dif-
ferentiated in vitro into bone, cartilage, adipo-
cytes, hematopoietic cells, and neural cells, and 
in vivo they might form myocardial cells. In a 
chronic porcine model of myocardial infarction 
(MI), direct injection of USSCs to the border of 
infarction 4 weeks post-MI resulted in reduction 
of infarct size, reduction in end-diastolic volume, 
and improvement in LV ejection fraction. The 
engrafted USSCs could be detected 4 weeks after 
transplantation. In contrast, in an acute porcine 
model of MI, injection of USSCs led to a surpris-
ing complete prevention of scar formation and 
functional improvement. However, long-term 
survival of the transplanted cells and cell-related 
regeneration of the myocardium were not 
observed. In contrast, in a similar porcine model 
of MI, Moelker and colleagues injected USSCs 
into the infarct-related coronary artery 1 week 
post-MI. Magnetic resonance imaging failed to 
document any improvement in regional or global 
LV function. The transplanted cells survived only 
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in the infarct border zone at 5 weeks and did not 
express any cardiomyocyte or endothelial mark-
ers. Additionally, intracoronary administration of 
USSCs was accompanied by increases in inflam-
matory cell infiltration and calcification in the 
infarct zone, as compared to control animals [71–
73]. Although encouraging results have been 
obtained in many preclinical studies of UCB cell 
therapy, challenges remain to be overcome. Of 
note, UCB stem cells offer many practical advan-
tages, such as relative ease of collection, minimal 
risk to the donors, and mostly the opportunity to 
bank carefully screened samples for administra-
tion. Furthermore, there has been accumulating 
evidence for the existence in UCB of very primi-
tive stem cells that share ESC properties but do 
not present a risk for teratoma formation upon 
transplantation. Therefore, these primitive UCB- 
derived stem cells could be a suitable alternative 
to ESCs for cardiac tissue regeneration.

A small pilot study was performed to test the 
safety and feasibility of freeze-controlled cryo-
preserved bone marrow-derived mesenchymal 
stromal cells (BM-MSC) to treat severe dilated 
ischemic cardiomyopathy [74]. MSCs were iso-
lated from BM aspiration, expanded, harvested, 
and cryopreserved using 90 % autologous plasma 
and 10 % dimethyl sulfoxide (DMSO). The cells 
were frozen gradually using a rate-controlled 
freezer to –90 °C, and then transferred into vapor 
phase liquid nitrogen for storage. Three consecu-
tive patients with end-stage ischemic heart failure 
were enrolled in the study. Patients underwent 
concurrent coronary artery bypass graft (CABG) 
with intramyocardial MSC injection. On the day 
of injection, MSCs were thawed in a water bath, 
washed once and then resuspended in sterile 
saline solution. MSC suspension was transferred 
into a 10 mL luer-lock syringe for injection. The 
whole duration of cryopreservation to the day of 
surgery was 5–16 days. The viability of the cells 
in the final suspension was higher than 90 % in 
all three cases. There was significant improve-
ment in cardiac function, scar reduction and 
increased wall thickness for all patients on car-
diac magnetic resonance imaging at 6 months 
compared with baseline. No arrhythmias were 
reported. The preliminary data of this small pilot 

study seem to suggest that intramyocardial injec-
tion of cryopreserved BM-MSCs is feasible and 
safe for ischemic cardiomyopathy. 
Cryopreserving autologous MSC in a rate- 
controlled manner does not lead to significant 
cell death and is an important practical opportu-
nity to circumvent the timing of preparation of 
stem cells for injection.

On the overall, biobanking can be defined as a 
long-term storage and preservation activity that 
includes and standardizes collection, processing, 
and release of high-quality biological specimens 
needed for future scientific investigation or for 
therapeutic administration. Each sample depos-
ited in a biobank possesses two main features: the 
biological material (collected, processed, and 
stored), and the database that contains informa-
tion regarding demographic and clinical data for 
every sample in the inventory. Peripheral blood, 
plasma, serum, blood-derived cell types, solid 
tissues, urine, saliva, RNA, and DNA are among 
the most common biological samples being pro-
cessed and stored in biobanks. The increasing 
relevance of extracellular vescicles (EVs), and in 
particular of EXOs in cancer, metabolic diseases, 
and other complex diseases strongly suggests the 
incorporation of EXOs in biobanks to provide a 
significant advance in the knowledge, diagnoses 
and treatment of these particular diseases in clini-
cal research [58]. Most clinical studies on EXOs 
have a diagnostic purpose. The number and wide 
variety of clinical trials in this area indicate the 
high impact of EXOs mostly in clinical cancer 
research. In a clinical setting, and due to the plas-
ticity of EXOs landscape to environmental and 
pathological conditions, investigators envision 
that their specific markers could be used to obtain 
a patient Exogram (particular combination of 
EXO-associated markers for a particular individ-
ual at a determined moment) with the purpose of 
precisely diagnosing or monitoring the response 
to treatments as part of precision medicine pro-
grams. In the context of associating patient clini-
cal data with relevant Exogram markers, biobanks 
can provide the EXO-based research field an 
excellent opportunity to achieve its maximum 
development by providing the ideal platform 
connecting researchers and clinicians. 
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Biobanking of EXOs could have a relevant role 
in the growing field of clinical research [58, 75]. 
Currently, there are no strictly defined conditions 
for storing and also isolating EXOs. The only 
established guidelines are those identified for the 
isolation of platelets-derived EVs. There is no 
specific information regarding the collection and 
storage of EXOs, optimal time, temperature, stor-
age period, freezing-thaw cycles, thawing condi-
tions, or other variables. Preliminary studies 
included the evaluation of the stability of EXOs 
at different temperatures finding that there was an 
advantage in storing EXOs at − 80 °C. However, 
this may vary according to EXOs prepared from 
different sources and by different isolation proce-
dures. In addition, the particular lipid composi-
tion of EXOs, which is also source-dependent, is 
expected to have an impact on optimal cryo-
preservation. Biobanking relies on standardiza-
tion of conditions that result in sample quality 
homogeneity and allows proper sample charac-
terization for release [58, 76]. The current diffi-
culty to define EXOs and the hurdles to establish 
and implement standardized protocols for their 
isolation and storage, let us understand that there 
is an urgent need for biobanks to assume an active 
role also in this research area.

14.4  Conclusions

Many decades of remarkable research activity 
have greatly increased the understanding and the 
potentiality of the field of stem cells biology. The 
availability of different cardiac stem cell sources 
and stem cell types are giving us the opportunity 
of regenerating the diseased myocardium. First 
generation clinical trials on cardiovascular dis-
eases have made an attempt to establish tech-
niques for cell isolation, expansion, delivery, and 
for determining safety, feasibility, and prelimi-
nary efficacy in humans. We are also aware that 
in this exciting new era of regenerative medicine 
many challenges still have to be overcome. To 
name a few, adult progenitor cells still need to 
provide higher yields of functional cardiomyo-
cytes, pluripotent stem cells have to demonstrate 

to be employed without the risk of tumorigenesis; 
additionally, the question of allogeneic vs. autol-
ogous use remains open. The need of expanding 
autologous stem cells to clinically relevant num-
bers at the time needed to be administered as cell 
therapy products precludes their use in any acute 
setting. Allogeneic cells will then provide the 
only “off the shelf” product, but we need to learn 
how to properly manage the immune response to 
prevent their immune rejection. All of these 
efforts will be advanced by implementation of 
biobanking activities which promote readily 
available and high quality controlled products. In 
this environment, biobanks represent a key 
resource both for research-based studies, and 
mostly for the manufacturing of readily available 
cell therapeutic products. Therefore, it is not sur-
prising that clinics or academic and industrial 
counterparts have demonstrated an increasing 
interest in biobanking in the recent years. 
Concerning the field of cardiac regenerative med-
icine, the search for innovative treatment options 
to prevent adverse ventricular remodelling fol-
lowing AMI has been at the forefront of clinical 
research in cardiology. Evidence from the pub-
lished clinical trials indicates that adult cell- 
based therapies seem to be safe. Hence the ability 
to bank autologous stem cells for later use has the 
potential to become a significant keystone in the 
development and implementation of regenerative 
and personalized medicine strategies. 
Regenerative medicine applications will most 
probably benefit from biobanking in order to 
allow this clinical effort to reach its fullest poten-
tial and serve those with the greatest and most 
immediate cardiovascular need.
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    Abstract  

  Signifi cant advances have been made in the fi eld of ocular regenerative 
medicine. Promising stem cell-based therapeutic strategies have been 
translated into the clinical practice over the last few decades. These new 
stem cell-based therapies offer the possibility of permanently restoring 
corneal epithelium in patients with severe disabling and blinding ocular 
surface disease. The European Union has already classifi ed stem cell- 
based therapies as “medicinal products”. Therefore, manipulation is 
strictly regulated according to the defi ned conditions of good manufactur-
ing practice, with the production of stem cell therapeutics at only accred-
ited production sites authorized by the national regulatory agencies. In this 
regard, as fi rst medical products are licensed for commercial use in Europe 
enabling a more widespread access to a stem cell-based therapy, the need 
for safe, validated and reproducible techniques for ex vivo cultured tissue 
preservation and distribution are coming to the forefront of research. 
However, these provide various new challenges for biobanking industry 
such as the retention of viability, good functionality of stem cells and ste-
rility issues. This chapter provides an overview of the current advances in 
the fi eld of corneal/limbal epithelial stem cell culture preservation tech-
niques using either hypothermic storage or cryopreservation methods, that 
were used in different culturing steps (from stem cell isolation to the 
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ex vivo epithelial graft preparation), with the reported impact on the post- 
thawing product recovery.  

  Keywords  

  Corneal epithelium   •   Ocular surface   •   Corneal disease   •   Stem cells   • 
  Regenerative medicine   •   Culture methods   •   Cryopreservation   •   Vitrifi cation   
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  Abbreviations 

   ΔNp63α    DeltaNp63alpha   
  ABCG2    ATP-binding cassette sub-family G 

member 2   
  SSEA-4    Stage-specifi c embryonic antigen-4   
  CD    Cluster of differentiation   
  CK19    Cytokeratin 19   
  CLET    Cultured limbal epithelium 

transplantation   
  CPAs    Cryoprotective agents   
  DMSO    Dimethyl sulfoxide   
  DMEM    Dulbecco modifi ed Eagle medium   
  DNA    Deoxyribonucleic acid   
  EG    Ethylen glycol   
  EU    European Union   
  FBS    Fetal bovine serum   
  GMP    Good manufacturing practice   
  HLA-DR    Human leukocyte antigen – antigen 

D related   
  LSCD    Limbal stem cell defi ciency   
  LESCs    Limbal epithelial stem cells   
  NF-kB    Nuclear factor kappa-light-chain- 

enhancer of activated B cells   
  SCs    Stem cells   
  TACs    Transient amplifying cells   

15.1         Introduction 

 Signifi cant advances have been made in the fi eld 
of regenerative medicine with promising stem 
cell-based therapeutic strategies being translated 
into the clinical practice over the last few decades. 
These new stem cell-based therapies offer the 
possibility of permanently restoring or replacing 
previously irreparable tissue and organ damage 

with cultured cells [ 1 ]. Clinically verifi ed exam-
ples include the use of ex vivo cultured epithelial 
stem cells (SCs) to regenerate many types of 
squamous epithelia [ 2 ]. Cultured corneal/limbal 
SC  transplantation   revolutionized the current 
treatment options for patients with advanced 
painful and vision threatening  ocular surface   dis-
ease, such as total limbal stem cell defi ciency 
(LSCD) [ 1 ]. 

 The human ocular surface is covered with 
two phenotypically distinct squamous non- 
keratinized epithelial cell types [ 1 ], the corneal 
and conjunctival squamous epithelia (Fig. 
 15.1 ). The conjunctival stratifi ed epithelium is 
well vascularized and contains mucin secreting 
goblet cells which contribute to the tear fi lm 
stability and consequently to the optical clarity 
of the corneal surface [ 3 ]. In contrary, the fl at 
 corneal epithelium   is devoid of goblet cells and 
is lying directly on a transparent sheet of tissue 
known as Bowman’s layer, which separates the 
corneal epithelium with its basement mem-
brane from the beneath lying corneal stroma. It 
is renewed by a small population of SCs found 
in the limbal palisades of Vogt, a narrow zone 
between the bulbar conjunctiva and the periph-
eral cornea [ 4 ] (Fig.  15.1 ). Complete loss of 
corneal/limbal SCs due to various ocular dis-
eases or injuries leads to corneal re-epitheliali-
zation by bulbar conjunctival cells [ 5 ], followed 
by corneal vascularization, recurrent corneal 
epithelial defects, chronic  infl ammation, and 
corneal stromal scarring, causing painful visual 
loss in affected patients [ 6 ].

   Total and severe LSCD is diffi cult to manage 
[ 6 ]. Autologous or allogeneic (in bilateral dis-
ease) transplantation of limbal epithelial SCs is 
necessary to restore vision and the corneal sur-
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face [ 6 ]. Since 1997, when Pellegrini and 
 colleagues fi rst demonstrated transplantation of 
 in vitro  expanded limbal epithelium for treat-
ment of LSCD from a small limbal biopsy taken 
from the patient’s contralateral healthy eye [ 7 ], 
transplantation of cultured corneal/limbal epi-
thelium is currently the most successful alterna-
tive to corneal surface reconstruction in patients 
with unilateral LSCD and provides a therapeutic 
chance to patients with severe bilateral LSCD 
[ 8 ]. To prevent or minimize the theoretical risk 
of iatrogenic damage to the healthy or less 
injured patient’s eye, and reducing the need for 
long- term immunosuppression, autologous oral 
mucosa SCs [ 9 ] and cultured conjunctival SCs 
[ 10 ] have been used in the treatment of total 
bilateral LSCD in humans as well [ 2 ]. To date, 
almost 1,000 cultured limbal epithelium trans-
plantation (CLET) cases have been reported 
worldwide with an approximately 75 % overall 
success rate [ 11 ]. 

 However, although a variety of expansion pro-
tocols for limbal SCs culturing have shown good 
clinical outcomes [ 12 ], including limbal explant 
or limbal cell suspension culture, culture on 
intact or epithelially denuded human amniotic 
membrane or other cell culture scaffolds, co- 
cultivation with mitotically inactivated murine 
feeder layers (e.g. 3T3 fi broblasts), and air- 
lifting, limbal epithelial SC-based therapy still 
faces  challenges   regarding tissue safety and ste-

rility, tissue transportation, surgery logistics and 
availability of cultured tissue [ 12 ]. As the 
European Union (EU) has classifi ed SC-based 
therapies as “medicinal products” [ 13 ], manipu-
lation is strictly regulated according to the manu-
facture of biological medicinal products for 
human use under defi ned conditions of  good 
manufacturing practice (GMP)  , with the produc-
tion of SC therapeutics at only accredited pro-
duction sites authorized by the national regulatory 
agencies [ 13 ,  14 ]. Importantly, these conditions 
also represent a barrier to a more widespread use 
of SC-based therapies, while demand is antici-
pated to increase due to successful clinical 
outcomes. 

 In this regard, as fi rst medical products are 
licensed for commercial use in Europe (e.g. 
Holoclar) enabling wider distribution of SC-based 
therapies, the need for safe, validated and repro-
ducible techniques for ex vivo cultured tissue 
preservation are coming to the forefront [ 14 ]. 
Appropriate tissue storage (short and long-term) 
methods allow cultured tissue transportation 
from centralized laboratories to the operating 
theater and between eye banks, thus offering the 
logistic fl exibility in scheduling transplantation 
surgery [ 12 ]. Moreover, tissue storage increases 
the opportunity for quality controls (microbio-
logical testing, SC identifi cation) [ 2 ]. In addition, 
long-term  cryopreservation   of surplus cultured 
SCs could enable consecutive surgeries in case of 
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  Fig. 15.1     The    ocular surface     and the limbal niche in 
cross-section . The  corneal epithelium   is renewed by lim-
bal epithelial stem cells (LESCs). LESCs are located in 
the basal layers of the limbus (the limbal stem cell niche). 
Stem cells auto-regenerate and give origin to fast dividing 
daughter cells – the transient amplifying cells (TACs), 

which are migrating centripetally into the cornea and to 
the surface layers of the epithelium ( red arrows ). TACs 
give rise to more differentiated postmitotic cells (termi-
nally differentiated cells TDCs).  Ep   corneal epithelium  , 
 BL  Bowman’s layer,  St  corneal stroma,  Con  conjunctival 
epithelium       

 

15 Preservation of Ocular Epithelial Limbal Stem Cells: The New Frontier in Regenerative Medicine



182

unsuccessful primary treatment [ 15 ]. Thus, 
accredited centers for corneal/limbal SC culture 
are challenged to further develop effi cient, vali-
dated and standardized preservation methods. 

 However, most of the clinical outcomes of 
CLET reported so far have used non-preserved 
terminal products (e.g. fresh cultured epithelial 
grafts on a carrier scaffold) applied directly to 
LSCD patients [ 16 ,  17 ]. This might be partially 
due to the limited insights into the limbal 
SC-based product’s safety and stability after 
preservation. It is mandatory that the fi nal prod-
ucts recovered from hypothermic or cryopreser-
vation storage are physiologically and 
biochemically identical to its pre-preservation 
state, retaining high viability, good functionality 
and tissue morphology [ 14 ]. Given this, the cur-
rent preservation methods still raise fundamental 
questions regarding the optimal storage tempera-
ture and storage media formulations (short or 
long term) not only for single limbal SC suspen-
sions but also for the fi nal products (e.g. the cul-
tured epithelial sheets on different scaffolds). 
Therefore, storage methods and cryopreservation 
techniques for corneal SC delivery have recently 
been under investigation at an accelerated rate. 

 In this chapter we provide an overview of the 
current advances in the fi eld of corneal/limbal 
epithelial SC culture preservation techniques 
using either  hypothermic storage   or cryopreser-
vation methods, that were used in different cul-
turing stages (from SC isolation to ex vivo 
epithelial graft preparation). As the preservation 
protocols applied in the regenerative medicine 
must deliver functional products at clinical scale, 
which also comply with the  GMP    regulations  , we 
additionally focused on the post- thawing   product 
biochemical and physiological recovery.  

