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Abstract

The cell microenvironment plays a critical role in modulating adipose-derived stromal cell
(ASC) proliferation and paracrine function. The current study investigated the effects of
decellularized adipose tissue (DAT) coatings, low-level oscillatory shear stress

(~0.04-0.3 dyn/cm?), hypoxia (2% O3), and pro-inflammatory cytokine priming with IFN-y
and TNF-a on human ASC proliferation and paracrine factor secretion in the context of a
rocking bioreactor. Culturing under 20% Oz resulted in a higher cell density after 7 days of
culture. Without cytokine priming, the varying culture conditions significantly impacted the
levels of the pro-angiogenic factors VEGF, HGF, and angiogenin detected in conditioned
media samples. In contrast, when the cells were primed, the levels of the immunomodulatory
factors IL-6 and 1L-8 were most affected by the varying microenvironmental factors. Overall,
a novel bioreactor system was developed for ASC expansion and preconditioning,
demonstrating that the cell microenvironment could be tuned to modulate ASC paracrine

factor secretion.
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Summary for Lay Audience

Adipose tissue or fat is found throughout the body and has important structural and
functional roles, including defining the normal body contours. Adipose tissue loss due to
disease, trauma, or resection of tumors can lead to contour defects, impaired function, and
decreased emotional well-being of the patient. Therefore, adipose tissue reconstruction is
usually considered in cases of large adipose tissue defects. However, conventional
reconstruction therapies used to restore adipose tissue after damage generally only provide
temporary solutions that lack long-term stability. To support functional regeneration, tissue
engineering strategies utilizing pro-regenerative cells that can be isolated from fat, termed
adipose-derived stromal cells (ASCs), have gained significant interest. Promisingly, ASCs
are abundant within fat and have the ability to secrete therapeutic signalling molecules that
can promote blood vessel growth and modulate the inflammatory response to stimulate
healing. With the goal of developing a clinically-applicable strategy for ASC expansion that
augments their therapeutic properties, efforts have been made to assess how the environment
in which the ASCs are cultured in the lab influences their pro-regenerative functionality. One
strategy is to culture the cells on decellularized adipose tissue (DAT) scaffolds that mimic the
composition of their native environment within the body. Other factors, such as mechanical
stimulation, low oxygen concentration, and the addition of inflammation-triggering
molecules, have also been shown to regulate ASC therapeutic properties. This study aimed to
develop a rocking bioreactor system that enabled the systematic investigation of these factors
and evaluated their effects on human ASC expansion and therapeutic signalling molecule
secretion. In general, cell growth was well supported under all conditions studied, with a
higher cell density observed at 7 days in the samples cultured under 20% O2. Without the
addition of inflammation triggering molecules, the different culture environmental factors
had the greatest effects on the secretion of signalling molecules that can promote blood
vessel growth. In contrast, with the addition of inflammation-triggering molecules, the
different culture environmental factors had the greatest effects on the secretion of signalling
molecules that can modulate inflammation. Overall, this study showcases the complex
relationships between the culture environment and the therapeutic properties of ASCs, and
developed a novel rocking bioreactor system that may hold potential for augmenting the pro-
regenerative functionality of ASCs for future clinical applications in cell-based therapies.
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Chapter 1

1 Introduction

1.1 Adipose tissue reconstruction

Adipose tissue (fat) is ubiquitous throughout the human body, primarily localized under
the skin (subcutaneous) and around the internal organs (visceral) [1]. Although originally
thought to be an inert tissue with only energy storage functions, it was later found that
adipose tissue also plays critical roles in regulating energy homeostasis and the immune
response through endocrine and paracrine signalling [1]-[3]. In addition, adipose tissue
provides biomechanical support and cushioning for skeletal structures [4]. Following
damage or loss as a result of disease, trauma, burns, or congenital defects, subcutaneous
adipose tissue has a very limited capacity for self-repair [5]. Moreover, contour
deformities resulting from adipose tissue loss can have significant psychological impacts
on patients [5], and adipose tissue reconstruction can have a very positive impact on

patient quality of life [6].
1.1.1  Conventional reconstruction therapies and new directions

Synthetic implants and autologous fat grafting are two common clinical strategies used
for adipose tissue reconstruction, in particular following breast cancer treatment such as
mastectomy [7]. Synthetic implants are a common choice for patients undergoing
reconstruction of an entire breast, and are available in a variety of shapes and sizes.
Through decades of development, the safety and efficacy of saline- or silicone-filled
implants have considerably improved [8]. However, these implant-based treatments have
inherent limitations due to the nature of the procedure and the structure of the implants
[8], [9]. Whenever an implant is introduced to the body, the risk associated with infection
arises and the formation of a biofilm on the implant can be challenging to treat using
antibiotics [8], [10]. It has been reported that up to 2.9% of patients receiving breast
implants experience implant-related infections [8]. In addition, due to body’s immune

response to the foreign object and/or the formation of a biofilm, a fibrous capsule often



forms around the implant [11]. The contraction of the fibrous capsule can lead to severe
pain, deformities, implant migration, and possibly rupture, resulting in the need for an
implant removal procedure [8], [10], [12]. In addition to these complications, implant-
based treatments are also considered short-term solutions due to the lack of long-term

structural stability of the implant, with implant replacement ultimately required [8].

As an alternative approach, autologous fat grafting has been used for various
reconstructive and cosmetic purposes, ranging from small volume for facial rejuvenation
to large volume for breast and buttock augmentation [13]. Fat grafts can be easily
harvested using liposuction from various depots including the abdomen, back, and hips
[14]. The isolated graft is composed primarily of adipocytes, which are mature fat cells,
and a small amount of stromal vascular fraction (SVF), which includes adipose
progenitor cells such as preadipocytes and adipose-derived stromal cells (ASCs), along
with other cell types including endothelial cells, erythrocytes, fibroblasts, lymphocytes,
monocytes/macrophages, and pericytes [15], [16]. However, fat grafting has some
notable limitations. For the harvesting method, liposuction can cause donor site contour
deformity [14]. In addition, depending on the fat processing and grafting technique, as
well as the volume used, graft resorption and necrosis are observed, with up to 70%
resorption of the initial grafting volume observed [17]. The unpredictable volume loss is
attributed in part to the lack of revascularization of the graft, which can dramatically

impact the survival of the mature adipocytes [13], [17].

More recent evidence suggests that the long-term success of fat grafting may be more
dependent on tissue remodelling and replacement rather than tissue survival [13]. More
specifically, adipose progenitor cells from the graft can differentiate into adipocytes
and/or facilitate the regeneration and revascularization of the adipose tissue, thus
improving the overall outcome of the fat grafting therapy [13]. In particular, ASCs have
been demonstrated to support graft retention by modulating the inflammatory response,
reducing apoptosis, and promoting vascularization and preadipocyte differentiation [13],
[18], [19]. With this knowledge, ASC-enriched fat grafting has become a new research
interest and appears to hold great potential as a means to improve the outcome of fat

grafting procedures. However, additional research is needed to characterize and harness



the regenerative potential of ASCs, as well as to more fully evaluate the efficacy of ASC

enrichment.
1.2 Adipose-derived stromal cells

Adipose-derived stromal cells (ASCs) are a type of multipotent mesenchymal stromal
cell (MSC) derived from adipose tissue. Similar to other MSCs, such as bone marrow
derived stromal cells (BM-MSC) and umbilical cord derived stromal cells (UC-MSC),
ASCs are capable of differentiation towards osteogenic, chondrogenic, and adipogenic
lineages in culture [20]. However, a growing body of evidence supports that the
therapeutic capacity of MSCs is primarily mediated by their paracrine activities,
specifically through the secretion of immunomodulatory and pro-angiogenic paracrine
factors [21]. Compared to BM-MSCs, ASCs have been reported to have higher
proliferative, immunomodulatory, and pro-angiogenic capacities [22]-[25]. In addition,
the less-invasive procedures associated with ASC extraction and their higher relative
abundance also make ASCs a promising resource for cell-based therapies [26]. In
addition to the previously mentioned clinical implications in adipose reconstruction
therapies, ASCs are a promising cell source for the development of pro-angiogenic cell-
based therapies targeting other conditions including wound healing [27], [28] and

cardiovascular diseases [29]-[31].
1.2.1 Isolation, culture, and characterization of human ASCs

Human ASCs can be found throughout the body within two types of adipose tissue:
brown adipose tissue, responsible for heat generation at early ages, and white adipose
tissue, responsible for energy storage and metabolic activities [4]. As the human body
matures, white adipose tissue becomes the predominant type of adipose tissue in the body
within both the subcutaneous and intraabdominal depots [32], [33]. Due to its ease of
access and relative abundance, subcutaneous white adipose tissue is the most common

source for ASC isolation.



1.2.1.1 Isolation and culture of human ASCs

Adipose tissue is typically harvested as a form of surgical waste from procedures such as
liposuction, resection, and biopsy. ASCs can then be obtained from these tissue samples
through mechanical processing and/or enzymatic digestions. The mechanical dissociation
processes generally involve mincing of the tissue, filtration, and centrifugation, whereas
enzymatic processing usually involves collagenase, trypsin, and/or dispase digestions
[33]. A general workflow of ASC isolation begins with fine mincing of the tissue,
followed by collagenase digestion and centrifugation to collect the SVF [34]. To remove
erythrocytes, a sodium chloride and ammonium chloride lysis buffer can be used,
followed by filtration to remove cellular debris [33]. Finally, the adherent spindle-like
ASC population can be isolated from the rest of the SVF through in vitro culture on tissue
culture plastic. Although commonly used, one limitation of these conventional ASC
isolation methods is that the separation of ASCs from the other SVF cell populations
relies on ASC adhesion to tissue culture plastic, which does not necessary ensure a
homogenous cell population [15]. To allow for a more precise isolation and purification
of ASCs, Rada et al. developed a novel isolation method utilizing immunomagnetic
beads coated with specific antibodies targeting ASCs or subpopulations of ASCs with
different differentiation potential [35]. For clinical applications and large-scale usage,
many automated closed ASC isolation systems have been developed and made available
commercially [26]. These systems, as summarized by Oberbauer et al., allow
standardization of the process in a sterile environment, which could be beneficial for

immediate usage as an autologous fat graft supplement [16].

For clinical applications and research purposes, in vitro culture and expansion of ASCs is
usually needed to obtain enough cells. The culture media is one of the key factors in ASC
culture that can affect cell yield, as well as the clinical utility of the cells [36]. ASC
culture media usually includes a basal media, such as a-minimal essential medium
(a-MEM), Dulbecco’s modified Eagle’s medium (DMEM), or Dulbecco’s modified
Eagle’s medium/Ham’s F12 (DMEM/F-12), supplemented with serum and antibiotics
[33]. Fetal bovine serum (FBS) is the mostly commonly used serum for this purpose as it

contains high concentrations of growth factors and nutrients necessary for cell growth



and proliferation [34]. However, using a supplement of animal origin can introduce the
risk of xeno-pathogen transmission and allergic response in patients [37]. Furthermore,

the high batch-to-batch variability of FBS can impact cell phenotype and function [36].

To avoid the use of animal serums, human blood derived supplements, such as human
platelet lysate (hPL) and autologous/allogeneic human serum, have been used as
alternatives and have been shown to improve the proliferation rate of MSCs as compared
to FBS [34], [36], [38], [39]. Though promising, the effects of these xeno-free (XF)
medium formulations on MSC immunomodulatory capacities are not well understood.
Kandoi et al. reported improved immunomodulation of human UC-MSC cultured with
hPL as compared to FBS supplemented media, assessed based on their ability to suppress
lymphocyte proliferation [40]. In contrast, Oikonomopoulos et al. reported that hPL
supplemented medium diminished the ability of human BM-MSC and ASC to

suppress lymphocyte proliferation as compared to those cultured in FBS supplemented
media [41]. Moreover, as human blood derived supplements are also not well defined,
batch-to-batch variability is still a relevant limitation, rendering them non-ideal for

clinical applications.

To overcome these problems and to standardize the formulation of ASC culture media,
chemically-defined XF and serum-free (SF) media have been developed. Depending on
the brand and the formulation, this type of media can significantly increase the
proliferation rate of ASCs compared to media supplemented with FBS or human serum
[36], [42]. Since the introduction of XF/SF media, numerous studies have been conducted
to screen various commercially-available options mainly for expansion and
differentiation purposes. Depending on the MSC source and applications, the
performance of different commercial options may vary and can lead to varying levels of
change in cell characteristics [36], [39], [43]. The specific components within the media
formulations are often not fully disclosed, and extensive screening and characterization
studies are required before selecting a XF/SF media formulation for a given application
[34], [36].



1.2.1.2 Characterization of human ASCs

Due to the heterogeneity of the SVF cell populations, cell characterization by
immunophenotyping using flow cytometry is typically performed to verify the identity of
the ASC population. ASCs are expected to express MSC-specific markers, including
CD44, CD73, CD90, and CD105, while lacking the expression of hematopoietic markers,
such as CD14, CD31, CD45 [44], [45]. In addition to these classic markers for ASCs,
many other variable markers also exist, making it difficult to establish a complete
expression profile of ASCs. The expression of these variable markers depends on many
factors, such as donor variability, passage number, and confluency of the culture [45],
[46]. In particular, CD34 is a marker that was traditionally believed to be a hematopoietic
marker, but it is now recognized that it can be expressed by ASCs at early passages [47].
When comparing the CD34* and CD34- ASC subpopulations, Suga et al. reported
differences in proliferative and differentiative capacities, as well as angiogenesis-related
gene expression, suggesting the presence of ASC subpopulations with distinct properties
[48]. A comprehensive list of ASC surface markers is shown in Table 1.1. In addition to
their unique immunophenotype, ASCs can also be identified based on their multilineage
differentiation capacities (adipogenesis, chondrogenesis, and osteogenesis), which can be
achieved in vitro with the use of lineage-specific induction media. Through a
combination of histological analysis and gene expression analysis, as summarized by

Bourin et al., the differentiation potential of ASCs can be evaluated [15].



Table 1.1 The immunophenotypic profile of human ASCs [15], [26].

Marker type Antigen
CD13 (Aminopeptidase N)
CD29 (B-1 integrin)
CD44 (Hyaluronan receptor)
CD73 (Ecto-5’-nucleotidase)
CD90 (Thymocyte differentiation antigen 1)
CD105 (Endoglin)
Primary unstable positive CD34 (Transmembrane glycoprotein)
CD10 (Neutral endopeptidase)
CD26 (Dipeptidyl peptidase 4)
Secondary positive CD36 (platelet glycoprotein 4)
CDA49d (a-4 integrin)
CDA49e (a5 integrin)
CD31 (Platelet endothelial cell adhesion molecule)
Primary negative marker CD45 (lymphocyte common antigen)
CD235a (Glycophorin A)
CD3 (T-cell co-receptor)
CD11b (a-M integrin)
Secondary low or negative CD49f (a-6 integrin)

Primary stable positive

CD106 (Vascular cell adhesion protein 1)
PODXL (Podocalyxin-like protein)

1.2.2  ASC paracrine function

Since the discovery of MSCs, their multilineage differentiation potential was long
considered their key mechanism of action in tissue regeneration [49]. Only recently,
researchers have started to shift their focus towards MSC paracrine activities, which may
be a more important therapeutic property of MSCs compared to their differentiation
capacities [50]. ASCs in particular secrete a wide range of growth factors, cytokines, pro-
angiogenic factors, adipokines, and neurotrophic factors, in the form of soluble proteins
or enclosed in extracellular vesicles (EVs), all of which enable ASCs to promote tissue
regeneration [51]-[53]. The two major therapeutic potentials that lie within the ASC
secretome are their pro-angiogenic and immunomodulatory properties.



