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ENGLISH SUMMARY

Adipose-derived stem cells (ASCs) represent a heterogeneous mixture containing
stem and progenitor cells in various stages of differentiation, whose ratio and
properties also evolve along with in vitro expansion. Consequently, the overall
biological effect of a given ASC preparation reflects the particular cellular
composition, which currently is not possible to effectively control. ASCs can secrete
a considerable number of biological molecules and hold an array of functions, and it
is assumed that these properties are not equally distributed but rather associated with
discrete subsets. Indeed, available evidence indicates that ideal regenerative medicine
applications may benefit from the usage of a single clonal population derived from
primary cells rather than the original complex mixture.

Therefore, the main aim of this thesis is to identify and categorize stem cell clonal
lineage based on a combination of selected cell surface markers as well as to determine
the immunophenotypical subpopulation with the most prominent functionality. Multi-
color flow cytometry analysis or fluorescence-activated cell sorting technique will be
employed to unveil the phenotypical repertoire and further enrich the subpopulations
of interest. Proliferation rate, stemness properties (colony formation capacity, tri-
lineage differentiation), and wound-healing related assay (scratch assay, tube
formation assay) will be the main analysis to compare the functional difference
between those targeted ASC subsets.

In Study I, 15 surface markers, combined in triplicates, were selected to investigate
the individual expression level and the dynamics of co-expression variants along with
in vitro culturing. The results confirmed a homogenization process taking place at
passage 2 due to the exchange, convergence, or divergence of the minor markers,
irrespective of donors. However, donor-dependent variation regarding the evolvement
of ASC subpopulations exists.

In Study II, to more precisely define the ASC immunophenotypical subsets, two
comprehensive flow cytometry analyses based on the co-expression of 7- or 5-fold
multiplexing were established. After adaption to in vitro expansion, finite numbers of
cellular subsets were discerned. Dominant clones were identified across all of the
donors; however, the minor subsets were highly swing and donor-determined.

In Study III, while identifying these immunophenotypical subsets is critical for
characterizing cell products in clinical settings, the potentials of each well-defined
subpopulation cannot be fully defined solely by the phenotypical repertoire.
Therefore, we purified two highly-defined ASC immunophenotypical populations for
an array of tests and found that cells featured by CD274"CD146"CD34-CD36"CD200
CD248CD271 Stro-1- had a stronger colony-formation capacity and adipo-
/osteogenic potentials as well as a higher efficacy in promoting wound healing.
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In conclusion, these findings provide a better overview of the phenotypical
characteristics of ASC entailing specific potentials and thus supply more information
on ASC cellular subsets in personalized intervention.
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DANSK RESUME

Stamceller fra fedtvaev (ASC'er) bestdr af en heterogen blanding af celler
indeholdende forskellige subpopulationer af stam- og progenitorceller pé forskellige
stadier af differentiering. Den pracise komposition af blandingen og dennes
egenskaber udvikler sig i takt med at cellerne dyrkes in vitro. Den biologiske effekt
af et givet ASC-praeparat athanger derfor af dennes celluleere sammensatning, som i
gjeblikket ikke er mulig at kontrollere. ASC'er kan udskille mange signalstoffer og
udfere forskellige funktioner, og det antages, at disse ikke er ens for de forskellige
subpopulationer, men snarere forbundet til de individuelle celletyper. Faktisk
indikerer tilgeengelig evidens, at forskellige kliniske indikationer kan drage fordel af
bare en enkelt subpopulation i stedet for den oprindelige heterogene blanding.

Derfor er hovedformalet med denne afthandling at identificere og kategorisere disse
immunofanotypiske subpopulationer baseret pa en kombination af udvalgte
celleoverflademarkerer underspgt ved hjelp af multikromatisk flowcytometri. Ved at
anvende fluorescensaktiveret celle-sorteringsteknik kunne subpopulationerne isoleres
og subpopulationer med den mest fremtreedende funktionalitet identificeres. De
centrale parametre til at sammenligne funktionaliteten af subpopulationerne var
proliferationshastighed, stamcelleegenskaber (kolonidannelseskapacitet,
differentiering) og sérhelingsrelaterede egenskaber (scratch assay, tube formation
assay).

I studie I blev 15 overflademarkerer neje udvalgt og cellernes individuelle
ekspressionsniveau af disse kombineret i triplikater undersegt. Det blev ogsa
undersggt hvordan dynamikken af co-ekspressionsvarianter @ndrede sig under
dyrkning af cellerne in vitro. Resultaterne bekraeftede en homogeniseringsproces, der
fandt sted gennem udveksling, konvergens eller divergering af de mindre markerer.
Disse tendenser var uathaengige af valget af donor. Der eksisterer dog donorathangig
variation med hensyn til udviklingen af ASC-subpopulationer.

I studie II blev der etableret to mere omfattende flowcytometri-analyser baseret pa co-
ekspressionen af 7- eller 5- markerer for mere precist at definerer de ASC-
immunofenotypiske subpopulationer. Efter cellerne var dyrket in vitro og
populationer havde fiet lov til at tilpasse sig, blev det egentlige antal af
subpopulationer kortlagt. Dominante subpopulationer blev identificeret for alle
donorerne; dog var de mindre subpopulationer meget svingende i sterrelse fra donor
til donor.

I studie III blev to meget fremtreedende subpopulationer sorteret fra og undersegt. For
selvom at identifikationen af disse immunofznotypiske subpopulationer er vigtig for
karakteriseringen af celleproduktet i et klinisk perspektiv, sa kan potentialet af disse
subpopulationer ikke beskrives blot ud fra deres udtryk af markerer. Vi fandt her, at
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celler der udtrykte CD274+CD146+CD34-CD36-CD200-CD248-CD271-Stro-1-
havde en sterre evne til at danne kolonier, differentierer til fedt og knogle celler, samt
var bedre til at fremme sérheling.

Som resultat af ovenstdende har vi nu et bedre overblik over de faenotypiske
karakteristika af ASCer, hvordan disse pavirkes af dyrkningen og deres specifikke
potentialer. Alt dette er vigtig information for at gere den ASC-baserede behandling
mere maélrettet til patienternes personlige behov.
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LIST OF ABBREVIATIONS

ASC Adipose-derived stem cells

a-MEM Alpha minimum essential medium

BMI Body mass index

BM-MSC Bone marrow-derived stem cells

BSA Bovine serum albumin
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CFU Colony-forming unit

CV Coefficient of variation

CCL20 Chemokine ligand20; macrophage inflammatory protein3
cGMP Current good manufacturing practice
CXCL12 Stromal cell-derived factorl; C-X-C motif chemokine12
CPA Cryoprotective agent

DMEM Dulbecco’s minimum essential medium

EPC Endothelial progenitor cells

FACS Fluorescence-activated cell sorting

FGF-2 Fibroblast growth factor

FMO Fluorescence minus one

FVS570 Fixative viability stain 570

HDFs Human dermal fibroblasts

HDMEC Human dermal microvascular endothelial cell
HGF Hepatocyte growth factor

HPL Human platelet lysate

1L-4/6/10 Interleukins4, 6 and 10

IDO Indoleamine 2,3-dioxygenase

IGF-1 Insulin-like growth factor 1

MEFC Multicolor flow cytometry

MFI Median fluorescent intensity
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CHAPTER 1. INTRODUCTION

1.1. ADIPOSE-DERIVED STEM CELLS

Mesenchymal stem cells(MSCs) are self-renewed cells that are able to differentiate
into different specialized cell types of the tissue from which they are originated under
certain physiological/experimental conditions[1]. MSCs were initially found and
isolated from bone marrow and later from the placenta, umbilical cord blood, skeletal
muscle, adipose tissue, liver, and intestines[2]. Despite the morphological,
immunophenotypic, and functional similarities, bone marrow-derived (BM-MSCs)
and adipose-derived stem cells (ASCs) are better well-known than other MSCs
sources [3,4]. Both ASCs and BM-MSCs can recover the patients' defective tissue,
but ASCs are more widely used [5—7], the reason for which is explained below.

ASCs have a lower sampling risk for donors and a relatively easier isolation procedure
than BM-MSCs. Adipose tissue can generate a higher proportion of stem cells
compared to bone marrow as the tissue source[7,8]. Growing researchers have
highlighted the application of ASCs in regenerative medicine instead of embryonic
stem cells due to a limited ethical issue. Besides, their immunoregulatory effects, anti-
apoptosis, and anti-inflammatory potentials via bioactive secretion have been
frequently investigated and reported[9—11]. In vitro, ASCs are characterized by plastic
adhesion, colony-forming ability, rapid proliferation, and multi-lineage differentiation
potentials[12—14]. Furthermore, these robust cells may undergo a long period of in
vitro expansion without the loss of benefits and can easily survive from freezing[15].