15.2     Bio-preservation of Limbal 
Epithelial Stem Cells 

 Developments in SC-based technology and tissue 
engineering have already enabled proper limbal 
SC isolation,  in vitro  expansion and amplifi cation 
of cells on different scaffolds and enabled suc-
cessful clinical  application      with the transplanta-

tion of cultured corneal/limbal epithelial sheets 
into LSCD patients [ 18 ]. However, as the cor-
neal/limbal epithelial cells tend to further differ-
entiate and lose their viability in prolonged 
culture periods [ 19 ], bio-preservation is becom-
ing an important option to preserve tissue- 
engineered corneal/limbal epithelium until 
surgery. In addition, the possibility of  storing   cul-
tured cells for at least a few days before surgery 
could ease logistical problems and would be 
especially mandatory for proper transportation of 
cultured tissue [ 3 ]. 

 To date, there are only limited studies reported 
on the bio-preservation of cultured ocular epithe-
lia. The most common bio-preservation methods 
under investigation for increasing the storage 
intervals by limiting the negative effects associ-
ated with prolonged tissue culture are the  hypo-
thermic and cryopreservation techniques , both 
having their advantages and disadvantages. 
Cryopreservation is the standard method for 
long-term storage for cells in suspension. 
However, as cryopreservation requires expensive 
facilities and expertise, when only short-term 
storage is required,  hypothermic storage   methods 
(or above-zero degree storage) are reported to be 
more advantageous than cryopreservation meth-
ods [ 3 ]. 

 Although all above strategies have generally 
reported suffi cient survival of preserved cells 
measured immediately after  thawing  , surviving 
cells may lose key functional SC characteristics 
that may not be recovered. It is known that the 
long-term  corneal epithelium   renewal after 
ex vivo cultured limbal epithelial transplantation 
depends mainly on the suffi cient number of lim-
bal epithelial SCs (holoclones) transferred in the 
cultured epithelial sheets [ 20 ]. Therefore, opti-
mal clinical outcomes after transplantation pri-
marily depend on the quality of the limbal 
cultures used to prepare the corneal sheets, with 
the best quality control being the accurate deter-
mination of limbal epithelial SCs in the cultured 
epithelial sheets [ 13 ]. To date, transcriptional fac-
tor ΔNp63α is still thought to be the best positive 
marker to determine the percentage of SCs in cul-
tured corneal/limbal sheets, as a positive clinical 
correlation was already reported [ 13 ,  21 ]. 
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 Thus, as the limbal SCs are the key compo-
nent of tissue-engineered corneal/limbal sheets 
that provide tissue specifi city and the bioactivity 
required for achieving a therapeutic effect, the 
impact of bio-preservation methods on the limbal 
SC survival and function is essential in determin-
ing the post-thaw tissue quality. 

 As a result, different studies have focused on 
SC bio-preservation in different stages of the pro-
duction process of bio-engineered corneal/limbal 
epithelial sheets (Fig.  15.2 ). Currently, the cryo-

preservation methods for limbal SC preservation 
have fallen into two main approaches:  cryo-
preservation of limbal SCs before   in vitro  
 limbal / corneal tissue generation  (e.g. cryo-
preservation of donor corneas, cryopreservation 
of suspended amplifi ed SCs – after several pas-
sages) or  cryopreservation of corneal / limbal 
bioengineered sheets on different scaffolds . In 
addition,   hypothermic storage     methods  are 
investigated for short-term storage of corneal/
limbal sheets.

Limbal explant culture
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  Fig. 15.2     Preservation 
strategies in different stages 
of the production process of 
bio-engineered corneal/
limbal epithelial sheets . The 
cryopreservation methods for 
limbal stem cell preservation 
fall into two main approaches: 
cryopreservation of limbal 
stem cells before  in vitro  
corneal/limbal tissue 
generation ( 1 ) e.g. 
cryopreservation of whole 
donor corneas, corneoscleral 
rims, corneal stromal 
lenticules, etc.); 
cryopreservation of suspended 
amplifi ed stem cells ( 2 ) e.g. 
after several passages) or 
cryopreservation of corneal/
limbal bioengineered sheets on 
different scaffolds ( 3 ). 
Preservation of fi nal products 
includes: long-term 
preservation: 
 cryopreservation  of cultured 
adherent ocular epithelia and 
short-term preservation: 
  hypothermic storage    of 
cultured adherent ocular 
epithelia       
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15.3        Cryopreservation of Donor 
Corneas and Single 
Stem Cells 

 Currently, only cryopreservation methods offer 
truly long-term  storage   of living cells and tissues 
[ 22 ,  23 ]. Long-term preservation would be an 
interesting possibility to prevent the loss of out-
dated material [ 24 ], especially in many countries 
where shortage of donor corneas exists. 
Therefore, already in the 1960s and 1970s, cryo-
preservation of donor corneas was studied exten-
sively [ 24 ]. Researchers found out that only 
corneas obtained immediately after death from 
young donors were suitable for cryopreservation 
[ 24 ] via the methods developed by Mueller and 
Smith [ 25 ] and by Capella and coworkers [ 26 ], as 
 freezing   has been shown to damage the corneal 
endothelial cells [ 23 ]. In 1978–1979, 17 cryopre-
served corneas have been transplanted to 17 
patients [ 27 ] and after several years, Corydon and 
colleagues [ 24 ] reported a review of these 17 
organ-cultured cryopreserved corneas and found 
that cryopreserved endothelium could function as 
well as non-frozen, although endothelial cell 
morphology showed irregularity in shape and 
size [ 24 ]. However, despite these results,  bio-
banking   of donor corneas by cryopreservation is 
technically challenging and is still at a laboratory 
experimental stage [ 24 ]. 

 On the other hand, cryopreserved whole donor 
corneas or different cornea lenticules (a disc- 
shaped piece of corneal tissue) obtained by 
refractive lenticule extractions, could be a poten-
tial source of corneal SCs [ 15 ]. Bratanov and 
coworkers [ 28 ] successfully cultured limbal 
explants obtained from cryopreserved corneas. 
Although the cryopreserved limbal tissue was 
subjected to long lasting storage (up to 12 
months) in liquid nitrogen, it enabled  prolifera-
tion   of epithelial cells and phenotypically identi-
fi ed limbal SCs (p63 positive cells), which was 
found to be as effi cient as the limbal explant cul-
tures obtained from non-cryopreserved corneas 
[ 28 ]. However, the researchers reported a differ-
ent growing pattern of expanded cells from the 
cryopreserved limbal explants, which might be 
due to the destabilization of the extracellular 

matrix during  freezing-thawing      procedures [ 28 ] 
and no further functional test for limbal SC iden-
tifi cation was obtained. In addition,  in vitro  iso-
lated keratocytes derived from fresh and 
cryopreserved corneal stroma lenticules exhib-
ited a typical fi broblastic phenotype and compa-
rable expression profi les for the tested markers 
[ 15 ]. The stromal lenticule  architecture   was pre-
served with good cellular viability, although a 
decrease in collagen fi bril density was shown 
after cryopreservation [ 15 ]. 

 While the above strategies tried to cryopre-
serve SCs in unprocessed corneal tissues for later 
isolation and expansion, another promising strat-
egy is SC cryopreservation after  in vitro  expan-
sion, when quality tests and purifi cation methods 
are undertaken. For example, some centers that 
use the suspension limbal cell culture  method   
already need to freeze (cryopreserve) the primary 
limbal culture to await the results of quality con-
trol tests, before generating the fi nal cultured epi-
thelium [ 29 ,  30 ]. However, the exact 
cryopreservation details (e.g. cryopreservation 
time) are often not explicitly reported in clinical 
case publications and the exact impact of freez-
ing/thawing procedures is often not further 
evaluated. 

 Therefore, further experimental studies are in 
progress to elucidate this important issue. 
Schrader and colleagues [ 31 ] already reported no 
difference in  cell viability  , colony-forming effi -
ciency and immunoreactivity to p63α and 
ABCG2 between conjunctival cells cryopre-
served for 14 days, and more than 6 months, 
which were frozen from primary cultures isolated 
from bulbar conjunctiva biopsies and expanded 
on arrested 3T3 feeder layer cells [ 31 ]. The 
researchers concluded that conjunctival epithelial 
cells could be effi ciently cryopreserved with 
maintenance of the progenitor cell-like 
 characteristics and function  in vitro  over several 
culture passages [ 31 ]. 

 Furthermore, cryopreservation of suspended 
limbal SCs after  in vitro  expansion of up to pas-
sage level one showed a non-immunogenic nature 
of de-frosted limbal cells [ 32 ]. Human limbal 
epithelial SC cultures retained the expression of 
major limbal epithelial SC markers such as p63, 
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SSEA-4, ABCG2, cytokeratin 19 (CK19), integ-
rin β1 and vimentin, however no HLA-DR gene 
expression was observed with the expanded and 
cryopreserved samples [ 32 ]. Cultured limbal SCs 
were additionally unable to stimulate allogeneic 
T  cell    proliferation    in vitro  even in the presence 
of pro-infl ammatory cytokines [ 32 ]. Therefore, 
cryopreserved limbal SC cultures could express 
negative immunoregulatory molecules, which 
may be critical for their survival in an allogeneic 
environment [ 32 ] and would enable better 
allograft survival. 

 Although some clinically used techniques 
already required a short cryopreservation step 
[ 29 ,  30 ] before the routine fi nal graft production, 
to date, only one experimental study explicitly 
reported successful reconstruction of  corneal epi-
thelium   in a goat model from cultured epithelial 
grafts generated from long-term cryopreserved 
limbal SCs [ 33 ]. From the primary culture 
ABCG2-positive and CD34-negative cells were 
collected and amplifi ed for additional two to four 
passages, when the cells were cryopreserved in 
liquid nitrogen in storage medium containing 
10 % dimethyl sulfoxide (DMSO) and 25 % fetal 
bovine serum (FBS) [ 33 ]. After 1 year of cryo-
preservation and the  thawing   process, the SC 
viability was 85 % [ 33 ]. The cryopreserved lim-
bal SCs were then seeded onto a human amniotic 
membrane to construct corneal/limbal epithelial 
sheets and transplanted into a damaged corneal 
 surface   in a goat model [ 33 ]. Although it is not 
yet known how stable these corneal/limbal sheets 
will be over time, the study clearly demonstrated 
that transplantation of long-term cryopreserved 
limbal SCs could successfully reconstruct dam-
aged corneal surface in a goat model [ 33 ].  

15.4     Cryopreservation 
of Bioengineered Sheets 
on Different Scaffolds 

 In recent years, much attention has been focused 
on cryopreservation techniques for bioengineered 
tissue storage, as only effective preservation pro-
cedures of these terminal (fi nal) products would 
enable a stable supply without delay and effi cient 

transportation over longer distances [ 19 ,  34 ,  35 ]. 
However, tissue cryopreservation faces  biobanks   
with new  challenges   of adapting strategies and 
protocols for post-freezing product integrity. 
When cell suspensions are frozen, there are two 
principal mechanisms of cell damage: intracellu-
lar freezing at high cooling rates, and solution 
effect injury at low cooling rates [ 23 ]. In case of 
tissue cryopreservation, there are additional fac-
tors that render cells more susceptible to intracel-
lular freezing and cultured tissue damage [ 23 ]. 

 Therefore, various permeating cryoprotective 
agents (CPAs) such as DMSO, glycerol and eth-
ylene glycol (EG) have been studied in freezing 
media to protect the cells from the extreme tem-
perature excursions used in cryopreservation pro-
cessing and enable better cellular viability after 
cryopreservation [ 36 ]. CPAs are thought to pro-
tect cellular membranes and proteins, although 
the cryoprotective mechanisms are largely 
unknown [ 36 ]. The most commonly used CPAs 
for the cryopreservation of cultured epithelial and 
mucosal cell sheets are glycerol and DMSO, 
where glycerol has been reported to be superior 
to DMSO by some researchers [ 19 ]. However, it 
is known that the optimal conditions for cryo-
preservation depend on the cell type and species 
of origin [ 22 ]. 

 Kito and colleagues [ 19 ] investigated rabbit 
limbal epithelial cell survival obtained after 
freezing storage in either 10 % glycerol or DMSO 
at −80 °C or −196 °C for 4 or 12 weeks and 
reported that the samples stored at a lower stor-
age temperature (−196 °C) showed an  improved 
survival   compared with those at a higher temper-
ature (−80 °C) [ 19 ]. Importantly, the structural 
integrity of the cultured corneal/limbal sheets 
was destroyed in all tested cryopreservation pro-
tocols, although the structural damage was more 
clearly observed in the  corneal   epithelial sheets 
cryopreserved with DMSO than in those with 
glycerol at −80 °C [ 19 ]. However,  cell viability   
after  thawing   was reported to be up to 70 %, and 
the remained cells were able to regenerate a new 
cell sheet [ 19 ]. 

 On the other hand, Yeh and colleagues [ 35 ] 
reported successful 8-week cryopreservation of 
limbal explant cultures expanded on human 
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amniotic membrane [ 35 ]. In their study they 
reported that the optimal formula of cryoprotec-
tants was 60 % Dulbecco modifi ed Eagle medium 
(DMEM), 30 % FBS, and 10 % DMSO, which 
was superior to 10 % glycerol [ 35 ]. Under this 
conditions they yielded thawed cell sheets with 
high viability (around 50 %) and good growth 
ability [ 35 ]. In comparison, Oh and colleagues 
[ 34 ] cryopreserved human limbal and rabbit con-
junctival cultured epithelial sheets for 1 week at 
−196 °C by using various cryopreservative con-
ditions (they varied the FBS concentrations and 
used DMSO and glycerol as CPAs). They 
reported the best result being obtained by 50 % 
FBS in limbal SC cultures for  cell viability   and 
10 % glycerol seemed to be superior to 10 % 
DMSO in cell viability of the rabbit conjunctival 
epithelium after cryopreservation [ 34 ].  

15.5      Vitrifi cation   of Corneal 
Limbal Stem Cells 

 To date, only one study compared cultivated fresh 
rabbit limbal and oral mucosal explant cultures 
on human amniotic membrane, co-cultured with 
3T3 fi broblasts and using the air-lifting method, 
that had similar morphology to cultures obtained 
from 2 months cryopreserved limbal and oral 
mucosal tissue with vitrifi cation method [ 37 ]. As 
vitrifi cation technique avoids intracellular and 
extracellular ice formation with step-wise addi-
tion of high molar concentrations of CPAs during 
the cooling process compared to the conventional 
controlled rate cooling cryopreservation tech-
niques [ 38 ], it might offer a better option for 
cryopreservation of more complex tissues such as 
cultured epithelial sheets. 

 As discussed above, this initial experiment 
showed that cryopreservation of adherent strati-
fi ed ocular epithelia has been more challenging 
and less successful compared to single cell sus-
pension cryopreservation techniques, therefore 
further research is needed. These disadvantages, 
in addition to the needed complicated and expen-
sive freeze/thaw schedules and specialized equip-
ment, makes reliable storage of ocular epithelial 

sheets at above-freezing temperatures a promis-
ing alternative [ 2 ], as will be discussed in the next 
 section  .  

15.6      Hypothermic Storage   
of Final Products 

 Refrigeration or above-freezing temperature stor-
age might be a promising short-term resolution 
for cultured corneal epithelial sheet preservation 
[ 2 ]. However, there are several issues to be solved 
regarding the optimal preservation temperature 
and storage medium composition before wide-
spread clinical use. Studies on cornea preserva-
tion methods already showed morphological 
corneal epithelial changes such as epithelial 
detaching and intracellular vacuoles after 1 week 
of organ-culture preservation at 31 °C [ 12 ]. On 
the other side, hypothermic storage of corneas at 
5 °C in Optisol-GS also showed separation of 
cells below the superfi cial epithelial layer and 
pronounced intracellular edema [ 12 ]. Therefore, 
recent studies are focusing on the optimal tem-
perature for cultured epithelial corneal/limbal 
sheets preservation. Utheim and colleagues [ 39 ] 
fi rst reported a method for short-term eye bank 
storage of cultured corneal sheets [ 12 ,  39 ]. They 
reported maintenance of the original multilay-
ered structure and undifferentiated phenotype 
after 1 week organ culture storage at 23 °C of 
corneal/limbal sheets obtained from 3-week lim-
bal explant culture on intact amniotic membrane 
[ 12 ,  39 ]. In addition, their data indicated that 
storage of cultured corneal/limbal sheets at ambi-
ent temperature is superior to organ culture stor-
age at 31 °C and Optisol-GS storage at 5 °C, with 
minimal  apoptosis   after eye bank storage of cul-
tured epithelial sheets [ 12 ,  39 ]. Furthermore, in a 
later study they reported successful storage of 
cultured human conjunctival epithelial sheets on 
amniotic membrane for at least 4 days in serum- 
free conditions at 23 °C [ 40 ]. 

 In contrast, the results of a recent study, 
which evaluated the effect of different tempera-
tures spanning from 4 to 37 °C, on the cell mor-
phology, viability,  proliferation   and metabolic 
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status of cultured epidermal sheets stored over a 
2 week period in a xenobiotic–free system, 
showed some differences [ 2 ]. Reduced  cell via-
bility   was reported at several temperatures, with 
the best viability being obtained at 24 °C, how-
ever, preservation of morphology and mainte-
nance of  proliferation   function was best at 12 °C 
and 20 °C [ 2 ] compared to non-stored control. 
Similarly, Eidet et al. [ 3 ] reported results on 
human conjunctival epithelial culture storage in 
a xenogenic- free medium condition at nine dif-
ferent temperatures between 4 and 37 °C for 4 
and 7 days and only storage at 12 °C appeared 
optimal for preserving viability, morphology 
and total cell numbers, which may be related to 
temperature- associated effects on cell metabo-
lism [ 3 ]. 

 Importantly, hypothermic storage might not 
only suppress cellular metabolism, it could also 
have an important effect on reducing immunore-
actions after transplantation [ 12 ]. Interesting 
alterations have been observed in multigene pro-
fi ling in cultured human limbal cells after eye 
bank storage under 23 °C and 5 °C, where a 
reduction in nuclear factor (NF)-kB activity and 
several  apoptosis  -regulating genes were reduced 
in their expression [ 12 ]. The research group has 
just recently published a study where they fur-
ther investigated the molecular mechanisms 
underlying activation of cell death pathways 
using genome-wide transcriptional analysis in 
human limbal epithelial cultures following con-
ventional hypothermic storage in Optisol-GS for 
2, 4 and 7 days at 4 °C [ 41 ]. With increasing stor-
age time larger differences in absolute gene 
expression values were observed with up-regu-
lated expression of histone-coding genes 
together with down-  regulation   of genes affecting 
 cell differentiation   and DNA repair mechanisms, 
which might be responsible for increased cell 
death after storage [ 41 ]. 