1.2.2.1  Pro-angiogenic properties

ASCs have been reported to secrete a diverse range of pro-angiogenic factors

including vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF),
fibroblast growth factor-2 (FGF2), platelet-derived growth factor (PDGF), transforming
growth factor-p (TGF-p), angiopoietin-1, and many others [51], [54]-[56]. VEGF and
HGF are two key pro-angiogenic factors secreted by ASCs that have been shown to act
directly on endothelial cells. More specifically, VEGF and HGF function synergistically
to promote endothelial cell growth, while inhibiting apoptosis [57]. Nakagami et al.
demonstrated that by neutralizing VEGF and HGF in ASC-conditioned media (CM) used
for endothelial cell culture, endothelial cell viability and migration were significantly
impaired [58]. Other factors secreted by ASCs have also been shown to play critical roles
in angiogenesis, which is the process of blood vessel formation from pre-existing
vasculature [59]. In particular, FGF2 mediates endothelial cell migration, while PDGF is
involved in endothelial cell proliferation and tubule formation [60], [61]. TGF-B and

angiopoietin-1 are critical to blood vessel remodelling and maturation [62], [63].

In addition to soluble factors, the EVs released by ASCs have also been shown to
promote angiogenesis in vitro and in vivo. In addition to the pro-angiogenic factors
mentioned above, EVs also contain microRNAs (miRNAs), which have been shown to
act on specific signaling pathways that are critical in angiogenesis [64]. In particular,
miRNA-31 was shown to target the hypoxia inducible factor-1 (HIF-1) inhibiting factor,
thus positively contributing to endothelial cell migration and tubule formation [65]. The
mechanisms of action of other miRNAs produced by ASCs that have been reported to
regulate angiogenesis, such as miRNA-125a, miRNA-126, and miRNA-181b [54]. In
particular, Yang et al. demonstrated that miRNA-181b present in the exosomes derived
from rat ASC is capable of promoting brain microvascular endothelial cell migration and

tube formation following oxygen—glucose deprivation [66].



1.2.2.2 Immunomodulatory properties

The immunomodulatory and immunosuppressive properties of ASCs are another key
aspect of their therapeutic potential. ASCs are capable of modulating both the adaptive
and innate immune response, by secreting a wide range of soluble factors,

including indolamine 2, 3 dioxygenases (IDO), nitric oxide (NO), interleukin 10 (IL-10),
prostaglandin E2 (PGE2), and human leukocyte antigen-G5 (HLA-G5) [64].

IDO plays a key role in MSC-mediated immunosuppression, particularly in response to
the presence of pro-inflammatory cytokines such as interferon gamma (IFN-y) or tumor
necrosis factor alpha (TNF-a) and interleukin 1 beta (IL-1B) [67]. IDO is an intracellular
enzyme that supports the catabolism of tryptophan into kynurenine, which in turn
suppresses T cell responses [68]. IDO also supports the proliferation of CD5* B cells,
which induce the differentiation of immunosuppressive regulatory T cells (Tregs) by
secreting IL-10 [50]. As for the innate immune cells, IDO activity also supports
monocyte differentiation into alternatively-activated “M2-like” macrophages, which are
an IL-10 secreting subpopulation of macrophages that are anti-inflammatory [69]. NO
has been reported to have a very similar role as IDO in the immunomodulatory effects of
MSCs sourced from mice, rats, and rabbits [67]. In humans, NO has been reported

to inhibit TNF-a and prevent dendritic cell (DC) maturation [68].

PGEZ2 is a homeostatic factor that is cyclooxygenase-2 (COX-2)-dependent and can be
upregulated by the pro-inflammatory factors IFN-y and TNF-a. [70], [71]. PGE2 works
alongside IDO to inhibit natural killer (NK) cell proliferation, while promoting Treg cell
differentiation. PGE2 has also been reported to modulate DC maturation and prevent the

differentiation of naive T cells into pro-inflammatory T helper 17 cells [71], [72].

Soluble HLA-GS5 is an isoform of the nonclassic HLA-G molecules that can be secreted
by MSCs depending on IL-10 expression. HLA-G5 targets leukocytes and inhibits the
activation of T, B, and NK cells through the leukocyte immunoglobulin-like receptor
subfamily B1 (LILRB1) receptors [68].
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When comparing the immunomodulatory properties of MSCs from different sources,
studies suggest that ASCs are superior to BM-MSCs [73]. For example, Melief et al.
demonstrated that, compared to human BM-MSCs, human ASCs are better at suppressing
peripheral blood mononuclear cell (PBMC) proliferation, as well as inhibiting the
differentiation of blood monocytes towards DCs [25]. Furthermore, another group
reported significantly higher levels of secretion of the anti-inflammatory cytokine IL-10
by monocyte-derived DC when cultured with human ASCs as compared to human BM-
MSCs [74]. Besides the differences present between ASCs and BM-MSCs, the
immunomodulatory properties of ASCs may also differ depending on the location of the
tissue source. A recent study by Abu-Shahba et al. reported that ASCs isolated from
breast tissue exhibited elevated expression of the immunosuppressive genes IL-10 and
IDO, as well as a number of antioxidative genes, as compared to those isolated from

abdominal adipose tissue [75].
1.2.3  ASCs in clinical applications

Due to their pro-angiogenic, immunomodulatory and anti-apoptotic properties, ASCs
have been proposed for many clinical applications. Reported in 2004, ASCs were first
used in the clinical setting as a supplement to a bone graft to treat a large bone deficit in
the skull [76]. Since then, autologous or allogeneic ASCs have been investigated in a
growing number of clinical trials. According to the ClinicalTrials.gov

database (https://clinicaltrials.gov/, Dec 2, 2020, search term: adipose derived stem cells
and adipose derived stromal cells), there have been 504 studies registered using adipose
derived stromal or stem cells as treatments for a wide range of conditions, including limb
ischemia, diabetes, osteoarthritis, ischemic heart disease, Crohn’s disease, skin ulcer, and
many others [77]. The following sections will focus on two common areas of application
of ASCs as pro-angiogenic treatments for wound healing and ischemic heart diseases,

followed by an analysis of the limitations and future directions of ASC treatment.
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1.2.3.1  Wound healing

Wound healing is a natural process of the skin regenerating itself, however in the case of
deep burns or in patients with diabetes or cancer, the process can be compromised. For
chronic wounds or large skin defects, current treatments such as autologous skin grafting
can result in complications such as donor site morbidity [28], [78]. As a result, ASC-
based treatments have been proposed to accelerate and improve the wound healing
process. In particular, the paracrine activities of ASCs can help promote a pro-
regenerative microenvironment within the wound bed. As discussed, ASCs secrete a wide
range of growth factors, including VEGF, HGF, and FGF2, that can promote new blood
vessel formation [79]. Other growth factors secreted by ASCs, such as PDGF, insulin-
like growth factor (IGF), and keratinocyte growth factor (KGF), can also promote

fibroblast proliferation, migration, and collagen secretion [80].

ASC treatments have been shown to be effective for treating diabetic foot ulcers (DFUS)
and irradiation-induced lesions in clinical trials [81]. In a phase Il clinical trial in Korea,
the use of allogeneic ASC hydrogel sheets as treatment for DFU has shown promising
results, with 82% of patients achieving complete wound closure at 12 weeks as compared
to 53% in the polyurethane film control group [82]. Another study by Rigotti et al.
demonstrated neovascularization and improved tissue structure, remission of tissue
necrosis and wound healing following repeated injections of ASC-containing autologous
lipoaspirates [83]. Many other clinical studies have also shown effectiveness in
improving wound healing [78], however more randomized controlled trials with a greater

sample size are needed to further demonstrate the efficacy of ASC treatments.
1.2.3.2 Ischemic heart disease

Ischemic heart disease (IHD) is the leading cause of death and disability worldwide [84].
Despite technical advancements, IHD remains a medical challenge as most treatments are
only capable of delaying the progressive disease process [85]. The use of ASCs has
emerged as a promising regenerative approach for heart disease due to their beneficial

secretome profile. In addition to the pro-angiogenic and immunomodulatory properties
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described above, rat ASCs have also be shown to inhibit scar fibrosis and reduce cardiac

hypertrophy in a rat model [86].

In addition to the promising results reported in animal studies, clinical studies conducted
have also shown the efficacy of adipose-derived SVF in treating acute and chronic heart
diseases [64].The APOLLO trial demonstrated that SVF infusion after acute myocardial
infarction improved cardiac function, with a 50% reduction in scar formation and
improvement of perfusion [87]. For treating chronic ischemic cardiomyopathy in the
PERCISE trial, although SVF treatment did not reduce the scar size, it was able to
stabilize the scar while improving perfusion and left ventricle contractility [88]. Besides
direct infusion, ASCs can also be administrated in the form of a cell sheet, which has
been shown to improve cell survival. However, clinical studies have yet to be performed
to demonstrate the efficacy of ASC sheets for treating IHD [31].

1.2.3.3 Limitations and future directions

Although many promising benefits have been reported in preclinical studies using ASCs,
the effectiveness of ASC treatments in clinical studies has been less satisfactory, which
has hindered the continuation of clinical trials into more advanced phases [85], [89]. For
example, in treating ischemic heart disease, ASCs have a low cardiac retention rate while
not producing sufficient paracrine factors to yield a therapeutic effect [56]. The
inadequate performance of ASC treatments may also be related to donor variability and
the in vitro expansion process [90]. The therapeutic properties of ASCs are dependent on
donor characteristics such as age, sex, obesity, and chronic diseases [91]. For elderly
patients, autologous cell therapy may not always provide positive outcomes. Similarly,
obesity is linked to reduced angiogenic and immunosuppressive properties [28]. A recent
study by Harrison et al. demonstrated that ASCs isolated from donors with obesity can
promote pro-inflammatory activation of innate immune cells, specifically inducing
polarization of macrophages towards classically-activated pro-inflammatory M1-like
phenotypes [92]. In addition, in vitro culture of ASCs generally involves 2-dimensional

(2D) culture on tissue culture plastic, which fails to recapitulate their native
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microenvironment, and can affect their affecting their differentiation and

immunomodulatory potentials [93], [94].

To enhance ASC survival and overall effectiveness in clinical applications, a variety of
preconditioning strategies have been explored in an attempt to improve the in vitro
expansion process while augmenting their therapeutic properties [89]. A common
strategy in ASC preconditioning is to tune the cell microenvironment in culture as it plays
a critical role in modulating the regenerative potential of ASCs [95]. In recent years,
efforts have focused on modulating factors including oxygen tension and the culture
substrate, as well as stimulating cells mechanically or with growth factors and cytokines.
The following sections will focus on these preconditioning strategies and their effects on

ASC or MSC proliferation, differentiation, and paracrine function.
1.3 Preconditioning effects of hypoxia

Although the oxygen concentration in the ambient air is ~ 21%, the oxygen concentration
in the human body is significantly lower, ranging from 0% to 14% depending on the cell
type and the physiological and pathological states of the tissue [96], [97]. For MSCs in
general, the oxygen level of their native microenvironment is in the range of 2-8% [98].
In subcutaneous adipose tissue, an oxygen concentration of 7.5% has been reported in
lean patients [99]. Like many other cell types, ASCs are usually cultured in vitro under
~20% O2, which fails to mimic their native microenvironment. With the goal of
improving the in vitro expansion process, extensive research has been performed with
results demonstrating benefits of culturing ASCs under physiologically relevant oxygen

levels.
1.3.1  Proliferation and differentiation potential

Several studies have shown maintenance or improvement of a progenitor-like phenotype
in human or murine ASCs after culturing for 7 days under oxygen levels ranging from
1-3% [100]-[102]. In these studies, gene expression of the stem cell markers Oct4,
Nanog, Sox2, and Rex-1 were enhanced under hypoxic conditions. Other studies have

evaluated changes in the ASC immunophenotype following hypoxic culture. For



14

example, Weijers et al. demonstrated maintenance of human ASC phenotype in terms of
levels of CD34 expression, which is present in freshly-isolated ASCs but declines rapidly

in culture, over 21 days of culture under 1% O2 compared to 20% O2 [103].

It is well known that the proliferative capacity of MSCs decreases as the passage number
increases due to in vitro aging and senescence [104]. By incorporating a hypoxic culture
environment, the overall proliferative potential of ASCs can be improved. For a culture
period of 10 days to up to 6 weeks, the proliferation of human and murine ASCs cultured
under 1-2% O2was reported to be 1.5-1.7 fold higher than those cultured under 20% O2
[100], [101], [103].

The effect of hypoxia on ASC differentiation has also been studied extensively. Multiple
studies have demonstrated that low oxygen levels (1-5% Oz) enhance the chondrogenic
differentiation of ASCs [100], [101], [105], [106]. However, for adipogenic and
osteogenic differentiation, contradictory results exist in the literature. Weijers et al. [103]
and Choi et al. demonstrated reduced adipogenic and osteogenic differentiation of human
ASCs cultured under 1 or 2% O3, possibly due to the upregulated expression of HIF-1a
under low oxygen tension [100]. However, another group demonstrated higher
adipogenic differentiation and a sustained osteogenic differentiation ability of murine
ASCs under 2% Oz [101]. These discrepancies may be due to different passage numbers
of ASCs used, as extended in vitro culture can also affect the differentiation capacity of
ASCs. In addition to the three major differentiation lineages, researchers have also
demonstrated that hypoxia can upregulate markers of endothelial cells [105], smooth
muscle cells [107], and neuron-like cells [108] in cultured ASCs. Overall, it has been
hypothesized that the positive effects of hypoxia on ASC phenotype are regulated by the
Notch signalling pathway. Lower oxygen tension leads to a higher level of glycolytic
metabolism, which in turn improves cell proliferation, prevents senescence, and

maintains the differentiation capacities of ASCs [109].

1.3.2 Paracrine functions

The positive effects of hypoxia on the pro-angiogenic paracrine functions of ASCs have

been well studied and demonstrated in various in vitro and in vivo models. In response to
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hypoxia, ASCs generate reactive oxygen species (ROS), which activate a series of
signalling pathways that in turn inhibit the degradation of HIF-1a. [110]. Accumulated
HIF-1a can modulate a number target genes, including the pro-angiogenic factor VEGF
[110]. At the protein level, hypoxic preconditioning upregulate a number of pro-
angiogenic factors, including VEGF, FGF2, and angiogenin [57], [111], [112]. The
conditioned medium of human ASCs cultured under 1% O2 for 72 h has been shown to

promote endothelial cell proliferation while preventing apoptosis [57].

An in vivo study utilizing a murine subcutaneous implant model has demonstrated
improved cell infiltration and blood vessel formation in response to treatment with
hypoxia-preconditioned human ASC conditioned media relative to normoxic cultured
controls [112]. The upregulated secretion of VEGF and FGF2 by hypoxia-preconditioned
ASCs can also help with wound healing by improving human dermal fibroblast migration
[111]. In addition to the soluble factors, the EVs secreted by ASCs under hypoxia have
also been shown to promote angiogenesis. Xue et al. reported that the exosomes secreted
by human ASCs cultured under 1% Oz were taken up by human umbilical vein
endothelial cells (HUVECS) at a faster rate compared to those secreted by ASCs cultured
under 20% O3 [113]. In addition, the EVs secreted by hypoxia-preconditioned human
ASCs increase tube formation of HUVECs, with the effects potentially mediated through
activation of the protein kinase A signaling pathway and VEGF upregulation in HUVECs
[113], [114].