Therefore, ASCs have been widely used for the treatment of chronic wound injury,
fertility issues, hair loss, multiple sclerosis, and other conditions[16—18]. ASCs
exhibit the greatest potentials for tissue repair and regulating the host inflammatory
response after transplantation in vivo [10]. In addition, their immunosuppressive
properties can greatly develop the efficiency of adipose tissue graft, because there is
no need to consider human leukocyte antigen match between the donor and host[19].
Figure 1 illustrates the mechanisms underlying the ASC application in regenerative
medicine as well as their benefits. Currently, more than 150 clinical trials
(clinicaltrials.gov) are being conducted to validate the therapeutic effects of ASC-
based intervention on inflammatory diseases, hepatic failure, orthopedic disorders,
and autoimmune diseases (just list several examples here).
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Figure 1. ASCs properties and advantages. ASCs are isolated either from excised fat
or lipoaspirates. ASCs hold beneficial roles in regenerative medicine via secreting
various trophic factors, maintaining differentiation capacity towards mesodermal, or
stimulating local stem cells to develop new tissue, etc. Besides, ASCs are superior to
other MSC sources. The curved arrow represents the self-renew ability.
Abbreviations: ASCs, adipose-derived stem cells; CCL20, macrophage inflammatory
protein-3; CXCLI12, stromal cell-derived factor 1; FGF-2, basic fibroblast growth
factor; HGF, hepatocyte growth factor; IDO, indoleamine 2,3-dioxygenase; IL-
4/6/10, interleukins 4, 6 and 10; IGF-1, insulin-like growth factor 1; MMP1/2/9,
matrix  metalloproteinase-1/2/9; MSCs, mesenchymal stem cells; PGE?2,
prostaglandin E2; STCI, stanniocalcin 1; TSG-6, tumor necrosis factor inducible
gene 6 protein;, VEGF, vascular endothelial growth factor.

.2. ASC PERIVASCULAR LOCATION

Adipose tissue gives rise to mesodermal. It has traditionally functioned as a metabolic
reservoir to store and release energy substrates such as triglycerides, cholesterol, and
fat-soluble vitamins. This concept was later modified in light of the dominant roles in
sexual physiology played by sexual steroids[20]. Moreover, adipose tissues maintain
thermal homeostasis and visceral statics while increasing rigidity and tissue
resistances. Adipose tissue is essentially a collection of lipids that are filled with
adipocytes, with the cytoplasm containing approximately 90% liquid[21]. Apart from
stem/progenitor cells, other cell types, such as fibroblasts, pre-adipocytes, endothelial

18



cells, smooth vascular muscle cells, and resident blood cells, have previously been
identified [22]. As a result, it is concluded that adipose tissue is made up of diverse
cell populations.

Clear knowledge of the precise location of ASC within adipose tissue in vivo will
improve the efficacy of purification and serve to more accurately identify progenitor
cells that may originate from different tissues but exhibit similar multi-lineage
differentiation capacity under the same microenvironment. Some researchers
suggested that ASCs have a perivascular origin, where they co-exist with endothelial
cells and pericytes. Others have demonstrated ASCs to be either pericytes or vascular
stem/progenitor cells at various stages of differentiation located within the lining
around the wvasculature[23]. Blood vessels may also harbor (mesenchymal)
stem/progenitor cells in their perivascular niche[24]. Here, we conduct a simple
summary of previous studies that have revealed the ASC perivascular location in vivo.

ASCs(CD34*/CD31/CD140B/a-smooth muscle action’) were considered to coexist
in capillaries with endothelial cells and pericytes or to act as specific fibroblasts in
adventitial of larger vessels[25]. Zimmerlin et al. found that perivascular stromal/stem
cells are divided into two separate subsets: one layer of the innermost components of
CD146/CD23/CD34 pericyte cells, and one layer of outer CD146/CD31/CD34"
supra adventitial adipose stromal/stem cells(SA-ASCs)[26,27]. Traktuev and
coworkers[28] verified that CD34*/CD31- ASCs were primarily established in the
walls of microvasculature by the use of immunohistochemistry and
immunofluorescence techniques, and these cells can maintain vascular stabilization
by interacting with endothelial cells. Correspondingly, a perivascular stromal/stem
cell subset has also been discovered in capillary and adventitial cells around large
blood vessels, due to their native presence of MSCs markers and in vitro multi-
differentiation ability[24,29,30]. However, because there are no specific markers that
can unequivocally identify undifferentiated ASCs in situ, the precise location of ASCs
within native tissue remains unknown. Figure 2 depicts adipose tissue constituents
and ASCs' perivascular location in vivo.
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Figure 2: ASCs resident in the adipose tissue. A: The origin of fat tissue. B: Cellular
component of the fat tissue. C: The representative perivascular location of ASCs.
Black arrows point to the location of ASCs in situ. C1: The location of ASCs
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(CD34*/CD31") within adipose tissue occupy a pericytic position, C2: ASCs
(CD34*/CD31/CD140f/0-SMA") exist as specialized fibroblasts in the adventitia of
large vessels. In the capillary, ASCs coexist with their possible progenies, pericytes,
and endothelial cells; C3: ASCs are organized into two distinct layers: pericytes
(CD146%/CD31/CD34), and SA-ASCs (CD146/CD31/CD34") in the larger blood
vessels. Abbreviations: SA-ASCs, supra adventitial adipose stromal/stem cells; o-
SMA, a-smooth muscle action.

1.3. STROMAL VASCULAR FRACTION

Lipoaspirates or extracted fat (as previously mentioned) can be used to isolate stromal
vascular fraction (SVF); the former adopts enzymatic digestion, while the latter needs
the mechanical disruption of connective tissue. For both SVF preparation procedures,
the removal of mature adipocytes with a high content of fat droplet (floating layer)
will constitute SVF[31]. SVF is a heterogeneous cell mixture, and the cellular
components are illustrated in Figure 3. Stem/progenitor cells account for
approximately 3% of the total cell population [5,31-39]. Using flow cytometry,
researchers attempt to identify distinct types of cells that differ in cell size, granularity,
and expression level of surface molecules[40]. The characterization of each cell type
and specific proportions of these constituents to each other are still under discussion.
It was first reported that freshly isolated SVF contained a large number of CD34*
cells, some of which featured CD34%/CD31- cells with endothelial progenitor cells
(EPC) properties[41]. Later, a more accurate SVF profile is revealed, as shown in
Table 1. Yoshimura and co-workers have comprehensively characterized cell
populations within SVF[39], along with the supplementary findings from other
studies. Furthermore, some tried to determine the precise expression level of a single
marker within SVF, whereas others focused particularly on the proportion of different
cell populations[42—44].

Current flow cytometric data are insufficient for comparing the composition and
efficacy of SVF, owing to a lack of specific unique markers for a clear definition.
Sharing the common membrane antigens between different cell types makes it
difficult to distinguish one cell type from the heterogeneous cell mixtures. Despite
these ambiguous messages, SVF is still widely used in a variety of clinics. Andia et
al. [45] described SVF formulations, mechanisms of action, and clinical application,
focusing on musculoskeletal disorders, urogenital diseases, chronic wounds,
cardiovascular and respiratory diseases, and chronic migraines. This review provides
a better understanding of the biological effects of SVF in clinical practice.
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Oil layer
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Adipocytes Preadipocytes Adipose stem cells
Fibroblasts Vascular progenitors Hematopoietic stem cells
Smooth muscle cells Hematopoietic progenitors Pericytes

Endothelial cells Endothelial progenitor cells Supra-adventicial cells
Blood cells

Figure 3 Cells inside SVF pellet. Abbreviations: SVF, stromal vascular fraction. The cellular

compositions in the box are based on the work of Cohen and his colleagues[46].

Table 1. The constitutes of SVF

Cell type
ASCs

EPC

Pericytes

Blood
SA-ASCs

Single
markers
[42,43]

Proportion
of subsets

[44]

[39] [26] [47] [28] [48]
CD31/CD34%/ CD90"  CD34%/
CD45-/CD90"/ /CD29"  CD317/CD47/
CD1057/CD146 /CD34~  CD144~
CD31%/CD34"/ CD457/ CD34%/
CD45-/CD90%/ CD317/CD CD146%/
CD105°¥/CD146" | 34" CD31"
CD31/CD34"/ CD457/ CD146* CD146%/
CD45-/CD90"/ CD317/ /CD90* CD347/
CD105/CD146* CD146* /CD34~ CDA457/
CD56~
CD45*
CD457/CD317/ CD457/CD CD34%/ CD34%/
CD1467/CD34* 317/CD147/ CD457/ CD317/
CD34* CD31- CD146-

Nearly 11 % CD14%, 2 % CD317, 7 % CD34", 9 % CD45%, 29 % CD90" and
47 % CD146*

11 % CD2*, 18 % CDl1a%, 29 % CD14%, 49 % CD31*, 57 % CD45* and
60 % CD90*

Hematopoietic-lineage cells: Endothelial cells 10-20%
Stem and progenitor cells <0.1% Pericytes 3-5%
Granulocytes 10-15% Stromal cells 15-30%

Monocytes 5-15%
Lymphocytes 10-15%

Abbreviations: SA-ASCs, supra adventitial adipose stromal/stem cells; EPC,
endothelial progenitor cells.
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1.4. PHENOTYPE PROFILE OF IN VITRO CULTURED ASCS

With the continuous cultivation of SVF, the plastic adherent fraction is referred to
ASCs. Studies have attempted to reveal a unique “CD signature” that could be
assigned precisely to identify ASCs. Table 2 provides an overview of those key
findings. There is commonality and disparity. CD9, CD10, CD13, CD29, CD34,
CD44, CD49¢, CD73, CD90, CD105, CD166, and the absence of CD11b, CD14,
CD16, CD31, CD45, CD106, HLA-DR were frequently identified and agreed upon.
However, disagreements exist: some researchers found CD34, CD54, CD107, and
CD146 positivity, while others did not. In the case of CD34, a hematopoietic stem-
cell-associated marker, up to 95% expression was detected after 7 days of culture,
followed by a dramatic drop to no detection. Others, on the other hand, have only
observed a minor CD34 loss during the cultivation process, and its expression could
even be maintained for 10-20 weeks[39]. This reminds us to take the culturing window
(a variable factor) into account because population doubling time affects the
phenotypes, as illustrated by the examples (Table 2) of the dynamics of certain surface
markers.