 Given this, while researchers continue the 
search for the optimum physiological approach 
to preserve cultured corneal/limbal sheets at the 
genomic, proteomic, structural and functional 
levels, there still remains the initial variability of 
different culture techniques and cell phenotypes 

used, making direct comparison and conclusions 
on the optimal preservation  method   diffi cult.  

15.7     Conclusion 

 Development of proper standardized and safe 
short and long-term preservation methods for 
cultured corneal epithelial SCs will provide tre-
mendous advances in regenerative medicine. 
While today’s well-established laboratory and 
clinical standards enable transplantation of cul-
tured limbal epithelial sheets only in specialized 
centers worldwide, cryopreservation methods 
might enable a more widespread use. Short and 
long-term storage will not only contribute to the 
improved transportation possibilities, it will give 
more opportunity for quality controls and 
increase the fl exibility in scheduling transplanta-
tion surgeries. Furthermore, stored reserve tissue 
for repeated operations might increase safety and 
be even less immunogenic, which might improve 
the long-term rehabilitation of patients with 
debilitating severe bilateral  ocular surface   
disease. 

 However, to date, there are still several issues 
that need to be overcome before cryopreservation 
methods can be used routinely in a day-to-day 
clinical practice. As such, reproducible and stan-
dardized freezing and  thawing   protocols need to 
be further developed in regard to preserve a suf-
fi cient SC content and their recovery, with the 
whole structural integrity of cultured epithelial 
sheets. Due to various culturing techniques used 
for corneal SC culture, including cell suspension 
or explant culture, different media and scaffold 
carrier usage, the results of cryopreservation out-
comes between these techniques are diffi cult to 
assess and compare. Therefore, the selection of 
optimal freezing temperature and storage medium 
for cryopreservation currently depend mainly on 
the few reported cases of different cell type used 
(e.g. conjunctival, corneal, oral mucosal) and the 
complexity of the cultured tissue, which can dif-
fer signifi cantly. 

 Without doubt cryopreservation of suspended 
cells yielded better results than whole epithelial 
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sheet storage, as was discussed in this chapter. 
Studies showed that the fi rst step in cultured epi-
thelial sheet generation could be successfully 
postponed for longer time periods. However, as 
we strive to storage more complex cultured tis-
sues, the morphological integrity after  thawing   
processes comes to the front. Cryopreservation of 
adherent fully stratifi ed ocular epithelia has been 
shown more challenging. Currently, there is no 
consensus regarding the fi nal functional and mor-
phological outcomes after cryopreservation of 
cultured corneal epithelial sheets based on previ-
ous  in vitro  studies. Therefore, further studies 
testing different biological scaffolds, freezing 
media compositions and cryopreservation tech-
niques need to be prepared to further elucidate 
the biological mechanisms underlying these 
changes. In addition, studies on hypothermic 
preservation methods for cultured epithelial 
sheets are implicating more convenient and 
lower-cost strategies for short tissue storage. 

 In this regard,  biobanking   industry is facing 
new  challenges   at providing  GMP   compliant, 
accessible, reliable, validated, pretested, and 
robust storage protocols for cryopreservation and 
hypothermic preservation of desired  in vitro  cul-
tured  ocular surface   epithelial sheets, which will 
enable a new era of industrialized medical 
SC-based treatment strategies.     
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      Cryopreservation of Hair-Follicle 
Associated Pluripotent (HAP) Stem 
Cells Maintains Differentiation 
and Hair-Growth Potential                     

     Robert     M.     Hoffman     ,     Satoshi     Kajiura    ,     Wenluo     Cao    , 
    Fang     Liu    , and     Yasuyuki     Amoh   

    Abstract  

  Hair follicles contain nestin-expressing pluripotent stem cells which origi-
nate above the bulge area of the follicle, below the sebaceous gland. We 
have termed these cells hair follicle-associated pluripotent (HAP) stem 
cells. We have established effi cient cryopreservation methods of the hair 
follicle that maintain the pluripotency of HAP stem cells as well as hair 
growth. We cryopreserved the whole hair follicle by slow-rate cooling in 
TC-Protector medium or in DMSO-containing medium and storage in liq-
uid nitrogen or at −80 °C. After thawing and culture of the cryopreserved 
whisker follicles, growing HAP stem cells formed hair spheres. The hair 
spheres contained cells that differentiated to neurons, glial cells, and other 
cell types. The hair spheres derived from slow-cooling cryopreserved hair 
follicles were as pluripotent as hair spheres from fresh hair follicles. We 
have also previously demonstrated that cryopreserved mouse whisker hair 
follicles maintain their hair-growth potential. DMSO better cryopreserved 
mouse whisker follicles compared to glycerol. DMSO-cryopreserved hair 
follicles also maintained the HAP stem cells, evidenced by P75 ntr  expres-
sion. Subcutaneous transplantation of DMSO-cryopreserved hair follicles 
in nude mice resulted in extensive hair fi ber growth over 8 weeks, indicat-

        R.  M.   Hoffman      (*) 
  AntiCancer, Inc ,   7917 Ostrow St ,  San Diego , 
 CA   92111 ,  USA    

  Department of Surgery ,  University of California , 
  San Diego ,  CA ,  USA   
 e-mail: all@anticancer.com  ; 
http://www.anticancer.com   

    S.   Kajiura    •    Y.   Amoh    
  Department of Dermatology ,  Kitasato University , 
  Sagamihara ,  Japan     

 16

    W.   Cao    
  AntiCancer, Inc ,   7917 Ostrow St ,  San Diego , 
 CA   92111 ,  USA    

  Department of Surgery ,  University of California , 
  San Diego ,  CA ,  USA    

  Department of Anatomy ,  Second Military Medical 
University ,   Shanghai ,  China     

    F.   Liu    
  Department of Anatomy ,  Second Military Medical 
University ,   Shanghai ,  China    

mailto:all@anticancer.com


192

ing the functional recovery of hair-shaft growth of cryopreserved hair 
follicles. HAP stem cells can be used for nerve and spinal-cord repair. 
This biobanking of hair follicles can allow each patient the potential for 
their own stem cell use for regenerative medicine or hair transplantation.  

  Keywords  

  Hair follicle   •   Stem cells   •   Pluripotent   •   Hair growth   •   Bio-banking  

  Abbreviations 

   HAP    Hair follicle-associated pluripotent   
  ES    Embryonic stem   
  GFP    Green fl uorescent protein   
  ND-GFP    Nestin-driven-GFP   
  SMA    Smooth muscle actin   
  GFAP    Glial fi brillary acidic protein   
  RT-PCR    Real-time polymerase chain reaction   

16.1         Introduction 

 Nestin-expressing stem cells of the  hair follicle  , 
discovered by our laboratory [ 1 ], have been 
shown to be able to form outer root sheaths of the 
follicle as well as neurons and many other non- 
follicle cell types [ 2 ]. We have termed the nestin- 
expressing stem cells of the hair follicle hair 
follicle-associated pluripotent (HAP) stem cells. 
We have shown that the HAP stem cells from the 
hair follicle can effect the repair of peripheral- 
nerve and spinal-cord injury [ 2 – 5 ]. The hair- 
follicle stem cells differentiate into neuronal and 
glial cells after  transplantation   to the injured 
peripheral nerve and spinal cord, and enhance 
injury repair and locomotor recovery [ 2 – 5 ]. 

 When the excised hair follicles with their 
nerve stump were placed in Gelfoam  ®  3D histo-
culture, HAP stem cells grew and extended the 
hair follicle nerve which consisted of βIII- 
tubulin- positive fi bers with F-actin expression at 
the tip. These fi ndings indicate that βIII-tubulin- 
positive fi bers elongating from the whisker folli-

cle sensory-nerve stump were growing axons. 
The growing whisker sensory nerve was highly 
enriched in HAP stem cells, which appeared to 
play a major role in its elongation and interaction 
with other nerves in 3D Gelfoam ®  histoculture, 
including the sciatic nerve, the trigeminal nerve, 
and the trigeminal nerve ganglion. These results 
suggest that a major function of the HAP stem 
cells in the  hair follicle   is for growth of the folli-
cle sensory nerve [ 6 ]. 

 Recently, we have shown that HAP stem cells 
can differentiate into  beating   cardiac muscle cells 
[ 7 ,  8 ]. HAP stem cells have critical advantages 
for  regenerative medicine   over embryonic stem 
(ES) cells and induced pluripotent stem (iPS) 
cells in that they are highly accessible from each 
patient, thereby eliminating immunological 
issues since they are autologous, require no 
genetic manipulation, are non-tumorigenic, and 
do not present ethical issues for  regenerative 
medicine   [ 9 ]. 

 Effi cient cryopreservation methods of the  hair 
follicle   which maintained the pluripotency of 
HAP stem cells and hair shaft growth are pre-
sented here [ 8 ].  

16.2     Materials and Methods 

16.2.1     Mice 

 Transgenic C57/B6-green fl uorescent protein 
(GFP) mice [ 10 ] and transgenic mice with nestin- 
driven (ND)-GFP and non-transgenic ( nu / nu ) 
nude mice (AntiCancer, Inc., San Diego, CA) 
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were used in these studies [ 11 ,  12 ]. The C57/
B6-GFP mice expressed the  Aequorea victoria  
GFP under the control of the chicken β-actin pro-
moter and cytomegalovirus enhancer. ND-GFP 
mice express GFP under control of the nestin 
regulatory element. All of the tissues from this 
transgenic line, with the exception of erythro-
cytes and hair, were fl uorescent green under 
excitation light. All animal experiments were 
conducted according to the  Guidelines for Animal 
Experimentation  at the Kitasato University [ 13 ].  

16.2.2     Isolation of Vibrissa  Hair 
Follicles   

 To isolate the vibrissa follicles from mice, the 
upper lip containing the vibrissa pad was cut 
under anesthesia and the inner surface was 
exposed. Entire vibrissa hair follicles were dis-
sected under a binocular microscope and plucked 
from the pad by pulling them gently by the neck 
with fi ne forceps. The isolated vibrissae were 
washed in Dulbecco’s modifi ed Eagle’s medium 
(DMEM)/F12 (GIBCO-BRL) with 2 % B-27 
(GIBCO-BRL) and 50 μg/mL gentamicin 
(Gibco-BRL). The follicles were divided into 
three parts using a surgical knife and fi ne forceps 
under a binocular microscope as previously 
described [ 14 ]. All surgical procedures were 
done under a sterile environment.  

16.2.3      Hair-Follicle   and Hair-Sphere 
Culture 

 The upper part of the vibrissa hair follicle was 
isolated and cultured in DMEM with 10 % fetal 
bovine serum (FBS). After 4 weeks of culture, 
cells growing out from the upper follicle were 
treated enzymatically with Accumax (Innovative 
Cell Technologies, Inc.) to detach them. The 
detached cells were then transferred to non- 
adhesive culture dishes with DMEM/F12 con-
taining 2 % B-27. After 1 week of culture, the 
growing cells formed hair spheres containing 
nestin-expressing HAP stem cells. After the 
change of medium to DMEM containing 10 % 

FBS and 2 days of additional culture, the HAP 
stem cells differentiated to β-III tubulin-positive 
neurons, glial fi brillary acidic protein (GFAP)-
positive glial cells, K15-positive keratinocytes, 
and smooth muscle actin (SMA)-positive smooth 
muscle cells [ 13 ,  14 ].  

16.2.4     Cryopreservation 
of the Whole  Hair Follicle   

 Five whole vibrissa follicles were transferred to 
cryovials, and TC-Protector medium (DS Pharma 
Biomedical Co.) was added (500 μL). Eighteen 
cryovials containing the vibrissa follicles were 
stored in a −80 °C freezer overnight and then 
transferred to a liquid nitrogen tank. Three mice 
were used for this method for three independent 
experiments involving one mouse each. 

 The cryopreserved vibrissa follicles were 
thawed at 37 °C in a water bath for 60–90 s (slow 
recovery) with gentle shaking and separated in 
three parts (upper, middle, and lower). The upper 
part of hair follicle was isolated and cultured in 
DMEM with 10 % FBS [ 13 ]. 

 Whisker hair follicles were also cryopreserved 
in either 10 % glycerol or DMSO with 90 % FBS 
added (1 ml) as the  freezing   medium. For short 
time periods, cryovials containing hair follicles 
were stored in an −80 °C  freezer   [ 12 ].  

16.2.5     Cryopreservation of Hair 
Spheres 

 The upper part of  hair follicle   was isolated and 
cultured in DMEM with 10 % FBS. After 4 
weeks of culture, cells that grew out from the fol-
licles were transferred to DMEM/F12 with 2 % 
B-27 as described above. After 1 week of culture, 
hair spheres formed. Fifty spheres were trans-
ferred to cryovials and TC-Protector medium 
was added (500 μL). Nine cryovials with spheres 
were stored in a −80 °C freezer overnight and 
then transferred to a liquid-nitrogen tank. The 
stored spheres were thawed at 37 °C in a water 
bath with gentle shaking. The spheres were cul-
tured in DMEM with 10 % FBS [ 13 ].  
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16.2.6     Immunohistochemistry 
of  Hair Follicles   

 Hair follicles were fi xed in 4 % paraformalde-
hyde overnight at 4 °C, after dehydration in 15 % 
and then 30 % sucrose overnight at 4 °C. Tissues 
were then embedded in the OTC freezing com-
pound (Thermo Scientifi c, Kalamazoo, MI) and 
frozen sections of 10 μm were prepared with a 
CM1850 cryostat (Leica, Buffalo Grove, IL). The 
frozen sections were washed with PBS three 
times. After incubation with 0.4 % Triton X-100 
for 10 min, the sections were incubated with 
20 % BSA in PBS containing 0.4 % Triton X-100 
for 1 h at room temperature (RT). Primary anti-
body, anti- p75 NTR  (rabbit, 1:400, Cell Signaling), 
was applied at 4 °C overnight. After three 
washes in PBS, secondary antibody, Alexa 
Fluor® 555-conjugated anti-rabbit (1:100, 
Jackson Laboratories), was applied in PBS at RT 
for 1 h. After three washes in PBS, the nuclei 
were stained with DAPI (1:2000, Invitrogen) for 
5 min. Images were obtained with a confocal 
FV1000 laser-scanning microscope [ 12 ].  

16.2.7     Immunohistochemistry 
of Hair Spheres 

 After a 1-week culture of hair spheres in DMEM 
with 10 % FBS, the hair spheres were stained in 
individual wells with the following antibodies: 
anti-III-β-tubulin mAb (1:500, Tuj1 clone, 
Covance Research Products); anti-GFAP chicken 
polyclonal Ab (1:200, Abcam); anti-SMA mAb 
(1:400, Lab Vision); and anti-K15 mAb (1:100, 
Lab Vision). Secondary antibodies used were as 
follows: Alexa Fluor 568-labeled goat anti- 
mouse IgG (1:400, Molecular Probes) was used 
for anti-III-β-tubulin, anti-SMA, and anti-K15 
and Alexa Fluor 568-labeled goat anti-chicken 
IgG (1:1000, Molecular Probes) was used for 
anti-GFAP. For quantifi cation of the percentage 
of cells producing a given marker protein, at least 
four fi elds were photographed in any given experi-
ment. The number of positive cells was deter-
mined relative to the total number of cells with 

4′,6-diamidino-2-phenylindole dihydrochloride 
(Molecular Probes) nuclear staining [ 12 ].  

16.2.8     Expression of Stem-Cell 
Marker Genes 

 The mRNA levels of stem-cell marker genes 
(nestin, Sox2, SSEA-1) were examined using 
real-time polymerase chain reaction (RT-PCR). 
After 1 week of culture in DMEM/F12 contain-
ing 2 % B-27, the growing cells formed hair 
spheres. Total RNA from 100 hair spheres was 
extracted using the RNeasy Plus Mini kit 
(Qiagen). c-DNA was synthesized by high- 
capacity RNA with a cDNA kit (ABI). Real-time 
PCR on CFX96 (Bio-Rad) with TaqMan Gene 
Expression Assays (ABI) and TaqMan Probes 
were used as follows: r18s:Hs99999901_s1; 
Nestin: Mm00450205_m1; Sox2: Mm03053810_
s1; and SSEA-1: Mm00487448_s1. The mRNA 
levels were normalized by comparison with r18s. 

 Western blot analysis was also used to detect 
the expression of SSEA-1. After 1 week of cul-
ture in DMEM/F12 containing 2 % B-27, the 
growing cells formed hair spheres. Total proteins 
(30 μg/well) from hair spheres were subjected to 
4–20 % SDS-PAGE (sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis) and then 
transferred to Immobilon-P membranes 
(Millipore Corporation). SSEA-1 was detected 
by an anti-SSEA-1 primary antibody (1:250, 
BioLegend), followed by a mixture of peroxidase- 
conjugated anti-mouse IgA, IgG and IgM 
(Chemicon) with enhanced chemiluminescence 
plus a Western blotting detection system 
(Amersham Biosciences). Results are expressed 
as mean±standard deviation (SD) for three sam-
ples each.  

16.2.9     Gelfoam ®  Histoculture 
of Whisker  Hair Follicles   

 After 1 week, the cryopreserved hair follicles 
were thawed at 37 °C in a water bath with gentle 
shaking. The hair follicles were washed at 
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DMEM medium for in vitro culture and in vivo 
transplantation. The cryopreserved hair follicles 
or fresh-isolated hair follicles were carefully 
placed on sterile Gelfoam ®  (Pharmacia and 
Upjohn Co., Kalamazoo, MI), hydrated with  
DMEM-F12 (GIBCO, Life Technologies, Grand 
Island, NY) containing B-27 (2.5 %) (GIBCO), 
N2 (1 %) (GIBCO) and 1 % penicillin and strep-
tomycin (GIBCO). The Gelfoam ®  follicles cul-
tures [ 6 ,  11 ,  12 ,  15 ] were incubated at 37 °C, 5 % 
CO 2 . The medium was changed every other day. 
High-resolution images of hair follicle growth on 
Gelfoam ®  were obtained with a confocal laser- 
scanning microscope (Fluoview FV1000, 
Olympus, Tokyo, Japan) [ 6 ,  11 ,  12 ,  15 ].  

