
 

 

 University of Groningen

Shaping vessels and microenvironment: adipose stromal cells in retinal-related diseases
Terlizzi, Vincenzo

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Terlizzi, V. (2019). Shaping vessels and microenvironment: adipose stromal cells in retinal-related
diseases. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/bc41f580-b1fc-4df5-8c03-0fdd92d8b7c3


 

 
 

Shaping vessels and 
microenvironment: adipose 

stromal cells in retinal-related 
diseases 

 
 
 

Phd thesis 

to obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus prof. E. Sterken 
and in accordance with 

the decision by the College of Deans. 

This thesis will be defended in public on  
Wedensday 12 June 2019 at 11.00 hours 

by 

 
Vincenzo Terlizzi 

born on 7 November 1985 
in Matera, Italy



4 

Supervisors 
Prof. Dr. J.K. Burgess 
Prof. Dr. M.C. Harmsen 
Prof. Dr. H.P. Hammes 

Assesment Committee 
Prof. Dr. G. Molema 
Prof. Dr. A. Stitt 
Prof. Dr. R. Gosen



5 

 

This PhD project was financially supported by: 

Deutsche Forschungsgemeinschaft (DFG): international research 
training group GRK1874 DIAMICOM 

Graduate school of medical sciences (GSMS) 

GUIDE 

De Cock foundation 

 

 

 

 

Shaping vessels and microenvironment: adipose stromal cells in 
retinal-related diseases 

Vincenzo Terlizzi 

 

 

 

 

 

Cover Design: Vincenzo Terlizzi 

Lay-out: Vincenzo Terlizzi 



6 



Contents 

 

 

 

Table of Contents 
Chapter 1 ............................................................................................ 10 

Introduction and aims ........................................................................ 10 

Chapter 2 ............................................................................................ 33 

Mesenchymal stromal/stem cells as potential therapy in diabetic 
retinopathy ......................................................................................... 33 

Chapter 3 ............................................................................................ 99 

The Pericytic Phenotype of Adipose-tissue Derived Stromal Cells is 
Promoted by NOTCH2 ...................................................................... 99 

Chapter 4 .......................................................................................... 137 

Interplay Between Notch and Jagged is Involved in Adipose tissue-
derived Stromal Cells and Endothelial Cells Vascular Assembly ... 137 

Part II ............................................................................................... 161 

Extracellular matrix remodeling ...................................................... 161 

New approaches to study vasculogenesis in vitro............................ 161 

Chapter 5 .......................................................................................... 162 

Adipose Tissue-derived Stromal/Stem Cells Movement, Organization 
and Vasculogenic Activity in Confined Three- Dimensional 
Microenvironments .......................................................................... 162 

Chapter 6 .......................................................................................... 186 

Possible role of Fibulin-1 in the Extracellular Matrix Organization of 
the Retina and Adipose Tissue-derived Stromal Cells .................... 186 

Chapter 7 .......................................................................................... 205 

Conclusions and future perspectives ................................................ 205



 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 To Anna and Bartolomeo 
 

 



 

 

9 



 
 

 

 

 

 

 

 

 

 

 

 

Chapter 1 

Introduction and aims 
 

 

 

 

 

 

 



Chapter 1 

 

 

11 

General introduction 

Complications of diabetes 

The incidence of diabetes increased exponentially from 1980 to 2014; 
in the next decade it is estimated to affect over 300 million people 
worldwide. According to the World Health Organization, by 2030 
diabetes will be the 7th leading cause of death in the world 1. Type 1 
diabetes refers to an autoimmune disease that affects the pancreas. β-
cells production of insulin becomes impaired, hyperglycemia occurs 
when the immune system irreversibly damages about the 90% of β-
cells. Genetic predisposition and environmental factors are at the basis 
of the insurgence of Type 1 diabetes. However, the exact biological 
mechanisms that causes insulin deficiency is currently unknown. In 
contrast, type 2 diabetes impairs the intake of glucose by skeletal 
muscles and adipose tissue which is an indirect consequence of loss of 
sensitivity to insulin.  Both forms of diabetes lead to dysregulated 
levels of glucose in the body.  Complications of diabetes act 
systemically and include organs such as kidneys, heart, nerves, eyes 
and the vasculature 2,3. 

Diabetic retinopathy 

In diabetic patients, inefficient glucose metabolism leads to hypo- and 
hyperglycemia. If not prevented or controlled, particularly 
hyperglycemia primes damage to the macro- and microcirculation. 
However the pathological outcome in an individual is influenced by the 
genetic background, sex, and presence or absence of hypertension and 
oxidative stress  4,5. Diabetic retinopathy affects approximately 35% of 
diabetic patients in the world 6. The endothelial cells and neural unit 
are the first retinal cellular components that undergo biochemical 
changes and consequently suffer damage. The microvasculature in the 
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eyes is maintained via an intimate communication between 
microvascular endothelial cells, pericytes and microglial. The 
endothelium forms a continuous and interconnected network (blood 
retinal barrier (BRB)) that ensures protection, isolation and exchange 
from metabolites in the circulation 7. 

Hyperglycemia induces considerable pressure on metabolic pathways 
that catabolize glucose. As a consequence, the formation of reactive 
metabolites i.e. reactive oxygen species (ROS) and advanced glycation 
end-products (AGEs), compromise the structure and folding of proteins 
in cells 8,9. Microvascular endothelial cells and pericytes in the retina 
are particularly exposed to these biochemical changes, inducing 
apoptosis as well as pericytic migration during the first phases of 
retinopathy progression 10,11. The cellular apoptosis and migration 
drive vasoregression, which results in a lack of perfusion in the affected 
portion of retinal tissue 12. The lack of oxygen perfusion within the 
endothelial cells’ surroundings is sensed as a stimulus to promote 
angiogenesis. This process is under the control of juxtacrine (cell-to-
cell contact) and paracrine (i.e. growth factors and cytokines) signaling. 
Moreover, vasoregression is accompanied by enhanced production of 
inflammatory cytokines and microglia activation 13. Vasoregression, 
microglia activation and neurodegeneration, progressively induce the 
last disease stage: vasoproliferation 6. Importantly, early diagnosis and 
lifestyle can drastically reduce the burden of retinopathy. In fact, 
through diet modulation and the use of anti-angiogenic drugs much can 
be achieved in delaying the onset of the disease. Finally, diabetic 
retinopathy remains a preventable disease, however more studies are 
needed to understand the causes of irreversible metabolic changes in 
the various retinal cellular constituents. Further expansion of this topic 
is covered in Chapter 2 of this thesis. 
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Notch signaling in shaping retinal capillaries 

During development and disease, notch signaling regulates cell fate, 
differentiation, migration, and apoptosis 14,15. Notch proteins are single 
transmembrane glycoproteins of ~350kDa. These proteins function as 
receptors on the cell’s surface. In mammals, four isoforms exist 
(Notch1-4). Five ligands Delta and Serrate (Jagged in mammals) on the 
cells’ surface activate receptors on neighboring cells in a process often 
called lateral inhibition. This process is important for instructing cells 
not to follow the same fate as the precursor cells. For example, initial 
studies on drosophila melanogaster identified unspecified epithelial 
cells in the eyes which became photoreceptors 16. Upon ligands 
binding, notch receptors are cleaved at three defined points in the 
ectodomain portion: extracellularly, at the membrane by 
metalloproteases (disintegrin and metalloproteinase domain/containing 
protein 10 (ADAM10) and tumor necrosis factor-α (TNF-α)- 
converting enzyme (TACE) or ADAM17) and in the intracellular space 
by the enzyme γ-secretase 17,18. The latter event releases the portion of 
protein called intracellular domain (NICD) which shuttles to the 
nucleus to interact with and initiate transcription of target genes. 
Interestingly, the intracellular portion of notch receptor contains 
ankyrin repeat protein (NRARP) which orchestrates vessel density 
during angiogenesis by linking with the wingless-type protein and 
catenin beta 1 (WNT/Ctnnb1) pathway 19. In addition, NICD undergoes 
several levels of regulation through ubiquitylation which regulates 
notch pathway activity 20. In the nucleus, NICD interacts with a 
complex of target proteins CLS (human CBF1, fly Suppressor of 
Hairless Su(H), worm LAG-1) and Mastermind (Mam) to activate 
transcription of genes implicated in cell-fate decision 21. Among other 
target genes, a basic helix loop helix (HES class) is well known, their 
function however, depends on context and cell types 22.  
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In the eyes, notch signaling is one of the master regulators that 
orchestrates sprouting angiogenesis, pericytes recruitment and vessel 
maturation 23. The action of notch signaling is extended to providing 
capacity to respond to stress stimuli (i.e. ischemic sites) and to 
mobilizing progenitor cells from the bone marrow to the site of injury 
24. In the retina, gain- and loss-of-function experiments evaluated notch 
receptors and ligands during vascular development 25. Endothelial cells 
that lead the nascent vessels (tip cells) expressed Delta-like 4 (Dll4). 
Following endothelial cells, “stalk cells”, expressed Jagged1 (Jag1). 
Jag1 was activated by Notch1 released from Dll4 expressing tip cells. 
This mechanism is indispensable for counteracting Dll4 expression in 
stalk cells and inducing vessel maturation 26. Dll4-Notch1 signaling 
also has an important function of maintaining a balance between tip- 
and stalk-cells differentiation in response to potent proangiogenic 
factors such as vascular endothelial growth factor (VEGF) 27. 
Downstream targets of notch signaling i.e. transcription factor 

Figure1. Schematic Notch pathway. Receptor/ligand 
interaction and translocation of NICD to the DNA.  
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recombination signal-binding protein Jkappa (RBP-J) and basic helix-
loop-helix transcription factor were investigated. Gene deletion and 
overexpression led to spontaneous angiogenesis and inhibition of 
tubular structure formation in retinal endothelial cells respectively, 
demonstrating the role of notch signaling in maintaining vascular 
homeostasis 28,29. Microvascular complications caused by diabetes 
dysregulates key mechanisms which maintain vascular homeostasis in 
the retina. Given its capacity to modulate cell specification and spatial 
distribution, Notch signaling represents an interesting target 30. 

Adipose stromal cells and the vasculature 

Mesenchymal stromal cells (MSC) reside in the stroma of multiple 
locations throughout the body (including bone marrow (BM), placenta, 
and adipose tissue). All MSC have in common the capacity of 
differentiating to other cell types; the acquisition of phenotypes is 
dependent on the source and stimuli 31. Given of their abundance, 
multipotency, and the structural role these cells play in supporting 
blood vessels (among other functions), adipose stromal cells (ASC) are 
of intense interest in the field of regenerative medicine 32,33. However, 
heterogeneity in ASC populations exists and, either biomarker sorting 
(CD34 positive cells) 34 or differential culture methods 35 have been 
employed to identify and isolate ASC with properties which resemble 
pericytes. The role of pericytes in regulating vasculogenesis is both 
physiological and mechanical, as permeability and structural control is 
required, to maintain blood vessels’ homeostasis 36,37. 

An important multifunctional cell-surface receptor found on cells of 
mesenchymal origin is platelet-derived growth factor receptor beta 
(PDGFRB). This tyrosine-protein kinase is activated by several 
isoforms of PDGFRB ligands (i.e. PDGF-AA, PDGF-AB, and PDGF-
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BB) 38. Ligand-receptor interaction favors receptor dimerization and 
promotes tyrosine phosphorylation which activates, in turn, GTPase 
activation protein of Ras (GAP) 39, serine/threonine-protein kinases 
(AKT), mitogen-activated protein kinase (Erk1/2 MAPK) 40, proto-
oncogene tyrosine-protein kinase (SRC) and phosphatidylinositol 3-
kinases (PI3K) 41. These pathways are involved in several processes 
such as pericyte recruitment, proliferation, vessels morphogenesis and 
cellular differentiation. Moreover, chondroitin sulfate proteoglycan 
(NG2) regulates endothelial cells motility during vascular 
morphogenesis. These mechanisms are achieved extracellularly by 
binding and modulating collagens, growth factors and matrix proteases 
42. NG2 may also function as a signal transducer, regulating and 
activating integrins and focal adhesion kinases which integrate signal 
transducers from the extracellular space 43. Described to be expressed 
by pericytes and not endothelial cells, NG2 represents a valuable 
protein for identifying perivascular cells 44. The list of markers to 
identify cells with pericytic characteristics is long, and includes smooth 
muscle alpha-actin (ACTA2) 45, NESTIN 46, regulator of G-protein 
signaling 5 (RGS5) 47, receptor for CXC chemokine ligand or stromal 
cells-derived factor (CXCL) 12 48. It is intuitive that a single marker to 
recognize ASC as pericytes is not sufficient since the expression of 
surface antigens is shared by MSC from different sources. However, 
the combination of proteome profiles, cells localization and interaction 
assays are helping to clarify this endeavor 31,49,50. For instance, ASC 
express ACTA2 and NG2 on the cells’ surface in a model of 
microvascular remodeling in vivo; ASC were found in perivascular 
positions and the vessel density was increased, suggesting a role for 
ASC in promoting angiogenesis 51. In addition, ASC can migrate 
toward PDGF-BB, a chemoattractant secreted by endothelial cells, 
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further demonstrating the features of ASC that illustrate they resemble 
and act like pericytes. 

As described earlier, oxidative stress is one of the main causes of 
cellular degeneration in the diabetic retina 52. Dysfunctional pericytes 
can be found during the progression of diabetic retinopathy, 
contributing to vasoregression and the thickening of the basement 
membrane 53. ASC exposed to ROS and reactive nitrogen species 
(hydrogen peroxide and S-nitroso-N-acetylpenicillamine), show high 
resilience to oxidative stress, implicating glutathione peroxidase and 
superoxide dismutase as scavenger enzymes 54. In contrast to the 
homeostatic secretome and perivascular positioning, ASC also secrete 
proangiogenic factors such as vascular endothelial growth factor 
(VEGF), hepatocyte growth factor (HGF) and transforming growth 
factor beta (TGFβ) 55. The above defined characteristics need to be 
carefully evaluated when considering the potential of ASC for 
employment for transplantation into the diabetic retinal 
microenvironment. Beyond pericyte replacement, ASC face a 
microenvironment in which inflammatory processes are initiated and 
different types of cells undergo progressive damage. Therefore, the 
effect and the adaptation of the ASC pericytic phenotype depends on 
the stimuli of the whole retinal microenvironment, bearing in mind that 
ameliorating the blood-retinal barrier is only one of the challenges. In 
table 1, ASC key molecular components and their interactions and 
roles, are summarized



 
 

 

 

Table 1. ASC gene expression with related pericytic function 

Gene Interaction Role 
CXCL12 
C-X-C Motif 
Chemokine 
Ligand 12 

Receptor CXCR4 
ACKR3 
Related to AKT 
pathway 
 

Regulates 
intracellular calcium 
ions and chemotaxis. 
Positive regulator of 
monocyte adhesion.  

CD34 Lectins 
Glycans 

Adhesion molecule 
that mediates stem 
cells extracellular 
matrix attachment. 

IGF1 
Insulin Like 
Growth Factor 1 

Receptors IGFRs 
Binds to integrins  
Activates 
MAPK/ERK and 
AKT1 

Enhances glucose 
uptake. Induces 
tyrosine kinase 
activity. 

VCAM1 
Vascular Cell 
Adhesion Molecule 
1 

Interacts with 
integrin alpha-
4/beta-1 

Mediates leukocyte-
endothelial cells 
adhesion. Signal 
transduction. 

ACTA2 
Actin, Alpha 2, 
Smooth Muscle, 
Aorta 

Protein kinase 
binding 

Motility, structure 
and integrity. 

CSPG4 
Chondroitin 
Sulfate 
Proteoglycan 4 

FAK and 
ERK1/ERK2, 
Rho GTPase 
activation 

Regulates endothelial 
cells motility during 
microvascular 
morphogenesis. 
Regulates 
extracellular matrix 
protease activity. 
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MCAM 
Melanoma Cell 
Adhesion Molecule 

FYN and 
PTK2/FAK1 

Controls adhesion of 
endothelial cells and 
intracellular 
junctions.  

DLL1 
Delta Like 
Canonical Notch 
Ligand 1 

Receptors 
NOTCH1 and 
NOTCH2 

Plays a role in cell 
fate decision and cell-
to-cell 
communication. 
Controls patterning, 
morphogenesis and 
maintenance of adult 
stem cells. 

NGFR 
Nerve Growth 
Factor Receptor 

Trk receptors which 
are coupled with 
MAPK, PI3K and 
Ras.  

Regulates insulin 
dependent glucose 
uptake. Mediates 
both cell survival and 
death.  
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The ‘matrix’ of life: the perks of culturing in three dimensions 

The extracellular matrix (ECM) is a mixture of proteins, glycoproteins 
and proteoglycans that frame and interact with different specialized 
cells to form a functional organ 56. Collagens are found in 28 different 
forms, fibronectin connects the ECM to integrins on the cells’ surface 
and proteoglycans regulate biochemical exchange throughout the ECM 
57. The enormous variations in composition of the major ECM 
components confer unique specializations and functions to organs. 
Moreover, ECM is a dynamic system undergoing perpetual 
rearrangement where growth factors, cytokines and the ECM itself 
cross-talk with cells and profoundly influence their function. In 
pathological conditions, prolonged biochemical perturbation due to i.e. 
ischemia and inflammation, stress cells’ organelles involved in proteins 
maturation. Misfolded proteins affect cell-ECM interactions and 
consequently ECM architecture and stability 58. 

The retina has unique structure and function. Photons first have to 
travel through the intricate organization of ganglion cells, astrocytes, 
bipolar cells, horizontal cells, Müller cells, pericytes and capillaries, to 
finally reach the rod and cones that transduce the light stimulus into a 
biochemical signal. At this point the response travels all the way back 
to the ganglion cells which transport the information to remote areas of 
the brain. ECM is fundamental for maintaining this complex 
architecture, as well as to respond to damage and to guide cells during 
wound healing 59. It is not yet clear which cells contribute significantly 
to the ECM production in the retina. However, pericytes, microglia, 
Müller cells and astrocytes all have the potential to contribute to the 
production and maintenance of the ECM in this environment 60–62. The 
main components of the retinal ECM include collagen type IV, 
fibronectin, laminin and heparan sulfate proteoglycans. Fibronectin for 
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example, is a “molecular glue” secreted by cells under form of dimers 
linked by disulfide bonds which interact with laminin and collagen type 
IV 63. Fibronectin not only has a structural role, but also functional, it 
binds to α5β1 integrin regulating processes such as cell adhesion and 
migration 64. Among the vast variety of accessory extracellular 
proteins, fibulins establish connection with several other ECM proteins 
and, might have an important role in the retina during angiogenic 
control65.  During the progression of diabetic retinopathy, deposition of 
ECM components significantly increases, leading to pathological 
structural changes 66. Thickening of vascular basement membranes 
strongly influences the normal capillary architecture, which results in 
the occurrence of vascular permeability thereby contributing to the 
progression of retinopathy 67. 

Through exploiting the self-organizing capacity of mammalian cells, 
much can be achieved in mimicking structural details of organs in 
culture. The combination of specific cell populations from a given 
organ on soft substrates, allow the following of developmental and 
disease stages in vitro. A more recent approach, employs 
undifferentiated embryonic stem cells which, with appropriate 
stimulatory conditions, spontaneously assemble in a surrogate micro-
organ. The term organoid refers to the combination of three-
dimensional culture with the propagation of stem cells. The main 
advantage of such an approach denotes improvements in drug testing 
and cells replacements prior animal or human experimentation 68,69. 

Three-dimensional microenvironments may also function to represent 
portions of the organ of interest. A precise analysis of how ASC interact 
and shape the vasculature can provide significant advances for 
understanding the regenerative capacities of these cells. In fact, 
vascular regeneration is a growing theme in tissue engineering 70. 
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Although ASC are adult stem cells with a limited capacity to 
differentiate to other cell populations, they possess an interesting self-
organizing ability that if exploited in a three dimensional 
microenvironment, can give important clues of the tissue of interest 
that is being created 71. More studies support the notion of self-
assembly to enhance stemness and therapeutic potential 72. For 
example, ASC cultured in spheroids exhibited an enhanced 
neuroprotective potential compared to the monolayer-cultured ASC, 
when transplanted in the brain of a rat model for Parkinson’s disease 
73. Similar findings showed neural cells differentiated from ASC had 
increased expression of growth factors believed to play a role in tissue 
regeneration 74,75. Heterotypic cell-cell interactions between ASC and 
endothelial cells drives spatiotemporal organization and, in 
combination with molecular analysis, a better identification of ASC 
that support the vasculature 76.
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Aims of this thesis 

During the progression of diabetic retinopathy, several cells in the 
retina undergo pathological changes. The tight interplay between 
endothelial cells and pericytes maintains the blood retinal barrier. 
Consequently, the entire retinal microenvironment requires restoration. 
Strategies to re-induce a homeostatic microenvironment exist but are 
not sufficiently robust to date to account for all the structural, 
biochemical and morphological changes provoked by diabetes. Cell 
therapy might offer both structural and biochemical endurance to the 
hyperglycemic stress. The aim of this thesis is to contribute to 
understanding of the molecular mechanisms involved in the ASC 
pericytic function and how ASC shape the surrounding 
microenvironment, with the ultimate aim of improving cells 
implantation in the eyes. 

In order to employ ASC as therapeutic cells in the retina, they need to 
be considered from several pathological scenarios during the 
progression of diabetic retinopathy. In chapter 2, oxidative stress, 
inflammation and pathological proliferative angiogenesis are described 
in the context of the state of the art of current knowledge about cell 
therapy in the eyes. This review focuses on the mesenchymal stem 
cells’ capacity for positively influencing the retinal microenvironment 
upon transplantation and their impact on the retinal cellular constituent 
affected by diabetes. Moreover, the latest strategies, biases and clinical 
trials are discussed to address safety and efficacy of cell therapy. 

Evolutionarily conserved molecular mechanisms are at the basis of 
cell’s communication, differentiation and morphogenesis. When 
considering cell therapy, the surrounding microenvironment is 
fundamental for instructing implanted cells to adapt to the new 
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microenvironment. In chapter 3 and 4, notch signaling is investigated 
as a molecular intermediate indispensable for ASC to exert their 
pericytic phenotype and efficiently promote angiogenesis in 
endothelial cells.  

We asked which isoform of ASC expressed notch modulates migration 
and vessels network formation in vitro, and translated findings to in 
vivo models. The regenerative capacity of ASC were evaluated based 
on the integration and maintenance of capillary networks. 

The second half of this thesis focuses on the ASC ability to transform 
the microenvironment with the aim of understanding morphological 
changes upon transplantation. In chapter 5, three-dimensional 
scaffolds are used to investigate the ASC interaction with endothelial 
cells and importantly, alterations in communication with endothelial 
cells when ASC are isolated from diabetic patients. In this study, multi-
cellular assembly of endothelial cells and ECM deposition are followed 
over time under the ASC guidance in a three-dimensional 
microenvironment.  

The hypothesis that ASC are fundamental to guide endothelial cells to 
form interconnected structures was tested by following ECM 
deposition and cellular morphogenesis. Moreover, whether ECM and 
structural changes occur in ASC/retinal microvascular endothelial cells 
coculture was investigated. Chapter 6 describes fibulin1 as 
extracellular protein believed to be one of the key proteins regulating 
the basement membranes organization during physiological and 
pathological conditions. Fibulin1 is upregulated in diabetic retinopathy 
in response to vascular damage. Whether fibulin1 is important to 
establish ASC pericytic function on endothelial cells is matter of the 
current investigation. 



Chapter 1 

 

 

25 

Finally, chapter 7 discusses the ASC therapeutic capacity as 
supportive cells. In this chapter, molecular interplays between ASC and 
ECM and the influence of the pathological microenvironment during 
the progression of diabetic retinopathy are discussed. Specifically, 
NOTCH2 regulates the ASC pericytic phenotype in vitro. Moreover, 
ASC guide endothelial cells organization and vasculogenic activity in 
confined three-dimensional microenvironment by ECM deposition and 
cell-to-cell contact. Finally, accessory protein fibulin1 was targeted for 
its possible role in the pathogenesis of diabetic retinopathy and ASC 
regenerative potential. Convergence of ASC molecular pathways, 
ECM deposition and three-dimensional confined microenvironment 
are merged to discuss future perspectives.  
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Summary 

Diabetic retinopathy (DR) is a multifactorial microvascular disease 
induced by hyperglycemia and subsequent metabolic abnormalities. 
The resulting cell stress causes a sequela of events that ultimately can 
lead to severe vision impairment and blindness. The early stages are 
characterized by activation of glia and loss of pericytes, endothelial 
cells (EC) and neuronal cells. The integrity of the retinal 
microvasculature becomes affected, and, as a possible late response, 
macular edema may develop as a common reason for vision loss in 
patients with non-proliferative DR. Moreover, the local ischemia can 
trigger vasoproliferation leading to vision-threating proliferative DR 
(PDR) in humans. Available treatment options include control of 
metabolic and hemodynamic factors. Timely intervention of advanced 
DR stages with laser photocoagulation, intraocular anti–vascular 
endothelial growth factor (VEGF) or glucocorticoid drugs can reduce 
vision loss.  

As the pathology involves cell loss of both the vascular and neuroglial 
compartments, cell replacement strategies by stem and progenitor cells 
have gained considerable interest in the past years. Compared to other 
disease entities, so far little is known about the efficacy and potential 
mode of action of cell therapy in treatment of DR. In preclinical models 
of DR different cell types have been applied ranging from embryonic 
or induced pluripotent stem cells, hematopoietic stem cells, and 
endothelial progenitor cells to mesenchymal stromal cells (MSC). The 
latter cell population can combine various modes of action (MoA), thus 
they are among the most intensely tested cell types in cell therapy. The 
aim of this review is to discuss the rationale for using MSC as potential 
cell therapy to treat DR. Accordingly, we will revise identified MoA of 
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MSCs and speculate how these may support the repair of the damaged 
retina.  

Diabetic retinopathy 

DR is a complex and multifactorial diabetic complication. 
Hyperglycemia, inflammation and neuronal dysfunction are the major 
factors in the pathophysiology of DR but also systemic factors such as 
hypertension may be involved. A variety of biochemical pathways are 
affected as discussed in detail previously (Hammes, et al. 2002; 
Hammes, et al. 2011b; Stitt, et al. 2016). Especially chronic 
hyperglycemia appears as the initiator of a vicious cycle of events by 
inducing biochemical abnormalities in target tissues of diabetic 
complications through mitochondrial overproduction of reactive 
oxygen species (ROS) (Brownlee 2005). Mechanisms, which lead to 
ROS production, are at least: increased polyol pathway flux, increased 
formation of advanced glycation end products (AGEs), activation of 
protein kinase C and increased hexosamine pathway flux. The resulting 
oxidative stress induces injury to all cell types in the retina. Pericytes 
appear to be the first cell type affected, then endothelial cells vanish 
leaving nonperfused acellular capillaries (Hammes, et al. 2011a). This 
vasoregression is accompanied by neuronal damage affecting the 
neurovascular unit and the blood-retina barrier. The proliferative stage 
is caused by severe retinal ischemia, uncontrolled expression of 
proangiogenic factors and endothelial cell proliferation leading to 
severely hyperpermeable and rupture-prone vessels. Inflammatory 
processes play an important additional role. Inflammatory cytokines 
are produced by a variety of cell types under hyperglycemic and 
hypoxic conditions including glial and microglial cells (Vujosevic and 
Simo 2017). 
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The disease can progress from a mild form of non-proliferative disease, 
marked by microaneurysms in the retina to severe stages, denoted by 
intraretinal hemorrhages, venous beading and intraretinal 
microvascular abnormalities (Stitt, et al. 2016) (Fig. 1). Tight glycemic 
control can significantly reduce the risk and progression of DR in early 
stages (Aiello and DCCT/EDIC Research Group 2014). In patients 
with type 1 diabetes (T1D), renin–angiotensin system inhibitors are 
now standard therapy if incipient diabetic nephropathy coincides. 
Evaluating the progression of DR in patients requires non-invasive 
methods. The first and most important method is funduscopy with and 
without permanent documentation by photography. Funduscopy 
focusses mainly on the detection of the main diabetes-related vascular 
pathologies, i.e. progressive vasoregression and increased vascular 
permeability (Williams, et al. 2004). This is complemented by optical 
coherence tomography, which enables the identification of retinal 
degeneration, of macular edema and of inflammatory cell invasion 
(Virgili, et al. 2015). Not widely used techniques like ultra-wide field 
imaging can assess important morphological changes in the peripheral 
retina and give clues on the severity of DR (Soliman, et al. 2012). 
Finally, sensitivity of cells constituting the neuroretina layer is 
measured by multifocal electroretinogram (ERG) (Harrison, et al. 
2011). Abnormality in cells’ electrical signals may precede the 
development of retinal lesions and microaneurysms in some, but not in 
all cases (Santos, et al. 2017). Furthermore, regular screening for 
clinical signs of DR helps to control disease progression and can reduce 
the risk of vision loss by enabling timely intervention with laser 
photocoagulation or intraocular drug injection (anti-VEGF or 
glucocorticoids) (DCCT/EDIC Research Group, et al. 2017). 
Beneficial effects of these therapies do not affect to all patients, may 
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be only transitory, or can have adverse side effects. Therefore, the 
clinical use is limited and new treatment strategies are needed.  

The majority of established therapies target quite advanced states of 
DR. It is desirable to develop strategies which target early phases in 
DR to delay or even prevent DR. Cell-based therapies may offer direct 
tissue replacement and/or endogenous regeneration via trophic 
paracrine factors. Besides MSC, endothelial progenitor cells 
(EPC)/endothelial colony forming cells and pluripotent embryonic or 
induced pluripotent stem cells (iPSC) have been tested (Park 2016). 

Due to their broad mechanisms of action, involving secretion of trophic 
factors, similarity to pericytes, extracellular matrix (ECM) modulation, 
ROS scavenging potential and finally immune modulatory capacities, 
MSC may affect DR disease progression at different disease stages 
from vasoregression to vasoproliferation (Fig. 2).
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Fig. 2. Proposed mechanism of action (MoA) of MSC in DR. Thick arrows indicate MoA based 
on the use of MSCs in preclinical models of DR (see also Table 2). Dotted arrows indicate known 
MoA based on diabetes studies at a systemic level, but not explicitly in DR (requires confirmation 
in (pre)clinical models). Regular arrows indicate hypothesized MoA, based on the use of MSCs in 
other than diabetic diseases, which however have not been described in DR until now. 
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Animal models of DR 

Firstly, rodents represent a valuable animal model to investigate the 
impact of cell therapy in DR because of their short life cycle and 
responsiveness to genetic manipulation. Secondly, the use of 
streptozotocin (STZ), specifically toxic to β cells in the pancreas, 
induces reproducible severely hyperglycemic conditions mimicking 
essentials features of the human disease. STZ causes destruction of the 
pancreatic islet and, subsequent hypoinsulinemia and hyperglycemia  
(Rossini, et al. 1977). In the retina, early signs of DR corresponding to 
preclinical human disease stages are evident, i.e. loss of pericytes, 
vasoregression, neurodegeneration and glial activation (Hammes 
2018). There are several other animal models with different 
characteristics and dynamics, such as the Ins2Akita (Akita) mouse 
model which holds a mutation in the gene encoding insulin-2 causing 
spontaneous diabetes (Barber, et al. 2005). 