The donor, lipoaspirate procedure, isolation/expansion methods, and detection
techniques may all contribute to the inconsistency of immunophenotypical repertoire.
The characteristics of donors (age, BMI, ethnicity, and physical conditions) and
lipoaspirate procedure (tissue site) vary between laboratories, resulting in a variation
in the composition of the initially isolated SVF[49-53], which will be also described
in the discussion section. Isolation/expansion methods, such as choice of enzyme,
seeding density, basal media, supplements, coating reagents, antibody concentration,
and oxygen addition, will affect cultured cells in their undifferentiated state as well.
Our group examined the effects of the aforementioned factors on ASC
characterizations[54]. Finally, multicolor flow cytometry (MFC), is a widely used
method to detect the presence of surface epitopes; however, instruments setting,
experimental setup, and cross-bleed compensation may exacerbate these
inconsistencies as well.
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Table 2: Surface expression profile of ASC

Positive marker

CD9, CD10, CD13, CD29, CD34, CD44,
CD49d, CD49¢, CD54, CD55, CD59,
CD105, CD146, CD166, HLA-ABC
CD13, CD29, CD44, CD49d, CD71
CD13, CD29, CD34, CD44, CD49a,
CD63, CD73, CD90, CD105, CD144,
CD146, CD166, ABCG2

CD9, CD90, CD44, CD73.HLA-ABC

CD13, CD29, CD34, CD36, CD73,
CD90, CD105, CD166
CD13, CD29, CD90, CD105, HLA-ABC

CD10, CD13, CD36, CD73, CD90,
CD105

CD13, CD29, CD34,CD44,CD49d,
CD73, CD90, CD105, CD166

CD73, CD90, CD105

CD44, CD90, CD105, CD106, CD146,
CD166, STRO-1, 3G5

CD29, CD49b, CD49d, CD49e, CD51,
CD61, CD90, CD138, CD140a

CD29, CD34, CD36, CD73, CD90,
CD105, CD146, CD166, CD200, CD201,
CD248, CD271, CD274, Stro-1

Evolution trend

Negative marker Ref.

CDll1a, CD11b, CDl11c, CD31, [55]

CD45, CD50, CD56, CD62e,

HLA-DR

CD14,CD16, CD31,CD34, CD45 | [5]
[56]

CD34, CD31, CD45, CD117 [57]

HLA-DR/DQ/ DP

CDl11b, CD14, CD19, CD31, [58]

CD45, HLA-DR

CD14, CD19, CD34, CD45, [59]

HLA-DR

CD34, CD45, CD106 [44]

CD45 [60]

CD31, CD34, CD45, SSEA-4 [61]

CD14, CD31, CD45. CD106 [62]

CDl11a, CD11b, CDl11c, CD18, [63]

CD41a, CD49f, CD62L, CD62P,

CD106,CD117, CD133, HLA-

DR

CD31 [64]

Up-regulated:

CD13, CD29, CD44, CD63, CD73, CD90,
CD166[56], CD44, CD49d, CD166[60],
CD73,CD105,CD166, CD201[64]
Down-regulated:

CD34,CD45 [60]

Fluctuate:

CD34, CD146, CD271, CD20, CD248,
CD274 [64]

Steady:

CD29, CD90, CD36, Stro-1 [64]

This table is edited based on the Zuk review[65].

1.5. ASC HETEROGENEITY AND POPULATION SELECTION

ASC culturing system represents a heterogeneous mixture, with fibroblast as a
potential source of contamination due to their similar properties to ASCs, such as
plastic adhesion, high proliferation rate (>50 population doubling before senescence),
and immunoregulation capacity. Furthermore, ASCs in culture comprise real stem
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cells and differentiation-committed progenitors that are at different stages regarding
their proliferation rate, differential capacity, and senesce. Moreover, cells seeded at
nonclone densities will produce a mixed adherent cell population, as some daughter
cells may derive from clonogenic cells while others from nonclonogenic cells,
resulting in a differential growth rate.

As mentioned in the introduction section, ASCs can release bioactive factors and thus
conduct in vivo/vitro biological activities. It is unlikely that one clone (subtype) can
perform all, therefore, it is plausible to infer that distinct clones are responsible for
different functionalities within crude cell preparation. A better approach to clinical
use in personalized medicine could be developed through a precise intervention of
ASC subsets with a specific use. Many researchers are constantly working to unveil
the specific applications of ASC subsets defined by surface epitopes. Clinical
outcomes will undoubtedly benefit from a clear explanation of the link between
immunophenotypes and functionalities. Therefore, we examined some previously
reported and validated ASC immunophenotypical subpopulations with clear
functionalities in vivo/vitro.

1.5.1. ASCS SUBPOPULATIONS IN VITRO STUDIES

CD73, CD90, and CD105 have been proposed by the International Society for
Cellular Therapy as the positive surface markers for MSCs in an early-
undifferentiated state. Some researchers have found a strong connection between ASC
subsets featured by the three markers and enhanced functionalities. When myofibril
and cardiac surface marker expression levels were compared, CD73* cells treated with
5-azacytidine had a higher cardiomyocyte differentiation capability than CD73"
cells[66]. Rada et al.[67] discovered that CD73" cells exhibited a high chondrogenic
but a low osteogenic differentiation ability, whereas CD90" cells had a high
osteogenic differentiation potential. Chuang et al.[68] further confirmed the latter
finding by demonstrating CD90 positive cells with the increased expression level of
osteogenic genes as well as robust staining of alkaline phosphatase and alizarin red.
Furthermore, CD105" ASCs, prepared by tissue-culture plastic, gel-embedded
sheets[69], or biodegradable scaffold [70], displayed a greater chondrogenic ability.

CD271, anerve growth factor receptor, is another promising subpopulation identifier.
Murine CD2717" cells can differentiate into adipocytes, osteocytes, and neurons in
vitro at a significantly higher rate than CD271- cells[71]. Similarly, human CD271*
cells were also found to have increased adipo-/osteogenic differentiation capacity, as
well as a higher proliferation rate when compared to other unsorted cells and CD34*
cells[72].

ASCs expressing CD34 in vitro are being extensively studied. CD34" cells exhibited

a higher adipo-/osteogenic differentiation capacity than unsorted plastic adherent
cells, as evidenced by Oil Red O and calcium content analysis, as well as a greater
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proliferative ability[72]. The finding, however, contradicted what Suga and
colleagues discovered[73], namely that the absence of CD34 conferred greater
multilineage differentiation ability. These discoveries complicate the biological roles
of CD34, motivating researchers to further conduct additional relevant studies in order
to reach a clear conclusion. Doornaert et al. looked into the effects of co-culturing
CD34 positive cells with mature adipocytes and confirmed that this co-culturing
system resulted in rapid cell proliferation[74]. Furthermore, CD34*/CD90" ASCs are
gaining popularity, because they can differentiate into endothelial cells, resulting in a
better capillary-like forming structure, and grow faster than the double negative cells,
implying beneficial roles in tissue vascularization[75].

1.5.2. ASCS SUBPOPULATIONS IN VIVO STUDIES

Although in vitro functional studies can provide insight into subpopulation selection,
the transition from tissue-culturing plastic to practical clinical application is imminent.
The optimization of in vivo models is crucial to bridging the divide of laboratory-
clinic scale.

When it comes to the subpopulations with MSCs hall markers expressed in vivo,
CD90 enriched cells were found to have an enhanced osteogenic differentiation in
vitro as well as increased bone formation when seeded on scaffolds for the repairmen
of calvarial defects in mice models[68]. Meanwhile, CD105"%" cells have been
proposed to constitute a more osteogenic population, therefore, treatment with
CD105""* cells differed significantly from treatment with other subpopulations
(unsorted, CD105"¢" and scaffold only) on parietal bone defects [76]. Besides,
CD105" enriched cells can integrate into host livers after being transplanted into mice
to further improve basic liver function[77].

CD29, integrin B1, on the other hand, is well known as an MSC marker. Human
CD29-enriched ASCs were thought to express more chondrogenic markers than
CD105" cells after 6-week implantation in mice[78]. Furthermore, the CD271 subset
(Lin/CD271%/Sca-1") transplanted in conjunction with a biphasic calcium phosphate
scaffold, has been used in vivo for osteoblasts’ formation[79].