    16.2.10   Subcutaneous 
Transplantation of  Hair 
Follicles   

 Non-transgenic nude mice were anesthetized 
with a ketamine mixture (intramuscular injection 
of a 0.02 ml solution of 20 mg/kg ketamine, 15.2 
mg/kg xylazine, and 0.48 mg/kg acepromazine 
maleate). Thawed hair follicles were transplanted 
into the subcutis on the right fl ank of nude mice 
and fresh isolated hair follicles were transplanted 
to the left fl ank as controls. A skin fl ap was made 
to expose the growing hair follicle every 2 weeks 
(2, 4, 6, and 8 weeks) in order to observe  hair 
growth  . Images were obtained with a Dino-Lite 
microscope portable imager (AM4113TGFBW 
Dino-Lite Premier; AnMo Electronics 
Corporation, Taiwan) [ 12 ,  16 ].  

    16.2.10   Measurement of Hair Shaft 
Length 

 The in vivo  hair follicle   images obtained with the 
Dino-Lite were used to determine the length of 
each hair shaft using Image Pro Plus 6.0 soft-
ware. The average length of the ten longest hair 
follicles in each group are presented as 
mean±SEM [ 12 ].  

    16.2.10  Statistical Analysis 

 All experiments were conducted in three inde-
pendent cultures. Results are expressed as 
mean±SD.  P -values were calculated with the 
paired Student’s  t -test. Group differences were 
obtained using the ANOVA test. The signifi cant 
level for all tests was  P        < 0.05 [12].   

16.3     Results and Discussion 

16.3.1     Effects of Cryopreservation 
of the Whisker  Hair Follicle   
and HAP Stem Cells 

 After  thawing   and 4 weeks culture in DMEM with 
10 % FBS, the upper parts of hair follicles were 
placed in dishes. The attachment rate of the hair 
follicles and number of cells growing out from the 
follicle were quantifi ed as follows: 95.2 % ± 7.7 % 
of fresh hair follicles (nonfrozen control) attached 
and 5.9 ± 0.9 × 10 4  cells per hair follicle grew out. 
90.8 % ± 13.3 % of hair follicles cryopreserved by 
the slow-rate cooling method attached and 3.7 ± 
1.3 × 10 4 cells per hair follicle grew out [ 13 ]. 

 The upper part of the fresh vibrissa had 38.0 ± 
9.1 hair spheres growing, with each hair sphere 
containing ∼1 × 10 2  nestin-expressing HAP stem 
cells. Slow-rate cooling-cryopreserved hair folli-
cles formed 41.6 ± 5.9 hair spheres per upper part 
of hair follicle, with each hair sphere containing 
∼1 × 10 2  nestin-expressing HAP stem cells [ 13 ]. 

 With hair spheres derived from fresh hair fol-
licles, ∼4.3 % ± 3.6 % cells differentiated to anti- 
III- β-tubulin-positive neurons; 30.2 % ± 8.1 % of 
the cells differentiated to GFAP-positive glial 
cells; 40.2 % ± 8.0 % of the cells differentiated to 
SMA-positive smooth muscle cells; and 7.2 % ± 
5.7 % of the cells differentiated to K15-positive 
keratinocytes. With hair spheres derived from 
slow-rate cooling-cryopreserved hair follicles, 
∼12.6 % ± 3.2 % of the cells differentiated to 
anti-III-β-tubulin-positive neurons; 34.0 % ± 
6.6 % of the cells differentiated to GFAP-positive 
glial cells; 63.7 % ± 10.0 % of the cells differenti-
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ated to SMA-positive smooth muscle cells; and 
11.0 % ± 2.1 % of the cells differentiated to K15- 
positive keratinocytes [ 13 ]. 

 Nestin RNA levels, relative to r18s, were 1.00 
± 0.11 in fresh hair follicles and 1.01 ± 0.02 in 
slow-rate cooled hair follicles. Sox2 mRNA lev-
els, relative to r18s, were 1.00 ± 0.02 in fresh hair 
follicles and 0.81 ± 0.07 in slow-rate cooled hair 
follicles. SSEA-1 mRNA levels, relative to r18s, 
were 1.00 ± 0.02 in fresh hair follicles and 0.90 ± 
0.03 in slow-rate cooled hair follicles. Thus, the 
mRNA levels of stem-cell marker genes were 
maintained in the slow-rate cooling method [ 13 ]. 

 Western blot analysis was performed to detect 
the expression of SSEA-1. The protein levels of 
SSEA-1 were maintained in the slow-rate cool-
ing  method   [ 13 ].  

16.3.2     Cryopreservation of Hair 
Spheres 

 Fresh hair spheres completely attached when 
placed in plastic dishes. In contrast, after slow- 
rate cooling cryopreservation, 5.4 % ± 3.2 % of 
the hair spheres survived. With vitrifi cation 
rapid-cooled cryopreservation, ~12.5 % + 10.8 % 
of the hair spheres survived. However, after thaw-
ing, slow rate cooled and vitrifi cation rapid- 
cooled hair spheres did not differentiate. Our 
results demonstrate that slow-rate cooling cryo-
preservation of  hair follicles   preserves the same 
attachment rate and production of pluripotent 
hair spheres as fresh hair follicles [ 13 ].  

16.3.3     Whisker  Hair Follicle   and HAP 
Stem Cell Behavior 
in Gelfoam ®  Histoculture 
After Cryopreservation 

 After  thawing   and culture on Gelfoam ®  for 4 
weeks, the ND-GFP fl uorescence of the HAP 
stem cells was measured. Confocal real-time 3D 
images of ND-GFP HAP hair follicle on 
Gelfoam ®  showed that ND-GFP HAP stem-cell- 
fl uorescence in fresh hair follicle had dramatic 
increases at 10, 16 and 26 days. The increases in 

HAP stem cell ND-GFP fl uorescence after 
DMSO cryopreservation of hair follicles was 
slower than in fresh follicles. Glycerol- 
cryopreserved follicles had less increases in 
ND-GFP fl uorescence than the DMSO-preserved 
follicles (Fig.  16.1 ). At day 26, 2/6 hair follicles 
cryopreserved in glycerol recovered to grow 
ND-GFP HAP stem cells, 2/6 had poor growth, 
and 2/6 were consider dead. In contrast, 6/6 hair 
follicles frozen in DMSO recovered [ 12 ].

   After 26 days in Gelfoam ®  histoculture, 3D 
confocal images showed that ND-GFP HAP stem 
cell outgrowth occurred both at the upper and 
lower part of fresh hair follicles. DAPI nuclear 
staining showed that the fresh hair follicles main-
tained normal structures in the hair shaft, inner 
root sheath, and outer root sheath, and a large 
amount of ND-GFP HAP stem cells grew around 
the bulb area. In DMSO-cryopreserved follicles, 
ND-GFP 3D images indicated similar HAP-stem 
cell outgrowth both in the upper and lower part of 
hair follicle, but with less cell outgrowth than in 
fresh hair follicles. With glycerol- cryopreservation, 
the recovered hair follicles had less ND-GFP HAP 
stem cells. The cultured hair follicles had ND-GFP 
HAP stem cells mostly in the outer root sheath and 
the bulb area after both DMSO- and glycerol-
cryopreservation. In contrast, the inner structure of 
cultured hair follicles had little DAPI nuclear 
staining remained after either method of cryo-

  Fig. 16.1    Quantitative analysis of ND-GFP HAP stem 
cells fl uorescence in cultured whisker follicles. DMSO- 
cryopreserved follicles had more extensive growth of 
HAP stem cells than in glycerol-cryopreserved follicles, 
but less than in fresh follicles       
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preservation. These results indicate cell death of 
the inner part and structural damage of the frozen 
hair follicle in both cryopreservation media. The 
bulb area of the hair follicle had ND-GFP-nestin 
HAP stem cells growing out, and the dermal 
papilla area maintained DAPI nuclear staining 
after both cryopreservation methods. These results 
suggest the survival of bulb area and dermal papilla 
cells in both DMSO and glycerol-cryopreserved 
hair follicles. p75 NTR  immunostaining also indi-
cated ND-GFP HAP stem cells were maintained 
in both conditions of  cryopreservation   [ 12 ].  

16.3.4     Functional Recovery 
of Cryopreserved  Hair 
Follicles   After Subcutaneous 
Transplantation 

 After the hair follicles were cryopreserved in 
DMSO for 1 week at −80 °C, the hair folli-
cles were thawed and transplanted subcutane-
ously in nude mice. Each fl ank was transplanted 
with fi ve to six  hair follicles   and a total of three 
mice were used. Eight of 15 transplanted cryo-
preserved hair follicles grew out extensive long 
hair shafts (Fig.  16.2 ) [ 12 ].

   In fresh hair follicles, the hair follicle estab-
lished blood vessel connection with the host nude 
mice and grew rapidly by week 2 (1.26 mm ± 0.15 

mm). At week 4, the average of the ten longest 
hair-shaft length was 3.82 mm ± 0.31 mm. At 
week 6, the average of the ten longest hair- shaft 
length was 5.73 mm ± 0.31 mm), and at week 8, 
the hair shafts length was 7.66 mm ± 0.63 mm. 
The DSMO-cryopreserved hair follicles also 
established blood vessel connections with the host 
nude mice as indicated by red blood in the lower 
part and upper part of the hair follicle. At week 4, 
there were more blood vessels surrounding the 
hair follicles. There were obvious hair roots at the 
bulb area as well as longer hair shafts shaft at 
week 4, with the longest length of 1.88 mm ± 0.55 
mm, compared to week 2, when the longest hair 
shaft length was 0.85 mm ± 0.07 mm. These 
results indicate that the DSMO- cryopreserved 
hair follicle started to rapidly regrow hair. At 
week 6, the longest hair shafts grew up to 2.85 mm 
± 0.66 mm and more hair roots in the bulb area 
were observed, as well as long hair shafts growing 
out. Eventually, at week 8, there were a large 
amount of long hair shafts with the longest with a 
length of 4.92 mm ± 0.97 mm. Our results showed 
that DSMO- cryopreserved hair follicles main-
tained the ability to produce hair shafts after sub-
cutaneous transplantation [ 12 ].   

16.4     Conclusions 

  Hair follicles   have important potential including 
hair transplantation and use of HAP stem cells 
for  regenerative medicine   for nerves, spinal cord, 
heart and other  applications  . 

 The present chapter suggests that all these poten-
tial applications are maintained after  hair follicle   
cryopreservation. Each potential patient can, there-
fore, have a bio-bank of their own hair follicles.     

   References 

    1.    Li L, Mignone J, Yang M, Matic M, Penman S, 
Enikolopov G, Hoffman RM (2003) Nestin expres-
sion in hair follicle sheath progenitor cells. Proc Natl 
Acad Sci U S A 100:9958–9961  

      2.    Amoh Y, Li L, Katsuoka K, Penman S, Hoffman RM 
(2005) Multipotent nestin-positive, keratin-negative 
hair-follicle-bulge stem cells can form neurons. Proc 
Natl Acad Sci U S A 102:5530–5534  

  Fig. 16.2    Quantitative data of hair-shaft growth in fresh 
and DMSO-cryopreserved  hair follicles   after hair-follicle 
subcutaneous transplantation in nude mice. Each data point 
represents the ten longest hair follicles for each group       

 

16 Cryopreservation of Hair-Follicle Associated Pluripotent (HAP) Stem Cells…



198

   3.    Amoh Y, Li L, Katsuoka K, Hoffman RM (2008) 
Multipotent hair follicle stem cells promote repair of 
spinal cord injury and recovery of walking function. 
Cell Cycle 7:1865–1869  

   4.    Liu F, Uchugonova A, Kimura H, Zhang C, Zhao M, 
Zhang L, Koenig K, Duong J, Aki R, Saito N, Mii S, 
Amoh Y, Katsuoka K, Hoffman RM (2011) The bulge 
area is the major hair follicle source of nestin- 
expressing pluripotent stem cells which can repair the 
spinal cord compared to the dermal papilla. Cell 
Cycle 10:830–839  

     5.    Amoh Y, Kanoh M, Niiyama S, Hamada Y, Kawahara 
K, Sato Y, Hoffman RM, Katsuoka K (2009) Human 
hair follicle pluripotent stem (hfPS) cells promote 
regeneration of peripheral-nerve injury: an advanta-
geous alternative to ES and iPS cells. J Cell Biochem 
107:1016–1020  

      6.    Mii S, Duong J, Tome Y, Uchugonova A, Liu F, Amoh 
Y, Saito N, Katsuoka K, Hoffman RM (2013) The role 
of hair follicle nestin-expressing stem cells during 
whisker sensory-nerve growth in long-term 3D cul-
ture. J Cell Biochem 114:1674–1684  

    7.    Yashiro M, Mii S, Aki R, Hamada Y, Arakawa N, 
Kawahara K, Hoffman RM, Amoh Y (2015) From 
hair to heart: nestin-expressing hair-follicle- associated 
pluripotent (HAP) stem cells differentiate to beating 
cardiac muscle cells. Cell Cycle 14:2362–2366  

     8.    Yamazaki A, Yashiro M, Mii S, Aki R, Hamada Y, 
Arakawa N, Kawahara K, Hoffman RM, Amoh Y (2016) 
Isoproterenol directs hair follicle-associated pluripotent 
(HAP) stem cells to differentiate  in vitro  to cardiac mus-
cle cells which can be induced to form beating heart 
muscle tissue sheets. Cell Cycle 15:760–765  

     9.   Hoffman RM (2016) Chap. 1: Introduction to hair-
follicle-associated pluripotent (HAP) stem cells. In: 
Hoffman RM (ed) Multipotent stem cells of the hair 
follicle: methods and protocols, (Walker JM, series 
ed.). Methods Mol Biol 1453:0–5. Humana Press 

(Springer Science+Business Media), New York. 
doi:  10.1007/978-1-4939-3786-8_1      

      10.    Okabe M, Ikawa M, Kominami K, Nakanishi T, 
Nishimune Y (1997) ‘Green mice’ as a source of ubiq-
uitous green cells. FEBS Lett 407:313–319  

               11.    Duong J, Mii S, Uchugonova A, Liu F, Moossa AR, 
Hoffman RM (2012) Real-time confocal imaging of 
traffi cking of nestin-expressing multipotent stem cells 
in mouse whiskers in long-term 3-D histoculture. In 
Vitro Cell Dev Biol Anim 48:301–305  

             12.    Cao W, Li L, Tran B, Kajiura S, Amoh Y, Liu F, 
Hoffman RM (2015) Extensive hair shaft growth after 
mouse whisker follicle isolation, cryopreservation 
and transplantation in nude mice. PLoS ONE 
10:e0145997  

     13.    Kajiura S, Mii S, Aki R, Hamada Y, Arakawa N, 
Kawahara K, Li L, Katsuoka K, Hoffman RM, Amoh 
Y (2015) Cryopreservation of the hair follicle main-
tains pluripotency of nestin-expressing hair follicle- 
associated pluripotent stem cells. Tissue Eng Part C 
21:825–831  

     14.    Amoh Y, Mii S, Aki R, Hamada Y, Kawahara K, 
Hoffman RM, Katsuoka K (2012) Multipotent nestin- 
expressing stem cells capable of forming neurons are 
located in the upper, middle and lower part of the 
vibrissa hair follicle. Cell Cycle 11:3513–3517  

   15.    Mii S, Uehara F, Yano S, Tran B, Miwa S, Hiroshima 
Y, Amoh Y, Katsuoka K, Hoffman RM (2013) Nestin-
expressing stem cells promote nerve growth in long-
term 3-dimensional Gelfoam ® -supported histoculture. 
PLoS ONE 8:e67153  

    16.    Hiroshima Y, Maawy A, Sato S, Murakami T, Uehara 
F, Miwa S, Yano S, Momiyama M, Chishima T, 
Tanaka K, Bouvet M, Endo I, Hoffman RM (2014) 
Hand-held high-resolution fl uorescence imaging sys-
tem for fl uorescence-guided surgery of patient and 
cell-line pancreatic tumors growing orthotopically in 
nude mice. J Surg Res 187:510–517    

R.M. Hoffman et al.

http://dx.doi.org/10.1007/978-1-4939-3786-8_1


199© Springer International Publishing Switzerland 2016 
F. Karimi-Busheri, M. Weinfeld (eds.), Biobanking and Cryopreservation of Stem Cells,  
Advances in Experimental Medicine and Biology 951, DOI 10.1007/978-3-319-45457-3_17

Cryopreservation and Banking 
of Dental Stem Cells

Petra Hilkens, Ronald B. Driesen, Esther Wolfs, 
Pascal Gervois, Tim Vangansewinkel, 
Jessica Ratajczak, Yörg Dillen, 
Annelies Bronckaers, and Ivo Lambrichts

Abstract

Over the past decade, dental tissues have become an attractive source of 
mesenchymal stem cells (MSCs). Dental stem cells (DSCs) are not only 
able to differentiate into adipogenic, chondrogenic and osteogenic line-
anges, but an increasing amount of research also pointed out their poten-
tial applicability in numerous clinical disorders, such as myocardial 
infarction, neurodegenerative diseases and diabetes. Together with their 
multilineage differentiation capacity, their easy availability from extracted 
third molars makes these stem cells a suitable alternative for bone marrow- 
derived MSCs. More importantly, DSCs appear to retain their stem cell 
properties following cryopreservation, a key aspect in their long-term 
preservation and upscale production. However, the vast number of differ-
ent cryopreservation protocols makes it difficult to draw definite conclu-
sions regarding the behavior of these stem cells. The routine application 
and banking of DSCs is also associated with some other pitfalls, such as 
interdonor variability, cell culture-induced changes and the use of animal- 
derived culture medium additives. Only thorough assessment of these 
challenges and the implementation of standardized, GMP procedures will 
successfully lead to better treatment options for patients who no longer 
benefit from current stem cell therapies.