It has to be noted that the current animal models can only serve as 
models for incipient DR as none of the animals develops PDR. In order 
to obtain a mouse strain with PDR, transgenic mice, in which the 
bovine rhodopsin promoter is coupled to the gene for human VEGF, 
have been crossed with Akita mice (Okamoto, et al. 1997). The hybrid, 
named Akimba, shows several signs of PDR such as microaneurysms, 
leaky capillaries, and capillary dropout (Rakoczy, et al. 2010). Finally, 
the angiogenic aspects of PDR can be simulated by exposing mice to 
hyperoxia resulting in retinal ischaemia followed by proliferative 
vascular damage in the retina layers (oxygen-induced retinopathy 
(OIR) (Smith, et al. 1994). These are the main animal models which 
resemble a general frame of diabetic driven complication in the eyes.
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Mesenchymal stromal cells: a brief overview 

MSC were first described by Friedenstein in 1970 as fibroblast colony-
forming cells, isolated from bone marrow, with osteogenic 
differentiation potential. It is noteworthy to emphasize that 
Friedenstein himself, already at their first description, introduced them 
as new “therapeutic” component to be considered in bone marrow 
transplants (Friedenstein, et al. 1970). 

After their first description MSC were widely studied, bringing new 
insights regarding their biology and functions. Moreover, different 
sources of MSC were found beyond bone marrow (BM-MSC) such as 
adipose tissue (adipose tissue-derived stem/stromal cells - ASC) 
(Bajek, et al. 2016; Kern, et al. 2006), dental pulp (Perry, et al. 2008), 
cord blood (CB-MSC) (Bieback, et al. 2004) and Wharton´s jelly (WJ-
MSC) (Joerger-Messerli, et al. 2016). However, at the same time, 
misconceptions about MSC were arising, limiting their applicability in 
therapeutic approaches (Phinney and Sensebe 2013). The message of 
the authors is: a) MSCs differ based on their tissue origin and b) when 
isolated from different organisms, c) MSC are heterogeneous, d) the 
current panel of surface “markers” is insignificant for function, e) 
MSCs function in vitro may/will differ from their in vivo, thus f) only 
clinical data will be able to give insight into the mode of action. 

In this context, at least minimal criteria regarding MSC 
characterization were proposed by the International Society for 
Cellular Therapy (ISCT). Following ISCT guidelines, MSC are defined 
as multipotent progenitor cells with a fibroblast-like, spindle shape 
morphology and a robust proliferation capacity. They possess a strong 
plastic adherence, and trilineage mesenchymal differentiation potential 
(adipocytes, osteoblasts and chondroblasts) as well as a panel of 
surface antigens that define their phenotype (Dominici, et al. 2006). In 



Chapter 2 

 
 

43 

the meantime, modifications of these criteria have been agreed on to 
characterize MSC from other tissue sources, e.g. ASC (Bourin, et al. 
2013). 

Table 1. Main MSCs trophic mediators 

Growth factor Receptors Some functions 
FGF (FGF1-24) 
(Fibroblast 
growth factor) 

FGFR1-4 
Reported as a mitogen. Regulates 
and induce angiogenesis. Involved 

in to inflammatory and immune 
responses. 

VEGF  
(Vascular 
endothelial 
growth factor) 

VEGFR1, 
VEGFR2 

One of the key regulators of 
angiogenesis. Inhibits apoptosis. 
Activate protein kinases activity.  

NGF  
(Nerve growth 
factor) 

Trk A 
Maintenance and growth of some 
neurons. 

BNDF  
(brain-derived 
neurotrophic 
factor) 

Neurotrophin 
TRKB 

Positive regulation of sprouting. 
Regulation of proteins on cell 
surface. Cell-cell signaling. 

GDNF  
(glial-derived 
neurotrophic 
factor) 

i.e. Toll-like 
receptor binding 

Regulation of stem cells 
differentiation. Regulation of gene 
expression. 

CNTF  
(ciliary 
neurotrophic 
factor) 

Interleukin-6 
receptor binding 

Regulates retinal cells apoptosis. 
Signal transduction. Positive 
regulation of cells proliferation. 

 

Interest in MSC as therapeutic cells has been steadily increasing, 
supported by an improved understanding of their functions and 
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properties. In addition, their beneficial behavior in contexts of different 
diseases such as graft versus host disease (Le Blanc Katarina, et al. 
2004; Le Blanc Katarina, et al. 2008), wound healing processes (Gaur, 
et al. 2017; Kim, et al. 2017), tumors (Blogowski, et al. 2016; 
Cammarota and Laukkanen 2016; Koliaraki, et al. 2017), and 
autoimmune diseases (Pistoia and Raffaghello 2017; Tyndall 2008) has 
been documented. Taking into account the multiplicity of studies and 
diseases in which MSC treatment has been applied, at least three 
mechanisms can be considered predominant in the MoA of MSC in a 
diseased context. 

First and most documented MoA is represented by the paracrine and 
trophic potential. MSC, in fact, are able to secrete a broad range of 
growth factors that can modulate their surrounding microenvironment, 
favoring cell-cell interaction and communication with different cell 
types (Salgado, et al. 2010). 

Secondly, MSC retain an immunological profile that makes them hypo-
immunogenic. Because of low surface expression of HLA class I, 
inducible HLA-class II expression and the lack of costimulatory 
molecules such as CD40, CD80 and CD86 they may survive in an 
allogeneic environment (Haddad and Saldanha-Araujo 2014). In 
addition, MSC are strong immunomodulators (Najar, et al. 2016). 
Immunomodulation can be mediated by both cell-cell interaction and 
the release of soluble factors. The most reported mechanism is the 
MSC-mediated inhibition of T-cell proliferation, and the promotion of 
a regulatory T-cell subpopulation (Treg) (Haddad and Saldanha-Araujo 
2014; Luz-Crawford, et al. 2013). However, MSC can interact also 
with B-cells, natural killer cells, monocytes/macrophages and dendritic 
cells. The production of immunoregulatory factors such as TGF-β, 
HGF, prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase (IDO) 
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and nitric oxide (NO) has been widely documented in several studies 
and directly sustains their immunological potential (Yan, et al. 2014a; 
Yang, et al. 2009). 

Lastly, MSC have a differentiation potential that is clearly related to 
their multipotency. This potency would enable them to differentiate 
towards the damaged or lost cell types in order to replace cells at least 
transiently at the site of injury. However, the understanding of the 
underlying mechanisms of homing, proliferation, differentiation and 
functional engraftment of MSCs is in its infancy, in particular with 
respect to treatment of DR. The mere fact that e.g. in rodent models for 
retinal injury, MSC co-localized with and acquired neuronal and glial 
markers (rhodopsin resp. GFAP) or pericytic markers (Rajashekhar G, 
et al. 2014 Mendel TA, et al. 2013) does confirm that the respective 
functions were acquired too after intravitreal administration. Cell 
fusion may have happened resulting in co-expression of different 
marker molecules (Park 2016; Tomita, et al. 2002). 

These combined functions render MSC one of the most interesting and 
promising tool for a potential therapeutic cell-based approach for a 
number of diseases. 

MSC for DR treatment – potential modes of action 

Given the potential of MSCs and the characteristics of early DR in 
models, the promotion of cell repair and the defense against stress cell 
damage evolves as experimental focus. The functional restoration of 
damaged tissue by repair or regeneration can be accomplished by stem 
cells in three ways or a combination. Firstly, stem cells are constructive 
via their differentiation and engraftment into tissue. Secondly, stem 
cells are instructive which means that via the secretion of trophic 
factors, stem cells direct the local microenvironment to a 
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proregenerative state. Thirdly, stem cells may act in a reconstructive 
manner via the remodeling of the extracellular matrix (ECM) by 
secretion of e.g. matrix metalloproteinases (MMPs) and a host of 
structural (ECM) proteins. The reconstructive function of, in particular 
MSC, is frequently neglected, but it should be noted that the ECM is 
the prime extracellular reservoir of growth factors as well as of diabetic 
triggers for inflammation (AGEs). 

MSC as trophic mediators 

MSC are well known to secrete a broad range of pro-regenerative, 
mitotic, angiogenic, anti-apoptotic, anti-fibrotic factors, such as basic 
fibroblast growth factor (bFGF), VEGF, insulin-like growth factor 
(IGF), HGF, nerve growth factor (NGF), brain-derived neurotrophic 
factor (BDNF), glial-derived neurotrophic factor (GDNF), ciliary 
neurotrophic factor (CNTF) (Table 1) (Caplan 2008; Ezquer, et al. 
2014; Griffin, et al. 2016). These factors appear to modify the local 
microenvironment from an adverse injury to a pro-regenerative milieu. 
In addition to secreted growth factors, cytokines and chemokines, 
which will be influential, but most likely in local distance and short-
lived, MSC are able to pack trophic mediators into extracellular 
vesicles (exosomes, microvesicles) (Doeppner, et al. 2015; Ophelders, 
et al. 2016). These extracellular vesicles cannot only transport 
proregenerative factors, but also mRNA and microRNA but even 
mitochondrial components over a long distance (Rani, et al. 2015; 
Yanez-Mo, et al. 2015). 

It is not yet clarified whether these trophic functions require MSC to 
home and engraft to the sites of injury as there are also indications that 
conditioned medium, extracellular vesicles or other shuttled factors 
have been functional (Gao, et al. 2014; Nagaishi, et al. 2016; Park, et 
al. 2010). Migration to pancreatic islets or organs suffering from 
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diabetic complications has been shown (Lee, et al. 2006; Sordi, et al. 
2005). Tissue regeneration, revascularization and sustained 
normoglycemia were achieved. In NOD-SCID and STZ diabetic mice 
MSC injection restored glycemia by increasing β cell mass and 
promoting renal protection (increased proliferation, decreased 
apoptosis, increased levels of proregenerative factors, and anti-
inflammatory cytokines, decreased macrophage infiltration and 
oxidative stress damage) (Ezquer, et al. 2015; Ezquer, et al. 2008). 
Priming of MSC appears to even further improve these effects (Xu, et 
al. 2009). MSC, genetically-engineered to express VEGF or 
pancreatic-duodenal homeobox 1 (PDX-1), improved survival and 
reversed hyperglycemia. The effect, however, was only sustained when 
injecting VEGF-MSC and involved recovery of β cell mass (Milanesi, 
et al. 2012). 

In models of diabetic neuropathy, MSC have been shown to act via 
induction of neurotrophic factors, e.g. NGF and neurotrophin-3 (NT-
3). Both were significantly increased 2 weeks post-infusion, but no 
more 4 weeks post-infusion (Kim, et al. 2011). A recent study indicates 
that MSC injection in diabetic neuropathy has additional effects by 
reducing inflammatory cytokines, apoptosis, calcium and ROS levels 
(Oses, et al. 2017). 

To date, the mode trophic mode of action of, proangiogenic, MSCs 
appears paradoxal, in particular with respect to DR in which 
angiogenesis should be dampened or normalized instead of promoted. 
The caveat in this reasoning, is that MSCs secrete a plethora of 
paracrine factors, that partly have opposite functions, while MSCs may 
act to normalize aberrant microvasculature via juxtacrine mechanisms 
too (described in the next section). Nevertheless, a number of factors 
secreted by MSC and exerting proregenerative functions in other 
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disease modalities may have adverse effects in DR. Many of these 
factors, in fact, are considered as biomarkers for DR and have been 
attributed to disease progression. VEGF, for instance, is a target of 
therapeutic interventions in DR. There is evidence that anti-VEGF 
antibodies (bevacizumab, Avastin or ranibizumab, Lucentis) have 
protective effects and can slow down disease progression (Li, et al. 
2017b; Martinez-Zapata, et al. 2014). These anti-VEGF-A antibodies 
recognize all isoforms of VEGF, although it might be advantageous in 
the future to target only those specific isoforms known to cause trouble. 
For instance, a recent study addressed the expression of the two 
isoforms of VEGF, VEGF165a and VEGF165b, considered to represent 
pro- or anti-angiogenic VEGF, and their receptors in plasma of patients 
with DR, with diabetes or controls (Paine, et al. 2017). With increasing 
disease stages, VEGF165a and VEGFR-2 concentrations were increased. 
A variety of other intravitreal growth factors, cytokines and 
chemokines have been attributed to disease progression and considered 
as potential biomarkers or even as therapeutic targets. However, it has 
to be taken into account that vitrectomy is only performed in only a 
minority of patients and mostly at severe disease stages and that thus 
samples might be contaminated with serum/plasma proteins, especially 
in severe disease stages (Abcouwer 2013). Similar to VEGF, further 
angiogenic factors such as angiopoietin-2 (Ang-2), osteopontin, PDGF, 
erythropoietin (EPO), stromal cell derived factor 1 (SDF-1) have been 
found to be increased, and vice versa anti-angiogenic factors decreased, 
such as pigment epithelium derived growth factor (PEDF), endostatin, 
angiostatin and tissue kallikrein (reviewed in (Abcouwer 2013)). A 
recent meta-analysis identified VEGF, IL6, IL8, EPO, PDGF-BB, NO, 
endothelin-1 (ET-1), monocyte chemotactic protein 1 (MCP-1), TGF-
β, and TNF-α to be increased in the vitreous of patients with 
proliferative DR independent of T1D or T2D. PEDF and HGF were 
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decreased (McAuley, et al. 2014). In this meta-analysis, VEGF was the 
only biomarker which was able to significantly discriminate patients 
with and without nonproliferative DR. Since a variety of these 
molecules have dual functional roles, the may not only represent 
disease but also the attempt to regenerate injured tissue. IL6, for 
instance, is considered as proinflammatory molecule but it is known to 
orchestrate functions, not only in the immune system, but also in the 
nervous system. Here it can increase inflammation and thus tissue 
damage, but acting as neuropoietin it can also support neuronal 
regeneration (Suzuki, et al. 2009). 

Because DR is a multifactorial and multistep disease, protection or 
slow-down of progression requires a well-orchestrated milieu 
balancing intrinsic repair attempts against adverse stress events 
promoting injury. MSC are highly plastic and adapt their repertoire of 
secreted factors, to cues of the local microenvironment (Phinney 2007). 
Accordingly, these cells secret a variety of factors, which are 
considered to contribute to DR progression, MSC may assist to change 
track from a vicious cycle to a proregenerative response. 

MSC to act as pericytes 

Pericytes are cells that wrap around microvessels throughout the body 
and which are of mesodermal origin. Ever since the first light 
microscopy studies in the late 19th century, little has changed on this 
description. In a landmark publication, Zimmermann published 
detailed light microscopy studies on pericytes and their intimate 
contact with capillaries (Zimmermann 1923). Currently, the working 
definition of a pericyte is a (peri)vascular, basement membrane-
embedded cell (Sims 1986). In the microvasculature three types of 
contractile perivascular cell types, pericytes, smooth muscle cells and 
supra-adventitial stromal cells appear to form a continuum of cell types 
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that can (trans)differentiate into each other and which may be derived 
from a common CD146+ endothelial precursor (Zimmerlin, et al. 
2013). This high plasticity and the lack of definitive pericyte markers, 
as well as rapid phenotypic changes in vitro, render ‘pericytes’ a 
heterogeneous population at best (reviewed in (Armulik, et al. 2011)). 

Pericyte loss is considered a key event in the initiation of 
vasoregression (Hammes 2005). Very recently it has been shown that 
selective pericyte loss is not enough to mediate blood retinal barrier 
(BRB) disintegration. However, loss of pericyte coverage sensitizes 
retinal vascular EC to VEGF-A. Via FOXO1 this leads to Ang-2 
upregulation and triggers a positive feedback loop as seen in the 
pathogenesis of DR (Park, et al. 2017a). 

MSC share several features with pericytes, such as their morphology 
and function but also their anatomic localization as perivascular cells. 
It was long debated which in situ origin MSC may have and where 
these are localized. Crisan et al. documented that in a magnitude of 
tissues MSC derive from a perivascular origin (Crisan, et al. 2008). 
These data suggest that pericytes might be the in vivo progenitor of 
MSC (Caplan 2008; Caplan 2017). Recent data however, challenge this 
idea. Guimarães-Camboa et al. used lineage tracing of 
pericytes/smooth muscle cells expressing the transcription factor 
Tbx18 to demonstrate that perivascular cells do not behave as tissue-
specific progenitors in various organs, neither in aging nor in 
pathological settings (Guimarães-Camboa, et al. 2017). Tbx18 cells 
kept their identity and failed to differentiate to other cell types. Sorted 
in vitro cultured Tbx18 pericytes, however, showed MSC potential, 
such as phenotype and differentiation potential. In line with this, a 
variety of data indicate that pericytes can be differentiated out of 
cultured MSC. In a recent systematic review Xu et al. compared 
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protocols from 20 reports (Xu, et al. 2017). The markers most 
commonly used to identify pericytes were PDGFR-β, alpha-smooth 
muscle actin (α-SMA), neural/glia antigen 2 (NG2), desmin and 
regulator of G-protein signaling 5 (RGS5) (Diaz-Flores, et al. 2009). 
However, expression patterns on pericytes in vivo can differ at different 
developmental stages and in different tissues and organs. Accordingly, 
a combination of phenotypic markers, perivascular location, 
morphology, and functionality shall be used to define pericyte identity. 
These are all animal-based results; thus, the translation to human 
clinical applications warrants caution. 

ASC have been shown to differentiate to pericytes in vitro and in vivo. 
Based on surface markers, the group of Bruno Peault classified adipose 
tissue derived MSC into two major groups: CD31- /CD45- /CD34+ 
/CD146- cells (adventitial stromal/stem cells [ASC]) and CD31- 
/CD45- /CD34- /CD146+ cells (pericytes [PCs]). Using single-cell 
quantitative polymerase chain reaction they recently showed that 
aldehyde dehydrogenase (ALDH) activity can identify subclasses. 
ALDHbright-ASC were classified as the most primitive cells, followed 
by ALDHdim-ASC, ALDHbright-PC and finally ALDHdim-PC as 
least primitive, suggesting ASC at the basis of the differentiation 
hierarchy (Hardy, et al. 2017; Herrmann, et al. 2016). Transcriptomic 
analysis of highly purified non-cultured adipose tissue derived cells 
support this notion that perivascular MSC are precursors of pericytes 
(da Silva Meirelles, et al. 2016). One study performed a direct 
comparison of MSC and pericytes (isolated based on CD34+, CD146+ 
expression from adipose tissue and bone marrow and retinal and 
placental pericytes. This comparison revealed reduced proliferative 
capacity of pericytes. MSC markers were comparable and highly 
expressed on all cell populations (CD44+CD90+CD73+CD105+ 
expressed on at least 75% of all cells). Pericyte markers were highly 
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variable, CD146+NG-2+PDGFRβ+ on 1.3% and 3.6% of retinal and 
placental pericytes and 48% to 80% on bone marrow or adipose tissue-
derived MSC and pericytes. Interestingly, PDGFRβ expression 
appeared to be highly variant, but not discriminatory for MSC vs. 
pericytes (Herrmann, et al. 2016). This study showed higher osteogenic 
but slightly reduced adipogenic differentiation potential of the CD34+, 
CD146+ sorted pericytes from both tissues. Chondrogenic potential 
was only seen in cells from BM but reduced in the pericyte population. 
Angiogenic potential in a Matrigel tube formation assay did not reveal 
any differences between the different cells. 

The large phenotypical and functional overlap with pericytes renders 
MSC an ideal candidate in the cure and/or prevention of DR (Traktuev, 
et al. 2008). There are numerous indications that injected MSC acquire 
a perivascular fate within injured tissues. Examples for DR are given 
below. Of note, pericytes, also retinal pericytes, have been shown to 
exert immunomodulatory function such as MSC (Navarro, et al. 2016; 
Tu, et al. 2011). Loss of immunomodulatory functions by 
disappearance of pericytes may add to vasoregression by impaired 
control of immune responses (see below). 

MSC to restore the extracellular matrix 

It is well documented that hyperglycemia, e.g. AGE modification, 
leads to changes in the retina, including the extracellular matrix (ECM) 
composition, matrix metalloprotease activity and basement membrane 
thickening (Hammes, et al. 1996; Yang, et al. 2007). Resulting changes 
of interaction of EC and pericytes, as well as induced apoptosis, can 
lead to abnormal function, pericyte migration, endothelial cell 
apoptosis and finally increased permeability (Preissner, et al. 1997). 
Since pericytes and EC are important components of the neurovascular 
unit, this is likewise affected causing disruption of the BRB. 
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The basement membrane is mainly composed of laminin, collagen type 
IV, fibronectin as structural components and proteoglycans such as 
perlecan and nidogens 1 and 2. It allows cell attachment and binds 
growth factors. Especially the heparan sulfate attached platelet derived 
growth factor (PDGF) appears to be relevant for the maintenance of 
cell-cell/cell-matrix interaction. PDGF is required for the BRB 
formation by recruiting pericytes and inducing their maturation (Park, 
et al. 2017b). 

ECM degradation is required for vessel sprouting, thus there is a tight 
regulation of expression of matrix metalloproteases (MMPs) and their 
inhibitors (van Dijk, et al. 2015). In mesangial repair MSC have been 
shown to reverse the alterations of ECM proteins and by this contribute 
to repair (Herrera, et al. 2016). 

Furthermore, glycated matrix can trigger inflammation. AGEs are 
sensed by the receptor for advanced glycation endproducts (RAGE). 
RAGE activation results in pro-oxidant and pro-inflammatory 
pathways and an activation of the innate immune system additionally 
contributing to the vicious cycle of vasoregression (Zong, et al. 2010). 
In a hyperoxia-induced lung injury model, MSC reduced signs of 
damage, associated with reduced RAGE/NFkB expression and TNF-α 
secretion, suggesting an impact on RAGE/NFkB signaling (Tian, et al. 
2013). AGEs can affect MSC (Aikawa, et al. 2016; Kume, et al. 2005; 
Stolzing, et al. 2010). However, COMP-Ang, a chimeric form of 
Angiopoietin1 fused to the coiled-coil domain of rat cartilage 
oligomeric matrix protein, prevented negative effects of AGEs and 
improved viability and differentiation properties (Kim and Kwon 
2013).
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MSC as scavengers of reactive oxygen species 

Molecular oxygen acquires oxidant property if an unpaired electron is 
excited and changes its spin. Several molecules and free radicals derive 
from the reduction of oxygen, these molecular modifications are 
defined as ROS (Liochev and Fridovich 1999). If the cellular metabolic 
pathways involved in ROS detoxification are impaired, oxidants 
indiscriminately react with proteins and DNA (Turrens 2003). Cellular 
oxidative stress may originate from mitochondria via dysfunction of 
the electron transport chain or from the cytoplasm via NADH-oxidases 
(Nox) among others. Pathways that further dysregulate ROS 
production include increased polyol pathway flux, increased AGE 
formation, and activation of protein kinase C (PKC) isoforms 
(Brownlee 2000). Diabetes causes ROS accumulation with serious 
complications (Giacco and Brownlee 2010) including DR (Guzman, et 
al. 2017; Kowluru and Chan 2007; Kowluru and Mishra 2015). 

Obviously, the reversal of either retinal ROS production or the 
scavenging by ROS neutralizing molecules has been put forward in 
therapeutic context. Hyperglycemia-induced ROS, via the TGF-β-
activated kinase 1 (TAK1) –NFκB signaling axis, also perpetuates 
inflammation in cells (Ajibade, et al. 2013; Hoesel and Schmid 2013; 
Morgan and Liu 2011). 

MSC are equipped with a full array of mechanisms that neutralize 
oxygen and nitrogen radicals. These include glutathione peroxidases 
(GPx1-3), thioredoxin reductases (TrxR1, TrxR2), and superoxide 
dismutases (SOD1, SOD2), as well as DNA repair systems (Ezquer, et 
al. 2014; Valle-Prieto and Conget 2010a). Several of these redox 
balancing systems, however, depend on co-factors e.g. 
supplementation of culture medium with selenium augments MSC’s 
potential to scavenge radicals (Ebert, et al. 2006). Despite built-in 
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protective mechanisms, ROS may promote apoptosis (Hajmousa, et al. 
2016) and senescence (Chen, et al. 2015; Jeong and Cho 2015; Ko, et 
al. 2012) of MSCs in vitro. ASC from obese mice have severe 
mitochondrial dysfunction and increased ROS production (Perez, et al. 
2015) which might compromise the use of ASC from adipose diabetics 
for cell therapy. NOX-induced ROS reduces the (longterm) 
proliferative capacity of ASC (Sela, et al. 2015). On the contrary, anti-
oxidant pathways e.g. regulated via Nuclear Factor E2-related factor 
(Nrf2) cross-talk with pro-inflammatory NFκB signaling which 
balances ROS responses in ASC (Chen, et al. 2016). Peterson and co-
workers, report that acute hypoxic exposure of pro-inflammatory-
primed (IFNγ) ASC, dramatically increased intracellular ROS, while 
longterm exposure render these ASC in a pro-angiogenic state 
(Peterson, et al. 2011). Hypoxic preconditioning alone also promotes 
survival of MSC in a ROS-dependent fashion (Valle-Prieto and Conget 
2010b). This suggests that ROS-based preconditioning of ASC is 
beneficial for cell therapy, provided the right timing and conditions are 
determined and selected. In fact, hypoxically preconditioned ASC, 
accompanied by increased intracellular ROS, promoted survival 
primary hepatocytes via extracellular matrix-derived signaling, more 
than via soluble trophic factors (Qin, et al. 2015). 

Yet, how does this affect the influence of MSC on exogenously 
produced ROS or on intracellular ROS production of target cells? For 
the past decade, results accumulated that MSC harbor anti-oxidative 
features in rodent models of diabetes, such as diabetic nephropathy, 
diabetic neuropathy and DR (Ezquer, et al. 2015; Fang, et al. 2012; Ho, 
et al. 2012; Lv, et al. 2014; Ren, et al. 2013; Sukpat, et al. 2013). For 
instance, conditioned medium from umbilical cord MSC (UC-MSC) 
induced the production of anti-oxidant enzymes such as copper 
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superoxide dismutase, zinc-superoxide dismutase, manganese 
superoxide dismutase, glutathione peroxidase and catalase by ROS-
producing muscle cells (Park, et al. 2016). In addition, oxidative stress 
provoked by hyperglycemia did not compromise the glucose uptake 
and only partly abrogated mitochondrial functionality of ASC 
(Hajmousa, et al. 2016). Furthermore, ASC capacity to function as 
vascular supportive cells was maintained. One of the strategies that 
MSC acquire to modulate oxidative stress might involve mitochondria 
transfer to target cells (Melcher, et al. 2017). In this study, in vitro 
cultured fibroblasts deficient of mitochondrial complex one (CI) 
accepted MSC mitochondria. ROS could be further reduced by either 
treating MSC with TNF-α, or MSC conditioned medium. 

The aforementioned studies did not directly evaluate the ROS 
metabolism in MSC in vivo. Reports which address the balance of ROS 
guided by MSC injection in animal models affected by DR are lacking. 
Li and co-workers showed a first strategy to attenuate ROS during 
retinal ischemia. In this study, MSC were engineered to overexpress 
heme oxygenase-1 (HO-1), which catalyzes heme to biliverdin, free 
iron, and carbon monoxide (CO) and alleviates the oxidative stress. A 
reduction in apoptosis caused by the activation of antiapoptotic 
proteins Akt-1 and Bcl-2 was observed (Li, et al. 2017a). The 
intravitreal injection of ASC in the STZ-induced T1D mice suppressed 
oxidative damage in the retina, which indicates that ASC influence 
ROS levels directly or indirectly (Ezquer, et al. 2015). 

Overall these studies showed that MSC are capable to regulate ROS 
production in a variety of target cells. The molecular mechanisms 
comprise direct regulation of ROS with anti-oxidant enzymes, 
normalization of mitochondrial function, reprogramming of glucose 
metabolism, upregulation of anti-oxidant signaling (Nrf2) as well as 
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upregulation of MAP kinase signaling. In general, suppression of ROS 
coincides with suppression of a pro-inflammatory status of cells, 
although it may occur that inflammation is suppressed while ROS is 
maintained. 

MSC to target inflammation 

Chronic low-grade inflammation (also called paraflammation) appears 
to be involved in the pathogenesis of DR, however it is most likely not 
involved in incipient stages of DR (Karlstetter, et al. 2015; Wang, et al. 
2014). Hyperglycemia and hypertension induce oxidative stress, 
apoptosis, fatty acid metabolism and AGE/RAGE interactions. 
Increased levels of pro-inflammatory mediators, such as IL1α, IL1β, 
IL6, IL8, MCP-1, TNFα, and IL18 and chemokines, such as CCL2, 
CCL5, CXCL8, CXCL10, and CXCL1 have been detected in the 
vitreous of patients with advanced DR and proliferative DR, correlated 
to increased VEGF concentrations (Murugeswari, et al. 2008; 
Wakabayashi, et al. 2010). Inflammasome activation has been 
observed both in patients with proliferative DR and in the STZ animal 
models (Capitao and Soares 2016; Chen, et al. 2017). Resulting 
macrophage/microglia activation and M1 polarization fosters 
endothelial, glial and neuronal stress and sometimes degeneration 
(Abcouwer 2011; Ma, et al. 2014). Modeling endothelial activation, in 
human umbilical vein endothelial cells, co-stimulated with 
hyperglycemia and high doses of palmitic acid, to mimic DR-
associated glucolipotoxicity, UC-MSCs suppressed inflammation (An, 
et al. 2016). Both NFκB activation was suppressed as well as 
downstream activation of glucolipotoxicity-related TNF-α-induced 
protein 6 (TSG-6). The endothelial phenotype appeared restored, 
because tube formation was normalized, but unexpectedly endothelial 
ROS production was not affected (An, et al. 2016). T cells may rather 
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play a minor role for local activities, as they are typically not found as 
infiltrates. Nevertheless, there are some indications, that patients with 
advanced DR stages show changes in the balance of T helper cell 
cytokines in serum and vitreous. Furthermore, T cell infiltrates in 
vitreous of patients with proliferative DR have been observed (Capitao 
and Soares 2016). 