Compared to the pro-angiogenic paracrine functions, the effects of hypoxia on the
immunomodulatory paracrine functions of ASCs are not as extensively studied.
Gornostaeva et al. demonstrated that at 5% Oz, the anti-proliferative effects of human
ASCs on T cells were enhanced, likely due to transcriptional change in the T cells, with
upregulation of immune suppression genes and downregulation of pro-inflammatory
markers observed [115]. Similarly at 1% O, the ability of human ASCs to inhibit CD4*
and CD8* T cell proliferation was enhanced [116]. Regarding the ability of ASCs to
modulate macrophage polarization, Liu et al. demonstrated that murine ASCs cultured
under 1% Oz induced RAW264.7 macrophages towards a more anti-inflammatory M2-

like phenotype [117]. These effects were mediated by the HIF-1a-dependent secretion of
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IL-10 by the ASCs, acting on the signal transducer and activator of transcription 3
(STAT3)/Arginase-1 (Arg-1) signaling pathway [117].

It is evident that oxygen tension is a critical factor of the cell microenvironment and low
oxygen tension favours ASC proliferation, differentiation and maintenance of a
progenitor-like phenotype. With the altered secretome, ASCs preconditioned under
hypoxia may be better able to promote angiogenesis, as well as modulating the immune
response in cell therapy. This preconditioning method could easily be applied to a wide
range of clinical applications, such as for pro-angiogenic cell-based treatments for

ischemic diseases, or as a way to augment the general therapeutic potential of ASCs.

1.4 Preconditioning effects of pro-inflammatory cytokines

and growth factors

Studies suggest that the immunomodulatory properties of MSCs can be enhanced through
stimulation with pro-inflammatory cytokines such as IFN-y, IL-1B, and/or TNF-a [118],
[119]. IFN-y is the most commonly used cytokine for MSC priming as it is capable of
stimulating MSCs to increase secretion of a number of important immunomodulatory
factors, including IDO, PGE2, HGF, and TGF-f [120], which in turn can modulate the
response of various immune cells, as discussed in previous section. Ragni et al. reported
that IFN-y priming can mediate changes in miRNA expression in human ASC-secreted
EVs, including reducing macrophage M1-related miRNASs and augmenting M2-related
miRNAs [121]. They also performed functional assays that demonstrated that the
secretome of IFN-y primed ASCs can prevent macrophage polarization towards an M1-
like phenotype [121]. In addition, IFN-y priming has also been demonstrated to enhance
the ability of human ASCs to inhibit activated T cell proliferation [122].

IL-1p is another pro-inflammatory cytokine commonly used for MSC priming. IL-1p
priming can enhance the secretion of anti-inflammatory miRNA-147b by human BM-
MSCs [123]. Along with other secreted factors, exosomes secreted by IL-1p-primed
human BM-MSCs were shown to reduce the expression of the pro-inflammatory

cytokines IL-1p, IL-6, and monocyte chemoattractant protein-1 (MCP-1) secreted by the
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human synovial SW982 cell line [123]. Aussel et al. also demonstrated improved
immunomodulatory effects of IL-1B-primed rat BM-MSCs in a rat hemorrhagic shock-

induced kidney and liver injury model [124].

TNF-a is another pro-inflammatory cytokine that has been used in conjunction with IFN-
y for MSC priming [118]. Frangois et al. demonstrated that the combination of IFN-y and
TNF-a priming can inhibit T cell proliferation by IDO upregulation in MSCs, and that
the primed human BM-MSCs also induced M2 macrophage differentiation [125]. It is
noteworthy that IL-1p3 and TNF-o can be used to enhance the responsiveness of

human nasal mucosa MSCs to IFN-y priming through the nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-«kB) signalling pathway [126].

In addition to the pro-inflammatory cytokines, pre-treatment with other growth factors
such as TGF-$ and FGF2 has been also explored to improve MSC migration and
survival, as well as their pro-angiogenic potential [118]. Overall, pro-inflammatory
cytokine and growth factor priming have been shown to be effective in improving the
immunomodulatory and immunosuppressive properties of MSCs, however the priming
process can increase the immunogenicity of MSCs, which may be less desirable for cell-
based therapies [118].

1.5 Preconditioning effects of culture substrates

The extracellular matrix (ECM) is a complex network consisting of various proteins and
polysaccharides that surrounds cells within tissues and plays a critical role in supporting
and regulating normal cell functions [127]. In the context of ASCs, the native ECM may
also be important in directing their paracrine activities [95]. Therefore, for the in vitro
expansion of ASCs, the selection of the culture substrate is an important factor in

regulating cell function.

In terms of culture substrates, there are many factors that can affect the cell response,
including dimensionality, stiffness, and the biochemical composition of the material
[128]. Conventional in vitro expansion of MSCs generally involves culturing cells as

monolayers on a 2D surface, such as tissue culture polystyrene (TCPS), which fails to
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recapitulate the complex 3-dimentional (3D) structure of the native ECM [129]. The
potential benefits of 3D culture substrates on improving the therapeutic potential of
MSCs have been demonstrated by multiple research studies [129]. In particular, culturing
MSCs as 3D spheroids is a promising approach to augment their immunomodulatory
capacity [95]. Compared to 2D culture, human BM-MSCs cultured as 3D aggregates
were reported to have improved anti-inflammatory properties, evident in the more
effective suppression of the inflammatory response of lipopolysaccharide (LPS)
activated-macrophages [130]. Miceli et al. also demonstrated increased capillary
maturation and inhibition of PBMC proliferation in the presence of conditioned media
derived from human amnion-derived MSC spheroid as compared to 2D cultured controls
[131].

Substrate stiffness is an intrinsic mechanical cue that can affect MSC differentiation and
secretome by modulating cell morphology controlled by integrin binding [132]. Huebsch
et al. demonstrated that in a 3D culture system, a stiffer culture substrate (11-30 kPa)
favours osteogenic differentiation, whereas a softer culture substrate (2.5-5 kPa) favours
adipogenic differentiation of murine and human MSCs [133]. Substrate stiffness has also
been shown to affect the pro-angiogenic paracrine functionalities of human MSCs, with
the conditioned media of MSCs cultured on fibronectin with higher stiffness (40 kPa)
promoting greater human microvascular endothelial cell (HMVEC) tube formation as
compared to conditioned media of MSCs cultured on fibronectin with lower stiffness
(0.5 kPa) [134].

Material composition is another key factor that can instruct MSC differentiation as well
as paracrine factor secretion. Proteins that are present in the native ECM of MSCs, such
as collagen, elastin, and fibrin, are potential candidates as culture substrates. A recent
study by Sawadkar et al. compared the performance of collagen, elastin, and fibrin as 3D
scaffolds for adipose regeneration with human ASCs [135]. The three materials each had
specific properties that contributed to adipose regeneration. More specifically, collagen
supported cellular activities in vivo and adipogenesis in vitro, elastin contributed to
maintaining the balance between scaffold degradation and tissue formation, and fibrin

supported angiogenesis in vivo. To better make use of the properties of each material,
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composites such as collagen/fibrin have been developed and have shown promising

results in supporting angiogenesis [136] and articular cartilage repair [137].

In addition to developing protein composites, decellularized ECM scaffolds are a
promising alternative that takes advantage of the inherent structural and compositional
characteristics of the native tissue. With the goal of recapitulating the native cell niche of
the ASCs, the Flynn lab has pioneered the development of decellularized adipose tissue
(DAT) as a biomimetic and cell-instructive scaffold for ASC culture and delivery [138],
[139]. Adipose tissue, otherwise discarded as surgical waste, can be rendered useful as a
biomaterial after a detergent-free decellularization process that removes cells, cellular
content and lipids [139]. Depending on the application, the DAT can be further processed
into various forms, such as microcarriers, foams, bead foams [139], or coatings [140].
Several studies from our group have demonstrated the efficacy of DAT in facilitating
ASC proliferation [140], [141], adipogenic differentiation [138], [140], [142], and in vivo
angiogenesis [142]. Furthermore, previous work from the Flynn lab demonstrated
enhanced angiogenic factor secretion by human fibroblasts cultured on DAT scaffolds as
compared to collagen scaffolds, further supporting the potential advantages of using DAT

as a cell culture substrate [143].
1.6 Preconditioning effects of mechanical stimulation

Within the body, biomechanical forces are extrinsic mechanical cues present in the native
MSC niche, introduced by blood flow and body movements [144]. Similar to how cells
sense mechanical stimulations from the ECM, extrinsic mechanical forces are also sensed
by the cells through a range of mechanotransduction pathways [145], [146], as well as
mechanosensitive ion channels [147] and primary cilium [148], [149]. Various means of
mechanical stimulation, namely shear stress (fluid flow) [6], [7], tensile stress (stretching)
[150]-[153], compression (pressure, including hydrostatic pressure) [154]-[157], and
vibrations [158], [159], have been studied extensively in dynamic loading systems to
guide the lineage commitment of MSCs, specifically towards the chondrogenic,
osteogenic, or endothelial lineages [160]. In recent years, the use of mechanical

stimulation to enhance MSC paracrine functions has emerged as a promising direction as
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more evidence is present to show that it has the potential to enhance immunomodulatory

and angiogenic functionalities.
1.6.1 Differentiation capacities

All cells in their native environment experience some level of mechanical forces, and
depending on the physiological state of the tissue, the type and magnitude of the forces
can be different [161]. Similar physiological forces can be applied to precondition MSCs
to induce their differentiation towards a specific lineage. In articular cartilage,
compressive mechanical loading is a key mechanical force experienced by chondrocytes.
Similarly, compression is also capable of modulating the chondrogenic differentiation of
MSCs [162]-[164]. Studies have reported that cyclic compression can upregulate
chondrogenic gene expression in human BM-MSCs [162], [164]. At the protein level,
joint-mimicking mechanical load is capable of inducing the secretion of TGF-B, which

can in turn can induce the chondrogenic differentiation of human BM-MSCs [162], [163].

In terms of the osteogenic differentiation of MSCs, the effects of cyclic tensile strain are
the most studied. Different levels of strain (5%-10%) have been shown to improve the
osteogenesis of human and rat BM-MSC, as well as human ASCs and UC-MSC, in the
presence of ostegenic differentiation media [165]-[169]. Interestingly, in a mechanical
stimulated environment where osteogenic differentiation is favoured, adipogenesis of
BM-MSCs can be impeded [169]. A possible mechanism behind the mechanical strain
induced osteogenesis of human BM-MSC was suggested by Chen et al. as involving the
activation of the adenosine monophosphate activated-protein kinase (AMPK)-silent
information regulator type 1 (SIRT1) signalling pathway, which also involves MSC

antioxidant functions [168].
1.6.2 Paracrine functions

Various forms of mechanical stimulation have been reported to modulate MSC paracrine
factor secretion, of which fluid shear stress has been reported by several research groups
to enhance both the pro-angiogenic and immunomodulatory paracrine functionalities of
MSCs [150], [170]-[176]. Both short term (10 min) and long term (up to 4 days)
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exposure to shear stress (10 dyn/cm?) were able to upregulate pro-angiogenic factor
VEGF secretion by human ASCs [172], [173]. Further, short-term intermittent exposure
to shear stress also resulted in increased secretion of granulocyte colony-stimulating
factor (G-CSF), HGF, Leptin, IL-8, PDGF-BB, Angiopoietin-2, and follistatin, which
were believed to be COX-2 dependent [172]. Another research group also demonstrated
the effects of short-term exposure (3-8 h) of unidirectional shear stress (10 dyn/cm?) on
the immunoregulatory function of human BM-MSC [174], [175]. More specifically, they
reported suppressed TNF-a production by activated immune cells when co-cultured with
the mechanically stimulated BM-MSCs. The focal adhesion kinase signalling pathway
and NFkB-COX-2-PGEZ2 signalling pathway were reported as the key mechanisms
behind the effects of shear stress [174], [175].

In addition to shear stress, other research groups have explored the effects of mechanical
strain on MSC pro-angiogenic properties. Two groups have demonstrated upregulated
VEGF secretion by human and murine BM-MSCs that were cultured under cyclic 10%
strain [150], [170]. One group also demonstrated upregulation of angiogenic related
genes FGF2 and matrix metalloproteinase-2 (MMP-2) in human ASCs cultured under
10% strain in osteogenic differentiation media [150]. Similarly, human BM-MSCs that
were cultured under 30% strain also showed enhanced pro-angiogenic properties in terms
of their capacity to stimulate in vitro tube formation and spheroid sprouting of Simian
virus 40 (SV40)-immortalized human dermal microvascular endothelial cells (HMEC-1)
[171].

Taken together, mechanical stimulation can have significant effects on the pro-
angiogenic and immunomodulatory paracrine functions of MSCs. However, the different
types and levels of mechanical stimulation, as well as the frequency or duration of their
administration, can make it challenging to compare the results to inform the design of
future studies. Standardized mechanical loading systems may be helpful in this case for

research and clinical purposes.
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1.7 Bioreactors for MSC expansion and preconditioning

Building upon the understanding of mechanical cues and other previously discussed
stimuli, bioreactors have been explored for MSC expansion and preconditioning. In
addition to improving oxygen diffusion and nutrient transportation [177], these complex
dynamic culture systems are also capable of introducing multiple stimuli that can
modulate cell phenotype and function while expanding the MSC population. Two
common types of bioreactors used for MSC preconditioning are perfusion bioreactors and

spinner flask bioreactors.

Hollow-fiber bioreactors are small-scale perfusion systems that can house a large number
of cells due their structural design and have been used for EV production by MSCs [178].
Interestingly, the bioreactor system was reported to improve exosome production by
19.4-fold compared to a conventional 2D culture system [179]. The produced exosomes
also contained high levels of the immunomodulatory and pro-angiogenic factors VEGF-A
and IL-8 [180]. In a mouse acute kidney injury model, treatment with exosomes produced
by hollow-fiber bioreactor cultured human UC-MSC modulated the inflammatory
response in cisplatin-treated mice, evident in the reduced gene expression of pro-
inflammatory markers, diminished kidney interstitial infiltration of inflammatory cells,
and reduced levels of IL-6 and TNF-a in mouse serum as compared to exosomes
produced by human UC-MSC cultured on TCPS [179]. Allen et al. also demonstrated
that human BM-MSCs cultured in a hollow-fiber bioreactor were capable of suppressing
activated human PBMC when co-cultured in the system [181]. In addition to the
immunomodulatory effects, culturing within a perfusion bioreactor has also been reported
to enhance the osteogenic differentiation of MSCs when seeded on an amine-
functionalized scaffold [182].

Spinner flasks integrating microcarriers that have a high surface area to volume ratio are
a versatile system for larger-scale expansion of MSCs [183]. Many off-the-shelf options
are available for both the bioreactors and the microcarriers [178]. Culturing within
spinner flask systems has also been reported to improve the therapeutic properties of

MSCs. Compared to conventional 2D culture, human ASC spheroids cultured in a
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spinner flask system produced significantly higher levels of the pro-angiogenic factors
VEGF, FGF2, and HGF [184]. When applied in a wound healing mouse model, direct
administration of dynamically-cultured ASC spheroids significantly improved the wound
healing speed and vascularization [184].