In one in vivo study, CD34"/CD31- ASCs significantly improved blood flow and
capillary density in ischemia mouse models[41]. Another study discovered that, after
seeding CD34%/CD90" cells in collage constructs and implanting them in mice for one
month, clear tissue vascularization can be observed, whereas this vascular formation
cannot be seen in the unsorted group[80], further validating the biological effects of
CD347/CD90* cells in vitro. Besides, other groups reported the enhanced fat
engraftment of CD34"CD146" ASCs[81] and reduced chronic radiation-induced skin
fibrosis after the intervention of CD74* ASCs[82].

26



CHAPTER 2. OVERVIEW OF PH.D.
PROJECT

ASCs are widely used for numerous clinical trials, but there is a lack of evidence to
demonstrate the potential therapeutic effects of ASC immunophenotypical
subpopulations. Therefore, the main aim of this dissertation is to comprehensively
investigate the phenotypical and functional characterization of highly defined ASC
subpopulations after in vitro growth. To achieve this, we set two major objectives:

1. To explore the phenotypical characterization of possible ASC
immunophenotypes throughout the in vitro expansion process.

2. To explore the functional characterization of those well-defined ASC
immunophenotypical subsets.

In order to fulfill the aims mentioned above, we embarked on three studies, and
indicated in Figure 4.

Study I: we evaluated the kinetic expression profiles of 15 selected surface markers at
passages 1, 2, 4, 6, and 8 and investigated the variants of triple co-expression of
molecules that were either MSC or ASC identification markers, or associated with
immunoregulation, wound healing and differentiation.

Manuscript I: Evolution of ASC immunophenotypical subsets during expansion in
vitro

Study II: we investigated the evolution of the highly defined cell subsets co-
expressing with eight or five surface molecules at passages 1, 4, and 8, and highlighted
the inter-donor variance.

Manuscript II: Multiplex analysis of adipose-derived stem cell (ASC)
immunophenotype adaption to in vitro expansion.

Study III: we sorted two highly-defined ASC subpopulations (CD274"CD146,
CD274°CD146", both negative for CD34-CD36:CD200-CD248-CD271-Stro-1°) for

functional tests.

Manuscript III: Distinct dominant lineage from in vitro expanded adipose-derived
stem cells (ASCs) exhibits enhanced wound healing properties.
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Fig 4. Experimental outline. Abbreviations: CFU: colony-forming unit; Ctrl: control;
FACS: fluorescence-activated cell sorting; P: passage; SP: subpopulation; SVF:
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CHAPTER 3. MATERIALS AND
METHODS

The involved methodologies applied in the individual study are summarized in Table
3. The detailed procedure has been described in each manuscript. The choice of
experimental methodology and materials in depth will be explained and discussed
whenever found relevant.

Table 3: Methodology used in the individual study

Methodology Study I Study II Study III
ASC isolation/expansion/cryopreservation * * *
Fluorescence-activated cell sorting (FACS) &
Proliferation, CFU, tri-lineage differentiation, *

scratch assay, tube formation assay

3.1. ASC PREPARATION

The adipose tissues used in these studies were obtained from donors who underwent
cosmetic liposuction surgery at Aarhus University Hospital (Aarhus, Denmark) or
Aleris-Hamlet Private Hospital (Aalborg, Denmark). After multiple steps listed in
Figure 5, SVF suspension was collected and subsequently plated on tissue culture
polystyrene.

When moving to the expansion stage, culture media, serum/alternatives, oxygen
concentration, attach material, or seeding density may affect the cell properties[54],
as referred the introduction section. Previous work in our laboratory has conducted a
comparative analysis of media and supplements on the growth rate and surface
markers[83], as well as research into the effects of hypoxia on ASC differentiation
[84,85], wound-healing capacity[86], and long-term growth ability[87]. In this
dissertation, we investigated, under a widely accepted standard culturing method, how
the culture-related factors impacted the ASC subpopulations whose phenotypes were
determined by the select surface markers. All cultures were ceased at passage 8 when
cells can still optimally maintain their proliferative and stemness [88,89].
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Figure 5. The isolation procedure for ASCs. Lipoaspirates were washed four times to
remove the blood. After collagenase digestion and centrifugation, mature adipocytes
with a high fat droplet can be separated as a floating layer, after the removal of which
constitute SVF. The resulting SVF was then seeded in the culturing flasks.

3.2. FLOW CYTOMETRY

Surface epitope investigations conducted by MFC are a powerful tool for identifying
and purifying ASCs, allowing to simultaneously measure multiple parameters. MFC
frequently comes with some key technical challenges (Figure 6) that researchers must
overcome in order to obtain satisfactory results, ranging from dyes selection,
instrument setup to data interpretation. Accordingly, the following subsections
compile a list of the key MFC technical aspects that are specifically relevant to our
projects.
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Figure 6. Key technique issue of flow cytometry. Abbreviations: CV, coefficient of
variation;, PMT, photomultiplier tube; S/N ratio, signal-to-noise ratio.

3.21. MFC

For ASC immunophenotype analysis, in Studies I/II, 15 markers (CD73, CD90,
CD105, CD248, CD200, CD201, CD36, CD274, CD29, CD166, CD34, CDI14o,
CD31, CD271, and Stro-1) were initially selected; either single marker expression
level or the co-expression patterns were analyzed on 4-laser CytoFLEX (Beckman
Coulter). CytoFLEX has a unique flow cell design equipped with integrated optics,
innovative wavelength division multiplexing detection module, and avalanche photo-
diode (APD), allowing for optimal light excitation/emission, reduced signal loss, and
increased detection sensitivity for dim populations and nanoparticles[90]. Later, we
discovered that ASCs were consistently positive for CD29 and negative for CD31, as
shown in Manuscript I(Figure 2), therefore we excluded them from further studies.
Accordingly, the remaining 13 markers were assigned to Study III and were analyzed
using the MoFlo Astrios EQ (Beckman Coulter) equipped with four lasers including
a UV laser. In Study III, MoFlo Astrios was employed because its equipped laser and
more detector settings allow for a more comprehensive analysis of ASC phenotypical
repertoire by combining more markers into one panel with a minimized resolution
loss.

3.2.1.1 Panel design - choice of fluorochrome

To achieve the specific goals in each study, 15 (Study I/IT) and 13 fluorescent
antibodies (Study III) were assigned to different panels, a process known as panel
design. The primary principle of panel design is to minimize the spillover between
different detection channels while maximizing the data resolution. In our studies,
triple markers were divided into 5 panels for Study I based on their shared
functionalities, as well as two panels involving 7- or 5-multiplexing for Study II, and
two panels containing 8-minor and 5-major markers for Study III. Notably, the classic
mesenchymal marker group (CD73, CD90, CD105) was excluded in Study II in order
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to avoid the repetitive work with the first manuscript. Tables 4-6 illustrate all the
panels used in this dissertation.

Table 4. Panels in Study 1

CytoFLEX Band pass Fluorophore Panell Panel 2 Panel3 Panel 4 Panel 5
450/45 BVv421 CD201
525/40 BVs510 CD105

610/20 BV605 CD166 CD36
660/20 BV650 CD29

561nm 610/20 PE-CF594 CD146
585/42 FVS570 + + + + +
780/60 PE-Cy7 CD271 CD200 CD34
660/20 Alexa Fluor 647 CD248 Stro-1
712/25 APC-R700 CD274
780/60 APC-Cy7 CD31
525/40 FITC CD73

690/50 PerCP-Cy5.5 CD90
Abbreviations: FVS570, fixative viability stain 570, BV, brilliant violet. +, FVS570
was used in all the panels.

Table 5. Panels in Study I1.

CytoFLEX Band pass Fluorophore Panel 1 Panel 2
450/45 BV421 CD248 CD201
525/40 BV510 CD200
610/20 BV605 CD166 CD36
660/20 BV650 CD29
561nm 610/20 PE-CF594 CD146
585/42 FVS570 + +
780/60 PE-Cy7 CD34

660/20 Alexa Fluor 647 Stro-1
712/25 APC-R700 CD274

780/60 APC-Cy7 CD31
525/40 BB515 CD271

690/50 PerCP-Cy5.5
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Table 6. Panels in Study I11.

MoFlo Astrios Band pass Fluorophore Panel 1 Panel 2
395/25 BUV395 CD201 CD36
525/50 BUV496 CD34
740/40 BUV737 CD248

561nm 579/16 FVS570 + +
614/20 PE-CF594 CD105 CD274
785/60 PE-Cy7 CD146
664/22 APC CD166 Stro-1
513/26 FITC¥ BB515* CD73 CD200
710/45 Percp-Cy5.5* CD90 CD271

/BB700"

“ fluorochrome-conjugated antibody in Panel 1, ®, fluorochrome-conjugated antibody
in Panel 2.

3.2.1.2 Spillover source

The fluorochrome spectrum provides information on the exciting and emission spectra
of one specific fluorophore, allowing investigators to choose the suitable exciting
laser and detector filter to cover the optimal fluorescence signal. Spillover occurs
when the fluorescence emission of one fluorochrome can be detected in a channel
designed to measure the signal from a given fluorochrome[91], accordingly, it will
mislead collected signals of the primary channel. The spectrum of fluorophore
examines the overlap of emission wavelengths between each other in the same panel,
and further advances to optimize the panel design. Appendix I depicts the spectrum
of all the fluorochromes used in the same panel for Studies I-1I1.