P. Hilkens (*) • R.B. Driesen • E. Wolfs • P. Gervois  
T. Vangansewinkel • J. Ratajczak • Y. Dillen  
A. Bronckaers • I. Lambrichts 
Laboratory of Morphology, Biomedical Research 
Institute (BIOMED), Hasselt University,  
Agoralaan, Building C, 3590 Diepenbeek, Belgium
e-mail: petra.hilkens@uhasselt.be; ronald.driesen@
uhasselt.be; esther.wolfs@uhasselt.be; pascal.
gervois@uhasselt.be; tim.vangansewinkel@uhasselt.
be; jessica.ratajczak@uhasselt.be; yorg.dillen@
uhasselt.be; annelies.bronckaers@uhasselt.be;  
ivo.lambrichts@uhasselt.be

17

mailto:petra.hilkens@uhasselt.be
mailto:ronald.driesen@uhasselt.be
mailto:ronald.driesen@uhasselt.be
mailto:esther.wolfs@uhasselt.be
mailto:pascal.gervois@uhasselt.be
mailto:pascal.gervois@uhasselt.be
mailto:tim.vangansewinkel@uhasselt.be
mailto:tim.vangansewinkel@uhasselt.be
mailto:jessica.ratajczak@uhasselt.be
mailto:yorg.dillen@uhasselt.be
mailto:yorg.dillen@uhasselt.be
mailto:annelies.bronckaers@uhasselt.be
mailto:ivo.lambrichts@uhasselt.be


200

Keywords

Dental stem cells • Mesenchymal stem cells • Paracrine effects • 
Multilineage differentiation • Cryopreservation • Dental stem cell banking 
• Good manufacturing practice

Abbreviations

MSCs Mesenchymal stem cells
DSCs Dental stem cells
DPSCs Dental pulp stem cells
BM-MSCs Bone marrow-derived MSCs
ASCs Adipose tissue-derived stem cells
FSCs Follicle precursor cells
PDL Periodontal ligament
PDLSCs Periodontal ligament stem cells
SCAPs Stem cells from the apical papilla
UMSCs Umbilical cord MSCs
UCBC Umbilical cord blood cells
ERM Epithelial cell rests of Malassez
DePDL Deciduous periodontal ligament
SHEDs  Stem cells from human exfoliated 

deciduous teeth
GMP Good Manufacturing Practice
HLA-D Human leukocyte antigen
vWF von Willebrand factor
DFO Deferoxamine
ISCBI  International Stem Cell Banking 

Initiative

17.1  Introduction

Mesenchymal stem cells (MSCs) are derived 
from adult tissues and have been extensively 
studied as therapeutic application for tissue 
regeneration in a wide range of diseases. This is 
due to their multipotent ability to transdifferenti-
ate into other cell types such as chondrocytes, 
osteocytes and cardiac myocytes, which have 
high potential to replace damaged tissue. Sources 
for MSC isolation include the bone marrow 
(BM-MSCs) [1], adipose tissue (ASCs) [2], 
Wharton’s Jelly in the umbilical cord (UMSCs) 

[3], umbilical cord blood (UCBC) [4] and as dis-
cussed in this chapter, dental tissues.

In 2000, Gronthos et al. discovered an alterna-
tive source of MSCs, i.e. odontogenic progenitor 
cells, which were retrieved from the dental pulp. 
This finding counted as a starting point for the 
discovery of a heterogeneous population of den-
tal stem cells (DSCs) which are defined by their 
localization in the developing tooth and its asso-
ciated tissues (Fig. 17.1). These populations 
comprise dental pulp stem cells (DPSCs) [5], 
stem cells from the apical papilla (SCAPs) [6], 
periodontal ligament stem cells (PDLSCs) [7] 
and dental follicle precursor cells (FSCs) [8]. The 
periodontal ligament (PDL) is believed to contain 
another source of DSCs residing in the epithelial 
cell rests of Malassez (ERM) which are present 
in the periodontal ligament matrix [9]. Full- 
grown or developing teeth are therefore a valu-
able source of DSCs. In addition, several studies 
reported that deciduous teeth can be utilized to 
isolate stem cells from the pulp of human exfoli-
ated deciduous teeth (SHEDs) [10] and decidu-
ous periodontal ligament (DePDL) [11]. DSCs 
originate from the neural crest [12, 13] however, 
a large fraction of these cells are of glial origin 
[14].

The application of DSCs offers several advan-
tages over more conventionally used MSC popu-
lations, such as BM-MSCs. Not only are these 
cells easily obtained with minimally invasive sur-
gery but once in culture they display a high pro-
liferative capacity, making them a suitable 
candidate for cell banking. The heterogeneity of 
DSCs encouraged numerous researchers to 
explore their multilineage differentiation poten-
tial, which resulted in a broad range of differen-
tiation protocols for various cell types. Emerging 
therapeutic strategies are focusing on the 
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 integration of pre-differentiated and precondi-
tioned DSCs in the diseased host tissue exerting a 
beneficial effect through either intercellular con-
tacts or via paracrine mediated interactions. 
Autologous as well as allogeneic transplantation 
of DSCs in clinical studies thus requires the need 
for a quality control system which provides a 
detailed assessment of the specific DSC pheno-
type and its matching paracrine profile. Upscaling 
of DSCs and the establishment of a dental stem 
cell banking system should follow standard Good 
Manufacturing Practice (GMP) regulations. In 
this chapter we will provide in-depth knowledge 
on the heterogeneity of DSCs and their concomi-
tant differentiation potential in vitro and in vivo. 
We will focus specifically on the current strate-
gies of cryopreservation to maintain phenotypic 
stability and to prevent risks of cell death and 
contamination. An overview of the pitfalls which 
could arise in creating a dental stem cell bank is 
also given as well as practical guidelines and 
prospects for application in clinical studies.

17.2  Dental Stem Cells

In order to be classified as MSCs, several require-
ments need to be fulfilled. DSCs are character-
ized by the expression of the surface markers 
CD73, CD90 and CD105 but lack the expression 
of CD34, CD14, CD45 and human leukocyte 

antigen (HLA)-D. Moreover, they adhere to plas-
tic and are capable of multilineage differentiation 
into bone-, cartilage- and fat producing cells [5–
8, 10, 16] which classifies them as MSCs as pro-
posed by the International Society for Cellular 
Therapy [17].

17.2.1  Dental Stem Cells: 
A Heterogenous Pool of Stem 
Cells with Multilineage (trans)
Differentiation Potential

DSCs form a very heterogenous cell population 
in culture. High interdonor variability exists in 
terms of protein marker expression including 
CD31, CD117 (c-kit), Stro-1 and the low affinity 
growth factor receptor p75 (LANGFRp75) [18–
21]. Remarkably, DSC variants have different 
stem cell characteristics as shown by studies that 
used subsets of DSCs for differentiation experi-
ments. For example, Stro-1+/CD146+ SCAPs 
show an enhanced colony forming unit capacity 
and osteo/odontogenic mineralization potential 
[22], a feature which was previously shown to 
enhance the cementoblastic differentiation of 
PDLSCs [7]. Stro-1+ DPSCs, but also CD34+/
CD117+ DPSCs have been shown to enhance 
bone formation [23].

In addition to multilineage differentiation 
towards classical mesodermal lineages, DSCs 

Fig. 17.1 Schematic representation of the 
different sources of DSCs. FSCs dental 
follicle precursor cells, DPSCs dental pulp 
stem cells, SCAPs stem cells from the apical 
papilla, PDLSCs periodontal ligament stem 
cells (Figure was adapted with permission 
from [15])
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have also been subjected to myogenic-, neural- 
and Schwann cell differentiation experiments to 
provide an exogenous alternative to these slowly 
or not regenerating cells or to aid endogenous 
repair. Additionally, DSCs have been differenti-
ated towards endothelial cells (ECs) to stimulate 
revascularization directly or indirectly, which 
will be discussed in the following sections.

17.2.1.1  Myogenic Differentiation 
of DSCs

Studies reporting and supporting the differentia-
tion potential of DSCs towards myogenic cells 
are scarce and are mainly focused on the expres-
sion of myogenic proteins such as myosin heavy 
chain, titin, desmin and α-smooth muscle actin. 
Zhang et al. were one of the first to investigate the 
differentiation potential of DPSCs towards myo-
genic lineages in vitro and in vivo [24, 25]. To 
induce myogenic differentiation, DPSCs were 
kept in culture with 0.1 μM dexamethasone, 50 
μM hydrocortisone, 50 μg/ml gentamycin and 
with both fetal calf and horse serum. The differ-
entiated cells showed immunoreactivity for myo-
sin heavy chain in vitro as well as in DPSC/
collagen scaffolds after transplantation into sub-
cutaneous tissue of immunocompromised mice. 
Additional research by Nakatsuka et al. showed 
that administration of 0.5 mM 5-Aza-20- 
deoxycytidine induced myotube formation and 
myosin heavy chain expression in mouse DPSCs 
[26]. A similar protocol promoted myogenic dif-
ferentiation in PDLSCs, which expressed desmin 
[27]. While DPSCs were investigated first, the 
myogenic differentiation potential of SHEDs was 
studied into more detail. Kerkis et al. reported the 
expression of myogenic proteins in SHEDs such 
as titin and actin but they also observed the for-
mation of Z-discs [28]. Unfortunately, none of 
these studies performed a functional assessment 
of the myogenic differentiated cells and experi-
ments were solely restricted to evaluate expres-
sion levels of myogenic protein markers.

17.2.1.2  Endothelial Differentiation 
of DSCs

Due to the need for new clinically applicable 
revascularization strategies, the differentiation 

potential of DSCs towards ECs was investigated 
by several research groups as other MSC sources 
showed great promise in endothelial differentia-
tion experiments (i.e. [29–32], reviewed in [33]). 
An early report described the differentiation of 
DPSCs towards EC-like cells through incubation 
of DPSCs for 40 days in high serum conditions 
[34]. The outcome of the study was that the 
majority of DPSCs differentiated towards bone- 
producing cells. Surprisingly, a fraction of the 
cells differentiated towards vascular endothelial 
growth factor receptor 1 (VEGFR1)+/CD44+/
CD54+ EC-like cells which also expressed von 
Willebrand factor (vWF), CD31 and angiotensin- 
converting enzyme. By following the protocol 
described in [29], Marchionni et al. were able to 
obtain EC-like cells from DPSCs which expressed 
CD54, CD34 and vWF. Furthermore, these cells 
were able to form tubes in vitro [35]. Remarkably, 
a CD31-/CD146- subset of DPSCs highly 
expressed CD34 and VEGFR2 and was able to 
form extensive networks and had a high prolifer-
ative and migratory capacity. Moreover, these 
cells displayed functional endothelial activity as 
they gained capacity to take up acetylated low 
density lipoprotein (Ac-LDL) and release vWF 
upon histamine stimulation after being cultured 
in 10 ng/ml vascular endothelial growth factor 
(VEGF) and basic fibroblast growth factor 
(bFGF) for 14 days [36]. Similar to DPSCs, 
SHEDs formed tubes in vitro and expressed 
VEGFR2, CD31 and VE-cadherin after exposure 
to 50 ng/ml VEGF in endothelial growth medium 
[37]. Amorim et al. recently showed that differ-
entiation of PDLSCs in endothelial cells resulted 
in expression of VEGFR2 and lectin and the for-
mation of tube-like structures [38]. A report by 
Bakopoulou et al. demonstrated the endothelial- 
like differentiation of SCAPs under serum and 
oxygen/glucose deprivation as evidenced by their 
capillary forming capacity [39]. To date, only 
limited evidence for the in vivo endothelial dif-
ferentiation potential of DSCs is available. A 
recent study of Zhang et al., for example, reported 
the presence of human CD31+ blood vessels fol-
lowing the transplantation of DPSCs and SHEDs 
in a tooth slice model [40]. However, transplanted 
DSCs mainly appear to act as pericytes as they 
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are often found in juxtaposition to host endothe-
lium [36, 41, 42].

17.2.1.3  Neural Differentiation 
Potential of DSCs

The neuroectodermal and/or glial origin of DSCs 
makes these cells interesting candidates to study 
their neurogenic differentiation potential. 
Although DPSCs are the most meticulously stud-
ied subtype of DSCs, the neurogenic differentia-
tion potential of SCAPs, SHEDs, FSCs and 
PDLSCs has also been a focus of investigation. 
Remarkably, DSCs are able to differentiate both 
towards neuronal-like cells and peripheral glial 
cells with Schwann cell-like properties. Multiple 
approaches have been envisaged to differentiate 
DSCs towards neuronal cell lineages. The two 
most often used methods in vitro are either the 
application of neuro-inductive medium which 
contains specific neuronal inducing chemicals 
and/or cytokines or through neurosphere forma-
tion. Arthur et al. were one of the first to demon-
strate that exposure of DPSCs to epidermal 
growth factor (EGF) and bFGF, increased the 
expression of neuronal-related markers such as 
neural cell adhesion molecule (NCAM), neurofil-
ament- M (NF-M) and NF-H. Contrarily, the 
expression of early neuronal markers i.e. nestin 
and beta-III tubulin were markedly decreased. 
Moreover, patch-clamp recordings revealed that 
differentiated DPSCs acquired functional neuro-
nal characteristics such as inward sodium cur-
rents but lacked action potential firing [43]. 
Follow-up research aimed to optimize the differ-
entiation protocol of Arthur et al. to evoke gen-
eration of action potentials. Kiràly et al. enhanced 
neurogenic induction via epigenetic reprogram-
ming whereas Gervois et al. used neurosphere 
formation in the presence of EGF and bFGF sig-
naling. Both procedures were followed by a mat-
uration period based on cyclic AMP and growth 
factor signaling [44, 45]. The outcome of these 
studies was similar to the study of Arthur et al., 
showing decreased expression of nestin and a 
marked increase in expression of neuronal markers. 

In addition, these studies revealed the existence 
of tetrodotoxin- and tetraethylammonium- sensi-
tive sodium and potassium currents. The study of 
Gervois et al. was also able to demonstrate the 
generation of a single action potential. Other 
studies which focused on the neurogenic differ-
entiation potential of DPSCs used neurosphere 
formation [46] or commercially available differ-
entiation media [47].

Neurogenic differentiation of SHEDs is based 
on neuronal induction with EGF and bFGF [48], 
sonic hedgehog, bFGF and FGF-8 [49, 50] and/
or neurosphere formation [50, 51]. Jarmalaviciute 
et al. were able to differentiate SHEDs towards 
peripheral sensory neurons after neuronal matu-
ration by exposing the neuronally induced 
SHEDs to elevated cyclic AMP levels, glial 
cell derived neurotrophic factor (GDNF), brain- 
derived neurotrophic factor (BDNF) and nerve 
growth factor (NGF). PDLSCs were also differ-
entiated towards neuronal cells with commer-
cially available medium [47], EGF and bFGF 
[52] supplemented with glucose, progesteron, 
insulin, transferrin and selenite [53] or neuro-
sphere formation [54]. SCAPs were differenti-
ated towards neuronal cells by Lee et al. [47] 
with commercially available medium while both 
SCAPs and FSCs could be differentiated by neu-
rosphere formation [51, 55]. In addition to 
directed differentiation towards neuronal cells, 
DPSCs were successfully differentiated towards 
Schwann cells with a multistep protocol. The dif-
ferentiated cells expressed the glial markers 
CD104, glial fibrillary acidic protein (GFAP), 
p75 and laminin but lacked nestin expression. 
Moreover, these cells were able to myelinate and 
guide neurites of dorsal root ganglia in vitro [56]. 
PDLSCs from dogs were differentiated towards 
Schwann cell-like cells by Li et al. using different 
protocols [57]. These differentiated cells 
expressed GFAP and S100, but also nestin. 
SHEDs were differentiated towards Schwann 
cells after exposure to a mixture of growth factors 
such as bFGF, EGF, BDNF, GDNF, NGF and 
cyclic AMP.

17 Cryopreservation and Banking of Dental Stem Cells



204

17.2.2  DSCs as an Ambulant Growth 
Factor Delivery System: 
Paracrine Mediated Actions 
of DSCs

In addition to direct cell replacement strategies, 
DSCs have the potential to stimulate endogenous 
repair mechanisms through paracrine interac-
tions. Current research is focusing on the  
pro- angiogenic, neuroregenerative and neuropro-
tective properties of DSCs which are all attrib-
uted to their rich secretome. To induce 
angiogenesis, pro-angiogenic growth factors pro-
mote ECs to migrate, proliferate and form hollow 
tubes. Each of these prerequisites are evaluated in 
vitro on commercially available EC-lines such as 
human umbilical cord vein endothelial cells 
(HUVECs) or human microvascular endothelial 
cells (HMECs). The secretome of DSCs contains 
a significant amount of pro-angiogenic growth 
factors including platelet derived growth factor, 
angiopoietin, bFGF, colony stimulating factors, 
VEGF and endothelin-1 [58–61]. On the other 
hand, DSCs also secrete anti-angiogenic proteins 
such as plasminogen activator inhibitor-1, end-
ostatin, thrombospondin-1, tissue inhibitor of 
matrix metalloproteinase -1/4 and pentraxin-3 
[58, 59]. Iohara et al. used the secretome of 
CD31-/CD146- DPSCs to investigate the prolif-
erative effect on HUVECs and they showed a sig-
nificant increase in HUVEC proliferation [36]. 
However, when HMECs were used, the same 
effect could not be repeated with the secretome 
of either DPSCs, SCAPs or FSCs [58]. The sec-
ond most commonly investigated paracrine effect 
of DSCs on EC function is the migration of ECs 
along a gradient of chemotactic proteins. 
Endothelial migration, evaluated by means of a 
transwell assay, was found to be significantly 
stimulated by DPSCs and SCAPs, whereas FSCs 
had no apparent effect [39, 58]. The tube forma-
tion assay is a third assay which evaluates the 
influence of angiogenesis-promoting substances. 
Tube-promoting effects have been observed for 
all DSCs, excluding FSCs, when they were in 
direct co-culture with ECs [41, 60, 62]. Although 
these results support the pericyte-like role for 
DSCs in angiogenesis, paracrine mediated tube 

formation has also been observed. An indirect 
co-culture of DPSCs and HUVECs demonstrated 
tubular network formation [63]. Similar results 
were achieved when HMECs were incubated 
with the secretome of DPSCs [58] or HUVECs 
with the secretome of SCAPs [39] or SHEDS 
[64].