In addition to the two common types of bioreactors introduced above, many other
bioreactor systems, such as vertical-wheel and rotating wall systems, are also being
investigated for MSC expansion or EV production [185]-[187]. In many of these
systems, the use of biomaterials alongside mechanical stimulation in the form of seeding
scaffolds and microcarriers can provide critical structural support to the cells in a loaded
and dynamic culture environment. However, the effects of the individual factors can be
hard to characterize in a complex dynamic system, making system modifications hard to

implement without comprehensive testing in an already established system.
1.8 Project rationale and overview

As introduced in previous sections, ASCs can be preconditioned by hypoxia, pro-
inflammatory cytokines, biomaterials, and/or mechanical stimulation to improve their
therapeutic potentials. An ASC culture system capable of incorporating and probing for
the above-mentioned factors could potentially serve as a mean of preconditioning ASCs
to enhance their proliferation and/or pro-angiogenic and immunomodulatory properties
for future clinical usage. In exploring this possible research direction, Dr. Tim Han from
the Flynn lab utilized a DAT scaffold-based perfusion bioreactor to study the effects of
dynamic culture and oxygen tension on ASC phenotype and paracrine function [188],
[189]. In vitro studies over a 14-day period demonstrated increased cell expansion under
hypoxia (2% O2) as compared to normoxia (~20% O2) [188], as well as an altered ASC
phenotype in terms of angiogenic and immunomodulatory cytokine production under
dynamic culture as compared to static culture [189]. Specifically, the preconditioning
effects were more prominent on the periphery of the scaffold, suggesting that shear forces
generated by the fluid flow may be a key factor in modulating the properties of the ASCs
expanded within this system.
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Interestingly, in vivo studies comparing dynamically-preconditioned ASC-seeded DAT
scaffolds to a range of controls in athymic nude mice demonstrated enhanced
angiogenesis in the hypoxic dynamic group at 1, 4, and 8 weeks post-implantation
(measured based on histological density of blood vessels) [188]. Macrophage phenotype
within the implants was also explored by immunostaining for the pro-regenerative
macrophage marker CD163, and results suggested that dynamic preconditioning of the
ASCs on the DAT may help promote a more pro-regenerative response at later timepoints
[189]. These results taken together demonstrated that dynamic culture, specifically under
the influence of shear stress, along with hypoxia could potentially be an effective ASC

preconditioning strategy.

Notably, the previous bioreactor system had two main limitations: 1) the perfusion
bioreactor had a complex setup and would be difficult to scale up, and 2) the
preconditioning effects were limited to the periphery of the scaffolds, indicating limited
perfusion and mechanical stimulus towards the centre of each scaffold. In search of a
more translatable and scalable system, the current project focused on developing a new
rocking bed bioreactor as an alternative platform for introducing mechanical stimulus in
the form of shear stress, with the goal of enhancing the pro-regenerative capacity of

human ASCs through controlled expansion within this system.
1.9 Hypothesis

Human ASC expansion and paracrine factor secretion can be modulated by culturing the
cells on DAT coatings under shear stress on a rocking bioreactor, and will also be
affected by oxygen tension and the addition of pro-inflammatory cytokines to the culture

medium.
1.10 Specific aims

This Master’s thesis focused on investigating the collective effects of DAT substrates,
oxygen tension, shear stress, and cytokine priming on ASC proliferation and paracrine
factor secretion in the context of a new rocking bioreactor system. Specifically, this was

divided into three aims:
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To establish the rocking bioreactor platform and explore the effects of culture
substrate, various rocking conditions and oxygen tension on ASC expansion
within the system relative to static culture controls.

To evaluate the effects of modulating the cellular microenvironment through
bioreactor preconditioning on human ASC pro-angiogenic and
immunomodulatory paracrine factor secretion.

To characterize the effects of stimulating ASCs cultured within the rocking
bioreactor system with the pro-inflammatory cytokines IFN-y and TNF-a as a
priming strategy to alter pro-angiogenic and immunomodulatory paracrine factor
secretion.



26

Chapter 2

2  Materials and methods

2.1 Materials

Unless otherwise stated, all chemicals and reagents were purchased from Sigma Aldrich
Canada Ltd. (Oakville, Canada), and all antibodies were purchased from Abcam
(Cambridge, UK).

2.2 Bioreactor design and computational modelling of fluid
shear stress

The bioreactor was comprised of 8-well rectangular plates (Nunc, ThermoFisher) as cell
culture vessels, a compact digital rocker (Ohaus) to introduce shear stress, and a
HypOxystation H35 system (HypOxygen) to maintain the hypoxic environment (2% O2).
The setup of the system, including the placement of the cell culture plates on the rocker,
is demonstrated in Figure 2.1. A standard cell culture incubator (37°C, 95% air/5% COz)

was used for the normoxic (~20% O2) culture conditions.

P ’ whitley H35 hypoxystation

Figure 2.1 Rocking bioreactor system setup. Left: The rocking bioreactor system
placed in the HypOxystation H35 system. Right: The operating rocking bioreactor system
under the 11° 50 rpm rocking condition. The placement of the culture plate ensured that

the centre of the wells in use were aligned with the rotating axis of the rocker.



27

A computational model of shear stress within the bioreactor culture vessels was
developed using MATLAB to aid in the selection of the rocking conditions (i.e., fluid
height, rocking angle, and rocking frequency). The model was adapted from Zhou et al.
[190], with modifications to the modeling parameters to match the current rocking
bioreactor system design. The calculation of fluid shear stress in the mathematical model
developed by Zhou et al. is based on two parameters, the rocking angle at a given time
(0) and the fluid height when the plate is horizontal (h,). The rocking angle at a given

time (t) can be determined using equation (1) with the set rocking angle (6,,,,) and

rocking frequency (%) given.

. 2mt
0 = Opax sin—~

1)

Based on the rocking angle (8) and the fluid height (h,), the fluid flux (q) and fluid
height at a given time and location (hs) can be determined. Finally using equation (2), the
fluid shear stress can be determined based on the velocity profile (u) along the vertical
cross section (z) at a given location, with the medium viscosity (u) and culture well width
(b) given.

Fluid shear stress = ,uZ—Z , Where u = %Z(th —Zz) (2)

z=0 f

The analysis was also expanded to include presentation of the modeling results using 3-
dimentional (3D) plots and coloured heatmaps to aid in data visualization and
interpretation. Fluid shear stress and time derivatives of fluid shear stress were calculated
and displayed as 3D plots across the length of the culture well over one rocking cycle.
The maximum fluid shear stress was calculated across all possible combinations of
rocking angle (1-13°, in increments of 1°) and rocking frequency (5-60 rpm, in
increments of 5 rpm), and displayed in coloured heatmaps. Two representative locations
in the culture well were used for calculations: 1) at the centre of the well (x = 0), and 2) at
the edge of the coverslip used for the cell density/immunofluorescence staining studies (x
=11 mm).
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2.3 Adipose tissue collection and processing

Subcutaneous adipose tissue samples were collected with informed consent from female
patients undergoing elective breast or abdomen reduction surgeries at the London Health
Sciences Centre (London, ON) with human research ethics board approval from Western
University (HSREB 105426). Patient information including sex, age, weight, height, and
excision site was collected and recorded. The samples were transported to the lab on ice

in sterile phosphate buffered saline (PBS) with 2% bovine serum albumin (BSA).

2.3.1 Human ASC isolation

For human adipose-derived stromal cell (ASC) isolation, the adipose tissue samples were
processed within 2 h following published protocols [191]. Isolated ASCs were cultured
on tissue culture polystyrene (TCPS; Corning, NY, USA) at 37°C, 5% CO; in complete
proliferation media comprised of Dulbecco’s Modified Eagle Medium and Ham’s F12
nutrient mixture (DMEM/F12) supplemented with 10% fetal bovine serum (FBS),

100 U/mL penicillin, and 0.1 mg/mL streptomycin. The complete media was changed
every 2-3 days. Cells were frozen at passage 0 or passage 1, stored in liquid nitrogen, and
thawed when needed. Appendix A Table 1 includes the donor information for all cells

used and the specific studies in which they were applied.

2.3.2  Adipose tissue decellularization and DAT coating fabrication

For generation of the decellularized adipose tissue (DAT), the freshly isolated adipose
tissue samples were transferred into hypotonic cell lysis buffer (Solution A:10 mM Tris
base and 5 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0) and frozen at -80°C.
The tissues were then processed following published detergent-free decellularization
protocols established by the Flynn lab that involve freeze-thaw cell lysis, enzymatic
digestion with trypsin-EDTA and DNAse/RNAse, and lipid extraction with isopropanol
[192]. For DAT coating fabrication, decellularized tissue samples from 5-6 donors were
pooled and processed following published protocols to generate DAT suspensions [140].
Briefly, lyophilized DAT was minced, cryomilled, and digested for 3 days under
agitation using o-amylase (0.3% w/w of dry tissue) dissolved in 0.22 M NaH2PO4 (pH
5.4). Following digestion, the suspension was centrifuged and the digested ECM pellet
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was washed with 5% (w/v) NaCl solution and double-distilled water (ddH20). Finally,
the digested DAT was centrifuged and resuspended in acetic acid (0.2 M) to achieve a
concentration of 25 mg/mL based on the starting dry mass of milled tissue. The DAT
suspension was homogenized using a PowerGen Model 125 homogenizer (Fisher

Scientific) and stored at 4°C until use.

To produce the coatings, the DAT suspension was applied to the rectangular culture
plates at 125 plL/cm?. For immunohistochemical analyses, square glass coverslips were
placed in the centre of the wells prior to applying the coatings. The coatings were then
left in a biological safety cabinet to dry overnight. To disinfect the coatings in preparation
for culture, an ethanol gradient wash method was used. In brief, the DAT coatings
underwent three 30 min incubations in sterile 70% ethanol, followed by one 30 min
incubation in sterile 35% ethanol. The coatings were then rinsed three times using sterile

PBS before seeding. Uncoated (UC) wells were also included as controls.

2.4 ASC seeding and culture

Human ASCs at passage 3-4 were used for all studies. ASCs were seeded at a density of
5000 cells/cm? on the DAT coatings or uncoated controls and cultured in complete
DMEM/F12 proliferation media. The plates were incubated statically overnight under
normoxic conditions to promote cell attachment (37 °C, 5% CO3). On day 0, the plates
were moved to their assigned culture environment. The samples were then dynamically
or statically cultured under 2% or 20% Oz for up to 7 days. The specific dynamic culture
conditions investigated included rocking angles and frequencies of: 1) 11° 50 rpm, 2) 11°

25 rpm, and 3) 5° 50 rpm, selected based on the shear stress modeling results.

For studies analyzing the effects of the culture microenvironment on ASC paracrine
factor production using Human Magnetic Luminex® Assays or enzyme-linked
immunosorbent assay (ELISA), the ASCs were cultured in complete proliferation media
for 5 days and then transferred into low-serum media (DMEM/F12 supplemented with
2% FBS, 100U/mL penicillin, and 0.1 mg/mL streptomycin) and cultured for an
additional 48 h. For subsequent studies focused on analyzing the additional effects of

priming with the pro-inflammatory cytokines tumor necrosis factor alpha (TNF-a) and
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interferon gamma (IFN-y) on ASC paracrine factor secretion, ASCs were cultured in
complete proliferation media for 5 days and then transferred into priming media
comprised of low-serum media supplemented with 10 ng/mL TNF-a and 100 ng/mL

IFN-y [193] or low-serum media as controls and cultured for an additional 48 h.

2.5 Immunohistochemical analysis of ASC density and
expression of INOS and IDO

To evaluate the effects of the culture microenvironment on ASC growth and phenotype,
nuclear staining with Hoechst 33258 was used to quantify the cell density and
immunofluorescence staining was performed to examine the expression of inducible
nitric oxide synthase (iNOS), as a potential indicator of ASCs with a more pro-
regenerative secretory phenotype [189], in combination with phalloidin to visualize cell
morphology. Samples (11° 50 rpm: n=2 replicate wells/trial, N=4 trials with different
ASC donors; 11° 25 rpm: n=2 replicate wells/trial, N=4 trials with different ASC donors;
5° 50 rpm: n=2 replicate wells/trial, N=2 trials with different ASC donors) were collected
after 3 and 7 days of culture, fixed in 10% phosphate buffered formalin for 10 min,
permeabilized for 10 min (PBS, 0.1% Triton X-100), and blocked for 30 min (PBS, 0.1%
Tween 20, 1% BSA). Next, the samples were incubated overnight at 4 °C with rabbit
anti-iNOS antibody (PA1-036, ThermoFisher, 1:250). The samples were then stained
with an Alexa Fluor 594 conjugated goat anti-rabbit IgG secondary antibody (ab150080,
Abcam, 1:500), phalloidin (ab176760, Abcam, 1:2000), and Hoechst 33258
(ThermoFisher, 1:1000) for 1 h at room temperature. Finally, the samples were mounted
in Fluoroshield mounting medium (Abcam). Ten non-overlapping images were captured
for each sample using an EVOS® FL fluorescence imaging system (Thermo Fisher
Scientific) under 20X magnification. Nuclei per mm? were quantified using ImageJ

software.

Pilot immunofluorescence staining studies were conducted to confirm that cytokine
priming induced the expression of indoleamine 2,3-dioxygenase (IDO) as expected,
which has been suggested to be a potential marker associated with the

immunomodulatory function of ASCs [69], with phalloidin to visualize cell morphology
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and Hoechst 33258 to visualize cell nuclei. ASC samples (11° 50 rpm: n=1 replicate
wells/trial, N=2 trials with different ASC donors) were collected after 7 days of culture,
and then stained and imaged following the methods described above with rabbit anti-IDO
antibody (ab211017, Abcam, 1:2000) as the primary antibody.

2.6 ASC pro-angiogenic and immunomodulatory paracrine
factor production

To quantify the secretion levels of a range of pro-angiogenic and immunomodulatory
paracrine factors by the ASCs, the concentration of angiogenin, vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF), monocyte chemoattractant
protein-1 (MCP-1), and interleukin 8 (IL-8) were quantified by Human Magnetic
Luminex® Assay (R&D Systems), and the concentration of secreted IDO and interleukin
6 (IL-6) were quantified by ELISA (DuoSet ELISA, R&D Systems) within the
conditioned media (CM) samples collected at 7 days, following the methods described in
detail below. IL-6 was analyzed by ELISA instead of Luminex because it was much more
highly expressed than the other factors included in the panel. Initial testing also included
screening for angiopoietin-1, interleukin 1 beta (IL-1B), interleukin 4 (IL-4),

interleukin 10 (IL-10), TNF-a, epidermal growth factor (EGF), fibroblast growth factor-2
(FGF2), leptin, platelet-derived growth factor-AA (PDGF-AA), and placental growth
factor (PIGF), but findings indicated that they were below the range of the standard curve
under the conditions included in the current study (Appendix A Table 2). Protein
concentrations were normalized to the double stranded DNA (dsDNA) content in each

sample as determined by the PicoGreen Assay, as described below.

2.6.1 Human Magnetic Luminex® Assay

To evaluate the effects of the culture microenvironment on ASC paracrine factor
secretion, the ASCs were cultured as previously described (11° 50 rpm: n=2 replicate
wells/trial, N=4 trials with different ASC donors; 11° 25 rpm: n=2 replicate wells/trial,
N=4 trials with different ASC donors). On day 7, the supernatant media from each
sample was collected, centrifuged at 1200 x g for 10 min to remove particulates, and

frozen at -80 °C. All CM samples were diluted 2-fold with the calibrator buffer RD6-52
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provided with the kit immediately prior to analysis using a 5-plex Luminex assay
(angiogenin, VEGF, HGF, MCP-1, IL-8). For the studies evaluating the effects of
cytokine priming, ASC samples (11° 50 rpm: n=2 replicate wells/trial, N=3-4 trials with
different ASC donors) were cultured and processed as previously described. For the
analysis of IL-8 and MCP-1 in a duplex Luminex assay, the primed samples were diluted
200-fold (donor ID: 1, 2, and 4) or 300-fold (donor ID: 3) (Appendix A Table 1) to
accommodate the high expression levels of these analytes, and the non-primed samples
were diluted 2-fold as previously described. A triplex assay was performed for the
analysis of angiogenin, VEGF, and HGF, with all samples diluted 2-fold as previously

described.