There are three spillover sources: (1) adjacent detectors of one single laser, for
example, the spillover of FTIC into PE detector; (2) residual base fluorescence of
tandem dyes into another channel. Tandem dyes contain donor and acceptor
fluorochromes. In most situations, the fluorescence of donor fluorochrome is
efficiently transferred to acceptor fluorochrome via Forster- or Fluorescence-
resonance Energy Transfer [92,93] however, there is always residual base emitting
signal into other detectors; (3) cross-laser spillover. It occurs as a result of the tandem
acceptor/donor's emission spectra being similar to that of another dye. Tables 7-15
examine the spillover source in each panel.

As expected, more fluorochromes in the panel, more spillover sources, thus a higher
risk of loss of data resolution, which will be explained in the next sub-section. The
choice of the number of antibodies introduced in a single panel is determined by the
purpose of each experiment. In Study I, the primary goal was to investigate a relatively
accurate expression level of each surface molecule, so we tried to minimize the
analyzed number of fluorochromes to three to avoid resolution loss caused by
spillover. As for the other two studies, we aimed to potentially explore distinct ASC
subpopulations highly defined by the differential co-expression patterns; thus, the
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number of fluorochromes was increased as many as possible for one panel, together
with a generally acceptable control of data resolution.

Table 7: Spillover source in Panel 1 of Study 1

w Fluorochromes
s ~530  ~610  ~660 [SeSSININ IEEON ETE

FITC PerCP-Cy5.5

561nm

|| Cross-laser spillover because of similar emission spectra

The fluorochrome in bold denotes its spillover of emission wavelength into the other
channel, which is also applied in Tables 8-15.

Table 8: Spillover source in Panel 2 of Study I*

w Fluorochromes

taser BEE 530 610 ~660 ~685 =740 NI
aosum Bveos

561nm PE-Cy7
638nm Alexa Fluor 647

* No obvious spillover source is observed.

Table 9: Spillover source in Panel 3 of Study 1

Wavelength

Fluorochromes
IEOIN 530 ~610  ~660 ~e8s [ ~740 RN
BV650

561nm PE-Cy7
APC-R700

| | Cross-laser spillover because of similar emission spectra

Table 10: Spillover source in Panel 4 of Study 1

Wavelength
aveleng Fluorochromes

SO 530 610 ~660  [IEGEsHN IEEON IEE

laser

561nm | PE-CF594 PE-Cy7 |
APC-Cy7
|| Residual spillover between tandems and their base
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Table 11: Spillover source for Panel 5 of Study 1

Fluorochromes
~530  ~610  ~660  [=e8s i A0 T
BV605 |
561nm
Alexa
Fluor 647

|| Residual spillover between tandems and their base

Table 12: Spillover source in Panel 1 of Study II

w Fluorochromes
. ~530 ~610 ~660 .-
BV421 BV605
BV510  BV605
561nm | PE- CF594 PE-Cy7

PE-Cy7

APC-R700

Cross-laser spillover because of similar emission spectra
Residual spillover between tandems and their base

Spillover into adjacent detectors of the same laser

Table 13: Spillover source in Panel 2 of Study II

Wavelength

Fluorochromes
laser ~530 ~6 1 O N660 ..
BV421 BV650
[ BV605 = BV650°
BV650
561nm
- Alexa Fluor 647
Alexa Fluor 647 APC-Cy7 |

Cross-laser spillover because of similar emission spectra
Residual spillover between tandems and their base
Spillover into adjacent detectors of the same laser

% These two dyes overlap each other.

35



THE IMMUNOPHENOTYPICAL AND FUNCTIONAL CHARACTERIZATION OF ASC SUBPOPULATIONS IN VITRO

Table 14: Spillover source in Panel 1 of Study Il

Wavelength Fluorochromes
=0 s s EEEEE

BUV395

FITC Percp-Cy5.5
Percp-Cy5.5

561nm PE-CF594

Alexa Fluor
647

|| Cross-laser spillover because of similar emission spectra

Table 15: Spillover source in Panel 2 of Study 1]

Wavelength

Fluorochromes
BUV395 BUV496 BUV737
BUV496 BUV737
BB515 BB700
BB700
BB700
561nm PE-CF594 PE-Cy7
PE-CF594 PE-Cy7
APC

Cross-laser spillover because of similar emission spectra
Residual spillover between tandems and their base

3.2.1.3 Compensation and data resolution

The compensation process in MFC entails mathematically removing spillover
between applied fluorochromes. Matrix algebra is used to invert a spillover array to
generate compensation values that are used to subtract out the contributions of non-
primary fluorophores overlapping into a given channel[94,95] Compensation can
remove the overlapped signals; however, this correction process will also increase the
background of the negative population and promote signal spreading into other
channels, causing difficulty to distinguish populations. Figure 7 exemplifies how the
signals in BV650-channel influence APC-channel before and after compensation. As
shown, although the spillover of BV650 into the APC detector is corrected by
compensation (Y-median fluorescent intensity of the positive and negative population
is proximately equivalent), the increased background of the BV650-negative signal
and the spread of positive signal, which is quantitated by standard deviation, can still
not be ignored or even amplified. This will attenuate the power to resolve various cell
populations in the APC channel.

36



Before compensation After compensation
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Figure 7. An example of fluorescence spillover introducing background/spread into
another detector. Before compensation, an obvious spillover from the BV650 channel
into the APC channel can be observed. After compensation, in the spillover detector
(APC), the MFI of the positive population is roughly equivalent to that of the negative
population, however, the spread (measured by standard deviation) caused by the
spillover is not reduced and even amplified slightly. This will humble the resolution
of any APC-positive cells from the negative population. Abbreviations: MFI, median
fluorescent intensity, Y-Med, Median fluorescent intensity of Y-axis;, Y-Stdev,
standard deviation of Y-axis.

3.2.1.4 Practical experimental setting

As stated earlier (Figure 6), antibody titration, viability dye, or negative controls
contribute greatly to the satisfactory results. A series of dilutions for each new
antibody is used to determine an optimal point that separates the positivity from the
background noise and acquires the best measurement of antigen expression levels;
viability dye is applied to exclude the dead cells to remove nonspecific binding;
fluorescence minus one (FMO) controls are utilized to define the positive and negative
boundary. Notably, isotype controls with a long history are used to account for
nonspecific staining of an antibody of a given isotype conjugated to a specific
fluorophore. However, the background staining of each antibody conjugates varies
due to the wvariation in specificity, concentration, aggregation degree, and
fluorophore/antibody ratio of each antibody. Besides, isotype controls fail to take into
consideration fluorescence spillover from other channels. These shortages
significantly limit the use of isotype control in MFC.
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3.2.2. FACS

3.2.2.1 Working principle

FACS technique can be used to capture and separate the desired cells with predefined
features. As described in the introduction section, ASCs are constituted of
heterogeneous cell clones, and FACS allows for a separation of targeted ASCs clones
or populations for subsequent functional analysis. The general principle of FACS is
the electrostatic deflection of charged droplets that contain particles of interest. Cells
will be firstly labeled by fluorescence so that the operator can use computer software
to define the fluorescent cells of interest when cells pass through the laser beam. By
nozzle vibration, the downstream from the analysis point will be broken into discrete
droplets so that the drops containing desired tagged cells will be charged and diverted
from the mainstream into a collection receptacle while the remainders (uncharged
droplets) are disposable into a waste container (Figure 8).

caln
305‘6“ £
S
Oe\\af/\
)
Y
~
LV &
© ( C
Ne BT
L Fans
- ]
~
Crude Heterogenous Cells
Laser Light Scatter

]
—— —> Fluorescent Signal

@ ] I
¥ %
& 1+ N
ES ®
& )+ RO
R 8y
i SANCN
@ %
S RN
S N
& )+ %
< %
|+
Waste
Sorted cells Sorted cells

Figure 8. FACS working principle. The heterogeneous ASCs mixture is primarily
stained by fluorescence-conjugated antibodies, and FACS will separate these
fluorescence-labeled cells into different collection vessels. These drops containing
desirable cells will be charged and diverted the mainstream into the collection tube,
based on the operator's intentions.
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3.2.2.2 Instrument setting (quality assurance)

A cytometer is equipped with laser beams (position and shape), filters (angels and
quality), and photomultiplier tubes (PMTs, sensitivity, and resolution). A good flow
system exhibits strong excitation of fluorochromes with good resolution and
consistency over time, optimal transmission and reflection of emission light, and
efficient signal collection at the detectors[96]. Laser efficiency and filter calibration
are normally monitored by the technician from the supplier, thus, the optimization of
PMT using a batch of calibration beads is discussed here.

Sphero Ultra Rainbow Six Peak Fluorescent Particles(Spherotech) were used to
determine the lowest voltage range that yield the lowest coefficient of variation(CV)
and highest signal-to-noise(S/N) ratio for each detector[97,98], the step of which was
called PMT titration. The PMTs were further validated with the aid of BD
compensation beads conjugated to our antibody, and the voltage point that provided
the largest S/N ratio was selected. Besides, although the user manually calibrated the
stream for the MoFlo Astrios EQ sorter, Sphero Ultra Rainbow Single Peak
Fluorescent Particles (Spherotech) were still used to further optimize stream
alignment and quality control along with the experiment.