Preconditioning of DSCs with hypoxia- 
mimicking agents such as deferoxamine (DFO) 
or oxygen/glucose deprivation are current strate-
gies to enhance the in vitro angiogenic properties 
of DSCs. Hypoxic preconditioning enhanced 
VEGF expression but did not affect DPSC prolif-
eration. By applying the secretome of hypoxic 
preconditioned DPSCs to HMEC cultures, prolif-
eration and sprouting of HMECs was evident 
[65]. Bakopoulou et al. demonstrated that depri-
vation of SCAPs from nutrients and oxygen 
induced the secretion of pro-angiogenic growth 
factors, which had an additional positive influ-
ence on EC migration and tube formation [39]. 
Moreover, oxygen and nutrient deprivation also 
seemed to enhance SCAP differentiation towards 
EC [39, 66]. Hypoxic preconditioning of PDLSCs 
increased VEGF and IL-6 secretion. Hypoxia- 
mimetic agents have also been used to precondi-
tion DSCs. prolyl hydroxylase inhibitors (PHD) 
such as cobalt chloride (CoCl2), DFO, 
L-mimosine and dimethyloxalglycine promoted 
the secretion of VEGF and increased the expres-
sion of HIF-1α in DPSCs [67], PDLSCs [68] and 
SCAPs [62]. When SCAPs and HUVECs were 
treated with CoCl2, increased tube formation was 
observed [62]. Similar to PHD inhibitors, the iron 
chelator hinokitiol upregulated HIF-1α expres-
sion and VEGF secretion in DPSCs. Moreover, 
the conditioned medium of these hinokitiol- 
exposed DPSCs enhanced angiogenesis in vitro 
and in vivo [69]. Together these data indicate a 
promising future for the use of hypoxia and 
hypoxia-mimicking agents to increase the angio-
genic properties of DSCs.

Similar to the paracrine mediated effect of 
DSCs on angiogenesis, the paracrine effects of 
DSCs on neuroprotection, neurogenesis and neu-
ritogenesis have been evaluated. Human DSCs 
display a rich secretome including BDNF, NGF, 
neurotrophin-3 (NT-3) and GDNF, which are 
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considered hallmark factors involved in neuro-
trophic and neuroregulatory signaling pathways 
[45, 56, 61, 64, 70]. Moreover, DPSCs and 
SCAPs secrete a significantly higher amount of 
these factors in vitro compared to bone marrow- 
derived and adipose-derived MSCs [61, 71]. The 
DPSC secretome has been shown to enhance the 
survival of axotomized retinal ganglion cells and 
stimulate their neurite outgrowth [71]. DPSCs 
themselves and their secretome were able to pro-
tect astrocytes from ischemia [72]. Apel et al. 
observed a neuroprotective effect of DPSCs 
when co-cultured with amyloid beta peptide 
1–42 and 6-hydroxy-dopamine (6-OHDA) 
treated neurons which are in vitro models for 
Alzheimer’s and Parkinson’s disease respectively 
[73]. Furthermore, neuroprotection by DPSCs 
was observed in cultures of dopaminergic neu-
rons treated with either 6-OHDA [74] or a com-
bination of MPP+ and rotenone [75]. Finally, the 
secretome of DPSCs and SHEDs enhanced 
Schwann cell survival, proliferation and migra-
tion in vitro [64, 76].

17.2.3  Immunomodulatory 
Properties of DSCs

DPSCs have the ability to modulate the immune 
response [77, 78]. Demircan et al. showed that 
the suppressive actions of DPSCs on T-cells were 
mediated via paracrine effects by means of a 
transwell and mixed lymphocyte reaction (MLR) 
assay. Increased levels of hepatocyte growth fac-
tor (HGF), HLA-G, transforming growth factor 
beta (TGF-β), CD54, IL-6, IL-10, CD106, and 
VEGF were found in DPSC/T-cell co-cultures. 
Moreover, in the transwell system, the expression 
of pro-inflammatory cytokines by T-cells such as 
interferon-gamma (IFN-γ), IL-2, IL-6 receptor, 
IL-12, IL-17A and tumor necrosis factor- alpha 
(TNF-α) were decreased whereas the expression 
of the anti-inflammatory cytokine inducible pro-
tein- 10 was upregulated. Interestingly, DPSCs 
induced the expression of the regulatory T-cell 
markers CD4, CD25 and Foxp3. Apoptosis of 
T-cells was increased after 24 h incubation with 
DPSCs [79]. A similar paracrine mediated immu-

nosuppression was exerted by the secretome of 
porcine and human DPSCs [21, 80, 81]. 
Additional insight into the immunomodulatory 
properties of DSCs has arisen from a study by 
Wada et al. who showed that PDLSCs suppressed 
peripheral blood mononuclear cell (PBMCs) pro-
liferation after stimulation with a mitogen or in a 
MLR. Moreover, they were able to demonstrate 
that IFN-γ, produced by activated PBMCs, was 
partially responsible for the immunomodulatory 
effects of PDLSCs. PDLSCs cultured in the  
presence of activated PBMCs increased the 
expression of HGF, TGF-β and indoleamine 2,3- 
dioxygenase (IDO) [82]. In addition to these fac-
tors, Fas ligand (FasL) also appears to play a role 
in DSC-mediated immunosuppressive effects, as 
knockdown of FasL reduced the capacity of 
DPSCs to induce T-cell apoptosis [83]. Similarly, 
Toll-like receptor 3 (TLR3) agonists improved 
the immunosuppressive effect of DPSCs and 
FSCs, by upregulating TGF-β and IL-6 produc-
tion. Interestingly, TLR4 agonists only improved 
the immunosuppressive effect of FSCs and com-
pletely abolished the effect of DPSCs by decreas-
ing TG-β and IDO production [84]. Ding et al. 
confirmed that TGF-β is a key regulatory mole-
cule in the immunomodulatory properties of 
DPSCs [85]. SCAPs were also found to secrete 
immunomodulatory proteins although in lower 
levels compared to BM-MSCs [61].

17.3  Applications in Regenerative 
Medicine

Increasing evidence indicates that stem cells rep-
resent a potential therapeutic tool for tissue engi-
neering and regeneration in a wide variety of 
diseases and disorders [86, 87]. The main goal of 
stem cell-based therapies in regenerative medi-
cine is to replace, repair or to enhance endoge-
nous repair processes of injured tissues and 
organs [88, 89]. Until now, only limited stem 
cell-based therapies have been established as a 
clinical standard, including hematopoietic stem 
cell transplantation for leukaemia and epithelial 
stem cell-based interventions for burn wounds 
and corneal disorders [90, 91]. DSCs have gained 
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great interest during the last decade because of 
their accessibility, (trans)differentiation potential 
and high proliferative capacity. Elaborate pre-
clinical research has highlighted the underlying 
biological and cellular properties of different 
DSCs, as well as their potential application in the 
treatment of medical conditions [92–97], such as 
myocardial infarction [98], ischemic disease 
[99], nerve injury and other neurodegenerative 
disorders [47, 50, 70, 100–105], inflammatory 
diseases [106, 107], diabetes [108–112], muscu-
lar dystrophy [26, 113, 114], bone/cartilage 
defects [115–119], hair follicle loss [120], skin 
injuries [121], salivary gland defects [122], cor-
neal epithelial defects [123–126], and the regen-
eration of dental tissues [15, 127–132].

17.3.1  Dentin, Pulp and Periodontal 
Tissue Regeneration

The main applications for DSCs are in the regen-
eration of damaged tooth-related structures such 
as dentin, pulp and periodontal ligament [15, 
128–135]. A significant number of studies in ani-
mal models have accomplished regeneration of 
dentin/pulp tissue and of the cementum/peri-
odontal complex by applying DSCs in combina-
tion with an appropriate scaffold or supporting 
matrix [5, 7, 134, 136, 137]. DPSCs have a potent 
dentinogenic potential and they promote repair 
and reconstruction of a dentin-pulp-like complex 
when they are transplanted alone or in combina-
tion with growth factors (e.g. bone morphoge-
netic protein-2 (BMP-2)) in the pulp cavity [138, 
139]. Several growth factors such as TGF-β, 
bFGF and dentin matrix protein 1 (DMP1) can 
induce odontoblast differentiation of DPSCs 
[140], and Almushayt et al. demonstrated that 
these differentiated DPSCs form reparative den-
tin that covers pulp tissue [141]. Prescott et al. 
transplanted dentin slices containing DPSCs, col-
lagen and DMP1 subcutaneously in nude mice, 
which resulted in the formation of a well- 
organized matrix similar to pulp tissue [142]. 
Tran and Doan recently achieved regeneration of 
dentin-like tissue in vivo by culturing human 
DPSCs onto dentin-derived scaffolds [143]. In 

line with these findings, Huang et al. reported 
that a vascularized dentin-pulp-like complex can 
be regenerated de novo in an emptied root canal 
space by DPSCs and SCAPs after subcutaneous 
transplantation in mice [132]. Additionally, also 
SHEDs combined with a scaffold formed dental 
pulp-like structures within human tooth slices 
[144]. Furthermore, an ongoing phase 1 clinical 
trial aims to repair immature permanent teeth 
with necrotic pulps by using SHEDs 
(ClinicalTrials.gov NCT01814436).

New therapeutic strategies for periodontal tis-
sue diseases (e.g. periodontitis) focus on the 
addition of exogenous growth factors (e.g. bone 
morphogenetic proteins, platelet derived growth 
factor) and stem cell therapy [128, 145]. Extensive 
research studies have explored the use of PDLSCs 
to improve periodontal tissue regeneration. 
PDLSCs showed the best capacity to regenerate 
periodontium compared to other DSC popula-
tions [146, 147]. Transplantation of autologous 
PDLSCs combined with tricalcium phosphate/
hydroxyapatite (TCP-HA) into periodontal 
defects improved bone formation and regenera-
tion of cementum and periodontal ligament [148, 
149]. Seo et al. also transplanted PDLSCs loaded 
onto TCP-HA into immunocompromised 
rodents, which resulted in the formation of a 
cementum/periodontal ligament-like structure 
and contributed to periodontal tissue repair [7]. 
Moreover, PDLSCs applied together with tita-
nium dental implants improved periodontal liga-
ment regeneration in a rat molar implant model 
[150], but also in humans [151]. In addition to the 
abovementioned animal models, a retrospective 
pilot study performed in humans provided evi-
dence that autologous transplantation of peri-
odontal ligament stem/progenitor cells might 
provide therapeutic improvement for periodontal 
defects without adverse effects [152]. Apart from 
PDLSCs, also implantation of DPSCs into peri-
odontal defects of dogs results in bone formation 
with neovascularization [153, 154]. A clinical 
study is currently ongoing in chronic periodontal 
disease patients which receive a local injection of 
allogeneic human DPSCs in order to improve 
periodontal tissue regeneration (ClinicalTrials.
gov NCT02523651).
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The ultimate goal in dentistry is the regenera-
tion of a functional and living tooth. Recent 
advances in DSC biotechnology explored the use 
of stem cells and scaffolds to engineer teeth with 
the appropriate functional properties. This 
approach represents a promising therapeutic 
strategy for the replacement of a diseased or 
damaged tooth [133, 155, 156]. Sonoyama et al. 
transplanted both human SCAPs and PDLSCs 
with TCP-HA as a carrier in a minipig model, 
resulting in the formation of a viable root/peri-
odontal complex formation that is capable of sup-
porting a porcelain crown [155]. Moreover, 
Khorsand et al. succeeded to regenerate peridon-
tium using autologous DPSCs loaded onto Bio- 
Oss scaffolds in dogs that received an 
experimental defect [157]. Furthermore, 
Nakashima and coworkers were able to induce 
whole pulp regeneration after pulpectomy in a 
dog model using a combination of autologous 
DPSCs and stromal cell derived factor-1 loaded 
onto a 3D collagen scaffold [130, 158]. 
Implantation of FSCs combined with a treated 
dentin matrix in the alveolar fossa of rats also 
generated root-like tissues with a pulp–dentin 
complex and a periodontal ligament that con-
nected the cementum-like layer to host alveolar 
bone [159, 160].

17.3.2  Osseous Regeneration

Tooth-derived stem cells have also been exten-
sively used in several preclinical studies of osse-
ous regeneration, such as craniofacial and 
alveolar bone healing [92, 161]. DSCs represent 
a promising cell-based therapy for repair of bone- 
related diseases and orthopedic surgeries due to 
their osteoregenerative capacities. Especially 
DPSCs are considered to be a potent cell source 
to enhance bone regeneration [115]. Because of 
their ectomesenchymal origin, DPSCs express 
bone-specific markers and they exhibit an osteo-
genic differentiation profile [34, 162]. Moreover, 
DPSCs can differentiate into (pre)osteoblasts and 
they deposit extracellular matrix that forms min-
eralized woven bone [163–166]. Graziano et al. 
showed that CD34+ DPSCs transplanted subcuta-

neously in rats forms several bone nodules [167]. 
Another study in rats demonstrated that human 
DPSCs promote repair of a large-scale cranial 
bone defects [115–117]. Clinical studies per-
formed by d’Aquino et al. demonstrated that a 
construct composed of DPSCs and a collagen 
sponge scaffold promotes bone repair following 
oro-maxillofacial defects [168]. Several studies 
have indicated that DPSCs gain osteogenic dif-
ferentiation potential when combined with differ-
ent biomaterials, such as collagen and titanium 
[169–173]. Another important factor that stimu-
lates the osteogenic properties of DSCs is BMP-2 
[23, 174, 175]. Liu et al. showed that DPSCs 
expressing BMP-2 have better mineralization 
capacities, and they generate more bone after 
alveolar bone defects in a rabbit model [176]. 
Other DSC populations, such as PDLSCs and 
SHEDs also represent a promising tool for bone 
regeneration [177–180]. As reported by Seo 
et al., SHEDs combined with TCP-HA can repair 
critical-sized calvarial defects in mice with sub-
stantial new bone formation [180]. In line with 
these findings, Zheng et al. demonstrated that 
stem cells from miniature pig deciduous teeth 
were able to engraft and induce bone to repair 
critical size mandibular defects [181]. A clinical 
trial is currently ongoing that uses SHEDs for 
alveolar bone tissue engineering for cleft lip and 
palate patients (ClinicalTrials.gov – 
NCT01932164). Another study showed that 
human PDLSCs expanded ex vivo and seeded in 
three-dimensional scaffolds (e.g. fibrin sponge) 
also generated new bone [147]. When SCAPs are 
combined with HA scaffolds and implanted sub-
cutaneously in immunocompromised rats, both 
bone- and dentin-like mineralized tissues are 
formed [182].

17.3.3  Neural Tissue Regeneration

Several DSC populations such as DPSCs and 
PDLSCs originate from ectomesenchyme, indi-
cating its interaction with the neural crest during 
embryonic development [183–186]. This impli-
cates that DSCs may possess distinct functions 
compared to other MSC populations (e.g. 
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BM-MSCs) [183, 187]. As already mentioned, 
DSCs also have potent neural characteristics 
besides their classical MSC-properties. This indi-
cates that DSCs may have a therapeutic benefit 
for the treatment of neurological diseases and 
disorders. Studies describing the effect of DSCs 
in animal models of central- or peripheral ner-
vous system pathology are scarce and mainly 
focused on DPSCs. Arthur et al., pioneers in the 
use of DPSCs for neuronal regeneration, showed 
that DPSCs acquired a neuronal morphology, 
expressed neuronal markers and were able to 
attract trigeminal neurons after transplantation 
into chicken embryos [43, 188]. Moreover, neu-
rogenic pre-differentiated DPSCs were able to 
migrate to the host brain after injection in the 
cerebrospinal fluid where they integrated in the 
host circuitry [189]. The therapeutic effect of 
DPSCs is also studied in various animal models 
of neurological dysfunction. These animal mod-
els include hypoxic ischemic encephalopathy 
[100], spinal cord injury [101] and ischemic 
stroke [190], in which DPSCs ameliorated the 
outcome of the disease. Preclinical evidence in a 
rodent model of middle cerebral artery ischemic 
stroke indicates improvement in neurobehavioral 
function with adult human DSC therapy [190–
192]. Recently, the “first-in-human” autologous 
DPSC therapy clinical trial, TOOTH – The Open 
study Of dental pulp stem cell Therapy in 
Humans, was initiated and it evaluates the safety 
and feasibility of autologous human adult DPSC 
therapy in patients with chronic disability after 
stroke [193]. SHEDs have also been successfully 
applied in heatstroke animals [194], cerebral 
ischemia [102], perinatal hypoxia/ischemia 
[103], spinal cord injury [104, 105] and 
Parkinson’s disease [50] with an improved dis-
ease outcome after transplantation. Research of 
PDLSCs in in vivo models is lacking, but Bueno 
et al. were able to observe engraftment of 
PDLSCs in the host brain after transplantation 
[53]. FSCs were used in a spinal cord injury 
model after being seeded on aligned poly( ε cap-
rolactone)/ poly-DL-lactide-co-glycolide (PCL/
PLGA) fibers which supported nerve fiber out-

growth. Unfortunately, no functional improve-
ment was observed after transplantation of these 
constructs [195]. In addition, SCAPs were trans-
planted in a hydrogel or in the apical pad of a rat 
spinal cord injury model [196]. Remarkably, 
functional improvement was only observed in the 
experimental group which received the entire tis-
sue graft [197]. The proposed mechanism of dis-
ease amelioration by the transplanted cells in 
these studies was mainly based on paracrine 
effects of the transplanted cells which stimulated 
proliferation and differentiation of endogenous 
neural stem cells [102, 198] or stimulated host 
repair mechanisms [100–102, 190].

In vivo studies that apply DSCs for peripheral 
nerve injury were previously limited to reports 
that used artificial tubes seeded with DSCs in ani-
mal models of facial nerve injury. Sasaki et al. 
indicated that rat DPSCs promoted remyelin-
ation, blood vessel formation and normal nerve 
regeneration when applied in combination with 
silicon or PLGA tubes as nerve conduits. 
Paracrine factors secreted by the DPSCs were 
believed to be responsible for this effect [199, 
200]. Later, Sasaki et al. showed that a silicon 
tube containing a DPSCs/type I collagen gel mix-
ture improved the electrophysiological and func-
tional characteristics of the facial nerve, with an 
outcome similar to nerve autografts [201]. More 
recently, the paracrine effects of DPSCs and 
SHEDs on Schwann cells and peripheral nerve 
function were evaluated in a sciatic nerve model 
[64, 76]. The study by Yamamato et al. showed 
that transplanted DPSCs promoted regeneration 
of myelinated fibers with a larger axon-to fiber 
ratio (G-ratio) and revascularization. Direct dif-
ferentiation into Schwann cells was not observed, 
but endogenous Schwann cells showed reduced 
apoptosis and increased proliferation [76]. 
Similarly, Sugimura-Wakayama demonstrated 
that silicon conduits containing the SHED secre-
tome significantly increased the number of 
myelinated axons and G-ratio. Moreover, the sci-
atic functional index and gastrocnemius wet 
weight ratio suggested reinnervation of the target 
muscle with functional recovery [64].
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17.3.4  Diabetes

Another important research area in which DSCs 
may be successful is diabetes, a chronic endocri-
nal disease that is associated with pancreatic islet 
dysfunction. Transplantation of insulin- 
producing pancreatic islet cells represents an 
important therapeutic strategy for this condition. 
Several preclinical studies indicate that DSCs can 
differentiate towards a pancreatic cell lineage 
[108–112]. Govindasamy et al. showed that dif-
ferentiated DPSCs resemble islet-like cell aggre-
gates, which release insulin and C-peptide in a 
glucose-dependent manner [108]. Other studies 
confirmed these findings, and transplantation of 
islet-like cell clusters derived from human DPSCs 
and SHEDs restored normoglycemia in diabetic 
mice [109, 111, 112]. As shown by Lee et al., 
PDLSCs can also transdifferentiate into func-
tional pancreatic islet-like cells and therefore 
represent an alternative stem cell population for 
pancreatic repair [110]. These preclinical studies 
implicate that DSCs offer a source of human tis-
sue that can be used as an autologous stem cell 
therapy for diabetes in order to improve islet 
regeneration.