MSC have proven broad immunomodulatory potential in various 
disease entities involving inflammatory and immune processes. 
However, since inflammation and immune responses at different stages 
in the development and progression of DR may play a distinctive role, 
the functions of MSC in this respect remain open. As mentioned, 
animal models are limited in modeling all stages of the human disease 
and thus do not represent the late stage disease in humans. 
Nevertheless, we would like to speculate on possible contributions of 
MSC in inflammation and immune responses. 

MSC and microglia 

Microglia are the resident macrophages of the CNS in the retina. They 
become activated in the concourse of diabetes (Wang, et al. 2014). This 
has been observed both in humans and in animal models. Plasticity is 
a very well-known property of macrophages. In fact, they are able to 
respond to changes in their microenvironment polarizing towards an 
M1 or M2 phenotype. M1 macrophages are playing the major role in 
inflammation; producing pro-inflammatory cytokines and a large 
quantity of NO, and triggering the activation of the Th1 mediated 
immune response. On the contrary, M2 macrophages possess an 
immunosuppressive phenotype correlated to the production of anti-
inflammatory cytokines like IL-10 (Gordon and Martinez 2010; 
Mantovani, et al. 2002). It appears, that in early phases of DR, activated 
microglia are polarized towards an anti-inflammatory/tolerogenic M2 
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phenotype, whereas at later stages the balance changes towards pro-
inflammatory M1 phenotypes. Wang et al. identified CD74 as a 
microglia activation marker which increased upon both glucose and 
methylglyoxal administration in a rat model (Li and Lin 2012; Wang, 
et al. 2014). CD74 is involved in the formation and transport of 
MHC/HLA-class II molecules, and is thus important for antigen 
presentation. Furthermore, it acts as receptor for Macrophage 
Migration Inhibitory Factor (MIF). Recent data in glioma models 
suggest that tumor-secreted MIF acting on CD74-activated microglia 
promotes a shift towards M2 macrophages (Ghoochani, et al. 2016). 

So far there is no study published analyzing the interaction of MSC 
with retinal microglia in the context of DR. One study showed that 
MSC engineered to express CX3CL1 exert neuroprotective and 
immunomodulatory function in a model of light-induced retinal 
degeneration (Huang, et al. 2013). Here microglia activation and 
migration were reduced in MSC-transplanted animals. Modulation of 
microglia activation has also recently been shown by Jaimes et al. Here, 
BV-2, a murine microglia cell line, and primary murine brain microglia 
were cultured with microvesicles obtained from MSC supernatant. LPS 
induced activation of microglia was prevented (Jaimes, et al. 2017). 
This fits to own unpublished data analyzing the effect of human ASC 
supernatant on primary human macrophages (K. Widmanm, 
unpublished). We observed a clear reduction of M1 in favor of a M2 
polarization. An elegant study conducted by Melief et al. showed how 
Treg induction (see below) may be dependent on the skewing of 
monocytes toward a M2 phenotype. They observed that Treg formation 
was increased in MSC-PBMC cocultures more than MSC-CD4+ 
cocultures, suggesting the involvement of monocytes in Treg 
induction. Analyzing the monocyte fraction of cocultures they found 
that: 1) MSC increased survival of monocytes towards M-CSF 
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secretion and 2) monocytes from cocultures have a decreased mRNA 
expression of pro-inflammatory cytokines with a concomitant increase 
in mRNA expression of anti-inflammatory cytokines and CCL18. 
CCL18 turned out to be key cytokine in driving Treg generation, 
suggesting that the modulation of monocytes towards an M2 phenotype 
may be a crucial mechanism in MSC mediated Treg formation (Melief, 
et al. 2013). 

All these observations found a surprisingly confirmation in a murine 
animal model of allo- and autoimmunity in the eye. Although it does 
not belong to the specific topic of this review, we briefly summarize 
these data as they maybe informative for future studies applying stem 
cells in DR considering immunogenicity of transplanted cells. In fact, 
Ko et al. demonstrated that intravenous injections of MSC were able to 
protect from rejection of corneal allotransplantation and from an 
experimental autoimmune uveitis (EAU). In the corneal 
allotransplantation model, MSC prevented histological abnormalities 
and reduced pro-inflammatory cytokines in the eye. Similarly, in EAU, 
MSC injection reduced IL2, IL1β, IL6 and TNF-α in the eyeball. A 
B220+CD11b+ monocyte population found in the lung as well as in 
blood, spleen and lymph nodes mediated these effects. In addition, 
increasing levels of Treg where found one day after MSC infusion, and 
lower level of Th1/Th17 cells were induced in coculture of 
B220+CD11b+/CD4+ T cells. Collectively these results suggest that 
monocytes, which were primed by the infusion of MSC, were able to 
promote Treg proliferation and inhibit the pro-inflammatory phenotype 
of T cells. More interestingly, intravenous infusion of MSC induced-
B220+CD11b+ cells were able to prevent corneal rejection and EAU 
as well, highlighting the fact that they are crucial in the MSC mediated 
tolerance (Ko, et al. 2016).
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MSC and T-cells 

As previously introduced, MSC affect a variety of immune cells and 
appear to regulate immune responses in favor of a pro-regenerative 
rather than an adverse injury-response. It is highly speculative whether 
the MSC effects on T cell responses may contribute to therapeutic 
efficacy in DR, nevertheless, we will summarize the known and 
provide possible links to DR. 

In diabetes there have been reports, that MSC can exert anti-diabetic 
effects by affecting T cells. An improvement in the Th1/Th2 balance, 
decreased Th17 and increased Treg numbers have been reported in 
models of T1D (Bassi, et al. 2012; Ezquer, et al. 2012; Favaro, et al. 
2014). Volarevic et al. have shown a disbalance of T-cell derived IL-1 
and its receptor antagonist (IL-1Rα) as a cause of β-cell impairment in 
T2D. In a mouse model, the β-cell damage has been ameliorated by 
MSC-derived IL1-Rα (Volarevic, et al. 2010). Whether MSC-mediated 
modulation of the T helper cell balance could be a MoA in DR has not 
been investigated yet. 

MSC exert a strong suppressive effect on T cell proliferation, when T 
cells are triggered by different mitogenic stimuli such as PHA or anti-
CD3/anti-CD28 monoclonal antibodies (Mohammadzadeh, et al. 2014; 
Nicola, et al. 2002; Yan, et al. 2014a). On the contrary, they seem to 
support their survival when T cells are in a quiescent state (Benvenuto, 
et al. 2007). Mechanisms that regulate the interaction with T cells still 
need elucidation; however, many studies revealed that both cell-cell 
interaction and production of soluble factors may drive MSC 
immunomodulation (Haddad and Saldanha-Araujo 2014). In co-culture 
with naïve or activated T cells, MSC inhibited T cell proliferation 
principally by soluble factors. In one study, MSC conditioned media 
led to a 2-fold increase in apoptosis, while direct contact with MSC 
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caused cell arrest in G0/G1 phase. The major factors responsible for T 
cell energy were IL-10 and IDO (Yang, et al. 2009). Yan at al. reported 
MSC inhibition on activated T cells in both direct and indirect 
coculture system. Here, the axis PD-1/B7-H1 was partially involved in 
inducing T cell apoptosis, with a dispensable role of IL-10 and TGF-β 
in the up-regulation of PD-1 on T cells (Yan, et al. 2014b). 

Furthermore, MSC can affect the balance of T helper (Th) cell subsets 
Th1, Th2 and Th17 cells and can induce Treg cells (Maccario, et al. 
2005). Th cells have been classified into Th1 cells, which produce IL2 
and IFNγ and are involved in cellular immunity; Th2 cells which 
produce IL-4, IL-5 and IL-13 and are involved in humoral immunity; 
and Th17 cells producing the proinflammatory cytokine IL-17. Treg 
are commonly described as a CD4+CD25+Foxp3+ cells capable of 
suppressing other immune cells (von Boehmer 2005). They can 
originate from thymus as a mature subpopulation or be induced from a 
circulating naïve T cell population (Sakaguchi, et al. 2008). Treg 
formation seems to be triggered more by soluble factors than cell-cell 
interaction. A tight balance between Th1/Th2 and Th17/Treg has to be 
maintained for homeostasis (Zhang, et al. 2014). Generation of ASC-
induced functional Treg was observed in coculture by Engela et al. and 
resulted to be IL-2 pathway-dependent (Engela, et al. 2013). In another 
study, MSC derived PGE2 was involved in Treg generation, as a PGE2 
inhibitor resulted in reduced Fox-P3 mRNA expression in CD4+ T 
cells (English, et al. 2009). It has been shown that MSC are able to 
inhibit Th1 and Th17 differentiation, depending on the differentiation 
stage and coculture ratio (Luz-Crawford, et al. 2013).  High levels of 
PGE2, TGFβ and IL-10 were found in coculture of MSC with 
differentiated CD4+ T cells, i.e. Th1 and Th17. 
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There are few indications that T cells may play a role in DR. There are 
no T cells in the retina, thus effects on T cells may be related to rather 
systemic (autoimmune) than local responses. Some studies report a 
dysregulated Th1/Th2/Th17/Treg balance in favor of a pro-
inflammatory Th1 and Th17 cytokine profile in serum and vitreous of 
patients with proliferative DR (Cao, et al. 2016; Takeuchi, et al. 2015). 
One study analyzed Th1/Th2 cytokines in the serum of 25 healthy 
subjects compared to 35 T2D patients without DR and 30 T2D patients 
with DR. In patients with DR the Th1 cytokines IL-2 and TNFα were 
strongly upregulated, even stronger in the T2D without DR group. Th2 
cytokines were lower in T2D patients with DR, whereas T2D patients 
without DR showed no difference to the control cohort (Cao, et al. 
2016). In another study, a pro-inflammatory skewed profile with 
expanded Th1/Th17 cells and reduced Treg has been observed. It 
correlated to an increased urine albumin:creatinine ratio indicative of 
diabetic nephropathy (Zhang, et al. 2014). In an experimental model of 
STZ-induced diabetes, blockade of IL-23, a cytokine critical for 
survival and proliferation of Th17 cells, significantly improved 
structure and tightness of the BRB (Xu, et al. 2015). However, the 
impact of these findings for human disease are unknown, as this model 
never develops proliferative DR and has also no relevant BRB 
disruption compared with humans.  

Interestingly Th1/Th2 cytokines have been related to angiogenesis, by 
either controlling it directly or indirectly by modulating other factors 
in the micromilieu (Naldini, et al. 2003). Pro-inflammatory Th1 
cytokines appear to be inhibitory to endothelial cell and vessel growth, 
whereas anti-inflammatory T cells appear to be positive regulators of 
angiogenesis. Since MSC have profound properties in restoring the 
Th1/Th2 Th17/Treg balance this may be a further mechanism linking 
immunity and angiogenesis.



Chapter 2 

 
 

64 

MSC, autoantibodies and the complement system 

The DR-mediated cell degeneration can induce adaptive immune 
responses. For instance, auto-antibodies reactive against EC and 
pericytes have been detected in the serum of patients with diabetes and 
DR. This correlated to increased concentration of serum complement 
factors C3a and C5a, but not 4a. These autoantibodies conferred 
complement-mediated pericyte toxicity (Abcouwer 2013; McAuley, et 
al. 2014; Paine, et al. 2017). Antibody-injured pericytes were also 
affected in their efficacy to reduce T cell proliferation (Suzuki, et al. 
2009). Upon disease progression, and due to increased pericyte loss, 
pericyte-reactive autoantibodies become decreased (McAuley, et al. 
2014). In vitro, hyperglycemic culture increased the susceptibility of 
pericytes to become attacked. CD38, a known diabetes-associated 
autoantigen, was upregulated by IFNγ and TNFα and was involved in 
antibody-dependent pericyte damage (Suzuki, et al. 2009). 

Complement factors 3a and 5a are chemotactic for MSC and can recruit 
and retain MSC at sites of injury (Schraufstatter, et al. 2009). MSC 
constitutively secrete the important complement regulatory factor H 
and constitutively express the three complement regulatory receptors 
CD46, CD55 and CD59 (Li and Lin 2012; Tu, et al. 2010). Studies 
showed that MSC can prevent- via factor H- complement activation 
and cell damage (Li, et al. 2016; Tu, et al. 2010). However, despite 
expression of these regulatory factors, MSC per se can be targeted by 
the complement system once they are in contact with serum (Li and Lin 
2012; Li, et al. 2016). This has to be taken into account when planning 
a therapeutic intervention with MSC, considering local versus systemic 
administration.
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MSC efficacy in DR 

Various adult cell therapies have been explored, i.e. CD34 
hematopoietic stem/progenitor cells, endothelial progenitor cells and 
MSC (Lois, et al. 2014; Park 2016). Animal models used to investigate 
the impact of cell therapy in the context of diabetic retinopathy are 
summarized in Table 2. 

Intravitreal administration of multipotent stromal cells of mesenchymal 
origin gave encouraging results for the treatment of early phase of DR 
(Rajashekhar 2014). Vascular leakage, apoptosis and inflammation 
were drastically downregulated. Ezquer et al. focused on the ROS-
induced damage to the neurovascular unit of the retina, to find that 
retinal ganglion cells death was attenuated and neurotrophic factors 
such as NGF, bFGF and GDNF increased when MSC were injected 
(Ezquer, et al. 2016). Interestingly, the ASC did not acquire neural-like 
or perivascular-like phenotypes. 

A similar localization pattern of ASC was also found in another study 
after intravitreal injection in oxygen-induced retinopathy (OIR) NOD-
SCID mice. In this study, DiI labeled ASC were localized alongside 
the central retinal microvasculature up to eight weeks after injection, 
adopting a pericyte-like perivascular location and wrapping around 
vessels. These cells were also positive for the pericytic markers NG2 
and alpha-SMA. ASC treatment pre and post induction of OIR reduced 
avascular areas in the retina, suggesting that even with the time 
dependent decrease of ASC, modulation of the retinal 
microenvironment with soluble/paracrine factors may mediate retinal 
microvessel protection. Of note, having established that ASC can 
acquire a pericytic phenotype and protect against OIR, the treatment 
was repeated on Akimba mice, recapitulating the findings of OIR mice 
(Mendel, et al. 2013). 
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Tassoni and coworkers addressed the potential risks associated with 
cell injection. They addressed retinal glial responses (graft-induced 
reactive gliosis) upon intravitreally injected rat BM-MSC (Tassoni, et 
al. 2015). Inflammation and extensive reactive gliosis driven by 
JAK/STAT3 and MAPK cascade were accompanied by macrophage 
infiltration and retinal detachment upon BM-MSC intravitreal 
transplantation. Müller cells expressing NGF receptor and 
neurotrophic tyrosine kinase receptor type 1 (TrkA) were observed in 
the retinas of rats transplanted with rBMSC. Factors downstream of 
NGF/TrkA signaling, such as p-PI3K, p-Akt and p-CREB, were also 
increased in Müller cells (Jian, et al. 2015). 

Cell therapy requires knowledge of the retinal pathological 
microenvironment prior to cells implantation to be able to ensure safety 
and efficacy. To this regard, the role of pericytes-EC interaction in the 
retina has been further elucidated. Partial depletion of pericytes 
resulted in a lack of spontaneous normalization of pericyte-EC 
associations in adult animals. Moreover, this caused an inflammatory 
response and macrophages infiltration, ultimately leading to a negative 
vascular damage loop via VEGF, PIGF and Ang-2 (Ogura, et al. 2017). 
This study suggests that hyperglycemia alone can initiate the 
progression of DR, however parallel pathological routes independently 
and irreversibly damage the retina. In line with this study, the role of 
ASC-EC communication has been linked to Notch signaling. 
Specifically, NOTCH2 is a transmembrane ligand which mediates 
ASC migration and their communication with EC (Terlizzi et al., 
submitted). Moreover, PDGFRβ downregulation was concomitant to 
NOTCH2 protein downregulation in ASC. Interestingly, 
hyperglycemia did not quantitatively influence the expression of Notch 
ligands and receptors in ASC. Modulation of evolutionary conserved 
mechanisms, such as Notch signaling, might help to reduce the 
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proangiogenic capacity of ASC and maintain their regenerative 
capacity. 

In summary, MSC, specifically ASC exert at least a dual role in DR. 
First, these seem to resume a pericyte function, acquiring perivascular 
localization and endothelial cell enwrapping. By this, MSC/ASC 
appears to adopt pericytic regulatory functions, controlling survival 
and proliferation. Second, they secrete a variety of trophic factors 
which modulate the local adverse milieu by regulating oxidative stress, 
inflammation and integrity of the neurovascular unit. With the 
exception of the immunomodulatory function, the few animal data 
existing so far documented that MSC can exert the MoA, we proposed 
herein. Further studies are needed to elucidate efficacy (and MoA), and 
the safety/risk profile. Although it is expected that it takes its time to 
get enough knowledge to be able to move from bench to bedside, we 
think it is imperative to consider important questions: 

(1) optimal dose and  
(2) route of administration regarding the low survival of 

transplanted cells, 
(3) choice of animal models to model therapy-relevant DR stages 

(Fig. 1),  
(4) autologous or allogeneic approach due to impaired potency of 

MSCs from diabetes (see below),  
(5) safety versus risk of adverse events (cataract, accelerated 

disease progression due to induced and non-regulated 
angiogenesis, tumor formation, adverse differentiation), 

(6) identification of MoA (Fig. 2) and establishment of potency 
assays to predict therapeutic efficacy 

(7) clinical end points to assess the efficacy of MSC therapy. 
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Table 2. Effects of injected mesenchymal and adipose stromal/stem cells 
in animal models relevant to diabetic retinopathy 
 

Animal model Cell type Effects Disease 
stage Reference 

C57BL6 mice 
streptozotocin-
injection 

2 × 105 mouse 
ASC, passage 
2, in 2 μL 
saline  
 

 - reduced retinal ganglion 
cells (RGCs) loss 
- do not differentiate into 
neural-like or 
perivascular-like cells 
- increased intraocular 
levels of neurotrophic 
factors 
- reduced retinal oxidative 
damage 
-  no provasculogenic 
microenvironment 
changes induced 

NPDR 
- acellular 
capillaries 
- loss of pericytes 

(Ezquer, et al. 
2016) 

C57BL/6 mice 
-Hes5-GFP 
transgenic mice 
-Glia fibrillary 
acidic protein 
(GFAP)-STAT3-
cKO 

Mouse BM-
MSC 
1 × 105 in 1 
µL 

-Extensive reactive gliosis 
and Inflammation 
- LCN2 production and 
activation of STAT3 and 
ERK in retinal Müller Glia 

NPDR 
- vasoregression 

(Tassoni, et al. 
2015) 

oxygen-induced 
retinopathy 
(OIR)/ Akimba 
mouse 

hASC, mASC, 
or hBMSC 
were 
suspended in 
0.5 to 1.5 uL 
of PBS and 
injected into 
the vitreous of 
one eye with a 
33G Hamilton 
needle 
through the 
pars plana 

- ASC migrated and 
integrated with the 
retinal vasculature 
- 16% reduction in 
avascular area 
- TGF-β1 enhanced 
hASC pericyte function 

PDR 
- retinal ischemia  
- proliferative 
vascular damage 

(Mendel, et al. 
2013) 

Streptozotocin 
(STZ) induced 
diabetic athymic 
nude rats 

ASC 
5 × 105 to 25× 
105   of GFP-
labeled ASC 
in 2 µL saline 

- improved neuronal 
function (ERG) 
- alleviated vascular 
leakage 
- alleviated apoptosis 
- ASC incorporated into 
the host vasculature 

NPDR (Rajashekhar 
2014) 

RCS (RCS-Pþ, 
dystrophic rats 
with pigment) 

1 × 105 CM-
Dil-labeled rat 
BMSC in 3 µl 
of PBS 

- promoted the 
proliferation and 
dedifferentiation of 
Müller cells 
- Müller cell 
dedifferentiation via the 
NGF induced 
activation of PI3K and 
its 
association with the NGF 
receptor TrkA 

 (Jian, et al. 2015) 

Akimba mouse 
mASC, 
healthy and 
diabetic mice 

- ASC from diabetic 
sources have an 
impaired ability to 
stabilize the 
microvasculature in 
diabetic retinopathy 

PDR 
- microaneurysms 
- leaky capillaries 
. capillaries 
dropout 

(Cronk, et al. 
2015b) 
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Are ASC impaired by diabetes? 

The fact that ASC could be easily isolated in a large quantity and with 
non-invasive procedure, as well as a relatively easily expansion, makes 
them an impressive suitable candidate for autologous treatment options 
(Bieback, et al. 2012; Moonen, et al. 2012; Spiekman, et al. 2017; 
Wuchter, et al. 2015). However, in a specific disease context like 
diabetes, which is well known to affect the metabolism and adipose 
tissue, it is extremely important to assess whether these cells become 
affected by the disease. In fact, this would implicate a possible failure 
and/or impairment of the treatment. 

There are contradictory data. Some authors report similar functions and 
potency, whereas others identified differences between healthy and 
diabetic donors (Davies, et al. 2016; de Lima, et al. 2016; Ko, et al. 
2015; Yaochite, et al. 2016). Many studies investigated phenotypical 
and functional differences between healthy and diabetic ASC, mostly 
isolated from animal models (Cianfarani, et al. 2013; Cronk, et al. 
2015b; Rennert, et al. 2014). Cianfarani et al. observed differences in 
the expression of ASC markers in the stromal vascular fraction (SVF) 
isolated from diabetic mice fat pads, suggesting that a depletion of ASC 
can reflect their reduced survival and the functional impairment in 
secreting VEGF, HGF and IGF-1. Moreover, skin wounds treated with 
diabetic SVF resulted in reduced efficacies in wound healing compared 
to healthy SVF (Cianfarani, et al. 2013). 

Rennert et al. isolated ASC from inguinal fat pads of STZ C57BL mice 
and demonstrated their impaired angiogenic potential both in vitro and 
in vivo. In fact, ASC failed to induce tube like structures in coculture 
with HUVEC, although they assumed a perivascular position. This 
effect was also recapitulated in vivo, where gel plugs seeded with 
diabetic ASC and implanted in healthy mice, displayed significantly 
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reduced levels of vascularization compared with healthy ASC. The 
authors also analyzed the composition of the freshly isolated SVF. As 
previously stated, they found a depletion of the global ASC population 
(here described as a CD45-CD31-CD34+ subpopulation of the SVF) 
(Rennert, et al. 2014). 

Similar findings regarding the impairment of the angiogenic potential 
were also assessed in model of DR (Cronk, et al. 2015a). While healthy 
ASC were able to improve vascular length density and numbers of 
branch points in the superficial vascular plexus of the retina of Akimba 
mice, diabetic ASC failed, although they reached the perivascular 
location. Analysis of cell bioenergetics revealed that healthy and 
diabetic ASC had a comparable rate of basal, ATP-dependent, 
uncoupled and non-mitochondrial respiration. 

Systems biologists contributed significantly to our understanding of 
metabolic shifts in diseases such as diabetes. Mardinoglu and Nielsen 
found that respiratory metabolism was significantly reduced in 
abdominal fat tissues of diabetic patients (Mardinoglu and Nielsen 
2015). Consequently, oxidated tryalglycerols were linked to slower 
dynamics of lipid molecules in the patients affected by diabetes. 
Mitochondrial pyruvate carrier 1 and 2 (MPC1-2) were strongly 
reduced in diabetic patients. Consequently, acetyl-CoA, central 
metabolite for biosynthesis of fatty acids, isoprenoids and involved in 
processes including protein prenylation and N-glycosylation, was also 
reduced (Pearce, et al. 2013). The authors concluded that limitation of 
condensation of oxaloacetate (OAA) which in turn, downregulated 
pyruvate and acetyl-CoA, interrupted tricarboxylic acid (TCA) cycle 
leading to mitochondrial dysfunction (Mardinoglu, et al. 2014). 
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The prolonged exposure of ASC to hyperglycemia and the 
consequences caused by the associated oxidative stress, formation of 
ROS and AGEs such as inflammation likely contribute to their 
dysfunction such as their disturbed protective capacity in angiogenesis. 
Although, the underlying mechanisms are poorly understood, 
dysfunctional ASC from diabetics could be partially normalized by 
augmenting their capacity to clear AGEs i.e. via genetical modification 
with methylglyoxal-metabolizing enzyme glyoxalase-1 (GLO-1). 
Introduction of GLO-1 augmented the viability, migration and 
proangiogenic capacity of ASCs from diabetics. Moreover, in an STZ 
BALB/c mice model of limb ischemia, Glo-1 expressing ASC restored 
blood reperfusion, with an overall effect comparable to healthy ASC 
(Peng, et al. 2017). 

The alternative to an autologous setting is allogeneic MSCs. In a 
variety of clinical settings, MSCs are derived from allogeneic donors 
(without HLA-matching), mostly based on logistic reasons, rarely 
based on better efficacy (Ankrum, et al. 2014). In a variety of 
preclinical experiments, human cells have been applied to animal 
models of DR with signs of efficacy. In these models, no signs of 
alloreactivity/xenoreactivity have been reported so far. Since MSC 
application in DR in general is still in its infancy, safety aspects have 
to be well defined first before discussing autologous versus allogeneic 
use and HLA-matching or mismatching. As for a proper timing, very 
early DR preferentially needs systemic rather than local administration, 
with a safety profile in the range comparable to general antidiabetic and 
antihypertensive drugs, while routes of administration may change 
with disease progression (Griffin, et al. 2016). Other aspects such as 
the use of autologous versus allogeneic use and HLA-mis/-matching 
may be subordinate. 
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The future of cell therapy? 

As example of novel concepts, the next generation approaches may 
involve differentiation of cells before transplantation into the retina, as 
shown for age-related macular degeneration (AMD) (Kuriyan, et al. 
2017). Embryonic stem cells (ESC) differentiated to a cone phenotype 
survived and matured within a model of advanced retinal degeneration. 
Cell differentiation involved a controlled inhibition of Notch pathway 
to enhance cone differentiation. Inhibition or activation of specific 
signaling proteins involved in MSC differentiation might hold the key 
to effective cell-therapy. For example, retinal cells derived from hESC, 
migrate, settle and, differentiate into mice retinas. (Lamba, et al. 2009). 
Furthermore, hESC-derived retinae have been demonstrated to engraft 
and matured in two different primate models of retinal degeneration 
(Shirai, et al. 2016). A similar concept, but different approach, seeds 
mouse induced pluripotent stem cells (miPSCs) cultured in a 3D retinal 
tissue in vitro (Assawachananont, et al. 2014). Subsequent to 
transplantation into the sub-retinal space, iPSCs were able to 
reconstruct the outer nuclear layer of the retina in an advanced model 
of retinal degeneration. However, another study that combined the 
transplantation of human retinal pericytes (hRPCs) and human BM-
MSC in a rat model of retinal degeneration, showed great 
improvements in the overall health of the retinas. Integration and 
migration of both transplants increased compared to single cells 
transplantation. Importantly, activation of microglia and the gliosis of 
Müller cells were suppressed indicating an effective 
immunomodulatory effect (Qu, et al. 2017). 

Both human and murine autologous cells used for transplantation have 
been reported to selectively differentiate and integrate in the retinal 
microenvironment (Hirami, et al. 2009; Ikeda, et al. 2005). Meyer et al. 
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demonstrated that human iPSC can generate retina-specific cell types, 
setting the bases for studying molecular mechanisms involved in cell-
differentiation (Meyer, et al. 2009). 

Besides this targeted differentiation, other approaches investigate 
whether local cell injection is needed or whether systemic infusion 
followed by local homing or even systemic effects may be efficacious. 
In other disease entities, conditioned medium or extracellular 
vesicles/exosomes were as efficient as direct cell injections (Marote, et 
al. 2016). Intraperitoneal infusion was able to prevent experimentally 
induced autoimmune uveitis by altering the Th1/Th17 response (Oh, et 
al. 2014). 

Clinical trials 

To date, investigations of MSC therapy in patients with DR are 
missing. There are a few cell therapy trials investigating intravitreal 
cell injections. A phase I clinical trial to assess the feasibility and safety 
of intravitreal injection of autologous CD34+ BM-cells is currently 
enrolling participants (NCT01736059). A first-in-human study to 
examine the safety of an intravitreal injection of autologous BM-MSC 
has been published recently (Satarian, et al. 2017). The patients in this 
study had advanced retinitis pigmentosa and were treated with 106 BM-
MSC per 0.1 ml behind the limbus in the phakic and pseudophakic 
eyes. This pilot resulted in a temporary improvement in perception of 
light. Three months later, fibrous tissue proliferation was observed with 
a tractional retinal detachment. Since biopsy could not be obtained 
from patients, MSC were transplanted in mice to investigate the shift 
in the cellular microenvironment provoked by the MSC implantation. 
The authors reported no detection of MSC after ten months. They 
concluded that MSC lead to macrophage infiltration and retinal folding 
as reported by others (Tassoni, et al. 2015). Autologous ASC have been 
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used for injection to a complementary study (Kuriyan, et al. 2017). 
Although the number of ASC injected was not reported, 60-ml of 
liposuction aspiration was processed to isolate the stem cells. The 
resulted pellet was resuspended in platelet-rich plasma and 
immediately used for intravitreal injection in both eyes. The patients in 
this study had severe visual loss as well as hemorrhagic retinopathy and 
retinal detachment. The authors concluded that such a complication had 
to be analyzed from the point of view of cells’ preparation rather than 
the injection procedure. Because of these negative results from these 
early clinical trials, cell-therapy research is in need of information with 
regard to safety for human trials. In this respect, several clinical trials 
are to be initiated (NCT03011541, NCT01920867, NCT01736059). 
Furthermore, animal models capable of assessing efficacy and risk 
profile need to be established and careful studies need to be performed, 
controlling for benefits versus risks. 

It also has to be taken into account at which disease stage therapy shall 
be undertaken in terms of a benefit-to-risk assessment. Currently, 
patients at advanced disease stage receive intravitreal drug injections 
to slow down progression and prevent vision loss. Accordingly, the 
benefit-to-risk assessment has to weigh the risk of adverse events 
versus the beneficial effect preventing vision loss. MSC-based cell 
therapy, however, based on the MoA we summarized above, can be 
considered as an early treatment option to entirely prevent or delay DR 
onset and progression to pathological end stages. Here the benefit-to-
risk assessment is not yet weighing against vision loss. Accordingly, 
an extremely careful risk-to-benefit assessment is required, based on 
more experimental and preclinical models.
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Conclusion 

To date, MSC belong to the most intensely investigated cell types for 
cell-based therapies. Due to their diverse - and admittedly still 
incompletely understood – MoAs (Fig. 2), the efficacy of MSCs is 
challenged in various randomized clinical trials to treat a plethora of 
diseases. Overall, these trials are phase I safety trials and report that the 
use of MSCs is safe. Efficacy, nevertheless, remains to be documented. 
MSC-based therapy for eye diseases is still in its infancy. Preclinical 
data suggest beneficial effects in retinopathy, including DR. As 
mentioned before, more data are needed to be able to perform a 
thorough risk-to-benefit assessment prior to clinical trials and in bench-
to-bedside-and-back approaches. Only these will help to understand 
potential risks and relevant, and possibly disease-stage dependent 
mode of action. 