3.2.2.3 Sample preparation

Superior cell preparation will improve sort purity, yield, post-sort cellular function,
and viability. To maximize the overall quality of live cell sorting, the following factors
are carefully considered: suspension buffer, single-cell preparation, dead cell
discrimination, collection media, and cell concentration.

A good suspension buffer can maintain cell viability and prevent cell aggregates. As
such, except for PBS and bovine serum albumin protein (BSA), non-phosphate system
HEPES was supplied to maintain the neutral PH replicate incubator environment;
proteolytic and collagenolytic enzyme-based Accumax solution was added to prevent
the formation of clumping. As known, clumped cells will clog the sorting nozzle and
impede sort performance. Except dissociation reagent added in the suspension buffer,
cell samples were also filtered through nylon mesh before sorting. Dead cells will
increase autofluorescence and non-specific binding, which will result in the loss of
resolution. A good selection of viability dye will help to remove dead cells as well as
maintain the post-cellular physiology for subsequent assays. Here, amine-reactive
membrane-impermeable dye, BD Horizon Fixable viability Stain 570, was opted for
dead cell discrimination. To improve recovery, the addition of protein in the sort
collection media can reduce cell adherence to the tube wall, and the HEPES buffer in
the collection buffer balances the drifted PH when cells travel from the nozzle to the
collection receptacle. Besides, a pre-coat tube with collection media will also
neutralize the plastic charge, which can reduce the droplet spray and tight adherence
to the wall as well. A higher concentration of the cell sample will increase the
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acquisition rate and shorten the sorting time so as to minimize the damage caused by
sort-induced stress. On the other hand, a too high concentration of cells will greatly
promote the formation of the aggregates, thus a range of 5x10°-30x10° per mL may
be the appropriate concentration, which also depends on the cell type[99].

3.3. STEM CELL CHARACTERIZATION

The International Society for Cellular Therapy 2006 has proposed the minimal criteria
for defining the multipotent MSCs: plastic adherence, positive or negative for specific
surface molecules, and multipotent differentiation potential[100]. The plastic
adherence was observed during the cell culture process, and the expression profile of
surface markers was reported in Study I. therefore, in Study III, we targeted the
differentiation potentials of those purified ASC subsets towards adipocytes,
osteocytes, and chondrocytes to fully unveil their stem characteristics. For adipogenic
differentiation, Nile Red was used to stain the formed lipid droplet, and the expression
of peroxisome proliferator activated receptor gamma2(PPAR-y2, differentiation-
related gene) was detected to quantify the differentiation level. For osteogenic
differentiation, Alizarin Red was opted to stain the calcium-containing mineralized
matrix deposition and the gene expression of runt-related transcription factor
2(RUNX?2) was assessed as well. For chondrogenic differentiation, alcian blue and
dimethylmethylene blue was used to stain and measure glycosaminoglycans in
cartilage; gene expression of SRY-box transcription factor 9(SOX-9) was quantified.
Besides, the CFU assay was used to assess the frequency of progenitor cells.

3.4. PROLIFERATION CAPACITY

Apart from stem cell characterization, proliferation capacity is another indicator for
evaluating the potential of these distinct subpopulations in future possible clinical
applications, as a rapid proliferation rate will likely reduce the time required for
sample preparation. ASCs are found a low proportion in adipose tissue, therefore, in
vitro large-scale expansion is necessary to ensure the required number for repetitive
therapeutic intervention until desired outcomes are achieved. There are currently four
measurements for detecting cell proliferation: metabolic activity, cell proliferation
markers, ATP concentration, and DNA synthesis[101]. To name a few examples,
tetrazolium dye MTT and Alamar blue for detecting metabolic activity; Ki-67 as the
proliferation marker; bioluminescent luciferase for measuring ATP concentration;
bromodeoxyuridine (BrdU) assay for quantifying DNA contents. In our studies, we
used Picogreen to measure the amount of double-stranded DNA from the
homogenized lysates. Picogreen is a fluorescent dye that binds nuclear acid
ultrasensitively, whose fluorescence can be detected by a spectrophotometer.
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3.5. POTENTIALS IN WOUND HEALING

A large body of evidence has validated ASCs' prominent roles in promoting wound
closure[102,103]. ASCs hold immunoregulatory properties that can accelerate the
transition to a later stage during the inflammation stage, promote granulation
formation during the proliferation phase, and speed up the deposition of the
extracellular matrix during the remodeling phase. All of these effects listed above are
merely brief summaries. Trevor et al. reviewed the detailed roles of ASC in each phase
of wound healing[104]. According to this background information, the focus of our
study is to look into of therapeutic effects of ASC-immunophenotypes on wound
healing.

We used scratch assay to mimic the wound healing models in an attempt to investigate
the re-epithelial effects of ASC-subsets derived condition media. The Wound Pin Tool
was used to make a scratch on the monolayer of the human dermal fibroblasts (HDFs).
One limitation of this assay is the inconsistency of scratch depth and size across wells.
Besides, a manual procedure would be time-consuming and would result in a “ragged”
edge boundary, leading to inaccurate data collection. Also, the biggest challenge, as
Riis stated[105], is that this monolayer fails to comprehensively mimic the epidermis
in vivo, which is composed of a multilayer of different cell types. There is a need to
develop a 3D skin model. On the other hand, in vitro model is relatively inexpensive,
simple, and allows for real-time measurement[106]. Furthermore, it will induce a
robust directional migratory response, making data quantification quite simple[107].

We used tube formation assay to model the reorganization stage of angiogenesis,
allowing us to assess the pro-angiogenesis effects of distinct ASC populations. The
ability of human dermal microvascular endothelial cells (HDMECs) under the
extracellular matrix support to form capillary-like structures was evaluated in terms
of the junction/node numbers, length, and area of the formed tubes. One disadvantage
is that HDMECsS and extracellular matrix vary from lots to lots, making it difficult to
obtain consistent, reproducible, and reliable data. This inconsistency was also visible
in our preliminary experiments. We purchased Engelbreth-Holm-Swarm murine
sarcoma ECM gel (Sigma-Aldrich) twice with different lot numbers, but capillary-
like structures did not form in one type of gel, although both gels had the same catalog
number. Additionally, in vivo studies should further be carried out to confirm the
acquired results from in vitro assay, as commercially available endothelial cells have
a competing proliferation rate, as well as heterospecific cell interactions that appear
in vivo are absent. Despite these drawbacks, we should keep in mind that in vitro assay
has a relatively easy procedure, requires a short period of intervention (typically 4-12
hours), and is compatible with high-throughput analysis. Notably, while Study III
provides preliminary insights into the ASC subpopulation in wound healing, a full
map of underlying mechanisms, such as immunoregulatory effects, merit further
investigation, which is also our next goal.

41



THE IMMUNOPHENOTYPICAL AND FUNCTIONAL CHARACTERIZATION OF ASC SUBPOPULATIONS IN VITRO

42



CHAPTER 4. SUMMARY OF RESULTS

A detailed description of results in this dissertation has been described in each
manuscript (see Appendix II). In this section, the main findings will be highlighted
below.

4.1. STUDIES I/ll: CULTURE/DONOR-RELATED FACTORS ON ASC
IMMUNOPHENOTYPICAL REPERTOIRE

We employed MFC to evaluate the effects of culture/donor-related factors on the ASC
immunophenotypes, as it allowed us to simultaneously analyze the level of single
surface markers and co-expression of positivity and negativity. As for single surface
expression profiling, throughout the whole observation process, ASCs were shown a
presence of CD29, CD34, CD36, CD73, CD90, CD105, CD146, CD166, CD200,
CD201, CD248, CD271, CD274, Stro-1, no matter it remained steady and fluctuated,
and a gradual loss of CD31. Furthermore, three types of kinetic profiles for those 15
selected markers were observed: convergence to uniformity, continuous uniformity,
and high fluctuation (Manuscript 1, Figure 2, and Figure 3).

When it came to ASC cellular subset compositions within the culturing system, a
major homogenization process occurred due to a culture-related selection, which was
demonstrated from 3-fold, 5-fold, 7-fold, or 8-fold multiplexing flow cytometry.
Furthermore, only a limited combination of co-expression patterns was preserved at
the later stage, which appeared and stabilized in a manner co-expressing with the
major markers with CD73, CD90, CD105, CD166, CD29, or CD201, irrespective of
the choice of donors (Figure 9, Figure 4 in Manuscript 1, Figure 2/3 in Manuscript 2).
Such a homogenous procedure is because the minor subpopulations exchange,
diverge, and converge into the dominant lineages, the underlying mechanism of which
is validated in Manuscript 1, Figure 5.
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Figure 9. The proportions of each triple co-expression variant across each donor in
Panels 1-5 and their dynamics over eight passages. The subsets whose proportions
accounted for lower than 1% were not noted. Abbreviations: p, passage;

There is inter-donor variation in both cellular compositions and their evolution trend.
Donor 1 in Study I differed the most from the other two, especially in Panel 2, as well
as in Panels 4 and 5(Figure 9). In study II, throughout the whole analysis procedure,
ASCs were dominated by several highly prevalent clones cross most of the donors,
however, minor subsets were highly fluctuating and donor-dependent.

