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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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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
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 defined. 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
(cGMP) protocols for generating
clinical-grade cells are necessary before begin-
ning a clinical trial based on guidance documents
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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-1B Interleukin 1 beta increasing
IL-6 Interleukin 6
IL-12 Interleukin 12
IFN-y Interferon gamma
MSC Mesenchymal stem cell
SVF Stromal vascular fraction
MC Methylcellulose
PD Parkinson’s disease
PVP Polyvinylpyrollidone
TNF-« Tumor necrosis factor alpha
VEGF Vascular endothelial growth factor
Practice
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

[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
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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 defined 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 ficoll), 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).
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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 efficacy 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 findings suggest that ASC from
young, healthy, lean donors will have the great-
est potential for efficacy in clinical applications.
However, most of the patients who benefit 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 + Not specified
trehalose + EGTA

Hoogduijn et al. 20% DMSO + 20 % FBS Not specified
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ASC therapies are elderly with co-morbidities
associated with obesity. Thus, their autologous
ASC may not display the desired therapeutic
benefits, 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-
efit. 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-
inflammatory and immunomodulatory potential.
Studies in animal models have determined the
beneficial 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 final success of the ASC when

Table 11.2 Clinical studies using ASC/SVF

Target tissue

Hard tissue reconstruction

Underlying disease Neurological

Circulatory and cardiovascular

Methabolic and auto-immune

Soft tissue reconstruction

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 profile can change after MSC
have been exposed to the host/recipient [32].
Thus, pre-clinical animal models are critically
necessary to define 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, atpresent, therearenoU.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

Breast reconstruction and augmentation;
pressure ulcer; facial atrophy;
enterocutaneous/recto-vaginal fistulas
Osteoarticular (osteoartritis, degenerative
disc disease; osteoporotic fractures; genu
varum)

Parkinson’s disease; multiple sclerosis;
Autism

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

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 flawed 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 ossification, 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-inflammatory cytokines interleukin (IL-12)
and interferon gamma (IFN-y) 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
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enrolment of 100 participants [ClinicalTrials.gov
Identifier: 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 (107 cells), intermediate
(5x 107 cells), and high (10% 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 significant cartilage
regeneration, reduced pain relief, and improved
ambulatory function [57].

11.5.5 Crohn’s Disease

Crohn’s disease is an inflammatory disease that
affects the entire digestive tract and commonly is
associated with the development of fistulas. 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 fistula received
2x 10" ASC which resulted in complete healing
of fistula 8 weeks post injection with no adverse
events [58, 59]. There were no signs of recur-
rence of fistula 8 months after the ASC injection
[58]. In a phase II clinical study, the same group
demonstrated that administration of ASC
improved recovery of fistulas 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 fis-
tula without recurrence [60]. Other groups have
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reported similar beneficial 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 significantly 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 fibrillary 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 efficacy of autologous
SVF transplantation for up to 12 months
[ClinicalTrials.gov Identifier: 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 significantly reduced
hyperglycemia [67, 68]. The mechanism involved
the regeneration of pancreatic  cells and
increased insulin secretion [67]. Additionally,
ASC infusion significantly lowered the level of
pro-inflammatory cytokines such as TNF-a,
IL-1pB, 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
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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 Identifiers: 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 modified 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 financial support
from CAPES, Brazil (Process BEX 1524/15-1). Jeffrey
Gimble and Xiying Wu are co-owners and employees of
LaCell LLC, a biotechnology company focusing on
research and clinical translation involving ASC and SVF
cells.
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