This review discusses the potential mode of action of MSC in DR (Fig. 
2), highlights that a delicate interplay between the different cell types 
and the diabetic microenvironment needs to be taken into 
consideration, and requires appropriate models.  

In DR, there is preclinical evidence that MSC 
1) adopt pericyte functions regulation vascular proliferation and 

survival,  
2) secrete trophic factors in favor of a proregenerative shift within 

the micromilieu,  
3) reduce oxidative stress.  

The regulation of immune/inflammatory responses to expand favorable 
phenotypes (M2 macrophages and Treg respectively) has not been 
shown yet and may relate rather to systemic than local effects in the 
immuneprivileged retina. 
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The complexity of diabetic microvascular complications, together with 
the limitation of animal models and, not yet proven safety for human 
clinical trials, requires a careful analysis from fundamental biology to 
patients’ susceptibility to improve cell therapy. 
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Abstract 

Long-term diabetes leads to macrovascular and microvascular 
complication. In diabetic retinopathy (DR), persistent hyperglycemia 
causes permanent loss of retinal pericytes and aberrant proliferation of 
microvascular endothelial cells. Adipose tissue-derived stromal cells 
(ASC) may serve to functionally replace retinal pericytes and 
normalize retinal microvasculature during disease progression. We 
hypothesized that Notch signaling in ASC underlies regulation and 
stabilization of dysfunctional retinal microvascular networks such as in 
DR. ASC prominently and constitutively expressed NOTCH2. Genetic 
knockdown of NOTCH2 in ASC (SH-NOTCH2) disturbed the 
formation of vascular networks of human umbilical cord vein 
endothelial cells (HUVEC) both on monolayers of ASC and in 
organotypical three dimensional co-cultures with ASC. On ASC SH-
NOTCH2, cell surface platelet-derived growth factor receptor beta 
(PDGFRB) was downregulated which disrupted their migration 
towards the chemoattractant platelet-derived growth factor beta 
subunits (PDGF-BB) as well as to conditioned media from endothelial 
cells (EC) and bovine retinal EC. This chemoattractant is secreted by 
pro-angiogenic EC in newly formed microvascular networks to attract 
pericytes. Intravitreal injected ASC SH-NOTCH2 in oxygen-induced 
retinopathy (OIR) mouse eyes did not engraft in the preexisting retinal 
microvasculature. However, the in vivo pro-angiogenic capacity of 
ASC SH-NOTCH2 did not differ from controls. In this respect, 
multifocal electroretinography displayed similar b-wave amplitudes in 
the avascular zones when either wild type ASC or SH-NOTCH2 ASC 
were injected.   

In conclusion, our results indicate that NOTCH2 is essential to 
support in vitro vasculogenesis via juxtacrine interactions. In contrast, 
ongoing in vivo angiogenesis is influenced by paracrine signaling of 
ASC, irrespective of Notch signaling.
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Introduction 

Patients affected by diabetes are at risk of developing microvascular 
complications due to dysregulated glucose metabolism. One of these 
complications, namely diabetic retinopathy (DR), weakens the 
capillaries in the eyes leading to blindness [1]. At the cellular level, 
hyperglycemia (HG) compromises the juxtacrine interactions between 
pericytes and microvascular endothelial cells which constitute the 
retinal capillary network [2]. This is followed by a hypoxia-driven pro-
angiogenic response that causes an increase in retinal dysfunctional 
capillaries that lack pericytic coverage. In normal physiology pericytes 
wrap around EC, which results in juxtacrine and paracrine cross-
communication between the cells that establishes the endothelial 
barrier and serves to maintain endothelial function [3, 4]. Retinal 
capillaries have the highest pericytes density in the body; each EC is 
supported by one pericyte which emphasizes the importance of 
pericytes in the retina. Migration, differentiation, and stabilization of 
EC all highly depend on interactions with pericytes. 
 
Stem cell therapy has been exploited for replacement of compromised 
or lost tissue cells for several decades. Among these therapeutically 
relevant cells mesenchymal stem cells (MSC), such as adipose tissue-
derived stromal/stem cells (ASC) [5], have a strong potency to 
differentiate into smooth muscle cells and pericytes [6, 7]. Besides this 
constructive role, ASC are instructive in regenerative processes and 
secrete a host of mediators that favor the formation and maintenance of 
blood vessels, i.e. vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), angiopoetins-1 and 2 (Ang-1, Ang-2) 
[8-10]. Moreover, ASC promote remodeling of the extracellular matrix 
[11, 12], which is essential during vasculogenesis. Less well-known is 
that ASC act in a juxtacrine manner, i.e. engaging in cell-to-cell contact 
with target cells to influence their function. In vitro, ASC monolayers 
induce vascular(-like) network formation (VNF) of EC, thereby 
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creating a relevant model for investigating the responsible juxtacrine 
mediators on ASC [13]. ASC cultured in vitro phenotypically resemble 
pericytes and can replace lost pericytes in rodent models of 
experimental diabetic retinopathy [14]. Importantly, we recently 
showed that ASC are resilient to hyperglycemia in VNF of EC, 
suggesting that ASC may be promising for early stage treatment of DR 
[15]. 
 
An important family of proteins involved in vascular morphogenesis 
and maintenance is the Notch family [16]. Mammals express four 
Notch receptors (NOTCH1 to 4) and 5 membrane bound ligands 
(JAGGED 1-2 and Delta-like 1-3 and 4). After binding to their ligands, 
Notch receptors are proteolytically activated by a complex of tumor 
necrosis factor-beta-converting enzyme (ACE) and gamma-secretase. 
This releases the Notch intracellular domain (NICD) which 
translocates into the nucleus and binds to C-promoter-binding factor 
(CBF-1/RBPJk/Su[H]/Lag-1) and coactivator Mastermind-like 
(MAML) and activates the transcription of downstream genes in 
particular HEY and HES [17, 17-19]. Furthermore, NICD has been 
shown to form complex with endothelial transcription factor (ERG) and 
β-catenin, mediating in turn Ang1-dependent delta-like 4 (Dll4)/Notch 
signaling in endothelial cells [20]. The role of Notch signaling in 
vascular stability is enhanced by supporting neighboring cells. For 
example, activation of smooth muscle genes in bona fide pericytes, 
requires interaction with EC by binding of cell surface NOTCH3 and 
JAGGED1 [21, 22]. Capillary branching, differentiation and patterning 
processes in the retina depend on equilibrium between Notch ligands 
and receptors on adjacent cells. Indeed, JAGGED1 is a potent 
proangiogenic factor which antagonizes Dll4/Notch signaling on EC 
during sprouting angiogenesis. Pericyte recruitment and JAGGED1 
expression results in NOTCH1 upregulation, suppression of tip cells’ 
DLL4 and reduced stalk cells responsiveness to VEGF-A, ultimately 
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leading to homeostasis of the capillaries bed [23, 24]. Besides, Notch 
signaling activation reduces the volume of age-related macular 
degeneration [25]. The latter study highlights the role of Notch 
signaling in maintaining the balance between proangiogenic genes such 
as VEGF Receptor 2 (VEGFR2), C-C chemokine receptor 3 (CCR3) 
and PDGF-BB and antiangiogenic genes such as VEGFR1 and UNC5B. 
 
Much of the action of ASC is achieved by paracrine signaling, yet 
pericytes and EC also communicate via juxtacrine signaling. We 
argued that given the differences in sensitivity to hyperglycemia 
between ASC and bona fide pericytes, juxtacrine signaling will differ 
too. The current study aims at understanding the role of Notch signaling 
in the pericytic function of ASC in vitro and, in a mouse model of 
pathological vasoproliferation.
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Material and Methods 
Primary cell cultures and isolation 

ASC were isolated from lipoaspirates as described previously [26]. 
Anonymously donated samples were obtained with informed consent 
as approved by the ethical board of the University Medical Center 
Groningen following the guidelines for ‘waste materials'. Propagation 
of ASC was in DMEM (BioWhittaker Walkersville, MD): 10% fetal 
bovine serum (FBS), 1% l-Glutamine, 1% Penicillin/Streptomycin 
(P/S); which was changed for EC medium (ECM, RPMI-1640 (Lonza 
Biowhittaker Verviers, Belgium), 10% heat inactivated FBS (Thermo 
Scientific, Helmel Hempstead, UK), 100 U/mL penicillin, 100 mg/mL 
streptomycin (Invitrogen, Carlsbad, CA), 2 mM L-glutamine (Lonza 
Biowhittaker Verviers, Belgium), 5U/ml heparin (Leo Pharma, The 
Netherlands) and 5µg/ml of EC growth factor) prior to co-culture 
experiments. Human umbilical cord vein endothelial cells (HUVEC) 
were obtained from Lonza (Breda, The Netherlands) and the 
Endothelial Cell Facility of University Medical Center Groningen, The 
Netherlands. ASC and HUVEC were seeded at 4 x 104/cm2. HUVEC 
were cultured on gelatin-coated tissue culture polystyrene (TCPS). 
Bovine retinal endothelial cells (BREC) were isolated from retinas of 
bovine eyes purchased at the local slaughter house [27]. Upon receipt 
the eyes were briefly immersed in 70% ethanol for sterilization 
purposes. The retinas were harvested from the eyes (approx. 80 eyes 
per isolation) and washed in DMEM. Subsequently, the retinas were 
minced in small pieces and incubated with an enzyme cocktail: 
collagenase type 4 (500µg/ml, Thermo Fisher Scientific, MA USA), 
Dnase (200µg/ml, Roche Diagnostic, Mannheim, Germany) and 
pronase E (200µg/ml, Roche Diagnostic, Mannheim, Germany) at 
37°C for 30min. The digested retinas were filtered through a 53µm 
mesh nylon filter and the cell homogenate seeded on gelatin coated 
plates in DMEM (BioWhittaker Walkersville, MD): 10% fetal bovine 
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serum (FBS), 1% l-Glutamine, 1% Penicillin/Streptomycin (P/S). 
Cells’ medium was refreshed every three days. ASC and HUVEC were 
used between passage 3 and 5. BREC passaged twice were used for 
downstream applications. 
  
Gene transcript analysis 

The gene expression profiles of Notch members were analyzed in ASC 
and HUVEC or BREC. Total RNA was extracted using Trizol Reagent 
(Life technologies, Carlsbad, CA) according to the manufacturer’s 
protocol. Afterwards, 1µg of total RNA was reverse transcribed using 
the First Strand cDNA synthesis kit (Fermentas UAB, Vilnius, 
Lithuania) according to the manufacturer’s instructions. The cDNA 
equivalent of 5ng RNA was used for amplification in 384-well 
microtiter plates in a TaqMAN ABI7900HT cycler (Applied 
Biosystem, Foster City, CA) in a final reaction volume of 10µl 
containing 5µl SybrGreen universal PCR Master Mix (BioRad, 
Richmond, CA) and 6 mM primer mix (forward and reverse). Cycle 
threshold (CT) values for individual reactions were determined using 
ABI Prism-SDS 2.2 data processing software (Applied Biosystem, 
Foster City, CA). The CT values were normalized to GAPDH as a 
reference gene using the ΔCT method, normalizing for the expression 
of the reference gene and related to the control treatment. All cDNA 
samples were amplified in duplicate. Primer sequences for RT-qPCR 
are listed in Table 1.
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Table 1. Primer sequence for RT-qPCR 

Lentivirus transduction 

For lentiviral transductions to obtain the NOTCH2 knockdown, HEK 
cells were transfected using Endofectin™-Lenti (Gene Copoeia, 
Rockville, MD, USA, EFL-1001-01) with the following plasmids: 
pLKO.1-SH-NOTCH2 (Ge-healthcare bio-science, SE, Sweden) or 
pLKO.1-SCR, pVSV-G (envelope plasmid) and pCMVΔR8.91 (gag–
pol second generation packaging plasmid). A combination of 5 
constructs was tested to improve the chance of downregulation. For 
NOTCH2, two constructs were proven to efficiently knock down 
NOTCH2 by 8-fold at protein level. Virus collection was started the 
day after transfection. ASC (50% confluent) were transduced in 
DMEM, 10% FBS, supernatant containing viruses were added for two 
consecutive days. The first transduction was facilitated with 4 µg/ml 
polybrene. Transduced cells were allowed to proliferate for another 3 
days and were then selected with 2µg/ml puromycin for at least 7 days. 
Transduction efficiency for NOTCH2 (reduced detectable protein by 

Human Forward Reverse 
NOTCH1 5’-CGGGGCTAACAAAGATATGC-3’ 5’-CACCTTGGCGGTCTCGTA-3’ 
NOTCH2 5’-TGGTATTGATGCCACCTGAA-3’ 5’-GTTGGTGTGGAGCAGGGTA-3’ 
NOTCH3 5’-CCTGCCATGGAGGGTACA-3’ 5’-GCAGGAGCAGGAAAAGGAG-3’ 
NOTCH4 5’-TCTCCCTGTGCCAATGGT-3’ 5’-AGGCACTCATCCACCTCTGT-3’ 
JAGGED1 5’-TGAGCAAACTTGTGGCCTG-3’ 5’-TTACTGCCTCCCATGAACCTG-3’ 
JAGGED2 5’-GAGGATGAGGAGGACGAGGA-3’ 5’-GAGGATGAGGAGGACGAGGA-3’ 

DLL1 5’-ACTCCGGCTTCAACTGTGAG-3’ 5’-ACTCGCACACATAGCGGTG-3’ 
DLL3 5’-GACCCTCAGCGCTACCTTTT-3’ 5’-ACCTCCTCAAGCCCATAGGT-3’ 
DLL4 5′-GACCACTTCGGCCACTATGT-3’ 5′-CCTGTCCACTTTCTTCTCGC-3’ 

GAPDH 5'-GATCCCTCCAAAATCAAGTG-3' 5'-GCAGAGATGATGACCCTTTT-3' 
PDGFR-beta 5'-CCCTTATCATCCTCATCATCG-3' 5'-CCTTCCATCGGATCTCGTAA-3' 
Bos Taurus Forward Reverse 
NOTCH1 5’-CAGCTACGGCACCTACACG-3’ 5’-CTGGGCACGTCACAGTAGAG-3’ 
NOTCH2 5’-CCCACTAGCCTCCCTAACCT-3’ 5’-TGCCTTTGGGGATTAGCTGG-3’ 
NOTCH3 5’-AGAGTGGCGACCTCACCTAT-3’ 5’-GCAAACCCCACCGTTAACAC-3’ 
NOTCH4 5’-GGAGGCTGAAGAAATGGCCT-3’ 5’-CAGCTGAGCTACCTCCATCG-3’ 
JAGGED1 5’-CGGGAAGTGCAAGAGTCAGT-3’ 5’-ACAGGGGTTGCTCTCACAGT-3’ 
JAGGED2 5’-GCTCCTAGAGGCAGATGGTG-3’ 5’-GCGGTAGCCATTGATTTCAT-3’ 

DLL1 5’-GCCAAATGGTCAGTGAGCTG-3’ 5’-TCTTGCGGTGAACGTTTTGC-3’ 
DLL3 5’-GGATGGACCTTGTTTCAACG-3’ 5’-CAGTGGCAAATGTAGGCAGA-3’ 
DLL4 5′-CCTGACAACTTCGTCTGCAA-3’ 5′-GCCACCATGCACAGTAACAC-3’ 

GAPDH 5'-TGACCCCTTCATTGACCTTC-3' 5'-GATCTCGCTCCTGGAAGATG-3' 
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Western blotting analyses) was confirmed for all NOTCH2 knockdown 
cultures used in the experiments. 

Vessel network formation 2D and 3D 

ASC were plated on 15 mm Termanox coverslips (NUNC, Rochester, 
NY) at 1 x 104/cm2 in DMEM, 10% FBS for 24h. Next, medium was 
replaced with ECM for 5d. HUVEC were seeded on top of ASC 
monolayers or on gelatin-coated coverslips at 1 x 104/cm2 in ECM and 
cultured for 5d, after which vascular network formation was assessed. 
Three-dimensional cocultures were achieved by embedding ASC and 
HUVEC (3 x 105 cells of each cell population) in 100μl of matrigel 
(Corning, growth factor reduced, New York, USA) accommodated in 
a 3D printed scaffold (the scaffold was printed with a commercially 
available 3D printer; Reprap Prusa i3, Anet 3D, China; biodegradable 
material, polylactic acid (PLA), was used to print the scaffolds). Cells 
were grown for 9 days. HUVEC tubular formation and interconnection 
were assessed at 24h, 27h, 6 days and 9 days. Immunostaining was 
performed as following. Samples were fixed in 4% paraformaldehyde 
in PBS for 20min. Subsequently, cells were permeabilized with 1% 
BSA and 0.5% Triton-X100 in PBS at room temperature for 1h at 4°C. 
After PBS washes, primary antibodies were incubated for 90min: 
mouse-anti-human-CD31 (1:100, Dako, Glostrup, Denmark), rabbit-
anti-human-NOTCH2 (Cell Signaling, Danvers, MA, USA, 4530S). 
Samples were washed with PBS and incubated with the fluorescein-
conjugated-donkey-anti-mouse-IgG (for CD31, EpCAM-1) (1:500, 
Jackson Immunoresearch, UK) and to fluorescein-conjugated-goat-
anti-rabbit IgG (for NOTCH2) (1:500, Jackson Immunoresearch, UK) 
in PBS containing DAPI. For colocalization staining in both 2D and 
3D, ASC were CM-DiI-labeled (Thermo Fisher Scientific, Vybrant® 
CM-DiI red Molecular Probes, Sanbio, Uden, the Netherlands), 
whereas HUVEC were staining for CD31. 2D VNF images were 
acquired by automated microscope tissuefaxs. Confocal microscope 
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(SP8) was used to acquire z-stack images at 63x. Post-processing for 
imaging was achieved using ImageJ free software [28]. 3D scaffolds 
were designed with SketchUp 2016 software. Three dimensional VNF 
were reconstructed by imageJ 3D viewer plugin. 

Immunoblotting 

Cells were lysed in RIPA buffer (Thermo Fisher Scientific, Wiltham, 
MA, USA), freshly supplemented with proteinase inhibitor cocktail 
and phosphatase inhibitor cocktails-2 and 3 (all from Sigma-Aldrich, 
St. Louis, MO, USA). A total of 10µg of protein per sample was loaded 
in each lane. Electrophoresis was performed in 10% polyacrylamide 
gels, followed by electrotransfer onto nitrocellulose membranes 
(Corning with semidry Transblot Turbo system (Bio-Rad). Membranes 
were blocked with Odyssey Blocking Buffer (Li-COR Biosciences, 
Lincoln, NE, USA) diluted 1:1 in Tris-buffered Saline (TBS) at room 
temperature for 1h. Blots were then incubated with primary antibodies 
at 4°C, overnight, and after washing with TBS, with secondary 
antibodies at room temperature for 1h. The membranes were washed 
three times with TBS with 0.1% Tween in between incubations and 
additionally with TBS before the scanning. Visualization of bound 
secondary antibodies was done with an Odyssey scanner (Li-COR 
Biosciences, Lincoln, NE, USA) and digital images were captured. 
These were analyzed with Odyssey software (Li-COR Biosciences, 
Lincoln, NE, USA), and densitometry was performed with TotalLab 
120 software (Nonlinear Dynamics, Newcastle, UK). Images depicted 
in figures were processed in Adobe Photoshop and Illustrator, and if 
necessary, brightness of a whole image was adjusted in linear fashion 
for display purposes only (Adobe Systems Incorporated, San Jose, 
California, USA). 
The following antibodies were used: Rabbit NOTCH2 (1:1,000, Cell 
Signaling, Danvers, MA, USA, 4530S), Rabbit PDGFRB (1:250, Santa 
Cruz Biotechnology, Dallas, TX, USA, sc-432), Mouse monoclonal 
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GAPDH (1:1,000, Abcam, Cambridge, UK, ab9485 or ab9484), anti-
rabbit IgG IRDye-680LT (1:10,000, Li-COR Biosciences, Lincoln, 
NE, USA, 92668021). 

Migration assay 

Migration towards chemoattractant PDGF-BB (Recombinant human 
PDGF-BB, Peprotech Inc, NJ, USA), as well as to conditioned media 
of HUVEC and BREC was measured using a 48-well micro chemotaxis 
chamber with 8 µm pore size filters (Neuro probe, MD, USA). A 
concentration of 20ng/ml PDGF-BB proved optimal for migration and 
was used in further experiments. HUVEC and BREC were cultured in 
RPMI. 24 hours later, medium was collected and filtered with a 20 µm 
filter (Corning, New York, USA). The lower chamber contained RPMI 
supplemented with PDGF-BB, HUVEC and BREC conditioned 
medium, 8 x 103 cultured ASC, ASC SH-SCR [Scramble] and ASC 
SH-NOTCH2 were placed in the upper chamber. After incubation at 
37°C for 4h, migrated cells were fixed and stained with DAPI (4´,6-
diamidino-2-phenylindole; Sigma, MO). Nuclei were counted in 
representative high-power fields (twelve chemotaxis chambers were 
quantified per condition, n=3 independent experiments) visualized with 
40x objective magnification per sample. 
 
Adhesion assays 

Single cell suspensions of ASC were seeded on confluent monolayers 
of HUVEC and monitored respectively for 8h (adhesion) and 36h 
(adhesion and proliferation). CM-DiI labeled ASC (Thermo Fisher 
Scientific, Vybrant® CM-DiI Molecular Probes, Sanbio, Uden, the 
Netherlands) were used to discriminate ASC from HUVEC. At the end 
of the incubation, the co-cultures were gently washed and fixed with 
4% paraformaldehyde in PBS for 20min. Nuclei were stained with 
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DAPI. Stained nuclei and adhered red-labeled ASC were counted using 
an automated microscope tissuefaxs (TissueGnostics, Vienna, Austria). 

Proliferation assay 

ASC (WT, SH-SCR and SH-NOTCH2) were cultured in RPMI 
medium until confluency. 24 hours after replacing fresh RPMI, 
medium was collected and filtered with a 20 µm filter (Corning, New 
York, USA). HUVEC were seeded at 1 x 104cells/cm2 and allowed to 
attach for two hours before conditioned medium was added. After three 
days with ASC conditioned medium treatment, HUVEC were stained 
with a marker for proliferative cells (Anti-Ki67 antibody ab15580, 
1:250, Abcam). Four field of views from four replicates per condition 
were quantified. ImageJ software was used to split colors. The images 
displaying Ki67 staining were transformed to 8-bit. To each image a 
threshold was applied. The pixels’ area of Ki67 positive nuclei was 
quantified. (n=3 independent experiments). 

Animals and OIR model 

All animal experiments in this study were approved by the Institutional 
Animal Care and Use Committee (Regierungspräsidium Karlsruhe, 
Germany) and were performed according to guidelines of the statement 
of animal experimentation issued by the Association for Research in 
Vision and Ophthalmology (ARVO). C57Bl/6J mice were housed in 
groups in cages with free access to standard chow and water under a 
12h light and 12h dark rhythm. To study the influence of ASC on 
hyperoxic vasoregression and subsequent hypoxia-driven 
angiogenesis, newborn mice, female and male were used to assess the 
migration and engraftment of ASC that were administered 
intravitreally. Mice at postnatal day 7 were exposed to 75% oxygen 
atmosphere for five days with their nursing mother, and then returned 
to room air (~20% oxygen) at postnatal day 12. Directly after return to 
room air, randomly selected mice were intravitreally injected with 
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either 0.5µl of PBS containing 7 x 103 ASC (WT, SH-SCR and SH-
NOTCH2) or 0.5µl PBS alone as control (Hamilton, Microliter 
Syringes). At P19, mice were under deep anesthesia for 
electroretinogram (ERG) analysis and for quantification of 
neovascularization, subsequently mice eyes were enucleated. After 
collection, eyes were either fixed in 4% buffered formalin or snap 
frozen and stored at 80° for later analysis.  Whole mount retinas from 
P19 animals were permeabilized by treatment with 1% BSA and 0.5% 
Triton-X100 in PBS at room temperature for 1h. Overnight staining 
was with FITC- or TRITC-labeled isolectin-B4 (Sigma, 1:50) at 4°C. 
After PBS washes, retinas were flatmounted in 50% glycerol and 
subsequently stained for microvasculature with Lectin-FITC (1/70, 
Sigma-Aldrich, Saint Louis, Mo, USA). Retinal capillaries and CM-
DiI-labeled ASC (red) were acquired with a fluorescence microscope 
(Leica BMR, Bensheim, Germany). Alternatively, confocal laser 
scanning microscopy was used (Leica TCS SP2 Confocal Microscope, 
Leica, Wetzlar, Germany) to assess (co-)localization of Lectin-TRITC-
stained microvasculature and CM-DiI-labeled ASC. 
 
Multifocal electroretinogram (mfERG) 

Multifocal electroretinography was performed as previously described 
[29]. The mice were placed in front of the Scanning Laser 
Ophthalmoscope (SLO) device (RETImap, Roland Consult, 
Brandenburg, Germany), with a DTL electrode placed at the cornea. 
Subcutaneous silver needle electrodes were positioned at the neck of 
the mice serving as reference and ground electrodes. A 90 dpt (dioptrie) 
contact lens (Volk Optical Inc., Mentor, OH) mounted over viscous 2% 
Methocel gel (OmniVision GmbH, Puchheim, Germany) was placed 
on the eyes of the mice. An array of 19 equally sized hexagons was 
chosen and stimulation was performed using 150 cd/m² and 1 cd/m² for 
the m-sequence with four dark frames in between the stimuli. An 
average of eight cycles was used for the final analyses. MfERG 
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recording took place under photopic conditions where, in mice, both 
rod and cone photoreceptors were activated. The initial negative-going 
a-wave is initiated by photoreceptors, whereas the following positive-
going b-wave is generated in the inner retina, mainly by ON-bipolar 
cells. 

Statistical analysis 

All the data are presented as a mean with standard deviation (SD) and 
were analyzed using GraphPad Prism 5 (GraphPad Software Inc.). 
Statistical significance was determined using either one-way ANOVA 
with Bonferroni post-hoc or Students t-test analysis depending on the 
experimental conditions. Values of p<0.05 were considered 
statistically significant.
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Results 

Assessment of Notch components expression by ASC 

The Notch family comprises five ligands and four receptors in 
mammals. We characterized their basal gene expression in ASC (Fig. 
1A), BREC and HUVEC (Fig. 1B and C). The expression of JAG1, 
JAG2, DLL1, DLL3 and DLL4 were detected in Ct values not greater 
than 0.1 in ASC. In contrast, gene expression of the Notch receptors 
varied in ASC. NOTCH2 had the highest expression (Ct value 0.251 
+/- 0.09 normalized to GAPDH), followed by NOTCH1 (0.173+/- 
0.006), and NOTCH3 (0.117 +/- 0.003) while NOTCH4 had either very 
low expression levels or was not detectable depending on the ASC 
donor pool that was assessed. 

The expression levels of JAG1, JAG2, DLL1, DLL4 ligands and 
NOTCH2, NOTCH3, and NOTCH4 receptors were all similar in 
HUVEC when compared with one another. Expression of DLL3 was 
not detectable, while NOTCH1 had the highest expression (0.248 +/- 
0.033). In contrast, in BREC, expression of JAG1 was highest (0.247 
+/- 0.043) compared to JAG2 (0.068 +/- 0.004). DLL1 expression was 
not detectable, while expression of DLL3 and DLL4 was similar to 
JAG2. NOTCH2 expression by ASC was confirmed at the protein level 
(Fig. 1D). Besides, NOTCH2 protein was not expressed in HUVEC 
(Fig. 1D). Immunohistochemistry on ASC and HUVEC confirmed 
NOTCH2 in ASC and NOTCH2 absence in HUVEC respectively 
(figure 1E-F). 
The maintenance of ASC in normoglycemic (5mM glucose) or 
hyperglycemic medium (25mM glucose) from isolation onwards, did 
not influence the expression of JAG1, nor NOTCH 1 to 4 (Suppl. Fig. 
1), while expression of NOTCH2 was again higher than expression of 
the other members. Therefore, our investigations focused on NOTCH2.
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Figure 1. ASC predominantly express NOTCH2. Confluent monolayer of ASC 
cultured in hyperglycemic conditions were harvested and messenger RNA isolated. 
Relative gene expression of Notch members was determined using RT-qPCR in (A) 
ASC, (B) HUVEC, and (C) BREC. Gene expression was normalized to the reference 
gene GAPDH (n 5 4). (D): NOTCH2 was detected at protein level by Western blot 
in ASC WT and HUVEC. NOTCH2 was detected as a 100 kDa band. 
Immunofluorescence detection of NOTCH2 protein on (E) cultured ASC and (F) 
HUVEC.  Images are representative for n = 3 replicates.  Scale bars:  50 µm. 
Abbreviations: ASC, adipose tissue-derived stromal cells; BREC, Bovine retinal 
endothelial cells; HUVEC, human umbilical cord vein endothelial cells; nd, not 
detectable. 
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NOTCH2 downregulation inhibits ASC’s capacity to sustain vessel 

network formation in 2D and 3D 

The role of Notch signaling in controlling the sprouting of nascent 
vessels during angiogenesis is well characterized [30]. The pattern of 
Notch receptors and ligands expression on endothelial cells and 
pericytes is a regulated mechanism that controls new vessel 
development and homeostasis. NOTCH2 receptor expression on ASC 
may represent a possible mediator of ASC pericytic features. In order 
to test this hypothesis, we investigated the capacity of ASC to support 
HUVEC vessel formation in 2D and 3D. 