4.2. STUDY Iil: DISTINCT IMMUNOPHENOTYPES DISPLAYED
DIFFERENTIAL FUNCTIONALITIES

Identifying the major subsets established on the combination of cell surface markers
is critical to characterizing the cellular product potentially applied in clinics, however,
immunophenotype alone cannot fully uncover the therapeutic potentials of the ASC
subpopulations. Therefore, we carried out Study III to better visualize the ASC
immunophenotypes and their associated functionalities that manifested during culture.

Upon in vitro expansion, two subpopulations, CD274*CD146 (Subpopulation 1, SP1)

and CD274"CD146"(Subpopulation 2, SP2), supplemented with CD34-CD36°CD200"
CD248CD271 Stro-1-, gradually appeared to outgrow than others. We decided to
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further investigate these two clonal lineages. To catch up with the clinical procedure,
where the frozen-thawed ASC products were applied, we opted to freeze the cells at
passage 4 and examine the potential of targeted subpopulations after thawing.
Strikingly, besides the two dominants described earlier, all the other detectable
variants acquired the co-expression of CD248. After a period of propagation to ensure
a sufficient cell number for functional assay, all the fractions shared similar
immunophenotypical profiles, where CD274*CD146'CD248" and CD274'*CD146"
harbored the highest proportion of cells. Collectively, all the sorted phenotypes after
propagation cannot be maintained.

The functional analysis suggested that CD274°CD146" cells outperformed

CD274"CD146" clones in terms of growth rate, clonogenic potentials, and capacity
toward wound healing.
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CHAPTER 5. DISCUSSION

The ASC-based products have been widely used for the treatment of various diseases
in recent decades. The major challenge associated with the preparations of ASC for
regenerative applications is that ASCs represent a heterogeneous mixture entailing
undesirable therapeutical agents, which may dampen the expected outcomes. Augello
et al. [108] emphasized that a single MSC clone can be highly heterogeneous,
harboring the undifferentiated stem/progenitors or lineage-restricted precursors
whose proliferation rate and differentiation capacity are varied. This compelled us to
uncover the possible compositions of ASC subpopulations within crude ASC
preparations, as well as the potential biological effects of well-defined
immunophenotypical lineages. Such a study, we believe, will provide additional
information for better targeting subpopulations of interest in personalized clinical
settings.

5.1. FACTORS CONTRIBUTING TO ASC INCONSISTENCY

In Manuscript I, except for CD73, CD90, CD105, CD166, CD29, and CD31, other
selected surface markers differed from the previous studies regarding both the
expression level and their evolution trend. In Manuscripts I and II, donor-dependent
discrepancies for quite a few ASC immunophenotypical subsets were also discerned.
In addition, a direct donor-to-donor comparison in terms of their capacity to
proliferate, differentiate, form new colonies, and heal the wound was conducted and
identified as well in our group (data not published yet). Accordingly, an overview of
the critical affecting factors is provided in Figure 10.

Starting Manufacturing

material process

+ Donor: age, gender, -+ Isolation: storage, enzyme, centrifuge,
BMI, health state
* Culture/expansion: medium, serum, seeding density,
* Harvest: tissue attach vessel
site/source
+ Cryopreservation: CPA, serum, temperature
Figure 10: Critical factors leading to ASC inconsistency. Abbreviations: BMI, body

mass index; CPA, Cryoprotective agent.

As for the starting origins where ASC are originated from, the donor's physical
conditions, including age, gender, body mass index (BMI), or health state will be
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taken into warrant consideration. Distinctiveness in ASC proliferative, differentiate,
secretory, or antiapoptotic ability may be caused by differences in donor
age/gender[109]. Take one example here, when compared to cells isolated from older
subjects, infant-derived ASCs have a competitive advantage in terms of angiogenesis
and osteogenesis formation[110,111]. Besides, increased BMI negatively correlated
with the proliferation and differentiation potentials[112], although some studies failed
to detect a significant relationship between BMI and ASC functionalities[113,114].
Concerning the donor’s health state, such as chronic diseases, it will undoubtedly alter
the ASCs' intrinsic properties or impair cell functions including stemness,
differentiation, and angiogenic potentials[115—117]. When it comes to the harvest site,
the abdomen has been described as the best origin, as superficial fat displays
heightened multipotency and stemness features than the deep depot[113,118,119].

Manufacture procedures will affect the therapeutical effects of end cellular products,
which are modulated by the choice of optimal cell isolation, culture/expansion, and
cryopreservation method. Despite the fact that enzyme-digested SVF is already used
in clinical trials[120,121], it is still necessary to acknowledge that enzymatic
digestion-based protocols were originally applied for experimental purposes, but
discovered to have relatively lower efficiency in clinical settings, due to unexpectedly
higher cell death and antigens alteration[122]. Favorably, a new one-step and quickly-
performed isolation method that does not require collagenase digestion can improve
the quantity and quality of isolated stem cells[123]. Currently, the most commonly
accepted medium for culture/expansion is Dulbecco’s minimum essential medium
(DMEM) or the alpha minimum essential medium (a-MEM), supplemented with 10%
fetal bovine/calf serum[124]. However, more considerations still need to be taken into
account to standardize the preparation procedure and obtain a high quality of ASC-
based cellular product[125-128]. The addition of supplements or glucose, for
example, can also change ASC functionalities[129,130]. Freshly-obtained tissue or
cells are initially applied for most basic and clinical research, but it is approaching
impossible to work on fresh material for all kinds of studies. This impetus a need to
use the frozen-thawed cells stored using the cryopreservation technique, but give rise
to additional disparities because of the distinct choice of cryopreservation media, time,
temperature, and rounds. Increased cryopreservation time negatively impacted cell
number and viability, but cell growth rate and stemness after recovery were
maintained[89]. Furthermore, the beneficial effects of one type of Xeno-free
cryopreservation media on ASCs plating efficiency, multipotency, or chromosomal
normality were demonstrated as well[131,132]

Lastly but importantly, there are still methods to minimize the level of heterogeneity
to some extent, leading to a relatively comparable comparison between different
operators. A sequential wash procedure can purify ASC cellular compositions, as it
will take different time-lapse for ASC clonal lineages to adhere to the culture surface.
This phenomenon was also demonstrated in Studies I and II, where, upon in vitro
expansion with continuous washing, the crude cell cultures became more
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homogeneous. Another ensuing effort is to isolate the specific ASC
immunophenotypical subpopulations by means of flow cytometric sorting or
immunomagnetic techniques, which is also the aim of Study III.

5.2. SUBPOPULATION EVOLUTION AND POTENTIAL USE

As seen in Manuscripts I and II, only several possible combinations can be identified
until the end of culture, and ASC cellular composition gradually acquired
stabilization. Two major hypotheses for the mechanism underlying the temporal
change: differences in proliferative capacity among distinct subpopulations;
differential expression of epitopes. Based on our current results, it can only be inferred
that the major driving force originates from the differential expression levels of the
epitopes, especially those highly-expressed surface makers. Whether those
subpopulations outgrow or proliferate faster than the others deserves a thorough
exploration in which those targeted subpopulations are separated and measured
individually.

In the introduction section, it is mentioned that immunophenotypical ASC
subpopulations are advantageous for specific applications in regenerative medicine.
However, there is still a long way to go before ASC subsets-based therapy can be used
broader. Although the cellular compositions will more or less stabilize after a period
of growth, it remains unclear whether those dominant ASCs subpopulations will
change their potentials after manufacture but before the practical application, as
suggested in Study III. This part of the content will be discussed in-depth in the
following section. Furthermore, special consideration should be given to the minor
subpopulations whose biological effects may be critical but challenging to identify or
confirm. Firstly, they are highly susceptible to in vitro adherence to plastic, resulting
in a fluctuating presence within the culturing, necessitating the optimal selection of
passing time. Secondly, the current collection of targeted subpopulations is mainly
based on either flow cytometric sorting or immunomagnetic technique (as indicated
earlier), but the acquired cell number is far behind the demanding amount for practical
clinical use. Alternatively, a further step, large-scale expansion, is required to produce
sufficient numbers, however, the phenotype mutation and unknown alteration in ASC
performance are likely to occur, making the situation more ambiguous.

5.3. FUNCTIONALITY UNDERLYING IMMUNOPHENOTYPICAL
COMPOSITION

Currently, flow cytometrical analysis of ASC immunophenotype is a common method
to identify the characterization of ASC and their subsets. We believe that each surface
markers or their unique combination represent exclusive significance for cells. As a
result, in Study I1I, we determined how the ASC co-expression subpopulations based
on the negativity and positivity of specific epitopes behave during culturing, with the
goal of identifying the specific link between immunophenotypical composition and
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functionalities. So far, to our knowledge, previous studies have highlighted ASC
immunophenotypes based on a single epitope or simple CD combination, after early
isolation. However, it has not yet been determined how the functionalities underlying
each immunophenotype persist or whether can be further regulated during culture.