17.3.5  Angiogenesis: A Role 
in Myocardial Infarction 
and Ischemic Disease

As DSCs display a pronounced angiogenic 
potential, they are also utilized in clinically rele-
vant disease models, such as myocardial infarc-
tion (MI), hindlimb ischemia and a pulpectomized 
tooth model. Intracardial injection of GFP- 
positive DPSCs in a rat model of MI resulted in 
increased capillary density, a reduction in infarct 
size and a reduced thickening of the anterior ven-
tricular wall. Interestingly, these effects were 
thought to be caused by paracrine effects of the 
transplanted DPSCs, as no GFP-positive cells 
were observed in the tissue [98]. The study by 
Iohara et al. in which a sub-fraction of CD31−/
CD146− porcine DPSCs was injected in a mouse 
model of hindlimb ischemia, demonstrated a 
higher capillary density. The transplanted cells 

were found in proximity to the newly formed 
vessels, supporting the pericyte and paracrine 
function of DPSCs [36]. Interestingly, the same 
subpopulation of DPSCs was capable of increas-
ing vasculogenesis and neurogenesis after trans-
plantation in a rat model of focal cerebral 
ischemia [21, 192]. Finally, vasculogenesis was 
enhanced in a pulpectomized tooth model after 
activation of chemotaxis in DPSCs by 
granulocyte- colony stimulating factor [80, 202].

17.4  Cryopreservation of Dental 
Stem Cells

As stated above, DSCs are an attractive source of 
mesenchymal stem cells for multilineage differ-
entiation and regenerative medicine. However, 
long-term culture of these stem cells may be 
accompanied with deleterious effects such as 
phenotypic instability, cell death, senescence or 
contamination [203]. Therefore, adequate long 
term storage procedures are required that not 
only keep the cells viable, but also safeguard the 
phenotypic stability and differentiation capacity. 
The advances made in rapidly growing fields 
such as (stem) cell therapy, personalized medi-
cine and cancer research, further drive the need to 
overcome this hurdle in order to move forward 
towards clinical applications [204, 205]. For allo-
geneic patients, cryopreservation allows the 
transport of cellular products and provides a time 
window to screen the cells prior to transplanta-
tion. For autologous patients, cells can simply be 
stored for later clinical use [206]. Currently a vast 
number of protocols are being tested for the cryo-
preservation of DSCs, each with their own crite-
ria to evaluate the potential effect on the intrinsic 
behavior of these stem cells (Table 17.1).

During cryopreservation, the ultra-low tem-
peratures bring an indefinite halt to the cell’s 
metabolism. However, cryopreservation repre-
sents a physical insult on the cells and is currently 
only effective for single cell suspensions and a 
few simple tissues [204, 205]. Since cryopreser-
vation aims at preserving living cells, it is essen-
tial to design protocols that minimize the injuries 
that are associated with the freeze-thaw process 
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Table 17.1 Overview of crypreservations protocols for dental stem cells and dental tissues

Author Method Criteria tested

Comparison between 
control and cryopreserved 
cells/tissues

DPSCs

Davies et al. [1] 90 % FBS + 10 % DMSO Viability Slightly reduced

4 °C for 1 h, then at −20 °C 
for 2 h and −80 °C overnight

CD29/CD90 ratio Upregulated after 
cryopreservation

CD73, CD44 Upregulated after 
cryopreservation

CD105 marker expression No effect

Pluripotency markers cMyc, 
KLF-4,Nanog, Lin28

Upregulated after 
cryopreservation

Ducret et al. [2] Serum-free; medicinal 
manufacturing approach

Cell proliferation No effect

10 % DMSO + 90 % 
serum-free medium (Cryo-3)

Karyotyping No effect

Isopropanol filled cryobox Osteogenic differentiation No effect

Hata et al. [3] CELLBANKER® MSC marker expression No effect

Cell proliferation No effect

Osteogenic differentiation No effect

Adipogenic differentiation No effect

In vivo diabetic polyneuropathy 
rat model

No effect

Kumar et al. [4] 7 different protocols MSC marker expression No effect

Cell proliferation No effect

Osteogenic differentiation No effect

Adipogenic differentiation No effect

Neural differentiation No effect

Papaccio et al. [5] 10 % DMSO in 90 % FBS Osteogenic differentiation No effect

In vivo bone formation No effect

Lee et al. [6] Magnetic cryopreservation in 
serum-free culture medium + 
3 % DMSO

Cell proliferation No effect

MSC marker expression Reduced after 
cryopreservationOsteogenic differentiation
No effect

Adipogenic differentiation No effect

DNA damage No effect

Perry et al. [7] 10 % FBS in Mesencult™ 
direct at −1 °C/min to −85 °C

Proliferation No effect

MSC marker expression No effect

Osteogenic differentiation No effect

Adipogenic differentiation No effect

Chondrogenic differentiation No effect

Umemura et al. [8] DMEM + 10 % ethylene 
glycol, 1.0 M sucrose and 
0.00075 M 
polyvinylpyrrolidone

Proliferation No effect

Ultrastructure No effect

MSC markers No effect

Woods et al. [9] Various protocols MSC marker expression No effect

(continued)
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Table 17.1 (continued)

Author Method Criteria tested

Comparison between 
control and cryopreserved 
cells/tissues

Zhang et al. [10] Medium not defined in full 
text

Proliferation No effect

Expression of STRO-1 No effect

Osteogenic differentiation No effect

Adipogenic differentiation No effect

Chondrogenic differentiation No effect

Myogenic differentiation No effect

Neurogenic differentiation No effect

DPSCs from cryopreserved pulp

Chen et al. [11] Culture medium + 10 % 
DMSO

Hepatic-like differentiation No effect

Chen et al. [12] Culture medium + 10 % 
DMSO

Viability No effect

2 h at 4 °C, then 1 °C/min to 
−80 °C

MSC markers No effect

Malekfar et al. 
[13]

90 % FBS + 10 % DMSO MSC marker expression No effect

Osteogenic differentiation No effect

Adipogenic differentiation No effect

Temmerman et al. 
[14]

90 % FBS + 10 % DMSO Cell proliferation No effect

1 °C/min to −80 °C

Woods et al. [9] (0.5 M- 1 M–1.5 M) of 
ethylene glycol, propylene 
glycol, or dimethyl sulfoxide

Osteogenic differentiation No effect

Adipogenic differentiation No effect

Chondrogenic differentiation No effect

DPSCs from cryopreserved teeth

Abedini et al. [15] Programmed freezer 
combined with a magnetic 
field, known as Cells Alive 
System (CAS)

VEGF and NGF secretion Decreased after 
cryopreservation

Chen et al. [12] Culture medium + 10 % 
DMSO

Viability No effect

2 h at 4 °C MSC markers No effect

1 °C/min to −80 °C

Perry et al. [7] 10 % FBS in MesencultTM Proliferation No effect

1 h at 4 °C MSC marker expression No effect

1 °C/min to −80 °C Osteogenic differentiation No effect

Adipogenic differentiation No effect

Chondrogenic differentiation No effect

SHEDs from intact cryopreserved teeth

Ji et al. [16] 90 % FBS + 10 % DMSO Viability Decreased after 
cryopreservation1 h at 4 °C

1 °C/min to −80 °C Cell outgrowth capacity Decreased after 
cryopreservation

Gioventu et al. 
[17]

RPMI 1,640 + 10 % DMSO + 
10 % human albumin

Viability No effect

Proliferation No effect

MSC marker expression No effect

(continued)
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Table 17.1 (continued)

Author Method Criteria tested

Comparison between 
control and cryopreserved 
cells/tissues

Lindemann et al. 
[18]

90 % FCS + 10 % DMSO MSC marker expression No effect

1 h at 4 °C Cell proliferation No effect

1 °C/min to −80 °C Osteogenic differentiation No effect

Adipogenic differentiation No effect

Chondrogenic differentiation No effect

Lee [19] 90 % FBS + 10 % DMSO Cell proliferation No effect

CFU-F No effect1 h at 4 °C
MSC marker expression No effect1 °C/min to −80 °C
Adipogenic differentiation No effect

Osteogenic differentiation No effect

Ectopic bone formation in mice No effect

SHEDs from intact cryopreserved pulp

Ma et al. [20] 90 % FBS + 10 % DMSO in 
-80 °C

Cell proliferation No effect

4 °C for 1 h, then −80 °C 
overnight.

CFU-F No effect

MSC marker expression No effect

CD105 marker expression Slightly reduced after 
cryopreservation

Osteogenic differentiation No effect

Adipogenic differentiation No effect

Chondrogenic differentiation No effect

Hepatic-like differentiation No effect

Endothelial differentiation No effect

Neural differentiation No effect

PDLSCs

Vasconcelos et al. 
[21]

90 % FBS + 10 % DMSO Cell proliferation No effect

2 h at 4 °C, 18 h in −25 °C, 
next −80 °C

Cell adhesion No effect

Kamada et al. [22] Programmed freezer 
combined with a magnetic 
field, known as Cells Alive 
System (CAS)

mRNA expression of collagen I No effect

mRNA expression of alkaline 
phosphastase (ALP)

Slightly reduced after 
cryopreservation

Kaku et al. [23] Programmed freezer 
combined with a magnetic 
field, known as Cells Alive 
System (CAS)

Cell survival Increased in comparison 
to a conventional 
freezing method

PDLSCs from cryopreserved periodontal ligament tissue

Seo et al. [24] 90 % FBS + 10 % DMSO Stro-1 expression No effect

MSC differentiation No effect

Cementum/periodontal 
ligament-like tissue generation  
in vivo

No effect

Abedini et al. [15] Programmed freezer 
combined with a magnetic 
field, known as Cells Alive 
System (CAS)

Expression of collagen I, ALP 
and VEGF

No effect

(continued)

P. Hilkens et al.



213

Table 17.1 (continued)

Author Method Criteria tested

Comparison between 
control and cryopreserved 
cells/tissues

PDLSCs from cryopreserved teeth

Min et al. [25] DMEM + 10 % FBS + 
10 %DMSO

FGFR2 expression Dramatically decreased 
after cryopreservation

FSCs from cryopreserved dental follicle

Park et al. [26] 0.05M glucose, 0.05M 
sucrose and 1.5M ethylene 
glycol

MSC marker expression No effect

Osteogenic differentiation, No effect

In PBS Adipogenic differentiation No effect

Chondrogenic differentiation No effect

Increased after 
cryopreservation

p53 expression

Kang et al. [27] 0.05M glucose, 0.05M 
sucrose and 1.5M ethylene 
glycol in PBS

Expression of immunological 
markers

No effect

No effect
In vivo bone formation

SCAPs

Ding et al. [28] Three different methods: MSC marker expression No effect

  90 % FCS + 10 % DMSO Osteogenic differentiation No effect

  90 % FCS + 10 % glycerol Adipogenic differentiation No effect

  90 % FCS + 10 % ethyleen 
glycol

Cell proliferation No effect

CFU-F No effect

In vitro immunomodulatory 
potential

No effect

Bioroot formation in minipig No effect

Articles were retrieved by using the search terms ‘cryopreservation’ and ‘dental stem cells’ or ‘dental tissues’ in the 
Pubmed website. Case reports or articles without quantitative data were not included in the table
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in order to ensure maximum recovery of viable 
and functional cells [206]. One of the most 
important aspects of freezing cells is the rate of 
cooling. When cells are cooled too slowly they 
will dehydrate and shrink due to osmotic stress, 
whereas rapid cooling results in intracellular ice 
formation [206, 207]. However, while intracellu-
lar ice formation is lethal to cells in suspension, it 
could be innocuous to cell monolayers due to its 
propagation via gap junctions. When exposed to 
100 % intracellular ice formation, DPSC mono-
layers have been shown to retain membrane 
integrity, however they lost the ability to prolifer-
ate [208]. Despite the fact that different cell types 
have a different membrane permeability, cooling 
rates of 1 °C/min are often applied for several 
mammalian cell types [205, 206]. Besides care-
fully controlling cooling rates, media can also be 
supplemented with cryoprotectant agents in order 
to minimize cryoinjury. Cryopreservation solu-
tions for MSCs are most commonly supple-
mented with 10 % dimethyl sulfoxide (DMSO) 
[205, 209]. DMSO is a permeating cryoprotec-
tant as it is able to penetrate the cell membrane, 
thereby preventing cell rupture. Several DMSO- 
based cryopreservation protocols have been 
tested for the preservation of DPSCs [203, 204, 
210–212], SCAPs [213] and PDLSCs [214] 
(Table 17.1). Woods et al. reported that 7.8–
11.6 % DMSO was optimal for DPSCs cooled at 
−1 °C/min in an isopropanol bath to −85 °C for 
24 h followed by storage in liquid nitrogen [212]. 
DPSCs have been shown to retain their stem cell 
markers [203, 204, 210, 212] as well as their mul-
tilineage differentiation potential post thawing 
[25, 203]. Ding et al. reported no difference in 
cell viability, colony forming efficiency, prolif-
eration rate, multilineage differentiation poten-
tial, MSC marker expression, karyotype 
anomalies and immunomodulatory capacities 
between freshly isolated SCAPs and cryopre-
served (10 % DMSO + 90 % fetal bovine serum 
(FBS)) SCAPs [213]. Cryopreservation of 
PDLSCs using 10 % DMSO did not affect their 
proliferative capacity [214].

Despite the widespread use of DMSO as a 
cryoprotectant, it is known to be potentially cyto-
toxic. DMSO-preserved bone marrow cells have 

been shown to cause adverse effects post trans-
plantation [215–217]. Since MSCs have shown 
great resilience during cryopreservation many 
other strategies have been explored to reduce 
cryoprotectant toxicity, minimize cryoinjuries 
and to develop xeno-free freezing solutions 
[206]. Hoping to lower or even completely 
remove DMSO from the freezing solutions, sev-
eral other compounds have been investigated. 
Boron is a micro-mineral that is involved in 
membrane integrity and is important for mem-
brane structure and function and could therefore 
minimize/inhibit intracellular ice formation. 
Demirci and colleagues reported an increased 
viability when tooth germ- derived stem cells 
from a single donor were preserved in a solution 
containing 20 μg/mL borate and 5 % 
DMSO. Furthermore, this solution did not affect 
surface antigen expression nor did it alter the 
osteogenic and chondrogenic differentiation 
potential of these cells [218]. Umemura et al. 
developed a DMSO-, serum- and xeno-free cryo-
preservation method by encapsulating DPSCs in 
an alginate gel. Cryopreserved DPSCs displayed 
a normal morphology, showed high proliferative 
capacity and maintained MSC marker expression 
[219]. Furthermore, Ducret and colleagues recently 
described a medicinal manufacturing approach for 
producing DPSCs. In this study, DPSCs were 
cultured under xeno-free conditions and were 
cryopreserved for 510 days. Cryopreserved 
DPSCs were reported to be free of karyotype 
abnormalities and to have stable doubling times, 
comparable to those of fresh DPSCs [220].

Using a freezing protocol involving a mag-
netic field, DPSCs can be frozen in a serum-free 
freezing solution containing only 3 % DMSO 
[221]. Magnetic cryopreservation (Cells Alive 
System, CAS) was originally designed by the 
ABI Corporation for the preservation of food, but 
has now found its way into the scientific world as 
well. By using magnetically induced non-thermal 
vibrations this freezing method prevents the for-
mation of ice crystals [222] (Table 17.1). Within 
the field of dentistry, tooth auto-transplantation is 
a useful technique for replacing missing teeth 
with several advantages such as maintaining bone 
volume and PDL regeneration capacity as well as 
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allowing dentofacial development [223]. It 
occurs that patients no longer possess a suitable 
donor tooth, due to prior extractions. In these 
cases tooth banking could greatly expand the 
usage of auto-transplantation [224] (Table 17.1). 
The survival and regeneration of the PDL is cru-
cial for the success of the transplantation and the 
prognosis. Kaku et al. reported an increased sur-
vival rate of PDL cells after they were frozen 
with a magnetic field compared to those without 
a magnetic field. A magnetic field of 0.01 mT, 
hold time of 15 min and plunging temperature of 
−30 °C were determined as the optimal cryo-
preservation parameters for PDL cells [224]. 
Furthermore, no difference in mRNA expression 
or collagen type I was demonstrated and only a 
minor decrease in alkaline phosphatase was 
reported between cryopreserved PDL cells and 
control groups [222]. More importantly, there 
was no progressive root resorption after re- 
implantation of cryopreserved teeth into Wistar 
rats, in contrast to the widespread root resorption 
and ankyloses in dried teeth [222]. When intact 
teeth were frozen for 5 years using the CAS 
freezer, Abedini et al. showed no difference in 
collagen type I, alkaline phosphatase and VEGF 
both at mRNA level as well as at protein level 
[225]. Moreover, a clinical case illustrated PDL 
regeneration 1 month after the transplantation of 
a third molar which was cryopreserved for 3 
months. Sixteen months post-surgery there was 
sufficient bone regeneration and complete apexo-
genesis was achieved [225]. Abedini and col-
leagues also investigated dental pulp cells 
isolated from either mature or immature fresh 
third molars or mature or immature 3-month- 
cryopreserved molars. Cryopreservation resulted 
in a delay in cellular outgrowth and pulp cells 
from cryopreserved molars with complete root 
formation could not survive properly until con-
fluence was reached. These effects could proba-
bly be ascribed to the difficulty of the 
cryoprotectant to reach the pulp chamber through 
the narrow tooth apex. Dental pulp cells from 
cryopreserved immature teeth showed a 
decreased protein expression of VEGF and NGF 
compared to their fresh immature counterparts 
[225].