A short hairpin against NOTCH2 was lentiviral transduced in ASC to 
reduce its expression. The 85% of control ASC showed surface 
expression of NOTCH2 (Fig. 2A), while in ASC-SH-NOTCH2, 44% 
of cells had no detectable surface expression and the remainder had a 
significantly reduced surface expression of NOTCH2 (Fig. 2B). 
NOTCH2 downregulation in ASC SH-NOTCH2 is further confirmed 
at protein level (Fig. 2C). 
Confluent monolayers of ASC WT and ASC transduced with a 
scrambled control supported vascular network formation (VNF) by 
HUVEC (Fig. 2D and E), corroborating our previous data [31]. Thus, 
the lentiviral transduction by itself did not affect VNF. HUVEC formed 
an interconnected branched network on the ASC monolayer which 
remained stable for at least 14 days. In contrast, monolayers of ASC 
reduced NOTCH2 surface expression (SH-NOTCH2) did not support 
VNF by HUVEC (Fig. 2F). HUVEC that had precipitated by gravity 
on the ASC SH-NOTCH2 monolayer at best formed small clusters 
rather than tubular networks. However, lack of contact caused death of 
most seeded HUVEC (not shown). Confocal laser scanning 
microscopy revealed that the ASC adhered to and wrapped around the 
tubular structures formed by the HUVEC (Fig. 2G). By focusing on the 
focal plane in which the HUVEC were located (Fig. 2H), the defined 
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tubular structure of the HUVEC identified through positive staining for 
PECAM-1 (red) could be seen surrounded by the ASC. By using 
reconstructed Z-stacks from transversal optical sections, the tubes were 
confirmed to harbor a lumen (Fig. 2I). ASC in the vicinity of the 
HUVEC tubular structures, had intranuclear expression of NOTCH2, 
indicating that NOTCH2 was activated in these cells (Fig. 2J). Nuclear 
translocation and localization of NOTCH2 is showed in figure 2K. 
NOTCH2 was not detected in ASC SH-NOTCH2 monolayers (Fig. 
2L). 
VNF is a valuable tool to assess vasculogenesis in vitro. However, this 
assay is limited in its nature as it is not truly reflective of the 3D 
environment cells experience in vivo.  To address this limitation the 
influence of ASC on vasculogenesis, this process was investigated in a 
3D printed scaffold microenvironment. The scaffold was employed as 
a biodegradable container which allowed the matrigel to be held in 
place. ASC WT, SH-SCR or SH-NOTCH2 were seeded and co-
cultured with HUVEC in matrigel supported by a 3D printed poly-
lactic acid scaffold and followed for nine days (Fig. 3). Within this 
time, ASC WT and ASC-SH SCR supported HUVEC to form an 
interconnected branching network. In contrast and similar to their 
performance in 2D, ASC SH-NOTCH2 did not support the formation 
of networks by co-seeded HUVEC (Fig. 3A). Importantly, HUVEC 
alone did not sprout or form networks when embedded in matrigel at 
either a lower or high seeding density (Fig. 3B, right panel lower 
density and left panel higher density respectively), confirming the 
important role of ASC in inducing the vasculogenic process. 3D image 
reconstruction of the VNF showed the CD31 (PECAM-1) positive 
HUVEC (green) generated tubular structures supported by the ASC 
(red CM-DiI label, Fig. 3C).
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Figure 2. SH-NOTCH2 ASC suppresses endothelial cells network formation in 2D. ASC were lentiviral transduced with SH-
NOTCH2 vector and SH-SCR control vector. ASC were stained for NOTCH2 and flow cytometry was used to measure the changes 
in surface expression. Representative FACS plots showing percentage of positive cells, in ASC WT (A) and in ASC SH-NOTCH2 
(B). The data are representative of two independent experiments analyzed with FlowJo V10 software (1 X 104 cells analyzed per 
experimental condition). (C): VNF of HUVEC (PECAM-1, green) cultured for fourteen days on (D) ASC WT, (E) ASC SHSCR, 
and (F) ASC SH-NOTCH2. (G): HUVEC grown on ASC WT monolayer stained for actin filaments (phalloidin-FITC, green) and 
membrane protein PECAM-1 (red). (H): Image processing for removal of F-actin, using imageJ software. HUVEC interconnected 
network laying between ASC were extracted from a z-stack acquisition. (I): Lumen formed by HUVEC cultured on ASC-WT. (J): 
Detection of NOTCH2 expression in ASC WT-driven HUVEC (PECAM-1) VNF. Inset (K) high magnification of NOTCH2 
expression in ASC WT supported HUVEC VNF. (L): Detection of NOTCH2 expression in ASC SH-NOTCH2 supported HUVEC 
VNF. The panels (D, E) were composed by stitching together 25 high magnification (340) micrographs obtained by automated 
microscopy (TissueFAXS). Each experimental condition had three different ASC donors pooled together. The images are 
representative for three independent experiments.  Scale bar (D–F) 1 mm, (G–J, L) 20 µm, (K) 10 µm.  **, p≤.01, t test. 
Abbreviations:  ASC, adipose tissue-derived stromal cells; DAPI, 40,6-diamidino-2-phenylindole; HUVEC, human umbilical cord 
vein endothelial cells; VNF, vascular(-like) network formation. 
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Figure 3. ASC SH-NOTCH2 dynamics in 3D microenvironments. ASC and HUVEC (1 to 2 ratio) at a total density of 3 
X 105 cells were embedded in matrigel. (A): ASC WT, ASC SH-SCR, and ASC-SH-NOTCH2 were cocultures with 
HUVEC and monitored for respectively 1, 3, 6, and 9 days. A bright field microscope was used to acquire images. Field 
of view X20 magnification. (B): HUVEC seeded alone at a total density of 2 X 105 cells (low) and 3 X 105 cells (high 
density) were embedded in matrigel and cultured for 5 days. HUVEC remained round-shaped and no protrusions indicate 
of network formation were observed. (C): Three-dimensional reconstruction of vessel like network formation of ASC 
(CM-DiI-labeled, red) and HUVEC (PECAM-1, green).  Nuclei were stained with 40,6-diamidino-2-phenyl-indole (blue). 
Confocal microscopy with z-stack acquisition was used to reconstruct the image. Scale bars: (A) 100 µm, (B) 400 µm, 
and (C) 50 m. Abbreviations: ASC, adipose tissue-derived stromal cells; HUVEC, human umbilical cord vein endothelial 
cells. 
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PDGFRB, migration and adhesion are reduced in ASC SH-NOTCH2 

To further examine the role of NOTCH2 in the ASC pericytic-like 
phenotype, their migratory capacity was investigated. Conditioned 
media from cultured HUVEC and BREC were used as chemoattractant. 
In addition, PDGF-BB, known to be an EC-secreted chemoattractant 
for pericytes, was used as a positive control. Wild type ASC and ASC 
SH-SCR migrated towards PDGF-BB in a similar fashion and also 
migrated similarly towards conditioned media of HUVEC or BREC 
(Fig. 4A). In contrast, the migration of ASC SH-NOTCH2 was 4 to 5-
fold lower towards PDGF-BB or conditioned media of HUVEC or 
BREC, compared to either control media (p≤0.01, p≤0.001, Fig. 4A). 
In addition to the reduced responsiveness to chemoattractant of ASC 
SH-NOTCH2, their adhesion to HUVEC was also reduced (Fig. 4B). 
The adhesion of ASC SH-NOTCH2 was approximately 30% lower 
than ASC WT and ASC SH-SCR (p≤0.05; p≤0.01, Fig. 4B). Yet, 
knockdown of NOTCH2 did not influence other paracrine signaling by 
ASC: the proliferation (Ki67) of HUVEC was similar in conditioned 
media from control ASC and ASC SH-NOTCH2 (Fig. 4C). 
Because ASC SH-NOTCH2 had reduced migration towards EC-
secreted chemoattractants and PDGF-BB, the expression of the 
receptor for PDGF (PDGFRB) was determined in ASC. Expression of 
PDGFRB was reduced 6-fold (p≤0.001, Fig. 5A) in ASC SH-NOTCH2 
compared to ASC WT. At the protein level, expression of PDGFRB by 
ASC SH-NOTCH2 was also reduced when compared to ASC WT or 
ASC SH-SCR controls (p≤0.05, Fig. 5B, protein quantification Fig. 
5C).
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Figure 4. NOTCH2 is required for 
migration of ASC and their adhesion to 
endothelial cells, whereas endothelial cell 
proliferation is not affected. Medium 
containing PDGF-BB, HUVEC 
secretome, and BREC secretome was 
collected. ASC were cultured with 
standard medium and a neuroprobe 
system was used to measure ASC 
migration toward conditioned medium 
(A) ASC (WT, SH-SCR, and SH-
NOTCH2) migration toward PDGF-BB 
as well as conditioned medium derived 
from BREC and HUVEC (B) Adhesion 
of ASC (WT, SH-SCR, and 
SHNOTCH2) on endothelial cells mono- 
layer after 8 hours. (C): ASC (WT, SH-
SCR, and SH-NOTCH2) conditioned 
medium was collected. Proliferation of 
endothelial cells treated with ASC 
conditioned medium was detected by 
Ki67 staining. ImageJ software was used 
to split colors. The images dis- playing 
Ki67 staining were transformed to 8-bit. 
To each image, a threshold was applied. 
The pixels’ area of Ki67 positive nucleus 
were quantified (n = 3 independent 
experiments).  *, p ≤ .05, **, p≤ .01, ***, 
p≤ .001, unpaired t test and one-way 
ANOVA. Abbreviations: ASC, adipose 
tissue-derived stromal cells; BREC, 
Bovine retinal endothelial cells; HUVEC, 
human umbilical cord vein endothelial 
cells. 
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Figure 5. NOTCH2 knockdown reduces 
PDGFRB expression on ASC. Confluent 
monolayer of ASC (WT, SH-SCR, and 
SH-NOTCH2) were lysed with trizol for 
mRNA isolation and RIPA buffer for 
protein isolation. RT-qPCR was 
performed and immunoblotting were 
performed, respectively. (A): Gene 
expression of PDGFRB. Expression of 
GAPDH was used as reference gene for 
normalization. (B): Immunoblotting of 
PDGFRB expression detected as two 
bands of respectively 190 kDa and 180 
kDa. (C): PDGFRB protein expression 
quantification in ASC (WT, SH-SCR, 
and SH-NOTCH2). The bands obtained 
were normalized to GAPDH and 
quantified by ImageJ gel analyzer. *, p≤ 
.05, ***, p≤ .001, t test. Abbreviations: 
ASC, adipose tissue-derived stromal 
cells; PDGFRB, platelet-derived growth 
factor receptor beta. 
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ASC SH-NOTCH2 do not acquire pericytic position in the OIR retinal 

microvasculature, but maintain paracrine pro-regenerative capacity 

In order to verify the findings obtained in vitro, ASC (WT, SH-SCR 
and SH-NOTCH2) were injected in eyes of mice with oxygen-induced 
retinopathy. In this mouse model, pups are exposed to hyperoxia while 
the retinal vasculature is still developing. The subsequent return of pups 
at room air (~20% oxygen) prompts excessive pathological 
angiogenesis [32]. Control ASC (WT and SH-SCR) and ASC SH-
NOTCH2 were injected intravitreally at P7 immediately after five days 
of hyperoxia. Avascular areas in whole mount retinas were quantified 
at P19. Animals which had not received any ASC injection had large 
avascular areas in the central retina (Fig. 6A). The administration of 
ASC WT, the scrambled control (ASC-SCR) and SHNOTCH2 largely 
restored the avascular areas (untreated animals’ avascular areas: 50,000 
μm2; ASC treated animals’ avascular areas: 10,000 μm2). It appeared 
that the lentiviral integration by itself reduced the capacity to fully 
revascularize the central retina, because a complete central retinal 
microvasculature reconstitution was not observed (Fig. 6B, C and D). 
To further assess the functional status of retinal cell layers after ASC-
induced revascularization, mfERG was performed and a-waves 
(photoreceptor function) and b-waves (inner retinal function) were 
measured in avascular, vascular and neovascular areas. With regard to 
avascular areas, a-waves measured in ASC WT, ASC SH-SCR and 
ASC SH-NOTCH2 showed an increase in amplitude when compared 
to untreated eyes (p≤0.01, Suppl. Fig. 2A). Subsequently, b-wave 
amplitudes measured in the avascular areas showed significant 
increment when ASC WT were injected in the eyes and compared to 
ASC untreated animals (p≤0.5, Suppl. Fig. 2B). In contrast, ASC SH-
SCR and ASC SH-NOTCH2 showed no difference among the groups. 
There were no differences detected in the a-wave and b-wave 
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amplitudes measured in the vascular and neovacular zones across the 
groups (Suppl. Fig. C, D, E and F). 

Imaging analyses performed on P19 mice retinas showed that control 
ASC (Suppl. Fig. 3, red) were homogeneously distributed around the 
microvasculature (green) in the retina. Control ASC (WT) had adhered 
to typical pericytic positions on the retinal capillaries i.e. on branching 
points and around capillaries (arrow heads, Suppl. Fig. 3). Similarly, 
ASC SH-SCR controls also adhered at pericytic positions. In contrast, 
intravitreally administered ASC SH-NOTCH2 did not reach the retinal 
microvasculature, but formed intravitreal aggregates (Suppl. Fig. 3). 

 

Figure 6. ASC SH-NOTCH2 partially 
recovered avascular area in the retina. Five 
days old C57BL/6 mice were exposed to 75% 
of oxygen for 5 days and then returned to 
room air (an ~20% oxygen). ASC (WT, SH-
SCR, and SH-NOTCH2) (7 X 103 cells/0.5 µl) 
were injected at day 7. Retina whole mounts 
were prepared on day 19. Representative 
whole mount retinas derived from (A) 
untreated mouse, (B) animals with injection 
of WT ASC, (C) mice with injection of ASC 
SH-SCR, (D) mice with injection of ASC SH-
NOTCH2. Avascular area is marked by a 
white closed line. (E): Avascular area 
quantification, n = 7 animals per group. 
Significant difference between ASC WT and 
ASC SH-SCR compared with untreated 
animals and ASC SH-NOTCH2. *, p ≤ .05, t 
test. Scale bars: 500 µm. Images are 
representative of results seen in n = 7 animals 
in each group. Abbreviations: ASC, Adipose 
tissue-derived stromal cells; OIR, oxygen-
induced retinopathy. 
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Discussion 

This study demonstrates that Notch signaling is fundamental for ASC 
pericytic interaction and therapeutic function in the context of 
pathological retinal vasoproliferation. Specifically, NOTCH2 is 
essential for in vitro vascularization and subsequent stabilization. In 
addition, the expression of the Notch receptors and JAGGED1 ligand 
were refractory to hyperglycemia. Both in vitro and in vivo, NOTCH2 
promotes expression of PDGFRB on ASC which proved crucial for the 
EC-driven chemoattraction of ASC.  Finally, NOTCH2 does not affect 
the pro-angiogenic paracrine function of ASC because in vivo, both 
ASC WT and ASC SH-NOTCH2 showed reconstitution of capillary 
beds. However, ASC with reduced NOTCH2 expression appeared to 
have lost their migratory capacities when introduced in an ischemic and 
neo-vascularized retinal microenvironment. 

To date, few studies have investigated the molecular mechanisms that 
orchestrate ASC and their interaction with the retinal microvasculature 
[33, 34]. In contrast, the role of Notch signaling in angiogenesis is well-
established [30]. Benedito and co-workers [35] concluded that Notch 
signaling modulates VEGFR2 and VEGFR3 in different manners in 
retinal endothelial cells. A specific Notch receptor was not identified 
in this study however, the overall Notch activity was ablated by gamma 
secretase inhibitor. They reported that VEGFR3 activation depends on 
both the Notch and VEGFR2-VEGF axis to promote angiogenesis on 
nascent vessels. Notch signaling alone was not sufficient to induce 
VEGFR2 activation. The latter suggests that more upstream regulators 
might be involved in cell-to-matrix interaction. In the current study, we 
show that genetic disruption of NOTCH2 in ASC prevents ‘docking’ of 
endothelial cells to ASC and vice versa in vitro. Interestingly, in a 
three-dimensional co-culture system, NOTCH2 proved essential to 
promote vasculogenic behavior of HUVEC. The knockdown of 
NOTCH2 completely abrogated network formation by HUVEC. 
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It is well-known that endothelial-secreted PDGF-BB serves as a request 
for mural cell support during vasculogenesis and angiogenesis [36]. 
Our results show that NOTCH2 regulates the expression of PDGFRB 
on ASC, which is a prime chemotactic receptor of mural cells i.e. 
pericytes [37]. The retina has a specialized form of the blood brain 
barrier and the inhibition of PDGFRB signaling in developing murine 
retinas disrupted transendothelial barriers and caused vascular leakage 
[38], very similar to BRB changes in diabetic retinopathy. This is likely 
due to the lack of sufficient support by pericytes. Our experiments 
demonstrate the importance of NOTCH2 expression in the regulation 
of PDGFRB and as a consequence in the regulation of vasculogenesis 
and angiogenesis. The migration of ASC towards PDGF-BB but also 
to secreted factors from HUVEC and more importantly from retinal EC 
(BREC) depended on NOTCH2 signaling. Similarly, the ASC engraft 
required NOTCH2 expression and signaling. In fact, we observed ASC 
expressing NOTCH2 in the nucleus in the vicinity of the vasculature. 
The juxtacrine interaction between ASC and EC depended on 
NOTCH2 signaling, yet the paracrine influence of ASC on EC was not. 
On one hand, we showed that the proliferation of EC in vitro was not 
affected by conditioned medium of ASC SH-NOTCH2. On the other 
hand, in vivo, the restoration of avascular areas in OIR retinas, was 
virtually similar between controls and ASC SH-NOTCH2-injected 
animal eyes. However, the latter did not engraft in the retinal 
vasculature. The engraftment of ASC WT and accompanied vascular 
restoration corroborates findings of others [39]. 
Initial a-waves, which are predominantly rod driven in rodents, were 
higher in amplitude in avascular areas when both ASC WT and ASC 
SH-NOTCH2 were injected compared with untreated animals. In 
contrast, there were no differences in the a-wave amplitude in 
neovascular and vascular areas. These data are in agreement with 
findings of others [40, 41], which showed that human bone marrow 
mesenchymal stem cells preferentially migrate towards sites of injury 
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in the retina. The choice of the OIR mouse model was important from 
the perspective of cell engraftment. In this model the retinal vasculature 
is still in development [32], conferring a more accessible 
microenvironment for exogenous cells’ homing. Notably, the 
ischemia-induced retinal neovascularization in this model is not caused 
by hyperglycemia. However, retinal ischemia, pre-retinal 
neovascularization and retinal gliosis, are all reproducible 
characteristic of diabetic retinopathy applicable to the OIR mouse 
model [42]. In fact, we demonstrated that ASC SH-NOTCH2, retained 
the therapeutic capacities without physically interacting with inner 
layers of the retina microvasculature. Whether the latter finding is 
driven by PDGFRB downregulation or another mechanism is currently 
unknown. Moreover, positive b-wave generated by ON-bipolar cells 
showed significantly improved amplitude upon ASC injection. 
Specifically, avascular areas measured upon ASC WT or ASC SH-
NOTCH2 injection, displayed the same order of improvement in b-
wave compared with untreated animals. This finding indicates that 
ASC SH-NOTCH2 secretome influenced the retinal 
microenvironment. This event might be attributed to either a direct 
downregulation of NOTCH2 in ASC, or a combinatorial effect of 
NOTCH2 downregulation and the impaired retinal microenvironment 
apply on ASC. Being more in favor of the latter, these observations 
suggest a role for both paracrine and juxtacrine signaling for the proper 
functioning of ASC in the retinal microenvironment. A summary of the 
process investigated in this study showed the importance of retinal 
chemoattractant to recruit ASC. Alternatively, ASC juxtacrine signals 
are equally fundamental as the paracrine signals in order to adapt to the 
retinal microenvironment. 

In conclusion, our results demonstrate the intrinsic capacity of ASC to 
promote, orchestrate and sustain endothelial cell networks through an 
evolutionary conserved mechanism, namely Notch signaling. 
Moreover, the three-dimensional co-culture assay showed temporal 
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dynamics of ASC driven vasculogenesis in vitro. Importantly, Notch 
components on ASC are not affected by hyperglycemia. The latter 
combined with in vivo experiments, suggested that ASC are promising 
for therapeutic intervention in DR but more research is needed to 
understand the ASC response to signals from the pathological 
extracellular microenvironment into the diabetic retina. Finally, we 
propose that molecular intervention is fundamental to improve and 
understand the ASC regenerative armamentarium. 
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Suppl. Figure 1. Expression of Notch members is refractory to hyperglycemia. (A) ASC were 
cultured in normoglycemic (NG, 5mM glucose) or in hyperglycemic medium (HG, 25mM glucose). 
Gene expression of NOTCH1-4 and JAGGED1 was similar in NG and HG.  Expression was 
normalized to expression of the GAPDH gene reference. 
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Suppl. Figure 2. Retina functionality assessment by multifocal electroretinogram. (A) Rode driven 
a-wave measurements relative to avascular areas in OIR mouse retina. Injected ASC showed increased 
in amplitude compare to untreated animals. (B, C) A-waves measured on neovascular and vascular 
areas, no difference were detected between treated and control groups. (D, E) Inner retina layers’ 
functionality depicted as positive b-waves. Both Neovascular and vascular zones presented no 
significant difference between treated and control groups. Identification of zones and allocation of 
segments on the basis of histology and OCT images. n=7 animals per group. Amplitude expressed in 
µV. *p<0.05, **p<0.01, Two-way ANOVA with Holm-Sidak multiple comparison. 



   Chapter 3 

 

136 

 

 

Suppl. Figure 3. ASC require NOTCH2 to engraft on pericytic locations in retinal microvasculature. 
(A, B) Control ASC (WT) and ASC SH-SCR controls localize and engraft on pericytic positions in 
on w OIR retinal capillary networks in whole mounts. Arrowed heads indicate CM-DiI-labeled ASC. 
(C) ASC SH-NOTCH2 on OIR whole mount retina Diy labeled. ASC SH-NOTCH2 are localized on 
injection sites. (D) Not integrated ASC SH-NOTCH2 showed independent structures like vessels 
protruding from ASC agglomerates. 
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Abstract 

Cell therapy for the treatment of aberrant vascular network formation 
caused by diabetic retinopathy warrants detailed understanding of 
mechanisms of cell-to-cell communication to improve transplantation. 
Adipose-derived stromal cells (ASC) have a role in promoting and 
guiding endothelial cells to form and maintain healthy capillaries in the 
retina. At the same time, to serve as a viable therapeutic option in 
diabetic retinopathy, transplanted cells need to be resilient to 
hyperglycemia. Notch signaling is a mechanism that functions upon 
cell-to-cell contact, directing spatial organization and addressing the 
cells’ identity. In this study; firstly, notch signaling components were 
analyzed and compared between ASC and endothelial cells in normo- 
and hyperglycemia conditions. Secondly, levels of notch signaling 
components were also measured when ASC and endothelial cells were 
cocultured. Variations in notch components were observed 
predominantly in cocultured experiments, where NOTCH2 and 
NOTCH3 had higher expression in hyperglycemic conditions. 
Interestingly, VEGFA and VEGFR1 were also upregulated in 
hyperglycemia cocultured cells. Next, inhibition of γ-secretase (notch 
receptors inhibitor) and JAGGED1 (ligand inhibitor) on a vessel-
network formation (VNF) assay showed that notch receptors were 
important for ASC/endothelial cells communication whereas variations 
of the ligand levels did not affect VNF in vitro. However, in vivo 
inhibition of JAGGED1 led to disturbed capillary network 
development that was partially rescued by ASC. In conclusion, this 
study showed that ASC promote cell-to-cell communication with 
endothelial cells through notch receptors whereas notch ligands have a 
compensatory mechanism for JAGGED1.
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Introduction 

Hyperglycemia is one of the primary causes of cellular dysfunction in 
patients affected by diabetes. Excessive glucose uptake dysregulates 
metabolic pathways and provokes an over production of reactive 
oxygen species which are toxic for cells 1. In the eyes, the 
microcirculation is composed of microvascular endothelial cells that 
selectively protect the retinal microenvironment from putative 
dangerous molecules in the bloodstream. Another important 
component of this system are the pericytes that help to maintain the 
integrity of the capillaries, which in thus doing form the blood retinal 
barrier. Diabetic retinopathy is a complication of diabetes that 
progressively damages endothelial cells and pericytes communication 
and vessels structures leaving the retinal microenvironment 
unprotected 2. 

Stem cells might be used as surrogates for pericytes; helping to 
maintain the integrity of the blood retinal barrier. Adipose derived 
stromal cells (ASC) have many characteristics similar to pericytes. 
ASC express proangiogenic factors (i.e. smooth muscle actin (SMA), 
neurogenic factor 2 (NG2), platelet derived growth factor receptor beta 
(PDGFRB)) and several studies report evidence of the supporting role 
for providing resilience to oxidative stress. However, the retinal 
microenvironment includes a multitude of signals which might 
interfere with ASC differentiation to the pericytic phenotype 3-5. 

Notch signaling regulates cells’ identity and morphogenesis during 
development and in pathological conditions. Ligand/receptor 
interactions lead to activation of target genes in the neighboring cells. 
We previously demonstrated that NOTCH2 is pivotal for ASC to 
induce endothelial cells to form vessel like network structures in vitro. 
Upon ASC NOTCH2 knock down, one of the ASC pericytic markers, 
PDGFRB, was also downregulated, indicating that ASC had lost their 
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capacity to function as pericyte-like cells 6. However, whether notch 
signaling activation on ASC depends on canonical notch ligands it is 
not known. 

Notch ligands comprise disulphide-rich Delta/Serrate/LAG-2 (DSL) 
domain with the function of activating in -trans and inhibiting in -cis 7. 
Mutation allele in Jag1 gene was demonstrated to be indispensable for 
remodeling the embryonic vasculature in mice 8. Further studies in 
mice demonstrated that targeting notch pathways at several points such 
as receptor and ligand (Notch1 and Jagged1) as well as downstream 
target genes (i.e. Hey1 and Hey2), provoked early embryonic lethality 
due to vascular defects and deficits in cell fate decisions 9. Evidence 
that notch signaling is involved in maintaining stem cells’ niches has 
been demonstrated by Woo and co-workers. In this study, notch 
signaling was inhibited upstream at the ligand/receptor interaction, and 
self-renewal and proliferation of neurospheres derived from human 
embryonic stem cells were reduced 10. Another study, showed the 
importance of endothelial JAGGED1 in the communication with stem 
cells to sustain the formation of blood vessels. Importantly, this study 
demonstrated that JAGGED1 induced a pericytic phenotype in stem 
cells isolated from infantile hemangioma 11. 

In the context of cell therapy for the stabilization of endothelial cells in 
diabetic retinopathy, ASC are considered to function as pericytes. In 
order to improve our understanding of the regulation of ASC pericytic 
features, we first analyzed the impact of a hyperglycemic environment 
on the gene expression of notch components in ASC and endothelial 
cells. Subsequently, the interaction between notch ligands and 
receptors was inhibited demonstrating that notch signaling is 
fundamental for ASC pericytic function in terms of endothelial 
network formation in vitro. Finally, ASC and JAGGED1 inhibitors 
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were used to investigate the effect on the microvasculature 
maintenance in vivo.
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Methods 
Primary cell cultures and isolation 

ASC were isolated from lipoaspirates as described previously 12. 
Anonymously donated samples were obtained with informed consent 
as approved by the ethical board of the University Medical Center 
Groningen following the guidelines for ‘waste materials’. Propagation 
of ASC was in DMEM (BioWhittaker Walkersville, MD): 10% fetal 
bovine serum (FBS (Thermo Scientific, Helmel Hampstead, UK)), 1% 
l-Glutamine, 1% Penicillin/Streptomycin (P/S); which was changed for 
endothelial cells medium (ECM, RPMI-1640 (Lonza Biowhittaker 
Verviers, Belgium), 10% heat inactivated FBS, 1% P/S, 2 mM L-
glutamine (Lonza Biowhittaker Verviers, Belgium), 5U/ml heparin 
(Leo Pharma, The Netherlands) and 5µg/ml of ECGF growth factor) 
prior to co-culture experiments. Human umbilical vein endothelial cells 
(HUVEC) were obtained from Lonza (Breda, The Netherlands) and 
human microvascular endothelial cells (hmEC, primaty skin-derived 
cells) from the Endothelial Cell Facility of University Medical Center 
Groningen, The Netherlands. HUVEC were cultured in ECM and 
hmEC in DMEM with 5% human serum. ASC and HUVEC were 
seeded at 4 x 104/cm2. HUVEC were cultured on gelatin-coated tissue 
culture polystyrene (TCPS). Immortalized human brain pericytes (HP) 
(as reported by 13) were seeded on gelatin coated plates in DMEM. 
Cells’ medium was refreshed every three days. ASC, HUVEC and 
hmEC were used between passage 3 and 5. 

Gene transcript analysis 

The gene expression profiles were analyzed in ASC, HUVEC, hmEC 
and cocultured ASC/hmEC. Total RNA was extracted using Trizol 
Reagent (Life technologies, Carlsbad, CA) according to the 
manufacturer’s protocol. Afterwards, 1µg of total RNA was reverse 
transcribed using the First Strand cDNA synthesis kit (Fermentas UAB, 
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Vilnius, Lithuania) according to the manufacturer’s instructions. The 
cDNA equivalent of 5ng RNA was used for amplification in 384-well 
microtiter plates in a TaqMAN ABI7900HT cycler (Applied 
Biosystem, Foster City, CA) in a final reaction volume of 10µl 
containing 5µl SybrGreen universal PCR Master Mix (BioRad, 
Richmond, CA) and 6 mM primer mix (forward and reverse). Cycle 
threshold (CT) values for individual reactions were determined using 
ABI Prism-SDS 2.2 data processing software (Applied Biosystem, 
Foster City, CA). The CT values were normalized to GAPDH as a 
reference gene using the ΔCT method, normalizing for the expression 
of the reference gene and related to the control treatment. All cDNA 
samples were amplified in duplicate. For primers sequences see chapter 
3. (Table 1, page 108) 

Capillary-like tube formation assay 

µ-Slides for angiogenesis (Ibidi, Munich, Germany) were coated and 
incubated with growth factor-reduced Matrigel® at 37°C for 30 
minutes. ASC, HP and HUVEC were plated at 1 x 104 cells for 15 
hours. For coculture experiments, ASC/HUVEC and HP/HUVEC were 
each seeded at 5 x 103 cells in each well in RPMI medium. For 
colocalization staining, ASC were CM-DiI-labeled (Thermo Fisher 
Scientific, Vybrant® CM-DiI red Molecular Probes, Sanbio, Uden, the 
Netherlands), whereas HUVEC were Vybrant® CFDA SE labeled 
(Thermo Fisher Scientific, Vybrant® CFDA SE cell tracer kit-green, 
Molecular Probes, Sanbio, Uden, the Netherlands). Samples were fixed 
in 4% paraformaldehyde in PBS for 20min. Images were acquired 
using a light microscope (Leica Microsystem). Post-processing for 
imaging was achieved using Angiogenesis Analyzer, ImageJ software 
14. 
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Notch signaling inhibitor 

ASC, HP and HUVEC were treated with 5µM of N-[N-(3,5-
difluorophenacetyl-L-alanyl)]-S- phenylglycine t-butyl ester (DAPT, 
Calbiochem No. 565784; Merk KGaA) a γ-secretase inhibitor of notch 
intracellular domain release following ligands interaction. Similarly, 
JAGGED1 was inhibited by adding 5µM of DSL Peptide (AnaSpec 
No. 61298, EGT Corporate Headquarters, Fremont, CA, USA).  