The Luminex Assays were performed in accordance with the manufacturer’s protocols. In
brief, the CM samples were first diluted as described above and loaded into a 96-well
plate along with the provided standards in duplicates. Pre-mixed magnetic beads were
then added and incubated for 2 h at room temperature with shaking (500 rpm). The
diluted biotin-antibody cocktail was then added to each sample and incubated for 1 h at
room temperature with shaking before the Streptavidin-PE cocktail was added and
incubated for 30 min. The 96-well plate was then read using a MAGPIX® System
(Millipore). The results were analyzed using the xPONENT program with a five-
parameter logistic curve-fit. Protein concentrations were determined based on comparison
to the standard curves and normalized to the dsDNA content measured in each sample

using a PicoGreen®dsDNA Assay, described below.

2.6.2 ELISA

For the studies investigating the effects of the varying culture microenvironments, the
ASCs were cultured as previously described (11° 50 rpm: n=2 replicate wells/trial, N=5
trials with different ASC donors; 11° 25 rpm: n=2 replicate wells/trial, N=4 trials with
different ASC donors; 5° 50 rpm: n=2 replicate wells/trial, N=2 trials with different ASC
donors) and ELISA was performed to measure the levels of secreted IL-6. The collected
CM samples were processed and stored as previously described, and diluted 30-fold with

reagent diluent provided with the kit immediately prior to analysis. For the cytokine
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priming studies, ELISA was performed to measure the levels of both secreted IL-6 and
IDO in the CM samples. The ASCs were cultured and CM samples were collected as
previously described (11° 50 rpm: n=2 replicate wells/trial, N=3-4 trials with different
ASC donors). For the IL-6 ELISA, all primed samples were diluted 60-fold based on the
high expression levels in these samples, and the non-primed samples were diluted 30-
fold. For the IDO ELISA, the samples were not diluted.

ELISA was performed in accordance with the manufacturer’s protocols. Briefly, a 96-
well plate was coated with diluted capture antibody overnight and blocked for 1 h before
sample addition. The samples were diluted with the provided reagent diluent, loaded into
the prepared plate along with the provided standards in duplicates, and incubated for 2 h
at room temperature. The diluted detection antibody was then added with a 2 h incubation
at room temperature. The diluted Streptavidin-HRP was added with a 20 min incubation
at room temperature, protected from light. Substrate solution was then added and
incubated for 20 min before the addition of the stop solution. The 96-well plate was then
read using a CLARIOstar® microplate reader (BMG Labtech, Guelph, Canada) at 450 nm
and 540 nm. The results were analyzed using the MARS analysis program with a four-
parameter logistic curve-fit. Protein concentrations were determined based on comparison
to the standard curves and normalized to the dsSDNA content measured in each sample

using a PicoGreen® dsDNA Assay.

2.6.3  Picogreen® dsDNA assay

PicoGreen®dsDNA assays were performed following the manufacturer’s instructions, to
normalize the secreted proteins levels in the CM samples based on the total number of
cells in each corresponding well at 7 days. In brief, cell samples from the uncoated and
DAT-coated conditions were collected using trypsin release or cell scraping, respectively.
Sample digestion and total DNA extraction were then performed using the DNeasy Blood
& Tissue kit (Qiagen). Briefly, samples were digested overnight in 1 mL of buffer ATL
supplemented with 32.5 pL of proteinase K. The dsDNA was then extracted from the
digested samples and analyzed using the Quant-iT™ PicoGreen® Assay kit (Invitrogen)

according to the manufacturer’s instructions with a CLARIOstar® microplate reader
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(BMG Labtech, Guelph, Canada). The standard curve was generated using the Lambda
DNA standard provided in the kit. Unseeded DAT coating samples were also included for

background adjustment.

2.7 Statistical analysis

For analysis of ASC density and paracrine factor production, a mixed effects model was
used to first evaluate the main effect of oxygen tension. The data were then divided into
two groups based on the oxygen level and analyzed separately. To evaluate the effects of
the culture microenvironment on ASC density and paracrine factor production, a two-way
analysis of variance (ANOVA) test was performed, followed by a Tukey’s post hoc
multiple comparisons test. To evaluate the effects of cytokine priming on ASC paracrine
factor production, due to the additional variable (i.e., priming or non-priming media), a
repeated-measures two-way ANOVA was performed, followed by a Tukey’s post hoc
multiple comparisons test (comparing primed and non-primed under the same culture
condition) and a Sidak’s post hoc multiple comparisons test (comparing between culture
conditions under the same priming condition). All statistical analyses were performed
using the GraphPad Prism 8 software. All numerical values are represented as the mean +

standard deviation, and differences were considered statistically significant at p<0.05.
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Chapter 3
3 Results

3.1 Computational modelling of fluid shear stress

To characterize the fluid shear stress introduced by the system under different rocking
conditions, a computational model was developed to calculate the shear stress across the
length of the culture well for a single rocking cycle. The results indicated that the fluid
shear stress varied greatly depending on the rocking angle and rocking frequency. Under
a specific rocking condition, the fluid shear stress also varied depending on the location
in the culture well and time, and a notable non-uniformity was introduced along the edges
of the plate when the rocking angle was greater than the critical angle (=7° in the current
system). The critical angle is defined as the maximum angle where the entire bottom of
the culture plate would still be covered by fluid. In other words, if the rocking angle was
greater than the critical angle, the bottom of the plate would no longer be fully covered
by fluid throughout the rocking cycle, resulting in a “dry area” near the edge of the wells.
This region could not be modelled (resulted in infinite values), as in the absence of fluid,
shear stress would no longer be applied. In reality, there will always be at least a thin
layer of fluid covering the bottom of the plate due to the presence of the coatings or the
hydrophilicity of the TCPS. However, attempting to incorporate these features into the
model would be extremely challenging and was beyond the scope of the current work.
Based on the model results, a media volume of 2.5 mL (height = 2.38 mm) was selected.
Changing the media volume introduced a lot of variability to the system, which was
difficult to model, so it was decided to use this volume for all studies. The selected
volume also ensured that there would be adequate media for the cells and avoided

potential issues with spillover during rocking.

The rocking conditions investigated in this study were determined based on 1) the
maximum shear stress achievable, 2) the shear stress profile, which indicates how the
shear stress changes over time at each location in the well, and 3) the profile of the time
derivative of shear stress, which indicates how quickly the shear stress changes over time

at each location in the well. To select rocking conditions for subsequent studies, the area
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interest. The model also analyzed the shear stress profile over the entire well, which was

relevant for the conditioned media studies. The heatmaps generated by the model (Figure

3.1) summarize the maximum shear stress at the centre of the well and at the edge of the

area of interest (i.e., the coverslip) under every rocking condition achievable by the

rocker. The analysis suggested that the maximum rocking angle that was practical to use

in the system was 11°, above which there was significant non-uniformity in the shear

stress in the area of interest within the well, as reflected by a much higher maximum

shear stress level near the edge (Figure 3.1B). Within these constraints on the rocking

conditions, 11° 50 rpm introduced the highest shear stress (0.094 dyn/cm? at x=0 and

0.294 dyn/cm? at x=0.29 L =11 mm) and was therefore selected as the starting point for

the culture studies. To evaluate the effects of different magnitudes of shear stress on the

ASCs, the rocking condition 11° 25 rpm was also selected, which would apply

approximately half of the maximum shear stress of the 11° 50 rpm condition (0.047

dyn/cm? at x=0 and 0.147 dyn/cm? at x=0.29 L).
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Figure 3.1 Maximum fluid shear stress under different rocking conditions. A) At the

centre of the well (x = 0) and B) at the edge of the coverslip in the well (x =11 mm) as a

function of rocking angle and frequency. The colour gradient from blue to yellow shows

an increase in the value of the maximum shear stress, which increases at both locations as

the rocking angle and frequency increase. Selected rocking conditions highlighted: red

boxes: 11° 50 rpm, white boxes: 11° 25 rpm and 5° 50 rpm.
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As effects of shear stress on ASCs have not been well studied in the literature, little is
known regarding how different aspects of shear stress, such as magnitude, change over
time, and how fast it changes, would impact the cellular response. Therefore, an
additional rocking condition was included for preliminary testing to evaluate if and how
different shear stress profiles could influence the cellular response. More specifically, 5°
50 rpm was selected for this purpose as under this rocking condition, the maximum shear
stress achievable at the centre of the plate (0.043 dyn/cm? at x=0 and 0.039 dyn/cm? at
x=0.29 L) was very similar to that of the 11° 25 rpm condition (Figure 3.1), but the shear
stress profile (Figure 3.2) and the profile of the time derivative of shear stress (Figure

3.3) were drastically different compared to the 11° 50 rpm and 11° 25 rpm conditions.
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Figure 3.2 Fluid shear stress under the three selected rocking conditions. A) 11° 50
rpm, B) 11° 25 rpm, C) 5° 50 rpm. X axis: relative location (x) along the length of the
well (L), Y: relative time (t) over a single rocking cycle (T), Z axis: wall shear stress in

dyn/cm?.
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Figure 3.3 Time derivative of fluid shear stress under the three selected rocking
conditions. A) 11° 50 rpm, B) 11° 25 rpm, C) 5° 50 rpm. X axis: relative location (x)
along the length of the well (L), Y axis: relative time (t) over a single rocking cycle (T), Z

axis: time derivative of wall shear stress in dyn/cm?/s.

3.2 Culturing on the DAT coatings and under dynamic
conditions did not substantially alter ASC growth

To investigate the effects of the culture microenvironment on ASC growth, ASCs were
cultured for 7 days under different culture conditions, followed by immunohistochemical
analysis and cell nuclei quantification using ImageJ. In both the 11° 50 rpm and 11° 25
rpm studies, the density of ASCs was significantly higher at 7 days as compared to 3 days
for all groups (11° 50 rpm: p<0.01; 11° 25 rpm: p<0.05), suggesting that cell growth was
supported in the system under all conditions. In both studies, the cell density at day 3 was
not significantly different between the culture conditions (Supplementary Figure 3.1,
Supplementary Figure 3.2). However, at day 7, culturing under 20% Oz resulted in a
significantly higher cell density as compared to under 2% O: in both studies (p<0.05). In
the 11° 50 rpm study, culturing on the DAT coatings under 20% Oz resulted in a
significantly higher cell density at day 7 as compared to the uncoated group (p<0.01)
(Figure 3.4B). In contrast, in the 11° 25 rpm study, the cell density was not affected by
culturing on DAT coatings (Figure 3.5). Preliminary analysis of the two donors analyzed
in the 5° 50 rpm study showed similar trends to the 11° 25 rpm study (Supplementary
Figure 3.3, Supplementary Figure 3.4).
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While traditionally regarded as a “classically-activated” M1-like or pro-inflammatory
macrophage marker [194], [195], INOS expression in MSCs has been shown to play a
critical role in inducing MSC-mediated immunosuppression [196], [197]. Previous work
by Dr. Tim Han in the Flynn lab also suggested a possible link between dynamic culture
under shear stress and enhanced iNOS and immunomodulatory protein expression in
ASCs cultured in 3D DAT scaffolds within a perfusion bioreactor system [189]. In all
three of the rocking conditions studied (11° 50 rpm, 11° 25 rpm, and 5° 50 rpm),
qualitative analysis of INOS expression through immunofluorescence (IF) staining
showed no obvious differences between the culture conditions after 3 and 7 days of
culture. Moreover, staining of F-actin showed no obvious differences in ASC
morphology induced by dynamic culture or culturing on the DAT coatings, as shown in
Figure 3.4 (11° 50 rpm), Figure 3.5 (11° 25 rpm), and Supplementary Figure 4

(5° 50 rpm).
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Figure 3.4 Dynamic culture under the highest shear conditions (11°, 50 rpm) did not
substantially alter the ASC density at 7 days. Representative images of iINOS
expression (red) with staining for F-actin (green) and nuclei (blue), along with
quantification of nuclei, after 7 days of culture under A) 2% O or B) 20% O2. Main
effects analysis showed that cell density in the 20% O2 group was significantly higher
than the 2% O2 group (p<0.05). Cell density in the DAT coated group was significantly
higher than the uncoated group under 20% Oz (p<0.01). Qualitatively, no difference in
INOS expression was observed between any of the groups. Data was analyzed using two-
way ANOVA with a Tukey’s multiple comparisons test. ** p < 0.01. Error bars represent
standard deviation (n=2 replicate wells/trial, N=4 trials with different ASC donors). Scale
bars represent 200 um. No primary antibody control: Supplementary Figure 3.6.
Abbreviations: DAT, DAT coated; UC, uncoated TCPS.
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Figure 3.5 Culturing on the DAT coatings or under shear stress in the 11° 25 rpm
condition did not alter the ASC density at 7 days. Representative images of iNOS
expression (red) with staining for F-actin (green) and nuclei (blue), along with
quantification of nuclei, after 7 days of culture under A) 2% O or B) 20% O2. Main
effects analysis showed that cell density in the 20% O2 group was significantly higher
than the 2% O2 group (p<0.05). Qualitatively, no difference in iINOS expression was
observed between any of the groups. Data was analyzed using two-way ANOVA with a
Tukey’s multiple comparisons test. Error bars represent standard deviation (n=2 replicate
wells/trial, N=4 trials with different ASC donors). Scale bars represent 200 um. No
primary antibody control: Supplementary Figure 3.6. Abbreviations: DAT, DAT coated;
UC, uncoated TCPS.
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3.3 Pro-angiogenic and immunomodulatory paracrine factor
secretion was modulated by the oxygen tension,
dynamic culture, and DAT coatings

To quantitatively evaluate how culturing in the varying microenvironments altered the
levels of pro-angiogenic and immunomodulatory proteins secreted by ASCs, Luminex®
assays were performed to measure the levels of angiogenin, VEGF, HGF, MCP-1, and
IL-8, and ELISAs were performed to measure the levels of IL-6 in conditioned media
samples collected after a 7-day culture period, with media conditioning for the final 48 h.
A heatmap of the results is shown in Figure 3.6, with red corresponding to a higher level

and blue corresponding to a lower level detected within the conditioned media samples.

A) 11° 50 rpm B) 11° 25 rpm

DH DAT DH DAT

SH DAT SH DAT
DN DAT DN DAT
SN DAT SN DAT
DHUC DHUC
SHUC SHUC
DN UC DN UC

SN UC SNUC

ANG VEGF HGF MCP-1 IL-6 IL-8 ANG VEGF HGF MCP-1 IL-6 IL-8

Figure 3.6 ASC paracrine factor secretion was modulated by the varying
microenvironmental factors. Summary of the levels of secreted angiogenin, VEGF,
HGF, MCP-1, IL-6 and IL-8 detected in the conditioned media samples from A) the 11°
50 rpm study and B) the 11° 25 rpm study. Coloured heatmap showing red as the highest
value and blue as the lowest value. The colours represent z-score normalized average
concentrations (normalized to total dSDNA content). n=2 replicate wells/trial, N=4 trials
with different ASC donors, except IL-6 from the 11° 50 rpm experimental group: n=2
replicate wells/trial, N=5 trials with different ASC donors). Abbreviations: ANG,
angiogenin; D, dynamic; S, static; H, hypoxia; N, normoxia; DAT, DAT coated; UC,
uncoated TCPS.
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The effects of the culture microenvironment on ASC paracrine factor secretion were
analyzed in two ways: 1) based on two-way ANOVA analysis treating the three culture
variables (i.e., culture substrate, dynamic culture, and oxygen tension) as main effects,
and 2) based on the post-hoc analysis evaluating the effects of individual culture
conditions. Overall, the expression of all evaluated paracrine factors were modulated by

the different microenvironmental factors.