We discovered that in Study III, it is nearly impossible for those collected subsets to
maintain their immunophenotypical profiles the same as when they were sorted, but
their functionalities continue to differ, despite a gradual approach to a similar
phenotype. Specifically, the cellular composition of progeny cells from the sorted
CD274" cells was organized similarly to that of CD274"CD146+cells, both subsets
being negative for CD34:CD36°CD200"CD248 CD271 Stro-1, but the progeny from
former culture failed to hold the endothelial and fibroblast support. We hypothesize
that using the sorting technique, it is possible to purify genetically discernable
populations of stem/progenitors or precursors which are functionally constitutive
linking with those pre-defined phenotypes, and original transcriptional profiles from
those purified subpopulations could be inherent to their progeny cells. As a result, the
progeny cells differ in ways similar to when they are freshly sorted, although these
daughter cells may share common cellular constitutions. This suggests that changes
in phenotypical profiles exert negligible effects on the properties of the isolated cells,
despite long-term in vitro propagation. However, the hypothesis requires a direct
comparison of transcriptional profiles of those targeted cell populations, implying that
a high-throughput RNA sequencing needs to be conducted on cells collected from
both immediate-sort and progeny after propagation.

5.4. THE EFFECT OF FREEZING-THAWING PROCESS ON ASCS
CHARACTERIZATION

As explained in the result section, to comply with the clinical procedures where large-
scale frozen-thawed ASCs opted, we cryopreserved cells at passage 4 and examined
the potentials of target subpopulations after thawing. Except for the SP2-like
phenotype (double-positive for CD274 and CD146), the abundant cells acquired a co-
expression of CD248 with an obvious deduction of the SP1-like phenotype (single
positive for CD274). This indicates that the freezing-thawing process may alter the
properties of ASCs subpopulations, at least on the phenotypical level. Indeed, some
researchers have already concluded that cryopreservation can preserve the stemness
of crude cells while resulting in acceptable viability and proliferation rate, but it can
also cause changes for some surface markers[133—136]. However, there is a lack of
evidence demonstrating how freezing affects subpopulation distributions and alters
the representing functional characterization of individual lineages. Similar to ASC-
based applications, a freezing procedure is crucial for storing the “off-the-shelf” ASC
subpopulation; therefore, future research could be directed to the investigation of
cryopreservation on the safety and efficacy of ASC subsets-based products.
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5.5. PROLIFERATIVE, CFU, AND DIFFERENTIATION CAPACITY

In our studies, purified subsets demonstrated a more robust ability to proliferate, form
colonies, and direct to adipo-/osteogenesis, compared to the crude mixed cell culture.
It was inferred that heterogeneous cells were contaminated by other populations of
more committed progenitors or precursors, dampening their stem potentials[137—
139]. The enhanced capabilities of purified immunophenotypical subsets in Study III
may facilitate their broader use. Take proliferation rate as an example, with a shorter
doubling time, these clones (SP1 and SP2) will require significantly less time during
preparation. However, it was noted that other studies discovered that CD146" cells
had a longer doubling time than CD 146" cells, contradicting our findings that CD146
positive and negative cells (SP1 and SP2 cells) showed comparable proliferation
rates[140—142]. This discrepancy could be attributed to inconsistencies in phenotypic
characteristics as well as a distinct MSC source. Concerning stemness, others reported
that CD146  and CD146" did not differ in terms of CFU and tri-lineage differentiation
under normal media, but when incubated in specific condition media, CD146™ showed
less osteochondrogenic differentiation than CD146" cells[140,141]. In our study, we
also found that SP2 with the presence of CD146 differentiated the most, though there
was no significance for chondrogenesis. Furthermore, our findings are consistent with
previous research showing that CDI146" cells have favorable adipogenic
properties[27,142], demonstrating that these cells may have a greater potential to form
more mature adipocytes after transplantation to a damaged area.

5.6. WOUND HEALING POTENTIAL

The supernatant from SP2-fracted cells positive for CD146 was found to improve the
capillary-like formation of HDMECs and enhance HDF proliferation. Previous
studies have linked CD146 positivity in MSCs to pro-angiogenic effects [143,144],
the mechanisms of which are derived from their pericyte origin and secretory
profiles[98,142]. The CD146 pericyte phenotypes may interact with endothelial cells
to regulate vessel formation[145,146] and secrete vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), and angiopoietin-1, all of which promoted
vessel growth[81,142]. Such proangiogenic capacity of surrogate maker CD146 could
partly explain why condition media harvested from SP2 cells (CD274"CD146")
behaved more advantageous in wound healing assays than others. Indeed, some
researchers have already attributed the enhanced tissue formation and graft retention,
after ASCs or ASC subset transplantation in animal models, to their robust
vascularity[81,147,148]. However, there is still a long way to go between the
preclinical study and the practical clinical application.

5.7. LIMITATIONS

The number of donors is the first concern. The minimum biological required number
(n=3) in Studies I/II was used, as it is sufficient to demonstrate both the emergence of
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dominant subpopulations and inter-donor variability. However, in order to fully map
the range of variability and to determine the correlation of clinical data, a prospective
study focus on the donor difference should be conducted. Furthermore, a direct
comparison of ASC subsets enriched from donors categorized by different features
should be conducted to fully uncover the effects of personalized information on the
physiologies of ASC lineages.

In Study III, we highlighted the roles of CD274 and CD146 double-positive cells in
the constitution of ASC clones. However, what are the roles of other well-studied
markers in the combination system, such as CD271(differentiation-
commitment)[149], or CD248(angiogenesis)[150], to name a few here? They did not
appear to be involved in the combination of major discernible clones, as they
distributed dispersed in many small variants. It is unclear whether they bear some
specific functionalities, but any isolation of these small variants entailing these
markers for functional assay will meet huge challenges. This is because in vitro
expansion following sorting may introduce an unknown alteration within each subset
as well as technical limitations.

Another consideration is about the models assessed for wound healing, as explained
in the method section. In vifro models could be partly used to explore the potentials
of these ASC lineages on wound healing, but they fail to mimic the practical wound
process in vivo where multiple layers of cells or cell interactions are involved
simultaneously.

Finally, MFC was applied throughout all the studies. When involved in the co-
expression of 7-fold (Study II) and 8-fold (Study III) markers, the resolution loss
caused by the compensation process is not likely to be ignored. As a result, it is quite
difficult to resolve those minor lineages which distribute dispersedly within the
culturing. Therefore, only finite numbers of combinations can be established when
using MFC in Studies I/, although there could be 27or 28 possibilities. It is believed
that the panel designs for each study can still be optimized to achieve a better
resolution.
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CHAPTER 6. CONCLUSION

In conclusion, the studies provided a deep insight into ASC heterogeneity and the
biological effects of those represented ASC immunophenotypes. We found that a
major homogenization process occurred at passage 1 and several dominant ASC
clones with co-expression of major markers were discerned and stabilized within
crude culturing, regardless of donors. Besides, the inter-donor variance was present in
terms of the cellular composition and the evolution trend of ASC clones. Furthermore,
purified ASC immunophenotypical lineages can be used for specific interventions,
whose functionalities appear determined at the sorting point and retained inside cells,
irrespective of later changes in immunotype repertoire. Surrogate CD markers whose
potentials are better tested at sorting could be further identified for providing more
clinically relevant cell products.

PERSPECTIVE

To enlarge the application of ASC-subset cellular products in clinics, storage of the
efficient numbers of the individual cell population is the preliminary step. Future
research related to the effects of the freezing-thawing process on the ASC subset,
including safety, efficacy, potency, efc., would be of great value to better prepare the
related cellular products.

The additional transcriptional analysis is crucial to understand the behaviors
underlying the individual immunophenotypes from gene level; additional mechanism
analysis is advantageous to fully validate the prominent ASC populations in our
studies, such as immunoregulatory effects. Such studies will provide more useful
evidence to fully comprehend the relationship between biological potency and
immunophenotypes, allowing us to better target these ASC populations with the
greatest therapeutic value.

We focus on the conventional 2-dimensional expansion that is currently used for
clinical studies. However, growing evidence has highlighted the beneficial roles of
the three-dimensional hydrogel model or alternative culturing substrates in tissue and
organ transplantation over the last few decades. For example, tissue-engineered ASCs
can retain stemness while exhibiting increased anti-inflammatory/immunomodulatory
properties, robust survival/anti-apoptotic ability[151], or rapid cell growth rate[152].
Regrading ASC-subset transplantation (our primary focus), Ferraro et al.[80] have
reported that human CD34/CD90 ASCs and collage scaffold constructs build loos
connective and adipose tissue fabricated after in vivo transplantation. This will pave
the way for further research into the novel delivery method for ASC-subsets-based
grafts, which could cascade amplify their beneficial effects in regenerative medicine.
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Appendix A. Spectra view

All these figures below were created by FluoroFinder 2.0 online web tool.
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Figure Al: Spectra view of fluorescence used in Panel 1 of Study I. All the exciatThe
annotations are only made when the dyes are detected in the targeted laser view,
although some dyes could be excited by multiple lasers. Abbreviations: BP, bandpass;
Ex, excitation; Em, emission.
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Figure A2: Spectra view of fluorescence used in Panel 2 of Study 1.
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