Choriolliallantoid membrane (CAM) assay 

Fertilized chicken eggs were purchased from Het Anker B.V. (Ochten, 
the Netherlands) and incubated in an egg incubator (37°C, 60% 
humidity). Three days after the beginning of incubation, the eggs’ tops 
were perforated in order to create an air chamber. Four days later, the 
holes on the eggs’ tops were enlarged and a solution of PBS, ASC (1 x 
104 cells) and/or  JAGGED1 inhibitor were added on the capillaries of 
the CAM. The eggs were left undisturbed for three additional days. 
Subsequently, CAM were excised for images acqusition by 
fluorescence stereomicroscope (Leica M10). Capillaries density was 
measured and analyzed by Angiogenesis Analyzer. 

Statistical analysis 

All the data were analyzed using GraphPad Prism 5 (GraphPad 
Software Inc.). Multiple group comparisons were determined using 
either one-way ANOVA with Bonferroni post-hoc analysis or two-way 
ANOVA. Data are plotted as averaged values from independent 
experiments ± standard deviation (SD). Values of p<0.05 were 
considered statistically significant.
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Results 

Notch components gene expression variation in normoglycemia and 

hyperglycemia treated ASC and endothelial cells 

In this experiment notch ligands and receptors gene expression were 
measured in normoglycemia (5mM of glucose) and hyperglycemia 
(25mM of glucose) conditions. In addition, selected genes involved in 
angiogenesis and vascular homeostasis were considered. In HUVEC, 
JAGGED1, JAGGED2, DLL1, DLL4, NOTCH2, NOTCH3 and 
NOTCH4 had equal expression levels in both normo- and 
hyperglycemia (Ct value ~0.150 normalized to GAPDH) (Fig. 1). 
NOTCH1 had higher expression (0.263±0.005), while DLL3 was not 
detectable. CD144 (Cadherin 5) was found to have higher expression 
in hyperglycemia (1.883±0.5) compared to normoglycemia 
(0.656±0.052). ANG2 had similar expression in both conditions 
(0.2±0.004), while PDGFRB and ANG1 were not detectable in 
HUVEC (Fig. 1). 

Subsequently, the gene expression levels of notch components were 
compared across three different groups: ASC, hmEC and VNF 
(coculture of hmEC and ASC) (Fig. 1B). Cells were cultured in normo- 
and hyperglycemia conditions. There was no variation in the 
expression of NOTCH1, JAGGED1 and genes involved in vascular 
maintenance such as ANG1 and ANG2 between the different cell 
groups. NOTCH2 had similar expression in ASC (NG 0.411±0.018, 
HG 0.469±0.040), hyperglycemia cultured hmEC (0.396±0.078) and 
VNF (0.419±0.153). In contrast, normoglycemia treated hmEC 
(0.188±0.021) and VNF (0.271±0.012) had significantly lower 
expression compared to hyperglycemia treated cells. NOTCH3 on the 
other hand, was found to have higher expression when ASC and hmEC 
(VNF) were cultured together in hyperglycemic conditions 
(0.252±0.056).  
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The analysis of notch gene expression components in hmEC and VNF 
(ASC + hmEC), with the addition of genes involved in angiogenesis is 
displayed in figure 2A. NOTCH2 (NG 0.366 ± 0.001, HG 0.287 
±0.029) and NOTCH3 (NG 0.228 ±0.006, HG 0.200 ±0.016) genes 
were confirmed to increase when ASC and hmEC were cocultured 
compared to hmEC alone (NOTCH2 ~0.2, NOTCH3 ~0.1). The other 
genes measured; JAGGED1, JAGGED2, DLL1, DLL3, DLL4, ANG1, 
ANG2 and HEY1 had similar expression in all the conditions and cells. 
Notably, NOTCH1 and VEGFR2 had one Ct value higher compared to 
the latter genes listed. However, differences between normo- and 
hyperglycemia were not detected. Lastly, differences between cultured 
hmEC and VNF were detected with regard to expression of VEGFA 
and VEGFR1. In hmEC the VEGFA level in normoglycemia and 
hyperglycemia was 0.060 ±0.006 and 0.066± 0.004, while in VNF the 
level was 0.116 ±0.014 and 0.122 ±0.018. VEGFR1 level in hmEC 
treated in normoglycemia and hyperglycemia was 0.129 ±0.028 and 
0.098± 0.016 respectively, while in VNF these levels were 0.238 
±0.001 and 0.179 ±0.034 respectively.
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  B 

    NOTCH1 NOTCH2 NOTCH3 JAGGED1 ANG1 ANG2 
ASC NG Mean 0.157 0.411 0.138 0.152 0.114 0.097 
  SD 0.004 0.018 0.005 0.005 0.004 0.007 
  Stat ns ***hmEC NG ns ns ns ns 
ASC HG Mean 0.162 0.469 0.139 0.138 0.128 0.085 
  SD 0.004 0.040 0.008 0.013 0.001 0.005 
  Stat ns ***VNF NG *VNF HG ns *VNF HG ns 
hmEC NG Mean 0.197 0.189 0.110 0.099 0.101 0.095 
  SD 0.008 0.021 0.010 0.001 0.007 0.004 
  Stat ns ***hmEC HG ns ns ns ns 
hmEC HG Mean 0.192 0.396 0.176 0.118 0.119 0.109 
  SD 0.002 0.078 0.025 0.009 0.002 0.002 
  Stat ns **VNF NG ns ns ns ns 
VNF NG Mean 0.234 0.272 0.195 0.110 0.129 0.107 
  SD 0.006 0.012 0.011 0.004 0.011 0.006 
  Stat ns **ASC NG/VNF HG **VNF HG ns ns ns 
VNF HG Mean 0.197 0.420 0.253 0.126 0.137 0.117 
  SD 0.011 0.153 0.056 0.013 0.005 0.004 
  Stat ns ***hmEC NG *ASC NG ns ns ns 

 

Figure 1. NOTCH2 and NOTCH3 are enhanced by hyperglycemia in hmEC and VNF. Cells were 
cultured in monolayer in normoglycemia (5 mM) and hyperglycemia (25 mM) and harvested at 
confluency before total RNA was isolated. Notch components and angiogenic genes relative gene 
expression in (A) HUVEC, (B) ASC, hmEC and VNF (ASC/hmEC) was determined by RT-qPCR. 
Heatmap shows highly expressed genes (red) and lower gene expression (blue). Significant difference 
between groups are shown beneath single group values. Gene expression was normalized to the 
reference gene GAPDH (n=2). *, p≤0.05, ***, p≤0.001, two-way ANOVA. Nd: not detectable. 
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γ-secretase and JAGGED1 interfere with vascular density and cells’ 

communication between ASC and endothelial cells 

Notch signaling is involved in the development of nascent vessels. On 
the one hand, receptors and ligands lead endothelial cells to form 
orderly capillaries. On the other hand, pericytes differentiate toward a 
plastic phenotype which confers the characteristic of a supportive cell. 
In order to show that notch signaling plays a role in the communication 
and network formation between ASC and endothelial cells, DAPT, a γ-
secretase inhibitor was used in a capillary-like tube formation assay 
(Fig. 3). ASC and HUVEC formed an interconnected network which 
was followed for 12 and 15 hours. When DAPT was added to the 
coculture, the networks lost continuity and connections (Fig. 3A and 
C). After 12h DAPT coculture treatment, the communication of ASC 
(green) and HUVEC (red) remained intact (Fig. 3B). At 15 hours, some 
of the ASC lost contact with the endothelial network when DAPT was 
present in the coculture. Similarly, human pericytes (HP) cocultured 
with HUVEC followed the same pattern, that is endothelial network 
formation was decreased when DAPT was added to the coculture 
system (Fig. 3E and G). In contrast, a majority of HP (green) were 
found not participating and rather scattered when DAPT was present in 
the coculture with HUVEC (red) (Fig. 3F and H)
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Figure 3. γ-secretase inhibitor reduced vessel network formation. Combination of 
HUVEC/ASC and HUVEC/HP were seeded on matrigel for 12h and 15h. (A) HUVEC/ASC 
vessel network formation 12h (control, right), +DAPT (left). (B) VNF of ASC in pericytic 
position (green) and HUVEC formed tube-like network (red). (C) HUVEC/ASC vessel network 
formation 15h (control, right), +DAPT (left). (D) VNF+DAPT of ASC in pericytic position 
(green) and HUVEC formed tube-like network (red). (E) HUVEC/HP vessel network formation 
12h (control, right), +DAPT (left). (F) VNF of HP in pericytic position (green) and HUVEC 
formed tube-like network (red). (G) HUVEC/HP vessel network formation 15h (control, right), 
+DAPT (left). (H) VNF+DAPT of HP in pericytic position (green) and HUVEC formed tube-
like network (red). Scale bar (A,C,E,G) 100µm, (B,D,F,H) 50 µm. 
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To specifically block the activation of notch signaling through one of 
its receptors, a JAGGED1 inhibitor was employed. Singularly cultured 
populations of HUVEC, ASC and HP sprouted on a layer of matrigel 
(Fig. 4A). Subsequently, the JAGGED1 inhibitor was added. HUVEC 
maintained the network as the control, whereas ASC and HP showed 
reduced capacity to form interconnected structures in the presence of 
the inhibitor (Fig. 4B). Next, the capacity of JAGGED1 to participate 
in a capillary-like tube network formation was tested in a coculture 
system with ASC/HUVEC and HP/HUVEC (Fig. 4C).  Interestingly, 
both networks of ASC/HUVEC and HP/HUVEC treated with 
JAGGED1 inhibitor did not differ from their respective controls in 
terms of time of sprouting and interconnected structures (Fig. 4D).  

 

 

Figure 4. VNF is not 
suppressed by JAGGED1 
inhibitor. HUVEC, ASC and 
HP were cultured on matrigel 
for sprouting assays as well as 
combination of HUVEC/ASC 
and HUVEC/HP, in the 
presence or absence of a 
JAGGED1 inhibitor. (A) 
HUVEC, ASC and HP formed 
vessel-like networks. (B) 
HUVEC, ASC and HP 
cultured in the presence of 
JAGGED1 inhibitor. (C) 
Cocultured HUVEC/ASC and 
HUVEC/HP VNF. (D) 
JAGGED1 inhibitor treated 
HUVEC/ASC and 
HUVEC/HP. Scale bar 
200µm. 
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In vivo capillaries treated with JAGGED1 inhibitor are rescued by ASC 

We previously showed that JAGGED1 inhibitor did not interfere with 
the capacity of either HUVEC or the combination of ASC/HUVEC to 
undergo capillary-like tube formation on a layer of matrigel. In order 
to extend this observation in an in vivo model, the capillaries in 
development from a choriolliallantoid membrane (CAM) were used. 
ASC were placed on a CAM and not visible differences were observed 
compared to the control. The presence of the JAGGED1 inhibitor on 
the other hand, reduced the formation of capillaries. In the last 
condition, ASC were added to the capillaries concomitantly treated 
with JAGGED1 inhibitor. In this case, a recovery in capillaries 
formation was observed (Fig. 5A). The capillaries networks were 
measured as the number of honey combs formed (Fig. 5B). From the 
measurement emerged an increase in capillaries formation in the CAM 
treated with ASC. The JAGGED1 inhibitor treated CAM had a reduced 
amount of capillaries formation. The number of replicates of this 
experiment was too small for statistical analysis. Further replicates are 
needed to validate these findings.
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Figure 5. ASC partially rescued JAGGED1 inhibition induced capillaries retraction. Choriolliallantoid 
membrane (CAM) was used as an in vivo model to test capillaries development under the action of JAGGED1 
inhibitor and ASC. (A) Upper left panel shows untreated CAM. Upper right panel shows CAM treated with 
JAGGED1 inhibitor. Bottom left panel shows ASC added on to capillaries of developmental CAM. Bottom right 
panel displays combination of ASC and JAGGED1 inhibitor on CAM. (B) Quantification of capillaries in CAM 
based on number of honey combs formed (n=3). Scale bar: 100µm 
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Discussion 

The effect of hyperglycemia on the notch components of ASC and 
endothelial cells was reported. We found that at gene levels, notch 
ligands and receptors remained at a similar level in all the cell 
populations analyzed, with the exception of NOTCH3 which showed 
increased mRNA levels when ASC and hmEC were cultured together 
in high glucose. Moreover, the message of proteins involved in the 
angiogenic process showed increased expression of VEGFA and 
VEGFR1. DAPT, an γ-secretase inhibitor, disturbed in vitro capillary-
like tube formation of ASC and HUVEC. A JAGGED1 inhibitor had 
no effect on the ASC/HUVEC coculture. In contrast, in an in vivo 
model of capillaries formation, JAGGED1 inhibitor disturbed the 
formation of blood vessels which was partially rescued by ASC. 

Possible mechanisms that modulate sprouting angiogenesis include the 
cross-talk between notch signaling and VEGF signaling. In context, 
VEGFA binds to VEGFR2 and promotes DLL4 expression in tip cells. 
DLL4 activates NOTCH1 in neighboring cells which acts as a putative 
transcriptional repressor of VEGFR2, therefore promoting stalk cells 
expression of VEGFR1, that in turn becomes less responsive to pro-
angiogenic VEGFA (reviewed in 15). In line with these findings, we 
showed that expression levels of VEGFR1 were higher in cocultured 
ASC and endothelial cells. Strikingly, both pro-angiogenic expression 
of VEGFA and VEGFR2 were lower compared to VEGFR1. Notably, 
ASC expression of endogenous VEGFA was described to play an 
insignificant role in the context of ASC regenerative potential 16. In 
addition, notch pathway comprises JAGGED1 which in the 
developmental retinal vasculature is found to be expressed at 
endothelial cells branching points and in mural cells/pericytes 17. 
JAGGED1 has a bi-directional mode of action that signals with both 
notch receptors on adjacent cells and on the cells where it is expressed 
18. In the vasculature, JAGGED1 participates in the stability and 
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interaction of pericytes to promote a vascular smooth muscle cell 
phenotype 19. We found no alteration by hyperglycemia on ASC 
expressing JAGGED1. JAGGED1 inhibitor however, dysregulated 
communication of ASC when cultured on matrigel for tube-like 
formation assay. In contrast, JAGGED1 inhibitor did not influence the 
tube formation of cocultured ASC and endothelial cells. JAGGED1 has 
been shown to interact with NOTCH1, NOTCH2 and NOTCH3. This 
interaction is modified by a glucosyltransferase Fringe which might 
explain the differential affinity of Serrate and Delta 20,21. In fact, in a 
previous study we showed that ASC NOTCH2 expression was 
indispensable for promoting communication and subsequent vessel 
formation by endothelial cells in vitro 6. Since notch ligand JAGGED1 
on ASC did not influence capillary-like tube formation in vitro, most 
likely other ligands on endothelial cells bind to ASC notch receptors. 
Further research is needed to explore these ligands in the future. 

Urs and co-workers demonstrated that soluble JAGGED1 increased 
angiogenesis in preadipocytes and endothelial cells. At the same time, 
notch receptors were downregulated 22. These data hint to a pro-
angiogenic role of JAGGED1 expressing ASC. Therefore, we asked 
the question whether ASC would rescue aberrant microvasculature 
caused by JAGGED1 inhibition in vivo. In diabetic mice, 
hyperglycemia induces overexpression of JAGGED1, resulting in 
endothelial cells developing into an uncontrolled angiogenic sprout. In 
the same study, pathological angiogenesis in the retinal 
microcirculation was reduced upon JAGGED1 down regulation 23. In 
our model, chorioallantoic membrane was treated with JAGGED1 
inhibitor and regression of capillaries formation was observed. ASC 
partially rescued this phenotype by increasing the number of 
capillaries. 
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In conclusion, we demonstrated that ASC can modulate angiogenesis 
and vascular sprouting through a mechanism involving notch signaling. 
On the one hand notch receptors are indispensable for ASC 
communication with endothelial cells. On the other hand, JAGGED1 
does not influence communication, suggesting other ligands might 
counterbalance the activity of notch receptors on ASC. In the context 
of cell therapy in the eyes, ASC have the potential to function as 
pericytes through notch signaling by promoting homeostasis and, 
depending on the stage of retinopathy, reduce pathological 
vasoproliferation. JAGGED1 is a promising novel therapeutic target 
because it is upregulated in pathological conditions contributing to 
uncontrolled angiogenesis. Engineering ASC that lack JAGGED1 
could regulate retinal angiogenic sprouting returning the balance 
toward homeostasis.
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Abstract 

Adipose tissue-derived stromal/stem cells (ASC) are multipotent cells 
that control connective tissue homeostasis in adipose tissue. In 
pathological conditions, such as diabetes, extracellular matrix and 
vascular network changes result in a pro-angiogenic turnover that alters 
the physiological state of the tissue. We hypothesized that ASC 
promotion of vascular network formation is induced by the 
combination of juxtacrine communication and extracellular matrix 
deposition. In this study, three-dimensional printed scaffolds were used 
to investigate ASC spatial distribution in regulating extracellular 
matrix and vessel tube formation in vitro. Coculturing ASC from 
healthy donors with human umbilical vein endothelial cells (HUVEC) 
and porcine microvascular endothelial cells (PREC) promoted 
interconnected endothelial cell tubes and homogeneous secretion of 
fibronectin. In contrast, ASC from diabetic patients did not promote 
tube formation, while fibronectin was not homogeneously secreted 
compare to the healthy ASC. ASC and endothelial cells assembly was 
further investigated using the combination of scaffolds, matrigel® and 
time-lapse confocal microscopy. Cocultured cells actively degraded 
matrigel® facilitating interconnected cavities of a diameter of ~20µm. 
ASC expression of F-actin and transgelin suggested ASC were motile. 
The cavities were exploited by HUVEC and PREC to enable formation 
of cellular aggregates. Cellular aggregates sprouted and connected as 
to form a vessel-like networks in 10 days. Long term cultures (over 23 
days) retained the cells’ movements. Endothelial cells surrounded by 
contractile ASC, protruded at differential speeds ranging from 2 to 
20µm per hour. In conclusion, this approach showed that the 
combination of ASC and endothelial cells retains a high degree of 
heterogeneity. Degradation of the host matrigel® was followed by 
newly deposited extracellular matrix that promoted vessel-like network 
formation. Technically, three-dimensional printed scaffolds, matrigel® 
and time-lapse microscopy allow precise cellular process observation 
as well as providing new tools for studying diseases.



   Chapter 5
 

165 

Introduction 

In adipose tissue, adipose tissue-derived stromal/stem cells (ASC) 1,2 
are adult multipotent cells that function as perivascular cells to 
contribute in tissue homeostasis and promote wound healing 3. Adipose 
tissue angiogenesis and vascular maintenance are fundamental 
processes involved in the pathogenesis of diseases such as diabetes 
mellitus 4. A variety of factors i.e. growth factors, cytokines and cells’ 
metabolic changes modulate the surrounding tissues’ 
microenvironment under pathological conditions, and promote 
abnormalities in the microcirculation 5. ASC induce endothelial cells 
assembly in a vessel-like network through the production of 
extracellular matrix proteins which constitute a basement membrane 
(collagen, fibronectin, and laminin) indispensable for endothelial cells 
alignment and proliferation 6,7. The ASC plasticity to model blood 
vessels and to respond to metabolic changes, depends on the 
acquisition of a smooth muscle cell phenotype which enhances 
contractility when in contact with endothelial cells 8,9. In addition, 
endothelial cells morphogenesis is enhanced by secretion of fibronectin 
and collagens which in turn allow angiogenesis during either tissue 
repair or in pathological conditions 10,11. Furthermore, fibronectins 
serve multiple roles, most importantly, binding to several other 
extracellular matrix components to regulate cell adhesion, motility and 
shape maintenance 12. Besides, bi-directional interactions between 
ASC and endothelial cells are sufficient to induce endothelial cells 
sprouting and extracellular matrix deposition in vitro, defining ASC as 
pre-pericytes that lead vascular morphogenesis processes in vitro 13. 

However, the temporal dynamics of ASC driven vasculogenesis in 
three- dimensional microenvironments has not been fully examined. 
Moreover, cell culture approaches to elucidate vascularization 
processes in vitro and reliably translate findings to in vivo situations 
requires new strategies 14. 
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In this study we hypothesized that ASC guide endothelial cells to form 
interconnected structures similar to capillaries.  This morphological 
event was followed in real-time and the extracellular matrix deposition-
dependence of the process was observed.  Therefore, ASC extracellular 
matrix production and spatial distribution were analyzed in a three-
dimensional microenvironment.
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Materials and Methods 
Primary cell isolation and cultures 

ASC were isolated from lipoaspirates as described previously 33. 
Anonymously donated samples were obtained with informed consent 
as approved by the ethical board of the University Medical Center 
Groningen following the guidelines for ‘waste material’. Propagation 
of ASC was in DMEM (Dulbecco’s modified medium, BioWhittaker 
Walkersville, MD), 10% not heat inactivated fetal bovine serum (FBS, 
Thermo Scientific, Helmel Hempstead, UK), 1% l-Glutamine, 1% 
Penicillin/Streptomycin (Invitrogen, Carlsbad, CA); which was 
changed for endothelial cells medium (ECM, RPMI-1640 (Lonza 
Biowhittaker Verviers, Belgium), 10% heat inactivated FBS, 1% l-
Glutamine, 1% Penicillin/Streptomycin, 2 mM L-glutamine (Lonza 
Biowhittaker Verviers, Belgium), 5U/ml heparin (Leo Pharma, The 
Netherlands) and 5µg/ml of EC growth factor) prior to coculture 
experiments. Human umbilical vein endothelial cells (HUVEC) were 
obtained from Lonza (Breda, The Netherlands) and the Endothelial 
Cell Facility of University Medical Center Groningen, The 
Netherlands. HUVEC were cultured on gelatin-coated tissue culture 
polystyrene (TCPS). Porcine retinal endothelial cells (PREC) were 
isolated from retinas of porcine eyes purchased at the local slaughter 
house. The protocol was adapted from that described for retinal bovine 
endothelial cells isolation 16. Upon receipt the eyes were briefly 
immersed in 70% ethanol for sterilization purposes. The retinas were 
harvested from the eyes (approx. 80 eyes per isolation) and washed in 
DMEM. Subsequently, the retinas were minced in small pieces and 
incubated with an enzyme cocktail: collagenase type 4 (500µg/ml, 
Thermo Fisher Scientific, MA USA), DNase (200µg/ml, Roche 
Diagnostic, Mannheim, Germany) and pronase E (200µg/ml, Roche 
Diagnostic, Mannheim, Germany) at 37°C for 30min. The digested 
retinas were filtered through a 60µm mesh nylon filter and the cell 
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homogenate seeded on gelatin coated plates in DMEM (BioWhittaker 
Walkersville, MD): 10% fetal bovine serum (FBS), 1% l-Glutamine, 
1% P/S. Cells’ medium was refreshed every three days. ASC and 
HUVEC were used between passage 3 and 5. PREC passaged twice 
were used for downstream applications. 

3D printed scaffold design and cells culturing 

3D scaffolds were printed with a commercially available 3D printer 
(Reprap Prusa i3, Anet 3D, China). Biodegradable material, polylactic 
acid (PLA), was used to print the scaffolds. 3D scaffolds were 
designed with SketchUp 2016 software. Three-dimensional cocultures 
were achieved by embedding ASC in combination with either 
HUVEC or PREC (1 x 105 ASC and 2 x 105 HUVEC or PREC, ratio 
1:2) in 100μl of growth factor reduced matrigel® (Corning, New 
York, USA) accommodated in 3D printed scaffolds (volume: 
60mm3). ASC and HUVEC were cultured in RPMI, whereas ASC 
and PREC were cultured in DMEM. Cells in this system were 
cultured between 3 days and 23 days. 

The files of the design and printing can be found at the following link: 
https://1drv.ms/f/s!AvBi8hGnai5CiHZQIqNuWdN57yzw 

Immunostaining 

Both scaffolds and sections were fixed in 4% paraformaldehyde in PBS 
for 30min. Subsequently, cells were permeabilized with 1% BSA and 
0.5% Triton-X100 in PBS at room temperature for 1h at 4°C. After 
PBS washes, primary antibodies were incubated overnight: mouse-
anti-human-CD31, PECAM-1 (1:100, Dako, Glostrup, Denmark), 
rabbit-anti-porcine-PECAM1 (ab28364, Abcam, UK), rabbit-anti-
human fibronectin (ab6584, Abcam, UK), F-actin (Alexa Fluor 488 
conjugated, ThermoFisher scientific, Odessa, TX), rabbit-anti-human 
SM22 alpha (ab14106, Abcam, UK). Samples were washed with PBS 

https://1drv.ms/f/s!AvBi8hGnai5CiHZQIqNuWdN57yzw
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and incubated with the fluorescein-conjugated-donkey-anti-mouse-
IgG (1:500, Jackson Immunoresearch, UK) and to fluorescein-
conjugated-goat-anti-rabbit IgG (1:500, Jackson Immunoresearch, 
UK) in PBS containing 4’,6-diamino-2-phenylindole (DAPI). For 
colocalization staining in 3D, ASC were CM-DiI-labeled (Thermo 
Fisher Scientific, Vybrant® CM-DiI red Molecular Probes, Sanbio, 
Uden, the Netherlands), whereas HUVEC were stained for CD31, 
PECAM1. Confocal microscope (Leica SP8) was used to acquire z-
stack images at 20x, 40x and 63x. Post-processing for imaging was 
achieved using ImageJ software 17. Three-dimensional vessel network 
formations (VNF) were reconstructed using imageJ 3D viewer plugin. 

Time-lapse acquisition 

3D scaffolds with embedded cocultured cells were placed in a Petri 
dish (350/15mm) containing 2ml of medium. Cells were labeled with 
mito tracker (green M7514, red M22426, Molecular probes, Eugene, 
Oregon, US). Solamere nipkow confocal live cell imaging system was 
used to acquire time-lapse images. Single particle tracking was 
achieved using TrackMate (Fiji plugin) 18. 

Statistical analysis 

All data are presented as a mean of the standard error of the mean and 
were analyzed using GraphPad Prism 5 (GraphPad Software Inc.). 
Statistical significance was determined using one-way ANOVA 
analysis. Values of p<0.05 were considered statistically significant.
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Results 

ASC double role: structure and guidance of endothelial cells 

The series of events that underlie the vasculogenic capacity of ASC 
depend on the extracellular matrix arrangement and cellular sensing of 
the microenvironment. Understanding the ASC spatial distribution and 
extracellular matrix deposition, as well as endothelial cells 
morphogenesis are indispensable to place in context cellular 
metabolism in health and diseases. In this study, co-cultured ASC and 
HUVEC, enclosed in matrigel® poured in 3D printed PLA scaffolds, 
interacted to form aggregates of variable diameter (20-50µm) from 
which, cells sprouted in all spatial directions (Figure 1A). The 
boundaries of the scaffold provided anchorage points for the cells 
(Figure 1A). We have previously shown HUVEC are unable to cross-
talk and undergo 3D morphogenesis, in the absence of ASC 19. DiI 
labeled ASC enabled the identification of a fraction of cells which 
localized in pericytic/perivascular positions, specifically ASC 
surrounded EC aggregates (Figure 1B). The rate of interaction between 
ASC and EC varied between ASC donors. However, juxtacrine 
interactions caused HUVEC to aggregate and formed an interconnected 
network by day 10 for all donors (representative image Figure 1A). 
Transgelin and fibronectin were detected at day 4 in the coculture of 
ASC and HUVEC (supplementary video 1). ASC expressing transgelin 
were found in close association with HUVEC expressing the adhesion 
molecule PECAM-1 (Figure 1C, left and supplementary video 2). ASC 
expressing transgelin were also observed when co-cultured with PREC 
(Porcine retinal endothelial cells) (Figure 1C, right). Fibronectin was 
expressed ubiquitously throughout the gel forming a network of 
interconnected fibers (Figure 1C, middle). DAPI staining of cell nuclei 
and the auto-fluorescence signal from the matrigel® revealed 
interconnected cavities had formed with a diameter of ~20µm (Figure 
1D, left, white arrows). However, few cells (F-actin, Fig. 1D, middle 



   Chapter 5
 

171 

and right panels) had entered these cavities. Three- dimensional 
reconstructions of ASC and HUVEC networks after 10 days of 
coculture showed dense fibronectin deposition in the vicinity of the 
scaffold wall (Figure 1E, scaffold wall in green (autofluorescence)). 
Fibronectin was deposited from the scaffold wall inward, whilst the 
HUVEC network had formed adjacent to the fibronectin layer. The 
HUVEC network contained ~80 cells in a space of 250µm3 spanning a 
length of ~400µm (Figure 1F). There was an average of 200 cells in a 
volume of 250µm3 analyzed in four different scaffolds (Figure 1G). 