In terms of the main effects of the culture substrate, in the 11° 50 rpm study, culturing on
the DAT coatings was shown to significantly enhance the expression of VEGF (2% Oz:
p<0.0001, 20% O2: p<0.05, Figure 3.7B, Figure 3.8B) and HGF (p<0.01, Figure 3.7C,
Figure 3.8C) under both oxygen tensions, as well as the expression of angiogenin under
20% O2 (p<0.05, Figure 3.8A). Similarly in the 11° 25 rpm study, the DAT coatings
were shown to enhance the expression of VEGF under both oxygen tensions (2% Oz:
p<0.001, 20% O2: p<0.0001, Figure 3.7B, Figure 3.8B) and angiogenin under 20% O2
(p<0.001, Figure 3.8A).

In terms of the main effects of dynamic culture, in the 11° 50 rpm study, culturing under
dynamic conditions was shown to significantly enhance the expression of VEGF under
20% O2 (p<0.05, Figure 3.8B) and the expression of HGF under 2% O2 (p<0.05, Figure
3.7C). Similarly in the 11° 25 rpm study, culturing under dynamic conditions was shown
to enhance the expression of VEGF under 20% Oz (p<0.001, Figure 3.8B).

In terms of the main effects of oxygen tension, in the 11° 50 rpm study, culturing under
2% O2 was shown to significantly enhance the expression of VEGF (p<0.05) and reduce
the expression of HGF (p<0.05) as compared to culturing under 20% O2. In the 11° 25

rpm study, culturing under 2% O2 was shown to significantly enhance the expression of

VEGF (p<0.05) and angiogenin (p<0.01) as compared to culturing under 20% O.

Consistent with the main effects analysis, the individual culture condition analysis also
indicated that the secretion of VEGF and HGF were modulated by the culture
microenvironment. Regarding VEGF secretion, in the 11° 50 rpm study, regardless of the

oxygen level, VEGF secretion was significantly higher in samples cultured dynamically
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on DAT coatings as compared to those cultured statically on TCPS (p<0.05). Further,
under 2% O2, VEGF secretion was significantly higher in samples cultured statically on
DAT coatings as compared to those cultured either statically or dynamically on TCPS
(p<0.01, Figure 3.7B). Similarly in the 11° 25 rpm study, regardless of the oxygen level,
VEGF secretion was also higher in samples cultured statically on DAT coatings as
compared to those cultured either statically or dynamically on TCPS (p<0.01).
Additionally, under 20% O, VEGF secretion in samples cultured dynamically on TCPS
was higher than those cultured statically on TCPS (p<0.01, Figure 3.8B). Furthermore,
VEGF secretion in samples cultured dynamically on DAT coatings was significantly

higher than all other groups (p<0.05).

HGF secretion was only significantly modulated by the cultured conditions in the 11° 50
rpm study. Under 2% Oz, HGF secretion was significantly higher in samples cultured
dynamically on DAT coatings as compared to those cultured statically on TCPS (p<0.01,
Figure 3.7C). Whereas under 20% Oz, HGF secretion was significantly higher in
samples cultured statically on DAT coatings as compared to those cultured dynamically
on TCPS (p<0.05, Figure 3.8C).

Angiogenin secretion was only significantly modulated by the cultured conditions in the
11° 25 rpm study under 20% O2. More specifically, the samples cultured statically on
DAT coatings had significantly higher levels as compared to those cultured statically on
TCPS (p<0.05, Figure 3.8A).

Preliminary analysis of IL-6 secretion of ASCs from the two donors in the 5° 50 rpm
study showed similar trends to the 11° 25 rpm study (Supplementary Figure 5). Based
on the similarity of the findings (ASC growth and IL-6 secretion) to the other rocking
conditions, it was decided that it would be more impactful to instead explore the effects
of cytokine priming within the rocking bioreactor with a more focused set of culture

conditions (11° 50 rpm).

In summary, the results demonstrated that varying microenvironmental factors can have

combined effects on ASC paracrine factor secretion, with modulation of VEGF, HGF,



and angiogenin secretion observed under the conditions in the current study. The data
suggests there may be interacting effects between the DAT coatings, dynamic culture,

and oxygen tension, which contribute to the observed cellular response.

47
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Figure 3.7 Under 2% Oz, culturing human ASCs for 7 days under dynamic
conditions and/or on the DAT coatings altered VEGF and HGF secretion.
Expression of A) Angiogenin, B) VEGF, C) HGF, D) MCP-1, E) IL-6 and F) IL-8,
normalized to total dSDNA content. In the 11° 50 rpm study, culturing on the DAT
coatings either dynamically or statically was shown to enhance VEGF secretion
(p<0.0001). In addition, HGF secretion was significantly higher in the DAT coated group
as compared to the uncoated group (p<0.01), as well as in the dynamic group as
compared to the static group (p<0.05). In the 11° 25 rpm study, VEGF secretion was
significantly higher in the samples cultured statically on the DAT coatings as compared
to both uncoated groups (p<0.001). Further, main effects analysis showed that culturing
on the DAT coatings significantly enhance the expression of IL-8 (p<0.05). Data
analyzed using 2-way ANOVA and Tukey’s multiple comparisons test. Error bars
represent standard deviation (post-hoc test: *p < 0.05, **p < 0.01; n=2 replicate
wells/trial, N=4 trials with different ASC donors, except IL-6 from the 11° 50 rpm
experimental group: n=2 replicate wells/trial, N=>5 trials with different ASC donors).
Abbreviations: DAT, DAT coated; UC, uncoated TCPS.
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Figure 3.8 Under 20% Oz, culturing human ASCs for 7 days under dynamic
conditions and/or on the DAT coatings altered angiogenin, VEGF and HGF
secretion. Expression of A) Angiogenin, B) VEGF, C) HGF, D) MCP-1, E) IL-6 and F)
IL-8, normalized to total dSDNA content. In the 11° 50 rpm study, culturing on the DAT
coatings either dynamically or statically was shown to enhance angiogenin (p<0.05) and
HGF secretion (p<0.01). In addition, VEGF secretion was significantly higher in the
DAT coated group as compared to the uncoated group (p<0.05), as well as in the
dynamic group as compared to the static group (p<0.05). In the 11° 25 rpm study,
angiogenin secretion was significantly higher in the samples cultured statically on the
DAT coatings as compared to both uncoated groups (p<0.01). VEGF secretion was
significantly higher in the DAT coated group as compared to the uncoated TCPS group
(p<0.0001), as well as in the dynamic group as compared to the static group (p<0.001).
Further, main effects analysis showed that culturing on the DAT coatings significantly
enhanced the expression of IL-6 (p<0.05). Data analyzed using 2-way ANOVA and
Tukey’s multiple comparisons test. Error bars represent standard deviation (post-hoc test:
*p < 0.05, **p < 0.01; n=2 replicate wells/trial, N=4 trials with different ASC donors,
except IL-6 from the 11° 50 rpm experimental group: n=2 replicate wells/trial, N=5 trials
with different ASC donors). Abbreviations: DAT, DAT coated; UC, uncoated TCPS.
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3.4 IDO expression was induced by TNF-o and IFN-y
priming

Immunostaining was performed to qualitatively assess whether priming with TNF-a. and

IFN-y induced IDO expression, as expected based on previous literature reports [193]

(Figure 3.9). With priming, uniform expression of IDO was observed in the ASCs

regardless of the culture conditions. In contrast, IDO expression was not detected in any

of the non-primed controls.

Primed Non-primed

DAT

ucC

Figure 3.9 IDO expression was upregulated in human ASCs after 48 h of priming
with the pro-inflammatory cytokines TNF-a and IFN-y. Representative images shown
of the ASCs cultured under dynamic 20% O2 conditions showing IDO (red), F-actin
(green) and nuclei (blue), at the end of the 7-day total culture period, with priming for the
final 48 h. Expression of IDO was observed in all primed samples (n=1 replicate
well/trial, N=2 trials with different ASC donors). Scale bar represents 200 um. No

primary antibody control: Supplementary Figure 3.7.
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ELISA was then performed to quantitatively evaluate the effects of cytokine priming
under the various culture conditions on the levels of secreted IDO present in conditioned
media samples. IDO was not detected in the media of any of the non-primed samples.
Under 20% O, significantly higher levels of IDO were detected in the media when the
cells were cultured on TCPS as compared to those cultured on the DAT coatings (p<0.05)
(Figure 3.10).

Z
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Figure 3.10 Priming with TNF-a and IFN-y on the DAT coatings altered IDO

IDO release
(pg/ng of dsDNA)
IDO release
(pg/ng of dsDNA)

secretion under 20% O:2. Expression of IDO measured by ELISA in samples cultured
under A) 2% O or B) 20% Oz with result normalized to total dSDNA content. Main
effects analysis showed that under 20% Oz, culturing on the DAT coatings significantly
altered IDO secretion (p<0.05). Expression of IDO in the non-primed samples was not
detectable. Data analyzed using two-way ANOVA and Tukey’s multiple comparisons
test. Error bars represent standard deviation (n=2 replicate wells/trial, N=3-4 trials with
different ASC donors).
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3.5 Priming with TNF-o and IFN-y and dynamic culture
significantly enhanced IL-6 and IL-8 secretion in the
human ASCs

To quantitatively evaluate the combined effects of cytokine priming and the other

microenvironmental factors on the expression levels of a range of pro-angiogenic and
immunomodulatory proteins in the ASC-conditioned media, Luminex® assays were
performed to compare the protein secretion levels of angiogenin, VEGF, HGF, MCP-1,
and IL-8, and ELISAs were performed to compare the protein secretion levels of IDO
and IL-6 in cell culture supernatant after 7 days of culture with or without the addition of
10 ng/mL TNF-a and 100 ng/mL IFN-y for the final 48 h of culture. A heatmap of the
results is shown in Figure 3.11, with red corresponding to a higher level and blue

corresponding to a lower level detected within the conditioned media samples.
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PDHUC
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PDNUC
PSNUC
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NP DN UC
NP SN UC

3

N
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ANG VEGF HGF MCP-1 IL-6 IL-8 IDO

Figure 3.11 ASC paracrine factor secretion was modulated by the varying
microenvironmental factors, with higher levels of the factors generally detected with
cytokine priming. Levels of secreted angiogenin, VEGF, HGF, MCP-1, IL-6, IL-8, and
IDO detected in conditioned media samples shown on a coloured heatmap with red as the
highest value and blue as the lowest value. The colours represent z-score normalized
average concentrations (normalized to total dsSDNA content). n=2 replicate wells/trial,
N=3-4 trials with different ASC donors. Abbreviations: ANG, angiogenin; P, primed;
NP, non-primed; D, dynamic; S, static; H, hypoxia; N, normoxia; DAT, DAT coated,
UC, uncoated TCPS.
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Based on main effects analysis by repeated measures 2-way ANOVA, the expression
levels of angiogenin, VEGF, HGF, MCP-1, IL-6, and IL-8 were significantly higher in
the primed samples as compared to the non-primed samples under both oxygen levels
(Figure 3.12, Figure 3.13). Under 2% Oz with cytokine priming (Figure 3.12), culturing
dynamically on the DAT coatings was shown to significantly enhance the expression of
IL-6 as compared to the uncoated groups (p<0.05, Figure 3.12E). Similarly, culturing
statically on the DAT coatings was shown to significantly enhance the expression of IL-6
as compared to the statically-cultured uncoated group (p<0.01). Further, culturing
dynamically on the DAT coatings was shown to significantly augment the expression of
IL-8 as compared to all other groups (p<0.01, Figure 3.12F). Under 20% O2 with
cytokine priming, culturing on the DAT coatings statically (p<0.01) or dynamically
(p<0.001) was shown to significantly increase the expression of IL-8 as compared to the

statically cultured uncoated group (Figure 3.13F).

In summary, the results demonstrated a significant upregulation of all analyzed factors
following TNF-o and IFN-y priming. Under priming, the varying microenvironmental
factors can again have combined effects on ASC paracrine factor secretion, in particular
on IL-6 and IL-8 secretion. Interestingly, compared to the initial study of the

microenvironmental factors, oxygen tension had less of an effect in the primed samples.



56

¥
FS
]
~
(2}
~
a
[
]

Priming effect (p<0.05)

Priming effect (p<0.001)

w
1
L]
-
=
1

HGF release
(pg/ng of dsDNA)
o
CJ
1

Angiogenin release
(pg/ng of dsDNA)
- N
1 1
VEGF release
(pg/ng of dsDNA)

0.0-

(-]
I

Primed Non-primed Primed Non-primed Primed Non-primed
D) 400~ imi E) 100+ imi ) 600 # i
*3k%% Priming effect (p<0.0001) # Priming effect (p<0.0001) — Priming effect (p<0.0001)
I I Y *ok Culture conditions (p<0.05)
o < 3gp*K¥* T 80wkokk < o
»Z 4 © 2 . | 22 400
$ 3 8§92 6o T wokx gq 400
?3T T o
<5 200 25 r 8%
do © o 40 * % %o
O£ 2 £ Y = £ 200
= E 100 E 204 2 I |
0- 0- 0-
Primed Non-primed Primed Non-primed Primed Non-primed

I DAT Dynamic = DAT Static B3 UC Dynamic 3 UC Static

Figure 3.12 Priming with TNF-a and IFN-y significantly enhanced the secretion of
all tested paracrine factors in the human ASCs cultured under 2% O.. Expression of
A) Angiogenin, B) VEGF, C) HGF, D) MCP-1, E) IL-6 and F) IL-8, normalized to total
dsDNA content. Cytokine priming, as a main effect, significantly enhanced the
expression of angiogenin (p<0.001), VEGF (p<0.0001), HGF (p<0.05), MCP-1
(p<0.0001), IL-8 (p<0.0001), and IL-6 (p<0.0001). IL-6 secretion was significantly
higher in the samples cultured dynamically on the DAT coatings as compared to both
uncoated groups (p<0.05). IL-8 secretion was significantly higher in the samples cultured
dynamically on the DAT coatings as compared to all other conditions (p<0.01). The
effects of the four different culture conditions on IL-8 secretion were significantly
different (p<<0.05). Sidak’s multiple comparisons: *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001 = significant difference between the primed and the non-primed sample
under the same culture condition. Tukey’s multiple comparisons: #p<0.05, ##p<0.01 =
significant difference between the primed samples under different culture conditions.
Data analyzed using repeated measures 2-way ANOV A model, Tukey’s and Sidak’s
multiple comparisons test. Error bars represent standard deviation (n=2 replicate
wells/trial, N=3-4 trials with different ASC donors). Abbreviations: DAT, DAT coated,
UC, uncoated TCPS; P, primed; NP, non-primed.
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Figure 3.13 Priming with TNF-a and IFN-y significantly enhanced the secretion of
all tested paracrine factors in the human ASCs cultured under 20% O2. Expression
of A) Angiogenin, B) VEGF, C) HGF, D) MCP-1, E) IL-6 and F) IL-8, normalized to
total dsSDNA content. Cytokine priming, as a main effect, significantly enhanced the
expression of angiogenin (p<0.001), VEGF (p<0.0001), HGF (p<0.01), MCP-1
(p<0.0001), IL-8 (p<0.0001), and IL-6 (p<0.0001). IL-8 secretion was significantly
higher in the samples cultured on the DAT coatings as compared to the uncoated groups
(p<0.05). The effects of the four different culture conditions on IL-8 secretion were
significantly different (p<<0.05). Sidak’s multiple comparisons: *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 = significant difference between the primed and the non-
primed sample under the same culture condition. Tukey’s multiple comparisons:
#p<0.05, ##p<0.01, ##p<0.001 = significant difference between the primed samples
under different culture conditions. Data analyzed using repeated measures 2-way
ANOVA model, Tukey’s and Sidak’s multiple comparisons test. Error bars represent
standard deviation (n=2 replicate wells/trial, N=3-4 trials with different ASC donors).
Abbreviations: DAT, DAT coated; UC, uncoated TCPS; P, primed; NP, non-primed.
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Chapter 4

4 Discussion

The therapeutic potential of adipose-derived stromal cells (ASCs) has been studied
extensively and proven in many disease models and early phase clinical studies. It is well
established that ASCs are capable of differentiating into various cell types and more
importantly, secreting a variety of pro-regenerative paracrine factors that can stimulate
angiogenesis, modulate the immune response, and control inflammation [198]. Despite
demonstrating promising therapeutic effects, several limitations may hinder the use of
ASCs in clinical applications, including the need for large numbers of cells and the
subsequent problems that come with long-term in vitro expansion, such as loss of
phenotype and differentiation capacities [199]. In addition, loss of therapeutic potentials
due to aging, chronic disease, and obesity may also reduce the efficacy of autologous
ASC therapy [29].