As demonstrated by the case study of Abedini 
et al., the field of dentistry would greatly benefit 
from the ability to cryopreserve intact teeth or at 
least dental tissues prior to stem cell isolation 
(Table 17.1). Studies investigating cryopreserva-
tion of teeth have mainly focused on the trans-
plantation of permanent teeth and therefore 
questioned the survival of the periodontal liga-
ment and pulp tissue of the cryopreserved teeth 
[225–228]. Oh and colleagues reported no sig-
nificant difference in the viability and osteogenic 
differentiation capacity of PDL cells from 
1-week-cryopreserved teeth [226]. Min et al. 
found a decrease in bFGF receptor expression in 
PDL cells isolated from 1-week-cryopreserved 
teeth [227]. However, after cryopreservation of 
intact teeth, Woods et al. could only establish 
DPSC cultures from 20 % of the frozen teeth 
[212]. The low yield could be correlated to the 
dimensions of the apical foramen, as Temmerman 
et al. obtained maximal pulp viability after cryo-
preservation of teeth with an apical opening of at 
least 9.42 mm2 [229]. For this reason, cryopreser-
vation of pulp tissue could offer a suitable alter-
native. DPSCs isolated from cryopreserved pulp 
tissues showed no difference in CD marker 
expression and no loss in osteogenic and adipo-
genic differentiation potential compared to their 
fresh counterparts [230]. Gioventu and col-
leagues tried to circumvent the issue of a limited 
apical foramen by laser piercing deciduous teeth 
prior to cryopreservation and found that DPSCs 
from cryopreserved teeth showed similar growth 
rates and marker expression than DPSCs isolated 
from fresh tissue [228]. Since deciduous teeth 
cannot be replanted, the ability to cryopreserve 
them for future stem cell isolation would greatly 
decrease costs and efforts associated with stem 
cell banking from deciduous teeth [231]. 
Lindemann et al. only reported a 30 % isolation 
success rate of 1-week-cryopreserved teeth. 
Despite the lower culture rates and morphologi-
cal aberrations, no changes in immunophenotype 
and differentiation potential were seen [232]. 
Increasing serum levels could possibly improve 
the culture rate after cryopreservation as Bressan 
and colleagues found that increasing serum con-
centrations from 10 % to 20 % resulted in a more 
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than 50 % increase in culture rate [233]. The 
abovementioned studies only cryopreserved teeth 
for a short period of time and according to Ji et al. 
the period of cryopreservation also plays a cru-
cial role in the viability of the resulting pulp cells. 
They reported a reduction in proliferation rate 
and increased apoptosis when teeth were cryo-
preserved for over 3 months [231]. Perry et al. 
reported a 70 % success rate of isolation from 
1-month cryopreserved whole teeth [211]. Dental 
follicle tissue has also been shown to yield viable 
DSCs after 3 months of tissue storage. Tissue 
samples were stored in phosphate-buffered saline 
(PBS) supplemented with glucose, sucrose and 
ethylene glycol for cryoprotection. DSCs iso-
lated from cryopreserved dental follicle showed 
no difference in the expression of stem cell mark-
ers or the ability for multilineage differentiation. 
However, cells from cryopreserved tissues did 
show a higher intensity of p53 protein, indicating 
damage from the freeze-thaw process [234]. 
Furthermore, upon transplantation into mandibu-
lar defects in miniature pigs, both FSCs from 
both fresh and cryopreserved dental follicle sig-
nificantly enhanced new bone formation after 8 
weeks [235]. Freezing of the intact PDL, only 
yielded 40 % of single-colony derived PDLSCs 
compared to the number of PDLSC colonies 
recovered from fresh periodontal ligament tissue. 
These cells showed a high proliferation rate and 
maintained their multilineage differentiation 
potential. Moreover, upon transplantation, 
PDLSCs derived from cryopreserved PDL gener-
ated a typical cementum/periodontal ligament- 
like structure [236]. The possibility of storing 
tissue samples for longer periods of time without 
significant damage to the inherent stem cell pop-
ulation offers great perspectives for regenerative 
medicine and stem cell banking.

17.5  From Bench to Bedside

Stem cell research holds great promise for the 
development of treatment strategies for various 
injuries and diseases. The scope of potential stem 
cell therapies is expanding due to advances in 
stem cell research. The emerging demand of stem 

cell therapeutics necessitates the establishment 
and collaboration of centralized biobanks at an 
international level. Initiatives like the 
International Stem Cell Banking Initiative 
(ISCBI) and the International Society for Stem 
Cell Research (ISSCR) strive for the creation of 
such centralized biobanks to provide high-quality 
stem cells for therapeutic purposes in a standard-
ized approach [237, 238]. Though, this seems 
challenging given the heterogeneous ethical, reg-
ulatory and legal setting. In order to provide a 
standardized stem cell-based therapy, strict rules 
have to be followed regarding the different pro-
cesses that are performed from isolation to trans-
plantation [239, 240]. These processes vary 
highly depending on the stem cell source, type 
and clinical application.

Standardized procedures are essential to 
ensure optimal reproducibility, safety and effi-
cacy when DSCs are used for clinical applica-
tions (Fig. 17.2). However, current manufacturing 
procedures for DSC-based products are not fully 
in line with the international guidelines for GMP 
for stem cell therapies. GMP requires quality 
control regarding donor eligibility, isolation pro-
cedure, labeling, transportation, processing, stor-
age, lab equipment, reagents, distribution to the 
patient and documentation [241–243]. Briefly, 
the manufacturing steps of DSC-based products 
can be generally defined as (1) tooth extraction 
and pulp tissue collection, (2) DSC isolation, (3) 
cell culture and expansion, (4) cryobanking (5) 
safety control and quality testing, (6) transplanta-
tion [244]. Extraction of third molars for the iso-
lation of DSCs is being performed in donors of 
different ages and with third molar in different 
stages of development [72, 190, 211, 245, 246]. 
This impairs the comparison of the experimental 
results and makes it difficult to provide a stan-
dardized therapy. There are no guidelines that 
specify the developmental stage of the tooth for 
the isolation of DSCs and DPSCs in particular. 
However, it has been suggested to use impacted 
third molars between Nolla developmental stage 
5 (almost completed dental crown) and stage 7 
(root completed for one third) in young donors, 
since the use of impacted molars in this develop-
mental stage reduces the risk for contamination 
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and avoids the use of mechanical separation 
[244]. Dental pulp tissue, for example, can be 
collected in PBS for transportation to the lab, as 
DPSCs remain viable for up to 5 days in this 
medium [212]. For the isolation of DSCs two 
widely used methods are available, namely enzy-
matic digestion and explant culture. Considering 
translation to clinical applications the explant 
method seems to be the preferred approach. 
Explant culture is easier, safer, less expensive and 
more compliant with the GMP guidelines [246]. 
Cell culture and expansion is arguably the most 
important process in providing a cell-based ther-
apy, as it is essential for the stem cell products to 
be free of any microbiological contamination. A 
major pitfall of standard DSC culture is the con-
tinuing use of animal culture medium additives, 
which will be elaborately discussed in the follow-
ing section. Therefore, the development of xeno- 

free, serum-free media is a critical objective for 
standardized manufacturing of DSC-based prod-
ucts. Additionally, the use of xeno-free dissocia-
tion buffers such as TrypLe® or Accutase® is 
highly recommended for passaging the cells. 
Nevertheless, further research is necessary to 
optimize the culture properties and to ensure the 
phenotype of the cells is not negatively altered.

To provide an adequate amount of cells for 
clinical trials and commercialization of the cell- 
based product, efficient expansion or ‘upscaling’ 
is crucial for the establishment of a novel suc-
cessful therapy. For autologous applications, the 
goal is to produce an appropriate number of cells 
for the treatment of one patient, mostly in the 
range of one to five billion cells per manufactur-
ing process [239]. In this context, the use of con-
ventional cell culture using culture flasks or small 
bioreactors is feasible. However, in the case of 

Fig. 17.2 From bench to beside. 
Standardized procedure for the 
cryopreservation and manufacturing of 
dental stem cell-based products
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allogenic applications where multiple patients 
are targeted, the upscaling has to be performed to 
a much higher extent. Here, the use of cell facto-
ries with large scale bioreactors becomes inevi-
table. Providing a cell-based therapy often 
involves the storage of the cell product or an 
intermediate form of the cell product for future 
use. Cryopreservation and long-term storage of 
cells permits completion of safety control, qual-
ity testing and stable transportation to the clinical 
site [216]. Optimal cryopreservation conditions 
are necessary to maximize cell stability, recovery 
and function, as extensively discussed in the 
previous section. Furthermore, it is required to 
phenotypically characterize the cells and perform 
additional tests to ensure the safety of the cell- 
based product. Flow cytometry is an ideal tech-
nique to analyze various phenotypic markers 
simultaneously on the cellular level. It is advised 
to use a panel of markers that provides a high 
level of specificity for DSCs. However, this 
seems to be challenging since there is no unique 
marker for DSCs and many markers that were 
proposed by the ISCT to identify MSCs are also 
expressed in other cell types, including mature 
fibroblasts [247, 248]. Supplementary testing of 
the trilineage differentiation capacity should be 
performed to guarantee the stem cell properties 
of the isolated cells.

Despite the current lack of standardization in 
the upscale production and long-term storage of 
DSCs, there are already several commercial tooth 
banking services available. In Japan, for exam-
ple, both the Hiroshima University and Nagoya 
University have founded their own tooth bank. In 
2008, a collaboration between the Norwegian 
Institute of Public Health and the University of 
Bergen led to the first European tooth bank [249]. 
Commercial tooth banking companies can also 
be found in the United States, such as BioEden 
(Austin, Texas, USA), Store-A-Tooth (Provia 
Laboratories, Littleton, Massachusetts, USA) 
and StemSave (Stemsave Inc, New York, USA).

It has to be emphasized that all variables in the 
manufacturing process of DSC products have to 
be optimized for the specific application before 
continuing into clinical trials, since these can 
affect the properties of the cell-based product. 

Consequently, if the product successfully passes 
clinical trials, it can be produced without altering 
the manufacturing process.

17.6  Pitfalls Associated 
with Dental Stem Cell 
Banking

When contemplating the long-term cryopreserva-
tion as well as the upscale production of (dental) 
stem cells, one certainly needs to take into 
account certain pitfalls associated with these pro-
cedures. Although considered to be common 
nutritional components, the use of animal-derived 
culture medium additives, for example, has been 
the subject of debate for quite some time. Next to 
animal welfare concerns and the high costs asso-
ciated with the use of FBS and other animal- 
derived proteins, the addition of these cell 
nutrients to culture media has some other draw-
backs as well as they are considered to be poten-
tially hazardous [250–253]. More specifically, 
not only are these additives a potential source of 
endotoxins and other infectious agents such as 
bacteria, viruses, fungi and prions, but the xeno-
geneic antigens could also evoke a severe immu-
nological response within the host [250–252]. 
Together with the high batch-to-batch variety in 
protein content, these disadvantages urged the 
need for alternative, serum-free cell culture sys-
tems [250, 252, 254].

With regard to the culturing of DSCs in serum- 
free conditions, Tarle et al. developed a chemi-
cally defined serum-free culture medium for 
SHEDs and PDLSCs. There were no significant 
differences in comparison to the stem cells cul-
tured in FBS-containing medium; both stem cell 
populations were able to expand and maintained 
their multipotent capacity [255]. Comparable 
observations were made by Hirata et al. and oth-
ers, showing both (sub-optimal) proliferation and 
expression of stem cell markers by DPSCs, 
PDLSCs and FSCs when cultured in serum-free 
media containing a range of different growth fac-
tors [256–259]. Depending on the specific growth 
factor supplement, however, stem cell differenti-
ation can also be induced. Bonnamain et al., for 
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example, indicated the expression of neuronal 
and oligodendrocyte markers when incubating 
DPSCs with EGF and bFGF [260]. Neurogenic 
differentiation of DPSCs was also reported by 
Xiao and Tsutsui, showing the expression of neu-
ral markers after using a commercially available 
serum replacement [261]. In addition, a CD117+ 
subset of DPSCs differentiated into pancreatic 
cells following incubation with a specific combi-
nation of growth factors and chemical substances 
[111]. An increase in the expression of endothe-
lial markers was also mentioned by Karbanova 
et al., after incubating a serum-free DPSC culture 
with VEGF and insulin-transferrin-sodium sele-
nite (ITS) [262]. In the search for appropriate 
alternatives for animal-derived culture medium 
additives, numerous publications have reported 
on the use of human serum or other blood-derived 
products in stem cell cultures [252, 254, 257, 
263–271]. With respect to DSCs in particular, a 
recent study of Pisciolaro et al. indicated a sig-
nificantly improved proliferation rate and miner-
alization potential when incubating DPSCs with 
human autologous serum [268]. A more promi-
nent osteogenic and adipogenic differentiation of 
DPSCs following incubation with allogenic 
human serum was also found by Khanna-Jain 
et al., while Govindasamy et al. demonstrated the 
pronounced expansion of DPSCs in medium con-
taining human platelet lysate [257, 266]. 
However, the use of human blood derivatives still 
holds several disadvantages. As with any donor- 
derived product, inherent differences between 
samples and batch-to-batch variability cannot be 
excluded. Besides the extensive amount that 
would be needed for the upscale production of 
(dental) stem cells, the current lack of consistent 
study set-ups demands for further analysis of the 
precise composition as well as the potential 
impact of these human-derived blood products on 
the intrinsic properties and behavior of the stem 
cells [252, 264, 265]. Further research is thus 
required before any decision can be taken by sci-
entists as well as regulatory agencies regarding 
the future application of alternative culture 
medium additives.

Another important aspect one definitely has to 
keep in mind when considering the application of 

autologous and/or allogenic DSCs is potential 
donor-related variability, as the inherent behavior 
of these cells can be affected by a range of differ-
ent factors. The pressure and tension generated 
during the application of orthodontic force, for 
example, causes the release of various growth 
factors and cytokines and, subsequently, the cre-
ation of a supportive microenvironment for bone 
remodeling, root resorption and differentiation of 
residing (stem) cells [272–275]. With regard to 
the effect of the age of the donor at the time of 
stem cell isolation, contrasting results are 
described in literature. Iohora et al., for instance, 
reported an age-related decline of stem cell- 
mediated dental pulp regeneration in dogs [276]. 
Similar observations were made by Feng et al. 
and others, showing an age-dependent decrease 
in proliferation, migration and osteogenic differ-
entiation potential of DPSCs and PDLSCs [277–
280]. Atari et al., on the other hand, successfully 
isolated DPSCs from 14 to 60-year-old donors, 
with no significant differences in gene expression 
[281]. These results were also confirmed by 
Kellner et al. and others, stating that age is not a 
determining factor for the stem cell properties 
and regenerative potential of DPSCs [127, 282]. 
Next to orthodontic tooth movement and age, the 
(oral) health of the patient also seems to signifi-
cantly influence the biological properties of 
DSCs. Nicotine, for example, does not only influ-
ence their osteogenic differentiation potential, 
but also alters the viability, growth and migration 
rate of PDLSCs in particular [283–286]. In 2010, 
Cooper et al., already described the complex 
interaction between inflammation and the natural 
regenerative potential of dental pulp, as inflam-
matory mediators can modulate the repair pro-
cesses within the tissue [287]. Since then, a 
number of papers have been published reporting 
on the effects of caries and/or inflammatory pro-
cesses on DSCs. Alongi et al., for example, 
showed a decreased expression of MSC markers 
as well as a diminished proliferation rate and 
osteogenic differentiation potential in vitro by 
DPSCs originating from inflamed dental pulps. 
However, no notable differences were observed 
when comparing the formation of pulp/dentin 
complexes in immunocompromised mice [288]. 
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Similar results were found by Liu et al. and oth-
ers, indicating an altered proliferation and migra-
tion rate as well as a differential protein 
expression profile and immunomodulatory prop-
erties for carious and/or inflamed DPSCs and 
MSCs from periapical lesions [289–293]. In con-
trast, several papers mentioned no significantly 
different behavior of DPSCs isolated from cari-
ous deciduous and/or permanent teeth, thereby 
suggesting their potential use in cell-based thera-
pies [294–296]. When considering the therapeu-
tic application of autologous stem cells in cancer 
patients, the potential detrimental effects caused 
by previous treatment with radiotherapy certainly 
need to be taken into account. With regard to the 
effects of ionizing radiation (IR) on the behavior 
of DSCs, a couple of studies reported the induc-
tion of cell cycle arrest, premature senescence 
and differentiation of DPSCs following exposure 
to different dosages of IR [297, 298]. In contrast, 
Abe et al., demonstrated a radio-resistant pheno-
type for SCAPs, albeit with a lower hard tissue 
forming capacity in vivo [299]. Before any thera-
peutic application is possible, the implementa-
tion of a dental stem cell banking system not only 
demands extensive evaluation at scientific as well 
as regulatory level but also requires additional 
characterization of its associated pitfalls such as 
culture medium additives and donor-related con-
founding factors.

17.7  Conclusion and Future 
Perspectives

Taken together, DSCs seem to hold great promise 
for various applications. One of the major 
advances made in the field of regenerative medi-
cine is 3D-printing. This technique evolved from 
a simple 3D- printed construct towards the fabri-
cation of a complex structure containing multiple 
cell types and biological constitutes/components 
[300–302]. These constructs can ultimately serve 
as a 3D-scaffold in which DSCs can be studied 
for multilineage differentiation or more specifi-
cally for dental pulp regeneration. However, to 
ensure future therapeutic applications, one should 
strive to maintain a cost-effective DSC cell bank-

ing system which guarantees phenotypic stability 
of the heterogeneous populations of DSCs. Some 
hurdles have to be overcome to establish clinical 
translation of DSC-based products, since current 
manufacturing methods are not in line with the 
GMP guidelines for stem cell therapy. Developing 
a more standardized and compliant manufactur-
ing protocol will result in an increased efficacy, 
reproducibility and safety.
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