Time-lapse fluorescence microscopy enabled the real-time tracking of 
mito-tracker labeled cells within the 3D scaffolds. Importantly, ASC 
and HUVEC could be discriminated based on their mitochondria 
(labeled with mito tracker, red and green respectively) and therefore 
the viability of both cell types was verified. First, an aggregate of 5 
cells, either HUVEC or ASC, was followed over time (Figure 2A). One 
HUVEC displayed several cytomembrane extensions of 40µm length, 
reaching out towards other HUVEC. This first stage of assembly took 
place in the first 36h of co-culture. However, HUVEC also aggregated 
in greater numbers (~20 cells), and the presence of HUVEC labeled 
mitochondria confirmed survival and activity of these cells (Figure 2B 
and supplementary video 3, HUVEC aggregates in green). Following 
endothelial cells aggregation, sprouting occurred between 7 and 9 
hours. As showed in figure 2C, the process of sprouting was polarized 
at one position relative to the HUVEC aggregation (white square and 
arrow indicate direction, figure 2C). ASC surrounded the HUVEC 
aggregate, suggesting a role for the ASC in promoting sprouting by 
oscillatory movements (supplementary video 4).  Concomitantly, 
endothelial cells which did not participate in the aggregation were also 
present, shown in figure 2D. These non-participating cells stretched 
cytomembrane extensions up to 100µm to reach out and connect with 
endothelial cell aggregations. Finally, further endothelial cells were 
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observed to contact leading endothelial cells through cytoplasmic 
extensions in the direction of aggregated cells (Figure 2E, endothelial 
cells’ mitochondria in green)
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Figure 1. Adipose stromal cells (ASC) juxtacrine communication and extracellular matrix guide endothelial 
cells assembly in confined microenvironments. ASC were embedded in matrigel for 10 days with either 
HUVEC or porcine retina endothelial cells (PREC). Several interconnected cell aggregates are depicted in 
the middle panel. Left and right panels show cell aggregates’ contact points to the scaffold (A). ASC and 
endothelial cells tube formation (B-left). DiI labeled ASC (red) enclosed endothelial cells aggregates (B-
middle). Merged endothelial tube formation and DiI labeled ASC (B-right). During tube formation, ASC 
expressed transgelin contractile proteins while HUVEC expressed PECAM-1 (C-left). Fibronectin 
deposition as to form an interconnected net in the presence of ASC/HUVEC (C-middle). ASC, expressing 
marker transgelin and PREC expressing marker PECAM-1 (C-right). Longitudinal section showed 
interconnected cavities formed by ASC extracellular matrix degradation with a diameter of ~20µm (D-left, 
DAPI and auto-fluorescence). Cytoskeletal protein F-actin was expressed by co-cultured ASC and HUVEC 
(D-middle and –right). Fibronectin deposition and organization visualized after z-stack reconstruction (E, 
field of view ~500x500µm). HUVEC network extrapolated from co-cultured with ASC (F). (G) Number of 
cells relative to field of view ~500x500µm, h: ~50 µm. Scale bars: (A-middle) 100µm, (A-left) 50µm, (A-
right) 50µm (B) 200µm, (C-left) 20µm, (C-right) 100µm, (C-right) 100µm, (D-left) 50µm, (D-middle) 
50µm, (D-right) 10µm, (E) 50µm, (F) 50µm. 
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Figure 2. ASC guide endothelial cells sprouting. HUVEC stained mitochondria (mito-tracker green) 
were followed in time. From one HUVEC several protrusions interacted with other HUVEC. After 35 
hours an aggregate of HUVEC was formed (A). HUVEC aggregates and single HUVEC interacted to 
form aggregates of greater size (B). HUVEC sprouted from aggregates between 420 to 580 minutes 
(C), (white rectangle and arrow for direction). Not all HUVEC participated in aggregates. Single 
HUVEC contacted aggregates by extending up to 100µm (D). More single HUVEC contacted one 
another as to form network (E), mitochondria identifying HUVEC, (green). Scale bars: (A) 10µm, (B) 
40µm, (C) 20µm, (D) 20µm, (E) 20µm. 
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Cellular speed variance in long term cultures 

As shown previously, ASC cocultured with either HUVEC or PREC 
generated an interconnected vascular network throughout the scaffold 
within 10 days (Figure 1). This vascular-like network was maintained 
for over 30 days, while structural differences were related to the spatial 
organization of cells in sinusoids being 10-50μm bigger in diameter 
when ASC/HUVEC were compared with ASC/PREC (data not 
shown). DiI labeled ASC were closely aligned with PREC (PECAM-
1, green).  ASC/PREC co-localizations were observed after three 
weeks of coculture (Figure 3A). In this experiment 3D cocultures of 
ASC and PREC was analyzed using TrackMate for cellular dynamism 
(Figure 3B, C). Tracking of cells showed that the majority of cells 
within the aggregate moved forward up to 15 µm per 60min.  Only 2 
to 3 cells within the aggregate moved at a faster rate of 21 µm in 30 
min, suggesting that these cells represent endothelial cells which were 
preparing to sprout from the aggregates (Figure 3D). Calculation of the 
mean velocity showed that the aggregate of cells moved and oscillated 
at a rate of 0 to 2 µm per frame (30 min). Faster cells that is, sprouting 
endothelial cells, moved at a rate of 2 to 4 µm per frame (30 min) 
(Figure 3E).
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Figure 3. Long term coculture retains cellular contractions and movements between aggregates. 
ASC and PREC were co-cultured for over 23 days. ASC DiI-labeled (red) integrated in PREC 
network (PECAM-1, green) (A). Time-lapse microscopy analysis of one of the aggregates with 
endothelial cells protrusions (B). Plug-in TrackMate (imageJ) was used to path cells’ trajectories 
(C). Cells’ trajectories represented as distance covered (µm) relative to time (minutes) (D). 
Velocity of cells was calculated in µm/frame (30min) (E). Scale bars: 20 µm. 
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Diabetic ASC fail to support formation of 3D networks by endothelial 

cells 

In the previous sections, we described the morphological events that 
led to vascular-like network formation in a coculture of ASC and 
endothelial cells. This was achieved in a confined 3D 
microenvironment comprising a basal membrane-derived matrix 
(Matrigel®). This platform allows the reiteration of important 
components of disturbed vasculogenesis such as in diabetic wound 
healing or in diabetic retinopathy. Therefore, we assessed the capacity 
of ASC from diabetic donors to support vasculogenesis. 

Diabetic ASC (D-ASC) partially lost the capacity to support 
endothelial cell tube formation. Furthermore, we also investigated how 
ASC supported and adapted to primary retinal endothelial cells. These 
characteristics were examined by measuring fibronectin deposition, 
PECAM-1 expression as well as the cell’s spatial distribution in three-
dimensions. In cocultured ASC with HUVEC fibronectin was 
deposited throughout the whole area analyzed (measured as mean 
fluorescence intensity in 250µm3, 6.539±0.145), while D-ASC 
cocultured with HUVEC and D-ASC cocultured with PREC showed 
decreased fibronectin deposition (2.361±0.110; 2.316±0.056) 
respectively (Figure 4A). Similarly, PECAM-1 expression was higher 
in HUVEC cocultured with ASC (2.496±0.028), while decreased 
PECAM-1 expression was detected in both HUVEC cocultured with 
D/ASC and PREC cocultured with ASC (0.940±0.011; 1.240±0.031) 
respectively (Figure 4B). Figure 4C shows fibronectin and PECAM1 
expression and spatial distribution in ASC/HUVEC, D-ASC/HUVEC 
and, ASC/PREC respectively. Finally, an interconnected tube-like 
network was observed when ASC were cocultured with HUVEC 
(Figure 4D). In this representation, ASC illustrated by nuclear staining 
in the absence of PECAM1 expression were counted and classified by 
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their position. In ASC/HUVEC there were about 200 cells counted and 
about half of these were detected in a perivascular location in the 3D 
space. 

 

Figure 4. Diabetic ASC do not homogeneously secrete fibronectin and endothelial tube formation 
is impaired. Three-dimensional characterization of fibronectin and PECAM-1 expression in 
ASC/HUVEC, diabetic ASC/HUVEC and ASC/PREC. Cells embedded in matrigel were placed in 
the scaffolds. Cross-sections of 100 µm were stained after 10 days of culturing (A). Fibronectin and 
PECAM-1 were deposited in higher amount in co-cultured ASC and HUVEC, while diabetic 
ASC/HUVEC and ASC/PREC had similar expression of both fibronectin and PECAM-1 (A, B and 
C, ***, p≤0.001, one-way ANOVA). ASC and HUVEC three-dimensional reconstruction with 
HUVEC forming network (~100 cells) and static HUVEC (~80 cells). (D). Acquisitions size: 
~500x500 µm, h: ~80 µm. Scale bars: 100µm. 
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Discussion 

Understanding the role of adipose tissue-derived stromal cells 
functional heterogeneity in promoting endothelial cell organization in 
a three-dimensional confined microenvironment was the main aim of 
this study. The ASC were found to elicit a structurally important 
function by remodeling matrigel® and, concomitantly, promoting tube 
formation by endothelial cells. In this model, ASC facilitated two basic 
processes: 1) preparing extracellular matrix for endothelial cells 
invasion and 2) surrounding endothelial cell aggregates to apply 
contractile pressure and promote endothelial cells’ sprouting. 
Endothelial cells formed several aggregates of variable sizes which 
connected to form tubes. The cellular aggregates and tubes preserved 
dynamism over the long term. Sprouting endothelial cells moved at a 
higher speed when compared to endothelial cells within the aggregates.  
This behavior was observed in both HUVEC and PREC. In striking 
contrast, tube formation and fibronectin secretion were impaired when 
diabetic ASC were used. 

Three-dimensional microenvironments are fundamental to investigate 
physiological and developmental processes to reduce the gap between 
in vitro and in vivo studies 20. With these systems it is possible to 
recapitulate the intricate relationship existing between cells and 
extracellular matrix with the direct advantage of observing, measuring 
and manipulating cell morphogenesis, proliferation, differentiation and 
tissue structure 21. The system developed in this study, allowed ASC 
and endothelial cells to be observed in a confined microenvironment 
which enabled the following of vessel morphogenesis and structural 
organization in time 22. Cellular migration, assembly and organization 
was highly heterogeneous and, cellular behavior in space and time 
notably differ among single cells, aggregates and cells protruding from 
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the aggregates 23. Extracellular matrix plays an important role in 
regulating cell contraction, migration, shape and survival 24,25. We 
demonstrated that endothelial cells organization and assembly was 
under direct ASC juxtacrine control and through extracellular matrix 
production. Endothelial cells aggregates were sprouting under the 
contractile pressure of ASC, while fibronectin homogeneously 
expressed ascertained the maintenance of the tissue turgor 26. 

The three-dimensional culture systems also offered a platform for 
studying cell processes during diseases 27. Fibronectin is important for 
cellular contraction and organization during tissue repair and 
morphogenesis 28.  Importantly, we showed that fibronectin deposition 
from diabetic ASC was less organized, compared to the non-diseased 
ASC, and did not support capillary-like tube formation by endothelial 
cells. Organogenesis depends on self-assembly and cellular 
organization; several models have been proposed and are progressively 
improving our understanding of human development and diseases 29. 
In this study, ASC vasculogenesis potential was further explored and, 
time lapse microscopy in combination with three-dimensional 
culturing revealed the cellular processes underlying endothelial cells 
tube formation were dependent upon extracellular matrix deposition 30. 
Moreover, three-dimensional imaging reconstruction is a powerful tool 
to analyze cellular heterogeneity 31. ASC initially manipulate the 
extracellular matrix microenvironment to allow endothelial cells 
sprouting. Secondly, deposit extracellular matrix to maintain a stable 
structure. ASC in the same population induce sprouting of endothelial 
cells aggregates. In conclusion, the three- dimensional culturing 
approach described in this study is a powerful but simple method to 
extrapolate important information about cellular dynamism 32. 
Implementation with other cellular populations, protein tracking and 
drug testing, has the potential to exponentially enhance our 
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understanding of cellular processes in vitro and safely translate 
findings to in vivo models. 
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Supplementary videos are available in the online version of this thesis 

Supplementary video 1. Building the vascular network. ASC deposit 
fibronectin (red) while HUVEC (PECAM-1, green) begin to assemble 
in to tube-like network. Time point: day 4. 

Supplementary video 2. Wrapping and supporting the vessels. ASC 
(transgelin, red) wrap and support HUVEC (PECAM-1, green) during 
vasculogenesis. Time point: day 4. 

Supplementary video 3. Endothelial cells team work. Time-lapse 
microscopy was used to follow cells. HUVEC aggregates merging as 
to form bigger aggregates in size. Time: 22 hours. 

Supplementary video 4. ASC oscillation induced endothelial cells 
sprouting. Time-lapse confocal microscopy and mitochondria labeled 
cells were followed. ASC (red) oscillatory movements induced 
HUVEC (green) to sprout. Time: 35 hours 

 

Video files can be found at the following link:  

https://1drv.ms/f/s!AvBi8hGnai5CiHFwWJ2mkAIX2FSN 

 

https://1drv.ms/f/s!AvBi8hGnai5CiHFwWJ2mkAIX2FSN
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Abstract 

Diabetic retinopathy is a multifactorial disease that affects several 
cellular populations of the retina. Pathological biochemical changes in 
the blood-retinal barrier lead to endothelial cells and pericytes 
apoptosis and migration respectively. Adipose-derived stromal cells 
(ASC) could replace pericytes and reestablish the physiological 
capillary bed damaged by diabetes. In this context, fibulin-1 is an 
important extracellular matrix organizer found in association with 
basement membranes and therefore important for vessels maintenance. 
In diabetic mice (ins2akita), fibulin-1 was downregulated in the retinas 
compared to healthy controls. ASC deposition of fibulin-1 and 
fibronectin fibrils arrangement was aligned. In diabetic ASC, fibulin-1 
was upregulated as well as fibronectin. ASC fibulin-1 was also 
deposited in tunnels created by ASC cocultured with endothelial cells 
in a three-dimensional microenvironment, hinting to a functional role 
of fibulin-1 in guiding vessel-like tube formation. These data showed 
that fibulin-1 is a candidate for further investigations for understanding 
the interaction of ASC and extracellular matrix in the retinal 
pathological microenvironment.
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Introduction 

Diabetic retinopathy (DR) is a microvascular complication which, by 
different degrees, affects the majority of type 1 diabetes (T1D) patients 
1. More than 80% of insulin-treated (type 2 diabetes) T2D patients will 
develop DR. T2D patients who do not require insulin treatment has the 
50% chance of developing DR 2,3. Causalities that contribute to the 
insurgence of DR are to be attributed to long term exposure to 
hyperglycemia and hyperlipidemia 4,5. The latter indirectly contribute 
to the progression of DR, which is characterized by permeability of the 
blood retinal barrier (BRB), microvascular endothelial cells damage, 
pericytes loss, capillaries occlusion and basement membrane (BM) 
thickening; followed by retinal neuronal and glia defects 6. This reflects 
the non-proliferative phase (NPDR) of DR, whereas the proliferative 
phase of DR (PDR) represents the end stage of the disease. Among the 
numerous abnormalities observed during PDR, retinal fibrosis initiated 
by the progression of the diseases might be the ultimate trigger to 
retinal detachment and vision loss 7. Cell migration, extracellular 
matrix (ECM) deposition and growth factors density and distribution 
are important components of the process of retinal fibrosis 8-10. 

Fibulins represent a family of ECM proteins possessing domains that 
interact with and modulate key ECM proteins 11. The first member, 
named fibulin-1 was identified by affinity chromatography on a 
synthetic peptide and, revealed a ~100 kb protein capable of interaction 
with the cytoplasmic domain of fibronectin receptor β subunit 12. 
Several fibulin isoforms have been subsequently identified and they 
structurally share three domains, being the amino-terminal domain I 
and carboxyl-terminal domain III responsible of fibulins identity 13,14. 
Four splice variants are found in fibulin-1 gene’s products (fibulin 1A, 
B, C and D) and calcium-dependent binding to major components of 
basement membranes were identified 15. Interestingly, fibulin-1 was 
also found in mouse serum (20 – 40 µg/ml) and in medium collected 
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from cells cultured in vitro 16. Further examinations revealed fibulin-1 
expression in a variety of tissue compartments i.e. brain, kidney and 
heart as well as cellular localization in adipocytes, fibroblasts and 
vascular smooth muscle cells 14,17. To investigate the function of 
fibulin-1, transgenic mice lacking fibulin-1 were generated by ES cells 
homologous recombination and severe bleeding was observed with 
damaged endothelial compartments in several organs 18. In the retina, 
fibulin-1 has been associated with axonal outgrowth in a genetic 
network extrapolated from gene variations in different mice strains 19. 
In patients with PDR, fibulin-1 was elevated in plasma and, in the 
vitreous 37 extracellular matrix and adhesion proteins were 
differentially expressed in patients with PDR 20,21. 

Cells of mesenchymal origin, such as adipose-derived stromal cells 
feature pericytic characteristics and have the possibility to be employed 
for vascular repair 22. In general, cell therapy aims at compensating the 
pathological retinal microenvironment through secretion of trophic 
factors and through physical interaction with other cells (i.e. 
endothelial cells, glia cells and neurons) 23,24. However, little is known 
about the ASC ECM remodeling during pathological conditions such 
as diabetes. Fibulin-1 in the retina might be responsible for maintaining 
physiological ECM composition. In this study, we measured fibulin-1 
expression in the retina of diabetic mice. Subsequently, ASC and 
diabetic ASC fibulin-1 levels are also quantified. Given the fibulin-1 
expression levels and function, feasibility for cell therapy is discussed.
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Results and discussion 

Vascular permeability, acellular capillaries and morphological 
alteration of microglia and astrocytes are characteristics of the first 
phase of retinopathy that can be induced in mice through an amino acid 
substitution in the insulin 2 gene 25. In this model, fibulin-1 isoform 
was prevalently localized in the inner plexiform layer and in the inner 
nuclear layer, and to a lesser extent in the outer nuclear layer of healthy 
mice retinas (Fig. 1A). In Ins2akita mice a reduction in fibulin-1 
deposition was measured (Fig. 1B, and 1D). Total retina extracts 
quantified by western blot showed significant lower deposition of 
fibulin-1 in the Ins2akita animal model (P<0.05) (Fig. 1E). Images 
acquired at high magnification displayed colocalization of fibulin-1 
and capillaries stained with antibodies to detect endothelial cells 
adhesion molecule PECAM-1 (Fig. 2A). Interestingly, in ins2akita 
mice retinas, fibulin-1 was found in speckles in areas where alteration 
in the retinas layer occurred through extravasation and cellular 
agglomerates (Fig. 2B, white arrows). Comparative analysis of mouse 
fibulins isoforms demonstrated that elastic fibers are in strict contact 
with several fibulins domains and, importantly, these are associated 
with basement membrane components of blood vessels hinting at blood 
vessel maintenance and homeostasis 26. To date, examples of fibulins 
associated with retina diseases are fibulin-3 (Efemp1) and Fibulin-6 
(Hemicentin-1) with mutations in these genes reported to cause 
maculopathy 27,28. Given the high similarity in fibulins structures and 
functions, it is likely that some overlap in functions occurs. Fibulin-1, 
however, holds a more supramolecular organization by interacting and 
organizing fibronectin, laminins and fibrinogen (more interactions are 
reviewed here 29.
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Figure 1. Fibulin-1 expression and localization in ins2akita mice retinas. Retinas of Ins2akita and C57BL/6 
mice were stained with fibulin-1 (red) and PECAM-1 (green, capillaries) antibodies. (A) Retinas of controls 
showed fibulin-1 (red) expression in the inner plexiform layer (rectangle 1) and outer nuclear layer 
(rectangle 2). (B) Fibulin-1 localization in ins2akita mice retina. (C) Negative control staining. (D) 
Quantification of Ins2akita and C57BL/6 mice for fibulin-1. (E) Fibulin-1 quantification at protein level by 
western blot. PECAM-1. T-test, *, p≤0.05. Scale bars 50 µm. 
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Pathological changes in cellular metabolism (i.e. ROS and AGEs), 
induce thickening of the vascular basement membranes in the retina. 
Collagens, fibronectin and laminins become increasingly deposited, 
whereas metalloproteinases and angiogenic growth factors secreted by 
the surrounding microenvironment enhance the burden of cells affected 
by hyperglycemia (reviewed here 30). To date there are no studies that 
investigated the role of fibulins in diabetic retinopathy at histological 
level. However, increased blood hyperglycemia and fibulin-1 was 
reported to be upregulated in type 2 diabetic patients 31. In arterial tissue 
from the same patients, fibulin-1 was upregulated in association with 
dysregulated arterial ECM. Another study reported similar findings, 
that is increased fibulin-1 deposition in atherosclerotic plaques. 
Fibrinogen that binds to fibulin-1, was also measured at high 
concentration in clots 32. The authors argued that fibulin-1 
accumulation could occur from circulating fibulin-1 and, in less 
amount, from secreted proteins in situ. Endothelial leakage might 
contribute to unwanted proteins deposition. Our data suggest that 
fibulin-1 deposition decreases in the vasoregression phase or 
retinopathy. It is plausible, that cell therapy could function as pericytes 

Figure 2. Fibulin-1 ins2akita 
mice retinas. High 
magnification of diabetic mice 
retinas and controls stained 
with fibulin-1 (red) and 
PECAM-1 (green) antibodies. 
(A) Retinas of controls showed 
fibulin-1 expression in the 
inner plexiform layer and outer 
nuclear layer. (B) Fibulin-1 
localization at cellular 
agglomerates in diabetic 
retinas. Scale bars: (A, left) 
100µm, (A, right) 50µm, (B, 
left) 200 µm, (B, right) 50 µm.  
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replacement and to deposit functional ECM that is lost due to 
endothelial cells apoptosis and pericytes migration. To this extent, 
fibulin-1 was quantified in ASC. In this experiment, diabetic ASC were 
also considered. We found that hyperglycemia did not influence 
fibulin-1 deposition in heathy ASC. Diabetic derived ASC had a higher 
deposition of fibulin-1 in both normo- and hyperglycemia cultured 
ASC compared to healthy ASC (Fig. 3A, B) (P<0.01). Fibronectin is 
known to interact with fibulin-1 12. For this reason, fibronectin 
deposition was also measured in healthy and diabetic ASC. Reflecting 
fibulin-1 deposition, healthy ASC displayed the same pattern of 
deposition in normo- and hyperglycemia. In diabetic ASC, 
normoglycemia cultured diabetic ASC showed fibronectin 
upregulation compared to healthy ASC. Hyperglycemia-treated 
diabetic ASC, in contrast, had the highest fibronectin deposition 
compared to healthy and normoglycemia cultured ASC (P<0.001) (Fig. 
3C, D).
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Figure 3. Fibulin-1 and fibronectin deposition is enhanced in diabetic ASC. ASC and diabetic ASC 
monolayer were cultured in normo- and hyperglycemia. (A) Representative images of ASC and diabetic 
ASC stained for fibulin-1 (red) in normo- and hyperglycemia. (B) Quantification of fibulin-1 expression 
measured as pixels/area. (C) Representative images of ASC and diabetic ASC stained for fibronectin (red) 
in normo- and hyperglycemia. (D) Quantification of fibronectin expression measured as pixels/area. *, 
p≤0.05, **, p≤0.01, ***, p≤0.001, one-way ANOVA Scale bars: 50µm. 
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The interaction between fibulin-1 and fibronectin investigated by Twal 
and co-workers elucidated important features translatable to cell 
therapy. In this study, fibulin-1 was responsible for cellular adhesion, 
motility, migration and invasiveness 33. Interestingly, fibronectin 
binding to α5β1 integrin was not compromised. Fibulin-1 was found to 
decrease the phosphorylation of myosin heavy chains. In a coculture of 
ASC and endothelial cells a in three-dimensional microenvironment, 
we found that fibulin was expressed on cells and strikingly, fibulin-1 
was deposited along previous paths created by cells as they rearranged 
the substrate before communicating and forming vessel-like networks 
of ASC induced endothelial cells (Fig.4, white arrows heads).

Figure 4. Fibulin-1 
localization in three-
dimensional cultured 
microenvironment with ASC 
and endothelial cells. ASC 
and HUVEC were embedded 
in matrigel and cultured in 
scaffolds. Fibulin-1 antibody 
was used for localization in 
the cocultured system. 
Fibulin-1 localization in 
tunnels created by prior cells 
activity (white arrow-heads). 
Nuclei were stained with 
DAPI (blue). Scale bars: 
50µm. 
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Concluding remarks 

We report that fibulin-1 is part of the ECM organization in mice retinas. 
Reduced deposition of fibulin-1 was, however, shown in an animal 
model featuring the first phases of retinopathy, namely ins2akita mice. 
In this model, fibulin-1 was detected in parts of the retinas where 
extravasation and cellular agglomerates occurred. In parallel, fibulin-1 
was present in ASC. Diabetic ASC deposited higher amounts of 
fibulin-1 compared to healthy donors ASC. Fibronectin was found to 
overlap with fibulin-1 deposition. Interestingly, no difference was 
found when fibulin-1 deposition was measured in normo- and 
hyperglycemia treated cells in vitro. Finally, ASC and endothelial cells 
cocultured in three-dimensional environments showed fibulin-1 
deposition in tunnels created by cells during migration. From these 
analyses it is clear that ECM deposition in the retina is altered in 
diabetic conditions. Because of neurodegeneration and blood-retinal 
barrier regression, the secretion of components such as fibulin-1 might 
be reduced due to cellular adaptation to the pathological 
microenvironment. However, more animal models featuring the retinal 
damage caused by diabetes are needed to confirm downregulation of 
ECM components. In terms of cell therapy, ASC need to be resilient to 
diabetes-driven biochemical changes, exert a supportive function by 
acting as pericytes and reestablish the blood-retinal barrier to confer 
protection from the systemic damaged caused by diabetes. However, 
we showed that ASC from diabetic patients had enhanced deposition 
of fibulin-1 and fibronectin. These characteristics suggest that 
autologous cells transplantation warrants a phenotypic characterization 
prior to injection and analysis of integration in the retinal 
microenvironment in animal models. In conclusion, fibulin-1 is likely 
involved in the retinal ECM organization and maintenance, ASC might 
contribute to control and induce a homeostatic microenvironment in 
part through the ECM deposition. However, experiments of loss of 



   Chapter 6
 

198 

gene function are needed to investigate further the fibulin-1 activity in 
DR context.

Methods 
Animal model 

C57BL/6J mice and spontaneous diabetic heterozygous Ins2Akita+/- 
mice (Jackson Laboratory, Charles River, Sulzfeld, Germany) were 
used for this study. All experimental procedures were performed 
according to the guidelines of the statement for animal experimentation 
issued by the Association for Research in Vision and Opthalmology 
and were approved by the local board for animal care (Medical Faculty 
Mannheim, Germany). 

Immunofluorescence 

Eyes of diabetic mice and controls were isolated and immediately 
stored at -80°C. Cross-section of 100µm in thickness were cut through 
the eyes and air-dried overnight. Subsequently, retinas were treated 
with 1% BSA and 0.5% Triton-X100 in PBS at room temperature for 
1h. Overnight staining was with fibulin-1 (1:100, Abcam, ab211536) 
and PECAM-1 (1:100, Dako, Glostrup, Denmark). Samples were 
washed with PBS and incubated with the fluorescein-conjugated-
donkey-anti-mouse-IgG (PECAM-1) (1:500, Jackson 
Immunoresearch, UK) and to fluorescein-conjugated-goat-anti-rabbit 
IgG (fibulin-1) (1:500, Jackson Immunoresearch, UK) in PBS 
containing DAPI. Confocal microscope (SP8) was used for images 
acquisition. Images quantification and analysis was performed by 
image J.  

Immunoblotting 

Retinal digests and endothelial cells were lysed in RIPA buffer 
(ThermoScientific, Waltham, MA) and protein concentration 



   Chapter 6
 

199 

determined by DC Protein Assays (BioRad, Hercules, CA) according 
to manufacturers’ instructions. 20 µg of protein/lane was loaded on 
SDS-PAGE gel (10%) for electrophoresis and transferred to a 
nitrocellulose membrane. Membranes were incubated overnight with 
antibodies to fibulin-1 (1:1000, Abcam, ab211536), and b-actin (Cell 
Signaling, #4967, 1:5000). IRDye® labeled antibodies (1:10.000, Li-
COR Biosciences, Lincoln, NE) were used for detection. Bands were 
visualized using the Odyssey® Infrared Imaging System (Li-COR 
Biosciences, NE, USA). Densitometry was performed using ImageJ. 
Protein expression levels were normalized to b-actin. 

Primary cell isolation and cultures 

ASC were isolated from lipoaspirates as described previously 34. 
Anonymously donated samples were obtained with informed consent 
as approved by the ethical board of the University Medical Center 
Groningen following the guidelines for ‘waste materials’. Propagation 
of ASC was in DMEM (BioWhittaker Walkersville, MD): 10% not 
heat inactivated fetal bovine serum (FBS), 1% l-Glutamine, 1% 
Penicillin/Streptomycin (P/S). Human umbilical vein endothelial cells 
(HUVEC) were obtained from Lonza (Breda, The Netherlands) and the 
Endothelial Cell Facility of University Medical Center Groningen, The 
Netherlands. HUVEC were cultured in RPMI-1640 (Lonza 
Biowhittaker Verviers, Belgium), 10% heat inactivated FBS (Thermo 
Scientific, Helmel Hempstead, UK), 1% l-Glutamine, 1% 
Penicillin/Streptomycin (P/S), 2 mM L-glutamine (Lonza Biowhittaker 
Verviers, Belgium), 5U/ml heparin (Leo Pharma, The Netherlands) and 
5µg/ml of ECGF growth factor). HUVEC were cultured on gelatin-
coated tissue culture polystyrene (TCPS). Cells’ medium was refreshed 
every three days. ASC and HUVEC were used between passage 3 and 
5. 

 



   Chapter 6
 

200 

Primary cells immunofluorescence 

Samples were fixed in 4% paraformaldehyde in PBS for 30min. 
Subsequently, cells were permeabilized with 1% BSA and 0.5% 
Triton-X100 in PBS at room temperature for 1h. After PBS washes, 
primary antibodies were incubated overnight: fibulin-1 (1:100, 
HPA001612, Sigma-Aldrich), rabbit-anti-human fibronectin (ab6584, 
Abcam, UK). Samples were washed with PBS and incubated with the 
fluorescein-conjugated-goat-anti-rabbit IgG (1:500, Jackson 
Immunoresearch, UK) in PBS containing DAPI. Images quantification 
and analysis was performed using image J. 

3D printed scaffold design and cells culturing 

3D scaffolds were printed with a commercially available 3D printer 
(Reprap Prusa i3, Anet 3D, China). Biodegradable material, polylactic 
acid (PLA), was used to print the scaffolds. 3D scaffolds were designed 
with SketchUp 2016 software. Three-dimensional co-cultures were 
achieved by embedding ASC in combination with HUVEC (1 x 105 
ASC and 2 x 105 HUVEC, ratio 1:2) in 100μl of matrigel (Corning, 
growth factor reduced, New York, USA) accommodated in 3D printed 
scaffolds (volume: 60mm3) for 10 days. Immunostaining was 
performed as described above. After staining, the scaffolds were frozen 
with liquid nitrogen and sectioned for imaging. Confocal microscope 
(SP8, Leica) was used to acquire z-stack images at 63x. Post-
processing for imaging was achieved using ImageJ software 35. 

Statistical analysis 

All the data are presented as a mean with either SEM or SD and were 
analyzed using GraphPad Prism 5 (GraphPad Software Inc.). Statistical 
significance was determined using Students t-test and one-way 
ANOVA analysis. Values of p<0.05 were considered statistically 
significant.
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General discussion 

Shaping vessels and microenvironment: adipose stromal cells in retina 

related disease 

The studies proposed in this thesis aimed at evaluating the adipose 
stromal/stem cells (ASC) plasticity to support and maintain the 
microcirculation in the context of diabetic retinopathy. Considering the 
multitude of biochemical changes during the onset and progression of 
diabetic retinopathy, cell therapy warrants deeper understanding of the 
molecular mechanisms underlaying cell-to-cell communication and the 
ability to shape the surrounding microenvironment. The ultimate aim 
is to engineer cells to effectively reestablish homeostasis in the 
pathological retinal microenvironment. 

This thesis contributed new knowledge that moves the field closer to 
this ultimate goal: 

The first two experimental chapters in this thesis (chapter 3 and 4), 
focused on the role of notch signaling in guiding ASC-driven vessel 
network formation by endothelial cells. Notch signaling is indeed 
involved in this process by promoting migration and assembly of 
endothelial cells.  

Endothelial cells morphogenesis was analyzed in a confined three-
dimensional microenvironment (chapter 5). This chapter illustrated 
ASC exert pericytic-like function (acting as supporting cells to the 
microvessels) by secreting ECM components. This process allows 
endothelial cells positioning and subsequent assembly in vessels-like 
networks.  