In search of more effective in vitro expansion methods that can augment the regenerative
capacity of ASCs, many preconditioning strategies have been proposed, including
decellularized adipose tissue (DAT) culture substrates [141], [142], [200], hypoxia [96],
[201], mechanical stimulation or dynamic culture [95], [144], and pro-inflammatory
cytokine priming [118], [119], [202]. Further, bioreactors represent a promising in vitro
cell expansion platform that can incorporate one or more preconditioning strategies. To
explore the potential of combining dynamic culture, hypoxia, and DAT scaffolds as a
strategy to enhance human ASC expansion and pro-regenerative function, Dr. Tim Han
from the Flynn Lab developed a DAT scaffold-based perfusion bioreactor [188], [189].
Dynamic culturing of human ASCs in the perfusion bioreactor system under hypoxia was
shown to be effective at increasing the density of ASCs on the DAT scaffolds, with
improved capacity to support blood vessel formation and adipose tissue remodeling in
vivo [188]. In addition, shear stress introduced by perfusion was shown to alter the ASC
phenotype and paracrine profile, with in vivo findings demonstrating a more
pro-regenerative host macrophage response in the dynamically cultured ASC-seeded
DAT implants [189].
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Overall, the perfusion bioreactor studies demonstrated promising preconditioning effects
of dynamic culture on enhancing ASC expansion and modulating ASC phenotype and
paracrine factor secretion. However, limitations of the system, such as complexity of the
setup and the non-uniform distribution of ASCs in the scaffold, were also evident [188],
[189]. These issues suggested the need for a more scalable bioreactor system capable of
introducing a more uniform preconditioning effect on ASCs. In particular, a rocking
bioreactor system was considered a suitable alternative as it has been successfully
implemented in in vitro culture and expansion of human pluripotent stem cells [203],
human bone marrow-derived mesenchymal stromal cells (BM-MSCs) [204],
chondrocytes [205], lymphocytes [206], and chimeric antigen receptor (CAR)-T cells
[207].

Mechanical stimulation is a culture strategy that has been mainly used to enhance the
proliferation and differentiation capacities of MSCs towards the osteogenic [166], [168],
[169] and chondrogenic lineages [162]-[164]. Recently, the effects of shear stress and
tensile strain on MSC paracrine functions have also been explored. In particular, shear
stress has been shown to enhance pro-angiogenic factor secretion by human ASCs [172],
[173], as well as modulating the ability of human BM-MSCs to suppress tumor necrosis
factor-alpha (TNF-a) secretion by activated immune cells [174], [175]. The magnitude
and pattern of the shear stress, as well as the duration of exposure used in these studies,
were quite diverse, and little is known about how these factors can affect the cell

response.

The magnitude of shear stress studied in the literature ranges from hemodynamic fluid
flow shear (e.g. 10 dyn/cm? [172], [173], 15 dyn/cm? [174], [175]) to low level or
interstitial fluid flow shear (0.5 dyn/cm? [146], [176], 0.018-0.024 dyn/cm? [208]), with
different shear patterns such as laminar, pulsatile, or oscillatory. Overall, the duration of
exposure to shear stress used in the literature was typically short, ranging from a few
hours [175] to up to 4 days [173], or even as short as 10 minutes [172]. The selection of a
short culture period could be due to the high magnitude of shear stress used in these
studies, as long-term exposure to high magnitude of shear stress may affect cell

attachment.



60

The current thesis is one of the first to explore how longer-term exposure (up to 7 days)
of lower-level fluid shear stress (0.04-0.3 dyn/cm?) influences ASC proliferation and
paracrine factor secretion. It is important to acknowledge that the rocking bioreactor
introduces non-uniform and oscillatory shear stress, unlike many studies in the literature
that have explored the effects of laminar and unidirectional flow [172], [173], [175],
[176], [208]. While unidirectional flow would be more relevant when trying to mimic the
physiological shear stresses experienced by cell types within the body, it is unclear what
type of shear stress stimulation would be most effective for preconditioning strategies
targeting paracrine functionality. Further investigation of the cell response under
different shear stress patterns and magnitudes is warranted to identify the bioreactor

conditions that will be most effective for promoting a pro-regenerative ASC phenotype.

Hypoxia is a well-established preconditioning strategy for culturing MSCs mainly due to
its ability to modulate pro-angiogenic paracrine activity of MSCs through hypoxia
inducible factor-1a (HIF-1o) mediated vascular endothelial growth factor (VEGF)
secretion [110]. In addition to being demonstrated to promote ASC expansion and
modulate ASC phenotype within DAT scaffolds in our lab’s previous perfusion
bioreactor studies [188], hypoxia has also been shown to promote MSC-mediated
endothelial cell proliferation and tube formation [57], [114], [209]. Although a wide
range of oxygen concentrations have been used in hypoxia studies, the physiologically
relevant level of oxygen concentration in adipose tissue normally ranges from 2—8%,
with 2% simulating poorly-vascularized fat [107]. To simulate the pathological or post-
surgery cell environment in in vitro expansion, 2% O2 was selected as the hypoxic

environment for the current study.

In an effort to characterize the effects of the culture microenvironment on ASC growth in
the rocking bioreactor, nuclear and F-actin staining was performed to quantify the cell
density and assess cell morphology after 3 days or 7 days of culture. Overall, the results
demonstrated that the growth and expansion of ASCs were well supported in the
bioreactor under all culture conditions. Interestingly, the study also revealed that the
normoxic environment (20% O3) better supported ASC expansion as indicated by the

higher cell density at day 7. Hypoxia is generally thought to enhance ASC or MSC
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proliferation [102], [210]-[212]. However, there are conflicting reports in the literature.
For example, Frazier et al. reported no significant effects of a 72 h exposure to 5% Oz on
human ASC viability and proliferation [213]. Similarly, Jiang et al. also reported no
effects of hypoxia (1% O2) on ASC proliferation over 7 days [214]. Other studies have
also suggested an inhibitory effect of hypoxia on ASC or MSC proliferation [215]-[217].
Holzwarth et al. reported that human BM-MSCs cultured under 1%, 3%, or 5% O2
showed reduced proliferation after a 7-day culture period in platelet lysate supplemented
media relative to those cultured under 21% O [217]. From these studies, it appears that
there are several factors that could affect cell proliferation under hypoxia, including the
cell type, oxygen concentration, the duration of exposure, and the culture media
composition. An additional limitation to note in the current study was that more extensive
media evaporation was observed in the hypoxic station due to the regular injection of dry

gases to maintain the 2% Oz level, which may have impacted cell growth to some extent.

The 11° 50 rpm cell density study also indicated that the DAT coatings resulted in a
significantly higher cell density at day 7 under 20% Oz. Similarly, previous studies from
the Flynn Lab have also demonstrated that DAT substrates can improve ASC
proliferation [140], [141]. In particular, Shridhar et al. suggested that the fibrous tissue-
like structure and extracellular matrix (ECM) composition of the DAT coatings can
contribute to enhanced ASC proliferation [140]. In the current study, it is worth noting
that the effects of DAT were not observed in the 11° 25 rpm study, which may be due to
variability in the coatings coming from the differences in the donors used for the source

materials.

The effect of shear stress on ASC proliferation is not well studied. Although shear stress
was found to not significantly affect ASC density at day 7 in the current study, others
have demonstrated differences in proliferation patterns between shear stress-stimulated
ASCs and statically-cultured ASCs. For example, Elashry et al. showed that a 10-day
exposure of fluid shear stress (oscillatory, 0.77 dyn/cm?) increased proliferation of equine
ASCs compared to static conditions [218]. Interestingly, another study by Kim et al.
reported that the ASC proliferation rate was related to the level of shear stress [208]. By
comparing three regions in a microfluidic device with a shear stress gradient, the group
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revealed that human ASCs cultured in the lower shear stress region (0.018 dyn/cm?)
exhibited a higher proliferation rate compared to those in the higher shear stress region
(0.024 dyn/cm?). In addition, they also revealed a morphological change in the ASCs in
relation to the level of shear stress, with a long and thin cell shape observed in the lower
shear stress region and stronger staining for actin structures observed in the higher shear
stress region. On the topic of cell morphology, a study by Kuo et al. reported a
directional reorganization of F-actin in human BM-MSCs after being exposed to 1-hour
of unidirectional flow with oscillatory shear (0.5 + 4 dyn/cm?) [146]. In the current study,
the lack of obvious morphological changes in the ASCs cannot be well explained, but the
difference in the type of shear stress applied (oscillatory or unidirectional) may have
contributed to the different results. In addition, there may have been greater differences in
the regions outside of the coverslip that was analyzed, where the cells would have been

subjected to higher levels of shear stress.

In order to evaluate the effects of the culture microenvironment on ASC phenotype in the
rocking bioreactor, immunostaining of inducible nitric oxide synthase (iNOS) was
performed after 3 days or 7 days of culture. Although iNOS is commonly regarded as a
classically activated M1 pro-inflammatory macrophage marker [195], its expression in
MSCs has recently been shown to play a critical role in mediating MSC
immunosuppression [196], [197]. Previous work by Dr. Tim Han with the perfusion
bioreactor also suggested a possible link between dynamic culture under shear stress and
enhanced iNOS in ASCs cultured in 3-dimentional (3D) DAT scaffolds [189]. In the
current study, no notable difference in INOS expression was observed between any of the
groups. This may be due to the different level of shear stress introduced in the system, as

well as structural differences in the DAT based on the different scaffold formats applied.

Several studies have suggested that human MSCs and mouse MSCs utilize different
mediators in their immunosuppression, with indoleamine 2,3-dioxygenase (IDO) being
used in human and iINOS used in mouse [67], [197], [219]. For example, significantly
upregulated IDO levels were reported in human MSCs upon inflammatory cytokine
stimulation with interferon gamma (IFN-y) and tumor necrosis factor alpha (TNF-o),

while iNOS levels remained low [219]. However, a research group led by Manochantr et
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al. reported that iNOS is indeed involved in the immunosuppressive capacity of human
MSCs and argued that IFN-y may not be a key stimulator of iINOS in human MSCs [220],
[221]. They also demonstrated an impaired T-cell immunosuppression effect of human
MSCs when iNOS activity was inhibited by N-nitro-L-arginine methyl ester (L-NAME)
[221]. Overall, these studies support the use of INOS as a potential indicator of human
ASCs with a more pro-regenerative secretory phenotype. However, further
characterization is needed to more fully understand the role of iNOS in human MSC

immunomodulatory activities.

To further assess how culturing in the varying microenvironments altered the paracrine
profile of ASCs, Luminex assays and enzyme-linked immunosorbent assays (ELISA)
were performed to evaluate the secretion levels of angiogenin, vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF), monocyte chemoattractant
protein-1 (MCP-1), interleukin 6 (IL-6), and interleukin 8 (IL-8) in conditioned media
samples collected after a 7-day culture period, with media conditioning for the final 48 h.
Comparing between the DAT coated group and the uncoated tissue culture polystyrene
(TCPS) group, the pro-angiogenic factors VEGF, HGF (11° 50 rpm only), and
angiogenin (20% Oz only) were detected at significantly higher levels in the DAT coated
groups. This result is in line with the enhanced angiogenic factor secretion of human
fibroblasts when cultured in DAT bioscaffolds as compared to collagen scaffolds, as
demonstrated by Dr. Pascal Morissette Martin from the Flynn lab [143]. Similarly, as
demonstrated by another research group, the addition of DAT powder to human ASC
cultures increased their secretion of a range of growth factors including VEGF and HGF,

with the expression levels gradually increasing over 48 h [222].

Regarding dynamic culture and shear stress stimulation, the current study demonstrated
that the secretion of VEGF (20% O2) and HGF (11° 50 rpm, 2% O2) were upregulated in
the dynamically cultured groups. Similarly, Bassaneze et al. also demonstrated a shear
stress induced nitric oxide (NO)-dependent VEGF accumulation in human ASC
conditioned media with an increasing production rate over a 96-h shear stress exposure
(unidirectional, 10 dyn/cm?) [173]. In addition, Bravo et al. also reported increased

secretion of VEGF and HGF along with other pro-angiogenic factors by ASCs that were
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exposed to 10 min of shear stress (unidirectional and intermittent, 10 dyn/cm?) compared
to statically cultured controls [172]. Regarding the pro-angiogenic functionalities of shear
stress-stimulated ASCs (unidirectional, 0.5 dyn/cm?, 30 min), Chen et al. reported
improved viability of human endothelial cells from oxidative damage when cultured with
shear stress-stimulated ASC conditioned media as compared to statically cultured ASC

conditioned media controls [176].

In the current study, considering the combined effects of shear stress and hypoxia, an
interesting secretion pattern of VEGF can be observed that is somewhat aligned with the
Bravo et al. study, which revealed that shear stress and hypoxia had opposite effects on
human ASC pro-angiogenic factor secretion [172]. More specifically, it was reported that
shear stress and hypoxia each independently enhanced ASC pro-angiogenic capacities via
cyclooxygenase-2 (COX-2)-dependent mechanism. However, when shear stress and
hypoxia were combined, VEGF secretion was significantly reduced compared to
introducing hypoxia alone. This result may partially explain why dynamic culture only

significnatly enhanced VEGF secretion under 20% Oz in the current study.

Pro-inflammatory cytokine priming is another widely investigated preconditioning
strategy to enhance the immunomodulatory functionalities of MSCs. As mentioned
above, IDO is a key factor in MSC-mediated immunosuppression, and its expression is
induced through inflammatory stimulations [223]. In addition to being able to suppress
T-cell proliferation, IDO enzymatic activity is capable of inhibiting natural killer (NK)
cell proliferation and supporting monocyte differentiation into alternatively-activated M2
anti-inflammatory macrophages [69]. In the current study, no IDO expression was
observed in the non-primed group as expected, but there was strong expression observed
in all primed samples. Follow-up ELISA characterization of secreted IDO indicated that
expression was significantly lower in the DAT coated groups compared to the uncoated
groups under 20% Ox2. In contrast to our findings, studies that utilized collagen or
collagen composites as MSC culture substrate have demonstrated enhanced IDO
secretion, as well as intracellular IDO enzymatic activity [224], [225]. This discrepancy
warrants further investigation of the intracellular IDO level of ASCs cultured in the

rocking bioreactor system under priming.
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Under IFN-y and TNF-a priming, elevated MSC secretion of VEGF, HGF, IL-6, and
IL-8 have been reported [226]-[228]. Although little is known about the effect of IFN-y
and TNF-a priming on MSC secretion of angiogenin and MCP-1, they are also expected
to be upregulated due to the autocrine ability of VEGF to regulate angiogenin and MCP-1
synthesis [227]. In the current study, the expression levels of all tested cytokines were
significantly upregulated in the primed groups as expected based on main effects
analysis. Interestingly, the immunomodulatory factors MCP-1, IL-6 and IL-8 were
upregulated far more by priming than the angiogenic factors angiogenin, VEGF, and
HGF. This phenomenon has not been explicitly reported in the literature, which warrants
further investigation of the mechanism behind the upregulation of these paracrine factors

under the effect of priming.

To the best of our knowledge, this is the first study to evaluate ASC paracrine activities
under different culture conditions in combination with IFN-y and TNF-a. priming. Under
both oxygen tensions, the immunomodulatory factors IL-6 and IL-8 were secreted at
significantly different levels under the varying culture conditions. Interestingly, in
contrast, the pro-angiogenic factors VEGF, HGF, and angiogenin were the most affected
by the different culture conditions in the original study without priming. Although
generally regarded as a pro-inflammatory cytokine, IL-6 is involved in many aspects of
the immunoregulatory activities of MSCs, including promoting the polarization of
macrophages towards an alternatively-activated M2-like phenotype [229], [230],
inhibiting monocyte differentiation towards dendritic cells [231], and supporting the
production of prostaglandin E2 (PGE2) and NO [72]. IL-8 on the other hand plays a key

role in MSC-mediated endothelial progenitor cell homing and angiogenesis [232].

Overall, the results from the current study suggest that the culture microenvironment can
be tuned to mediate ASC immunomodulatory factor secretion within an inflammatory
culture environment. In particular, culturing dynamically on the DAT coatings was
associated with higher expression levels of 1L-6 and IL-8. Building from these findings,
functional assays should be performed to more fully understand the roles of IL-6 and IL-8

in ASC-mediated immunomodulation and angiogenesis.
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Chapter 5

5 Conclusions and future directions

5.1 Summary and significance

The present study investigated the effects of the culture microenvironment on adipose-
derived stromal cell (ASC) proliferation and pro-angiogenic and immunomodulatory
paracrine factor secretion in the context of a novel rocking bioreactor system. The
specific microenvironmental factors investigated were oxygen tension, decellularized
adipose tissue (DAT) culture substrates, dynamic culture as a form of shear stress

stimulation, and pro-inflammatory cytokine priming.

In the first aim, the rocking bioreactor system was developed based on a preliminary
design by Dr. Tim Han of the Flynn lab, with modifications to the culture vessel and
rocking platform. A computational model of the fluid shear stress introduced in the
system was developed to aid the selection of rocking conditions for subsequent studies.
Overall, the system is capable of introducing low-level oscillatory fluid shear stress
(~0.04-0.3 dyn/cm?), along with enabling culture on the DAT coatings and within a
hypoxic culture environment (2% Oz2). To evaluate how different culture conditions could
affect ASC growth and regenerative phenotype, immunostaining of the cell nucleus and
inducible nitric oxide synthase (iNOS) was performed after 3 and 7 days of culture.
Overall, the results suggested that ASC growth was supported by the system under all
culture conditions, with no obvious differences in phenotype based on similar levels of

INOS expression and cell morphology across all groups.

In the second aim, to further assess how culturing in the varying microenvironments
altered the paracrine profile of ASCs, Luminex assays and enzyme-linked
immunosorbent assays (ELISA) were performed to evaluate the secretion levels of
angiogenin, vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF),
monocyte chemoattractant protein-1 (MCP-1), interleukin 6 (IL-6), and interleukin 8 (IL-
8) in ASC conditioned media. The effects of the three microenvironmental factors,

namely culture substrate, dynamic culture, and oxygen tension, were analyzed
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individually. Culturing on DAT coatings was found to enhance the secretion VEGF, HGF
(12° 50 rpm only), and angiogenin (20% Oz only). Next, dynamic culture was found to
enhance the secretion VEGF (20% O2 only) and HGF (11° 50 rpm, 2% O2 only). Finally,
hypoxia enhanced the secretion of VEGF and angiogenin (11° 25 rpm only) and reduced
the secretion of HGF (11° 50 rpm only). Interestingly, similar to what was reported by
Bravo et al. [172], the enhancing effect of dynamic culture on VEGF secretion seems to
be abolished or even reversed under the effect of hypoxia. Similar trends may be found in
the secretion levels of other pro-angiogenic factors, but analysis of additional donors
would be needed to assess whether there are statistically significant differences between
any of the groups. Overall, the results from the second aim demonstrated that culturing in
the varying microenvironments affected the secretion of the pro-angiogenic paracrine

factors VEGF, HGF, and angiogenin.

In the third aim, pro-inflammatory cytokine priming with interferon gamma (IFN-y) and
tumor necrosis factor alpha (TNF-o) was incorporated as an additional culture
microenvironmental factor. To confirm the effects of cytokine priming, immunostaining
and ELISA were performed to assess the intracellular expression and secretion of
indolamine 2, 3 dioxygenases (IDO), respectively. As expected, no expression of IDO
was detected in the non-primed samples. Notably, the secretion level of IDO was
significantly higher in the uncoated groups compared to the DAT coated group. Again, to
evaluate how cytokine priming and the other three microenvironmental factors altered the
paracrine profile of ASCs, Luminex assays and ELISA were performed to evaluate the
secretion levels of angiogenin, VEGF, HGF, MCP-1, IL-6, and IL-8 in ASC conditioned
media. Overall, the results demonstrated a significant upregulation of all analyzed factors
following TNF-a and IFN-y priming. Interestingly, the addition of the priming effect
resulted in a different pattern of paracrine secretion as compared to the results from the
second aim, with the immunomodulatory factors IL-6 and 1L-8 being most affected by

culturing in the varying microenvironments.

Taken together, the present study contributed to better understanding the roles of the cell
microenvironment, including extracellular matrix (ECM) composition, oxygen tension,

mechanical stimulation, and cytokine priming, in modulating paracrine factor secretion
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by human ASCs. As there is a very limited number of studies in the literature that have
investigated the combined effects of various cell microenvironmental factors, this study
provides a valuable starting point for future exploration of this interesting research topic.
Through further testing and development, the proposed culture system could potentially
serve as an effective, easily translatable, and scalable platform for preconditioning human

ASCs to enhance their pro-regenerative functionality for potential clinical usage.

5.2 Limitations and future directions

The studies discussed in this thesis provided important insights into how the proposed
rocking bioreactor system can be used for human ASC expansion while providing a
platform for learning about the roles of ECM composition, dynamic culture and
mechanical stimulation, oxygen tension, and pro-inflammatory cytokine priming. Based
on the findings from these studies, future work should focus on exploring the

functionalities and biological relevance of the effects identified.

While the rocking bioreactor system showed promising results, there are some inherent
limitations in the design that must be acknowledged. As found in the literature, various
magnitudes and types of shear stress have been applied for MSC preconditioning, most of
which are magnitudes higher than what was used in the current study. Therefore,
exploring higher levels of shear stress (e.g., 10 dyn/cm? [174], [175]) may be an
interesting future direction to consider, as well as comparing the biological effects of
unidirectional versus oscillatory flow. Based on the results of the computational model,
the cells in the centre of the well were expected to only experience a mild change in the
magnitude of shear stress, while the cells near the edge of the plate experienced a much
more drastic change. With the current setup analyzing the square coverslip within central
region of the wells, the results from the immunohistochemical studies may only be
representative of cells experiencing mild changes in shear stress, which may have
contributed to the lack of differences in cell density, morphology, and iNOS expression
between the groups. In the future, it would be worthwhile to assess whether the non-
uniform oscillatory shear stresses applied lead to variability in the cell density and/or
phenotype across the entire plate, particularly at the edges of the wells where the cells

were subjected to the highest shear forces.
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Based on the findings from the second aim, where pro-angiogenic paracrine factors were
predominantly modulated by the varying microenvironmental factors, future studies
should include pro-angiogenic secretome functional assays to verify that the
preconditioning has biological effects on ASC-mediated angiogenesis. In vitro assays,
such as human microvascular endothelial cell (HMVEC) tubule formation and
proliferation assays, would be recommended as a starting point to further understand the
effects of the different microenvironmental factors on the pro-angiogenic capacity of the
ASC secretome [233].

Based on the findings from the third aim, where immunomodulatory paracrine factors
were predominantly modulated by the varying microenvironmental factors, future studies
could include immunomodulatory secretome functional assays, such as a peripheral blood
mononuclear cell (PBMC)-derived macrophage polarization assay [234] or T-cell
immunosuppression assay [235], to evaluate the biological relevance of the observed
changes in the paracrine secretion profile. In addition, to further characterize the effects
of priming on intracellular IDO expression, future studies should include Western blot to
quantitatively evaluate the intracellular expression level of IDO or the I-kynurenine assay

to measure the enzymatic activity of IDO [116].

Overall, considering human ASC heterogeneity [91] and the number of variables
explored, the sample size of the current studies was relatively small, which may introduce
variation in the data and limit the statistical power. In particular, exploring a more
focused set of variables in studies from the third aim with a higher number of cell donors

would be recommended.

For future work, the functionality of the elevated angiogenin, VEGF, IL-6, and IL-8
observed in the dynamically cultured and primed ASCs on DAT coatings under 2% O
would be worth further investigation. To study the functionality, an in vivo hindlimb
ischemia model could be utilized. Following femoral artery ligation (FAL), systemic
inflammation triggers infiltration of inflammatory cells to the site [236], which may be
differentially modulated by the ASCs that were primed with IFN-y and TNF-o.. Analysis

of angiogenesis following FAL through assessment of limb perfusion and through



70

immunostaining for vascular markers would provide indications on whether the elevated
levels of the pro-angiogenic paracrine factors observed in some of the culture groups
were indicative that the corresponding ASC population had enhanced pro-angiogenic
functionality [236]. The mouse hindlimb ischemia model has previously been utilized to
analyze the effects of human ASC-derived extracellular vesicles (EVs) on muscle

damage prevention following femoral artery ligation [237].

In the context of the current study, preconditioned ASCs could be delivered to the site
using a DAT-based hydrogel, as previously demonstrated in a subcutaneous Wistar rat
model [238]. The subsets of ASC culture conditions that would be recommended to be
included would be 1) primed dynamically cultured ASCs on DAT coatings under hypoxia
and 2) non-primed dynamically cultured ASCs on DAT coatings under hypoxia, with 3)
primed statically cultured ASCs on TCPS under hypoxia and 4) non-primed statically
cultured ASCs on TCPS under hypoxia as controls. This design would allow the direct
comparison between experimental groups 1) and 4) as two extreme conditions based on
the observed results in the paracrine secretion study. Furthermore, the effects of cytokine
priming could be evaluated under two representative culture conditions. Finally, this
design would allow investigation of the combined effects of dynamic culture and DAT

coatings.
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Appendix A Table 1. Summary of donor information and the experimental groups

or studies they were included in

Aim1 & Aim 2 Aim 3
Donor ID | Sex | Age | BMI | 11°50 11° 25 5°50 IHC CM
rom rpom rom assays

1(200922) | F | 52 | 22.8 \ \ v
2(210121) | F | 63 | 33.0 \* \ V V V
3(210201) | F | 43 | 225 \ \ \ V V
4(210226) | F | 60 | 265 \ \ \
5@Wunel2) | F | 49 | 36,5 \

* Only apply to IL-6 ELISA assay in Aim 2

Appendix A Table 2. Other paracrine factors investigated using Human Magnetic

Luminex® Assay
Experimental Number
Analytes condition Sample type of donors Result
Conditioned 6
Angiopoietin-1, 11° 50 rpm media 2*
IL-1B, IL-4, IL-10, Cell lysates 1 Not
TNF-a, EGF, FGF2 | 11°50 rpm Conditioned 5 detectable
primed media (background
. Conditioned adjusted)
- . 2
LeptlangSF AA, 11°50 rpm media
Cell lysates 1

* Samples concentrated 10 times using Amicon Ultra-0.5 Centrifugal Filter Unit

(Millipore Sigma)
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A.2 Supplementary data of Chapter 3
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Supplementary Figure 3.1 Culturing on the DAT coatings or under shear stress in
the 11° 50 rpm condition did not alter the ASC density at 3 days. Representative
images of iINOS expression (red) with staining for F-actin (green) and nuclei (blue), along
with quantification of nuclei, after 7 days of culture under A) 2% Oz or B) 20% Oa.
Qualitatively, no difference in INOS expression was observed between any of the groups.
Data was analyzed using 2-way ANOVA with a Tukey’s multiple comparisons test. Error
bars represent standard deviation (n=2 replicate wells/trial, N=4 trials with different ASC

donors). Scale bars represent 200 um. No primary antibody control: Supplementary
Figure 3.6. Abbreviations: DAT, DAT coated; UC, uncoated.
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Supplementary Figure 3.2 Culturing on the DAT coatings or under shear stress in
the 11° 25 rpm condition did not alter the ASC density at 3 days. Representative
images of iNOS expression (red) with staining for F-actin (green) and nuclei (blue), along
with quantification of nuclei, after 7 days of culture under A) 2% Oz or B) 20% Oa.
Qualitatively, no difference in INOS expression was observed between any of the groups.
Data was analyzed using 2-way ANOVA with a Tukey’s multiple comparisons test. Error
bars represent standard deviation (n=2 replicate wells/trial, N=4 trials with different ASC
donors). Scale bars represent 200 um. No primary antibody control: Supplementary
Figure 3.6. Abbreviations: DAT, DAT coated; UC, uncoated.
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Supplementary Figure 3.3 Culturing on the DAT coatings or under shear stress in
the 5° 50 rpm condition did not alter the ASC density at 3 days. Representative
images of iINOS expression (red) with staining for F-actin (green) and nuclei (blue), along
with gquantification of nuclei, after 7 days of culture under A) 2% Oz or B) 20% O:..
Qualitatively, no difference in INOS expression was observed between any of the groups.
Error bars represent standard deviation (n=2 replicate wells/trial, N=2 trials with different
ASC donors). Scale bars represent 200 um. No primary antibody control: Supplementary
Figure 3.6. Abbreviations: DAT, DAT coated; UC, uncoated.
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Supplementary Figure 3.4 Culturing on the DAT coatings or under shear stress in
the 5° 50 rpm condition did not alter the ASC density at 7 days. Representative
images of iNOS expression (red) with staining for F-actin (green) and nuclei (blue), along
with gquantification of nuclei, after 7 days of culture under A) 2% Oz or B) 20% O:..
Qualitatively, no difference in INOS expression was observed between any of the groups.
Error bars represent standard deviation (n=2 replicate wells/trial, N=2 trials with different
ASC donors). Scale bars represent 200 um. No primary antibody control: Supplementary
Figure 3.6. Abbreviations: DAT, DAT coated; UC, uncoated.
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Supplementary Figure 3.5 Expression of IL-6 in human ASCs after 7 days of
preconditioning from the 5° 50 rpm experimental group as measured by ELISA
normalized to total dsDNA content. Expression of IL-6 measured by ELISA
normalized to total dSDNA content. A) Samples cultured under 2% O2; B) Samples
cultured under 20% O-. Statistical analysis not performed due to limited sample size.
Error bars represent standard deviation (n=2 replicate wells/trial, N=2 trials with different
ASC donors).
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Supplementary Figure 3.6 No primary antibody control of INOS
immunohistochemical staining. Representative image with iNOS expression (red), F-

actin (green), and nuclei (blue), Scale bars represent 200 um.

Supplementary Figure 3.7 No primary antibody control of IDO
immunohistochemical staining. Representative image with IDO expression (red), F-

actin (green), and nuclei (blue), Scale bars represent 200 um.
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