In chapter 6, fibulin1 was investigated for its possible role in the 
pathogenesis of diabetic retinopathy and ECM organization by ASC.        
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The initial features that led several scientists to focus on the ASC 
regenerative characteristics encompass their multipotency, pro-
angiogenic milieu and the phenotypical acquisition of perivascular 
cells/pericytes feature1-4. Pericytes have the fundamental role of 
supporting the retinal microcirculation through direct contact with 
endothelial cells5. The secretion of a basement membrane and 
communication with other cell populations of the retina (i.e. glia cells), 
establish a tight control and protection from the signals of the systemic 
circulation through the blood-retina barrier6. The dysregulated 
catabolism of glucose exerts an important metabolic stress on the 
microvascular endothelial cells constituting the capillaries in the eyes. 
Consequently, endothelial cell apoptosis and pericyte migration leaves 
portions of the capillary bed unguarded and subjected to the action of 
cytokines and growth factors secreted by the cells in the 
microenvironment7. Therefore, the hypothesis that ASC could replace 
retinal pericytes and confer stability to the aberrant retinal 
microcirculation is appealing in the field of regenerative medicine8. 
However, several factors and limitations need to be considered to 
successfully induce physiological angiogenesis in the retinas affected 
by diabetes. First of all, a single animal model that recapitulates the 
non-proliferative and the proliferative stages of diabetic retinopathy is 
not available. Without an appropriate model to study the long-term 
effects of cell therapy during the progression of the disease it becomes 
complex to monitor the fate of the implanted cells. Moreover, the 
pathological retinal microenvironment switches from ischemic areas 
which require angiogenesis to reestablish the capillary bed, to regions 
with pathological proliferative angiogenesis where, ideally, the 
implanted cells could modulate the identity of the endothelial cells and 
stabilize the microcirculation towards homeostasis. To date, numerous 
studies reported the ASC secretion of growth factors involved in 
regulation of angiogenesis, proliferation, inflammation and 
maintenance9. In chapter 2, we reviewed the current knowledge on the 
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application of mesenchymal stromal/stem cells for cell therapy in the 
eyes. Trophic mediators secreted by ASC and relevant to the diabetic 
retinal microenvironment are various. For example, FGF, VEGF, NGF, 
BDNF, GDNF and CNTF, are all involved in maintenance of processes 
such as survival and proliferation of several types of cells1. How these 
factors modulate the retinal microenvironment and, in reverse, the 
response to these factors shapes the activity of implanted cells needs 
further elucidation. However, evidence in animal models suggested 
several benefits upon ASC injection in the eyes. ASC can improve 
neuronal function (measured through ERG), alleviated vascular 
leakage, reduced apoptosis, increased intraocular levels of 
neurotrophic factors and, importantly, no pro-vasculogenic 
microenvironment changes were observed9-12. Furthermore, ASC have 
been shown to withstand the oxidative stress initiated by glucose. This 
is very important since resident pericytes migrate away for the same 
reason. Finally, a low-grade response of pro-inflammatory mediators 
also developed due to the progression of DR. In fact, a challenge for 
implanted ASC is to maintain macrophages as a M2 
immunosuppressive phenotype, regulate T cells responses and limit the 
induction of an adaptive immune response. The latter is speculative 
since studies on the regulation of the immune/inflammatory response 
are lacking. 

Recent studies focusing on the role of pericytes depletion in the retina 
begin to shed light on the molecular pathways which induce 
irreversible damage to the microcirculation in diabetic retinopathy. 
Under physiological conditions pericyte-derived angiopoietin-1 
activates the tie2 receptor which phosphorylates and inactivates 
FOXO1. This pathway promotes intracellular junctions of the blood-
retinal barrier and attenuates inflammation.  Pericyte-free endothelial 
cells enact a positive feedback loop with activation of endothelial 
transcription factor NFAT, increased Tie-2 phosphorylation and 
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upregulation of Angpt2 and VEGFR2.  The alterations of these signal 
molecules sustain pathological neo-angiogenesis. Concomitantly, 
NFAT increases the secretion of pro-inflammatory chemokines by 
endothelial cells. Consequently, disruption of intracellular junctions 
favors monocyte infiltration, which then differentiate into 
macrophages that produce pro-angiogenic factors (i.e. VEGF, PIGF) 
and pro-inflammatory TNF-α13. In this scenario, endothelial cells 
respond to adverse stimuli in an attempt to reestablish the physiological 
balance between anti- and pro-angiogenic factors.  

Another class of proteins involved in development and maintenance of 
the blood-retinal barriers is notch signaling. Notch receptors and 
ligands on the surface of endothelial cells and pericytes, dictate the 
molecular events that discriminate between tip leading endothelial cells 
and the following stalk-cells14. VEGF is also involved in stimulating 
the nascent vessels; notch signaling, however, attenuates the response 
of stalk cells to VEGF by reducing its receptors15. In this way, neo-
angiogenesis can proceed in only one direction. During the initiation of 
the vasoproliferative stage of retinopathy, angiogenesis control of 
endothelial cells is dysregulated, and the response of sensitized 
endothelial cells to pro-angiogenic stimuli in addition to dysregulated 
notch signaling, leads to excessive vasoproliferation16. In chapter 3, 
we hypothesized that the ASC pericytic function exerts angiogenic 
control on endothelial cells through notch signaling. In this study, 
investigation of the distribution of notch receptors and ligands on ASC 
and endothelial cells revealed a predominance of NOTCH2 expression 
and overall equal expression of the notch components respectively. 
NOTCH2 has affinity for both Delta and Serrate ligands17 and positive 
feedback loops between nuclear complex NICD, ERG and β-catenin 
have been proposed to explain the regulation of angiogenesis and 
homeostasis in the vascular plexus18. In order to investigate the role of 
NOTCH2 expressed on the ASC in the communication with 
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endothelial cells, ASC NOTCH2 expression was reduced by short 
hairpin RNA. Downregulation of ASC NOTCH2 inhibited the 
capillary-like tube formation of endothelial cells, as examined in both 
2D and 3D coculture. Notably, endothelial cells cultured alone in a 
three-dimensional setting, failed to spontaneously assemble into a tube-
like structure. These first results suggested that the process of 
vasculogenesis initiated by ASC requires cell-to-cell contact with the 
endothelial cells in order to promote endothelial cells morphogenesis. 
Whether NOTCH2 controls the ASC pericytic features with regard to 
sensing endothelial cells’ signals for attraction and migration, was 
hypothesized and tested with the chemoattractant PDGF-BB. This 
growth factor, secreted by endothelial cells, recruits pericytes during 
vascular growth and acts as mitogen in activated cells, allowing 
proliferation and survival for vascular development19. Migration of 
ASC SH-NOTCH2 (NOTCH2 down regulation in short hairpin treated 
ASC) to recombinant PDGF-BB was reduced compared to the wild 
type ASC. Furthermore, PDGFRB produced by ASC was 
downregulated in ASC SH-NOTCH2, confirming the relationship 
between endothelial chemoattractant and the ASC capacity to respond. 
Recent findings by Park and co-workers confirmed the crucial role of 
PDGF/PDGFRB signaling for the formation and maturation of the 
blood-retinal barrier in postnatal stages. Interestingly, 
PDGFB/PDGFRB was not involved in the maintenance of blood-
retinal barrier by endothelial cells and pericytes20. We next asked the 
question whether conditioned medium collected from ASC SH-
NOTCH2 could have deleterious effects on endothelial cells 
proliferation. In this experiment, endothelial cells equally proliferated 
in all the experimental conditions ruling out any adverse effect from 
ASC SH-NOTCH2 secretome. In the last steps of this study, ASC SH-
NOTCH2 were used to quantify the regenerative capacity on the retinal 
capillary-bed regression obtained through an oxygen induced 
retinopathy mouse model (OIR). The retinas capillary-beds treated 
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with ASC SH-NOTCH2 and controls (ASC WT and ASC SH-SCR) 
resulted in reconstitution of the avascular areas of the retinas. By 
measuring the amplitude of ON-bipolar cells by means of 
electroretinogram (ERG), we showed that both ASC WT and ASC SH-
NOTCH2 had a positive improved amplitude of these layers of the 
retina compared to untreated animals. In contrast, ASC SH-NOTCH2 
did not distribute evenly and deeply in the retinas’ layers as observed 
for ASC WT. Recapitulating, ASC injected into the vitreous of the eyes 
to repair the diabetic retinas need to respond to the microenvironment 
and, PDGFRB might function as mediator for a subsequent ASC-
endothelial cells communication. ASC expressing NOTCH2 is 
indispensable to induce angiogenesis in endothelial cells. This process 
should allow endothelial cells to effectively respond to VEGF whereas 
ASC protect endothelial stalk cells from pro-angiogenic growth factors 
and ensure an angiogenic process toward homeostasis15. 

In chapter 4, we further investigate another possible mediator, namely 
JAGGED1, known to be expressed by endothelial cells and to bind to 
NOTCH217. Gene expression profiles in in vitro cultured ASC, 
endothelial cells and their coculture showed expression of JAGGED1 
which was not altered by hyperglycemia. In vitro cocultured ASC and 
microvascular endothelial cells expressed VEGFR1, receptors found 
on tip cells during angiogenesis, resulted in higher expression 
compared to VEGFR2 whose expression is induced in stalk cells to 
suppress the tip-cell phenotype21. These measurements were consistent 
in hyperglycemia condition. We previously showed that ASC 
NOTCH2 downregulation inhibited the interaction and subsequent 
capillary-like tube formation by endothelial cells. By targeting γ-
secretase, one of the enzymes involved in notch intracellular domain 
(NICD) release upon notch ligand-receptor binding22, we confirmed 
the importance of this interaction to promote vessel-like network 
formation in a coculture of ASC and endothelial cells. In the same 
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setting, a peptide targeting JAGGED1 and therefore inhibiting its 
binding to notch receptors, did not interfere with the network formation 
between ASC and endothelial cells. This result suggested that other 
notch receptors might compensate for JAGGED1 inhibition and that 
ASC can still exert their pericytic-supporting properties. As proof of 
concept, we used an in vivo model of capillaries formation namely 
Choriolliallantoid membrane (CAM) from the chicken embryo. Firstly, 
during the development of CAM, JAGGED1 inhibitor was added and 
regression of the developmental vascular network was observed. In 
accordance with previous finding, we showed that ASC partially 
rescued the formation of CAM in the presence of JAGGED1 inhibitor. 
Conclusively, we demonstrated that the juxtacrine (cell-to-cell 
communication) interaction between ASC and endothelial cells are 
influenced by notch signaling. On the one hand, notch receptors on 
ASC are mandatory to dock and promote capillary-like network 
formation by endothelial cells. On the other hand, JAGGED1 is a 
ligand that rather influence endothelial cells network whereas ASC can 
still function as supportive cells suggesting compensation of other 
notch ligands expressed by endothelial cells.
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Figure 1. Molecular relationship between the progression of 
DR and cell therapy. NPDR (non-proliferative DR), PDR 
(proliferative DR).  Retinas images44 and45. 
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Part II: Extracellular matrix remodeling 

Cellular assembly of capillary-like tubes in vitro driven by adipose 

stromal cells 

Tissue regeneration studies that leverage multipotent stem cells must 
take into account several aspects: cellular etiology, source, 
differentiation, response to the host microenvironment in pathological 
conditions, and finally, the acquired phenotype has to comply safely in 
the target organ8,23. As shown in figure 1, the progression of diabetic 
retinopathy involves a series of shifts in chemokine, growth factors and 
cellular responses that need to be thoroughly dissected in order to 
effectively use ASC for cell therapy24-26. Before animal 
experimentation, the complexity of organs can be partially recreated in 
vitro using three-dimensional microenvironments. Through this 
approach, detailed information about cellular morphogenesis and 
activity can be moreefficiently translated in vivo. To this end, we 
developed a three-dimensional microenvironment that allowed close 
observation of ASC and endothelial cells interactions. In chapter 5, we 
examined the temporal events that culminate in an interconnected 
capillary-like tube formation by ASC driven endothelial cells. Several 
studies investigated this interaction, showing ASC acquiring 
perivascular position and expressing some pericytic markers such as 
SM22α, NG2 and PDGFR27,28. However, cellular morphogenesis, in 
time, had not previously been investigated. Moreover, our 
constructions of 3D-printed scaffolds conferred a controlled and 
limited microenvironment where cellular events could be conveniently 
monitored by tracking cells for a span of time that easily exceed thirty 
days. In addition, some of the extracellular matrix (ECM) components 
involved in the multicellular assembly were analyzed. For example, 
fibronectin is a glycoprotein that interacts with collagen, heparin and 
fibrin. Simultaneously, fibronectin serves as receptor for various 
integrins, therefore offering both structural and signal functions29. In 
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our model, fibronectin was ubiquitously secreted by ASC in about ten 
days after cellular assembly took place. In fact, embedding ASC and 
endothelial cells in matrigel resulted in ASC remodeling of the matrigel 
for subsequent endothelial cells sprouting. At the same time, 
endothelial cells could migrate toward one another to assemble in 
numerous aggregates, establishing the first stage of vasculogenesis. 
Importantly, we showed that endothelial cells alone, in the same 
setting, could not assemble spontaneously, conferring to ASC the 
trigger for vasculogenesis30. ASC could be found in two positions, one 
being structural, the other being perivascular. The latter showed ASC 
to be in intimate contact with endothelial cells’ aggregates. Time-lapse 
microscopy showed that ASC were moving in an oscillatory fashion, 
suggesting mechanical pressure may be required by endothelial cells 
for subsequent sprouting. Endothelial cells sprouted and connected 
aggregates in a capillary-like tube formation which was observed after 
ten days of coculture. ASC fibronectin secretion could be detected after 
four days and, at ten days fibronectin occupied most of the extracellular 
space between cells. Importantly, a small portion of endothelial cells 
did not participate in the aggregate formation. In fact, these cells were 
observed to remain in between aggregates and subsequently elongated 
toward them. Putatively, these “solitary” endothelial cells functioned 
as intermediates for the aggregates sprouting endothelial cells to 
effectively form interconnected capillary-like tubes. After twenty-three 
days of coculture aggregates maintained a dynamic phenotype in terms 
of cells movements as well as bridges of cells connecting aggregates 
between one another. The majority of cells could cover a distance 
spanning between two to ten microns per thirty minutes. The fastest 
cells were covering twenty microns per thirty minutes.  

Perturbation of the ECM composition caused by diabetes comprises 
diverse pathophysiological factors that include reactive oxygen species 
(ROS), advance glycation-end products (AGEs) and overall metabolic 
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stress caused by hyperglycemia31. Proteins of the basement membranes 
constituting the microcirculation of several organs such as kidneys and 
the retina, become increasingly up-regulated whereas proteins that are 
not normally present in physiological conditions contribute to the 
thickening and pathological changes of the basement membranes 
composition32. For instance, collagen IV and agrin are up-regulated in 
diabetic conditions, while fibronectin and tenascin, which are usually 
moderately present in basement membranes, also contribute to the 
thickening of the ECM surrounding microvessels33. We measured ASC 
fibronectin deposition during the vasculogenic process in vitro by 
endothelial cells. We used human vein endothelial cells (HUVEC) and 
porcine retina microvascular endothelial cells (PREC) in combination 
with ASC. The highest fibronectin deposition was observed in the 
coculture between ASC and HUVEC. The immunoglobulin PECAM-
1 was used to visualize the capillary-like tubes formed by endothelial 
cells. In the latter setting, PECAM-1 was also deposited more 
abundantly compared with the combination of ASC and PREC. These 
results agreed with the abovementioned studies, in fact, ASC adapted 
to the source of endothelial cells by depositing more or less fibronectin 
depending on the diameter of the putative vessels that could be formed. 
However, the mechanism behind ASC fibronectin deposition and how 
endothelial cells modulate it is currently unknown. Fibronectin is 
indispensable for rebuilding tissues conferring routes for cells 
migration, proliferation and contraction. Moreover, growth factors (i.e. 
PDGF, VEGF, and bone morphogenic protein (BMP)) bind to 
fibronectin and regulate wound healing process29. The relation between 
ASC matrix deposition and the growth factors gradient during 
capillaries repair in diabetic retinopathy could offer new therapeutic 
targets. In the last experimental setting, ASC derived from diabetic 
patients were used. Diabetic ASC failed to induce capillary-like tubes 
by endothelial cells which remained constrained in to aggregates with 
little signs of sprouting. Fibronectin was moderately deposited 
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compared to wild type ASC. In contrast, as shown in chapter 6, 
diabetic ASC cultured in monolayer exhibited a net higher fibronectin 
deposition when compared to wild type ASC. In addition, the 
contribute of hyperglycemia to ASC fibronectin deposition appear to 
be negligible, suggesting that diabetic ASC perturbation derives from 
molecular mechanisms independent from hyperglycemia-induced 
changes. Alternatively, it is possible that perturbation of metabolic 
pathways that control oxidative phosphorylation and electron transport 
chains overcame the physiological state of diabetic ASC, because in 
vitro, hyperglycemia does not induce any additional perturbation in 
terms of ECM deposition. In this scenario, we hypothesized that 
supramolecular organization of the ECM might significantly contribute 
to the ASC angiogenic capacity in the retina and therefore, 
understanding this modulation could open new routes for intervention, 
as well as implementation in the current knowledge. We focused on 
fibulin-1, a constituent of basement membranes that interacts with 
collagens and fibronectin34-36. Little is known about localization and 
fibulin-1 function in the retina. However, fibulin-1 was found to be 
involved in axonal outgrowth in mouse retina through an in-silico 
pipeline for complex genetic networks37. In the vitreous of patients 
with proliferative diabetic retinopathy, mass spectrometry-based 
proteomics identified upregulation of fibulin-1 together with several 
isoform of collagens, fibronectin and proteoglycans38. Importantly, 
fibulin-1 was detected as constituents of the arterial ECM and, arteria 
thickenings were associated with an increase deposition of fibulin-1 in 
patients with type 2 diabetes39. In diabetic mice (ins2akita) we found 
that fibulin-1 was down-regulated compared to the distribution in the 
inner plexiform layer and inner nuclear layer of the wild type mice 
retinas. Diabetic ASC exhibited higher deposition of fibulin-1 and 
fibronectin compared to wild type ASC. Lastly, ASC in coculture with 
endothelial cells showed fibulin-1 deposition on previous pattern left 
from migrating cells during vasculogenesis. 
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Conclusions and future perspective 

The main aim of this thesis was to investigate the molecular 
mechanisms and the microenvironment morphogenesis involved in the 
pericytic function of adipose stromal cells (ASC). First, notch signaling 
is required for the communication between ASC and endothelial cells. 
ASC chemoattraction and migration depended on the expression of 
NOTCH2 which in turn, induced endothelial cells to form capillary-
like tubes in vitro. Second, the ASC capacity to shape the vasculature 
was analyzed in a three-dimensional system. We dissected the temporal 
dynamic of ASC and endothelial cells during the process of 
vasculogenesis. Moreover, spatial organization, morphology and ECM 
deposition highlighted important features in healthy and diabetic ASC. 
Finally, ECM deposition in ASC and during the progression of diabetic 
retinopathy were analyzed in parallel to elaborate on new strategies for 
cell therapy. 

An important link was forged between the mitochondrial biogenesis, 
fibrosis and notch signaling in recent publications40,41. These 
relationships maydisplay similar patterns in ASC driving tissue 
regeneration. Therefore, modulation of notch signaling in ASC could 
offer a therapeutic intervention for cells therapy in the eyes. However, 
novel approaches that combine modulation of a large selection of genes 
and automated profiling of cells phenotypes are needed to precisely 
tackle cells heterogeneity and to identify new targets42. The latter 
approach could be integrated with functional studies aimed at 
understanding cells movements in three-dimensional 
microenvironments43. In conclusion, we identified key molecular 
regulators involved in ASC supportive functions on the vasculature. 
Approaching complexity by recreating in vitro microenvironments is 
of great importance for basic understanding of ASC in shaping the 
microenvironment and to safely translate findings into patients.
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Nederlandse samenvatting 

Microvasculaire complicatie van diabetes beïnvloedt de haarvaten in 
het netvlies. Microvasculaire endotheelcellen vormen de haarvaten die 
nauw de uitwisseling tussen het bloed en de extracellulaire ruimte van 
het netvlies regelen. Grenzend aan capillairen komen pericyten in 
contact met de microvasculaire endotheelcellen om structurele en 
biochemische ondersteuning te verlenen. Bij diabetische patiënten 
komt de normale glucoseopname in het gedrang, wat leidt tot 
biochemische verstoring in de microcirculatie. Endotheelcellen zijn 
een van de eerste gevoelige cellulaire bestanddelen die in het netvlies 
apoptose ondergaan en de extracellulaire ruimte blootstellen aan de 
bestanddelen van het bloed. Vervolgens worden pericyten ofwel 
apoptotisch ofwel migreren onder de invloed van een ongunstige 
micro-omgeving. Het moleculaire scenario naar een gebrek aan juiste 
perfusie sinds district van endotheelcellen het capillaire bed 
onderbreken. Gebrek aan zuurstof en activering van angiogene stimuli 
in endotheelcellen activeert proangiogene mechanismen in het netvlies 
die een fysiologisch capillair bed proberen te herstellen. In de meest 
ernstige gevallen van patiënten die worden getroffen door diabetische 
retinopathie, groeit de microcirculatie ongecontroleerd om 
hemorragieën en extracellulaire ophoping van vloeistoffen te 
veroorzaken die een normaal gezichtsvermogen in het gedrang brengen 
en uiteindelijk tot blindheid leiden. 

Van de medische strategieën die worden gebruikt om de 
microcirculatie in het netvlies te voorkomen, te behouden en te 
genezen, wordt in dit proefschrift rekening gehouden met cellulaire 
therapie. Adipose stromale cellen (ASC) geoogst uit vetweefsels 
vormen een aantrekkelijke bron gezien hun beschikbaarheid en, 
belangrijker nog, ASC fungeren als ondersteunende cellen voor de 
microvaatjes. Het hoofddoel van dit proefschrift was het onderzoeken 
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van de moleculaire, morfologische en pathologische impact van 
adipose stromale cellen tijdens de regeneratie van bloedvaten in de 
context van microvasculaire complicatie van diabetes, d.w.z. 
diabetische retinopathie. Dit werk is in twee delen uit een. Eerst worden 
de huidige strategieën van implantatie en de daaropvolgende resultaten 
van celtherapie besproken. Daarna volgt het onderzoek naar notch-
signalering op ASC als moleculaire route betrokken bij de 
communicatie van ASC en endotheliale cellen evenals ASC-
implantatie in de ogen om een gebrek aan functie van notch op ASC te 
evalueren. Vervolgens wordt een meer diepgaande evaluatie van ASC-
vorming van de morfogenese van endotheelcellen in vitro onderzocht 
door middel van driedimensionale micro-omgevingen. 

In hoofdstuk twee werd celtherapie in de context van diabetische 
microvasculaire complicatie in de ogen besproken. De belangrijkste 
resultaten met betrekking tot ASC-pericytische functie toonden hun 
haalbaarheid aan om de microcirculatie van het netvlies te integreren 
en te ondersteunen bij diabetisch geïnduceerde dieren zoals ratten en 
muizen. Voorlopige resultaten toonden verbetering van proangiogene 
stimuli na implantatie en verminderde ontsteking. Belangrijk is dat 
vroege schade aan de microcirculatie ofwel werd voorkomen of 
verminderd. Deze review was vooral gericht op ontstekingen 
veroorzaakt door uitgebreide schade aan het netvlies. ASC moet 
ontstekingsstimuli kunnen weerstaan, mogelijk verminderen en, daar 
naast, stabiliteit verlenen aan de haarvaten in het netvlies. In zoverre 
kon ASC ook differentiëren in de richting van ontstekingsremmende 
fenotypen zoals M2-macrofagen en Treg, samen met een repertoire van 
geschikte secretie van ontstekingsremmende en antiangiogene 
cytokines, groeifactoren en metabolische toestanden naar homeostase. 
Er is echter weinig bekend over inflammatoire toestanden van het 
netvlies tijdens diabetes na cellulaire implantatie. Daarom hebben we 
de immunomodulatiestimuli en ASC-resultaten die in in vitro 
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experimenten zijn gegenereerd, overwogen en gesuggereerd dat 
geschikte diermodellen en meer kennis van de fundamentele 
fenotypische veranderingen van geïmplanteerde ASC nodig zijn. 

ASC functioneren als ondersteunende cellen die lijken op pericyten in 
het netvlies. Pericyten zitten naar om endotheelcellen heen, scheiden 
een basaalmembraan af en helpen de moleculaire trafficking tussen de 
bloedstroom en de extracellulaire ruimte van organen te beheersen. Om 
celtherapie te verbeteren, is meer kennis van de ondersteunende functie 
van ASC nodig op moleculair niveau. In hoofdstuk 3 en 4 werd de 
hypothese gesteld dat notch-signalering migratie, contact en 
differentiatie van ASC naar pericytisch-achtige functie regelt bij 
contact met endotheelcellen. Notch-signalering is een 
alomtegenwoordige moleculaire route, met verschillende functies in 
verschillende districten van het lichaam. Over het algemeen regelt 
notch-signalering segmentatie en cellulaire differentiatie. In ASC 
vonden we dat NOTCH2 voornamelijk aanwezig was tussen zijn 
receptoren, terwijl JAGGED1 voornamelijk aanwezig was tussen de 
liganden. Vervolgens hebben we onderzocht wat de bijdrage is van 
ASC die NOTCH2 tot expressie brengt om endotheelcellen in vitro te 
induceren. Wanneer ASC NOTCH2-expressie was verminderd (ASC 
SH-NOTCH2), konden endotheelcelnetwerken niet formeren in 
vergelijking met wildtype. Deze functie is ook getest in een 
driedimensionaal cocultuursysteem en heeft de tweedimensionaal 
verkregen resultaten bevestigd. Eerdere studies toonden aan dat 
endotheelcellen pericyten aantrekken door de uitscheiding van 
groeifactoren. PDGFRB is een receptor op ASC (of pericytes) die een 
rol speelt bij respons op endotheliaal uitgescheiden PDGF-BB. In 
normale omstandigheden migreerde ASC naar medium verzameld uit 
endotheelcellen (geconditioneerd medium), evenals naar medium met 
de toevoeging PDGF-BB.ASC met NOTCH2 verminderde expressie 
kon darrentegen niet collectief migreren naar de eerder genoemde 
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stimuli. Gezien deze eerste resultaten, vroegen we of implantatie in de 
ogen ASC SH-NOTCH2-interactie met de microcirculatie zou 
verhinderen en bijgevolg hun werkzaamheid zou verminderen. Het 
diermodel dat voor dit experiment werd gebruikt lijkt op de 
proangiogene staat van endotheelcellen in het netvlies, maar het is geen 
omgeving die door diabetes wordt beschadigd. ASC SH-NOTCH2 is 
niet geïntegreerd in de microcirculatie in vergelijking met de wildtype. 
Bovendien toonde het elektroretinogram geen significante verschillen 
in de reactie van de cellen op lichtstimuli en daarop volgend herstel. 
Samengenomen bevestigden deze gegevens ASC-wildtype-integratie 
in de microcirculatie van het netvlies en mislukte integratie van ASC 
SH-NOTCH2. Dit laatste zou het gebrek aan respons van ASC op 
migrerende stimuli en / of het vermogen van ASC om als 
ondersteunende cellen te functioneren kunnen verklaren. Meer in vivo 
experimenten zijn nodig om de fenotypische toestand van ASC in deze 
context te evalueren.  

Een ander belangrijk onderdeel van de notch-signalering is JAGGED1. 
Experimenter naar gebrek aan functie vroege vasculaire beschadiging 
en dodelijkheid. JAGGED1 overexpressie, leidt daarentegen tot 
ongecontroleerde angiogenese met een daaruit voortvloeiende 
vaatafwijking zoals vasoproliferatie. JAGGED1 is actief op 
endotheelcellen en verschillende onderzoeken toonden interactie aan 
van JAGGED1-ligand op endotheelcellen die onmisbaar zijn voor 
pericytische differentiatie op pericyten. We stelden daarom dat ook 
JAGGED1 op ASC betrokken is bij de communicatie en inductie van 
vorming van bloedvaten door endotheelcellen. Interessant genoeg werd 
gevonden dat glucose de JAGGED1-expressie op ASC of 
microvasculaire endotheelcellen in vitro niet beïnvloedt. Om de 
bijdrage van notch aan de communicatie tussen ASC en 
endotheelcellen te onderzoeken, werden twee types remmers gebruikt. 
Ten eerste is γ-secretase vereist om een deel van de notch-receptoren 
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op het oppervlak van de cellen enzymatisch bloot te stellen. γ-
secretase-remmer was voldoende om de vorming van het 
bloedvatennetwerk te belemmeren. Daarentegen had JAGGED1 geen 
waarneembaar verschil in de vorming van netwerken tussen ASC en 
endotheelcellen, wat suggereert dat andere notchiganden JAGGED1 
zouden kunnen compenseren. Vervolgens werd het effect van 
JAGGED1-remming getest op een in vivo model van net 
haarvatennetwerk. Hier resulteerden de haarvaten in een verminderde 
dichtheid en groei in vergelijking met de controle group. Wanneer ASC 
op het haarvatennetwerk werd geplaatst, werd een verhoogde 
dichtheidsgroei gedetecteerd. Voor dit laatste experiment zijn echter 
meer experimentele replicaten nodig om deze resultaten te bevestigen.  

Dit tweede deel van het proefschrift heeft tot doel de communicatie 
tussen cellen (ASC en endotheliale cellen) in tijd en ruimte te 
evalueren. Voor dit doel werden biologisch afbreekbare scaffolds 
gebruikt om cellen in extracellulaire matrix te kweken en om de 
morfologische ontwikkeling in een langere tijdsperiode te volgen in 
vergelijking met tweedimensionale kweeksystemen. Deze benadering 
toonde cellenmorfologie en extracellulaire matrix (ECM) uitscheiding 
vanaf tijd 0 (het zaaien van cellen) tot ongeveer één maand. Bovendien 
werden ASC van diabetische patiënten en retinale microvasculaire 
endotheelcellen in dit systeem gekweekt om de morfologische 
ontwikkeling te evalueren. Endotheelcellen vormden aggregaten onder 
invloed van ASC, endotheelcellen alleen waren daartoe niet in staat. 
Grote ECM-componenten zoals fibronectine werden ongeveer vier 
dagen na het zaaien uitgescheiden. De wanden van de steiger scaffold 
door de cellen gebruikt als ankerpunten en bepaalden de limiet van het 
kweeksysteem. Endotheelcellen en ASC werden gelabeld door de 
mitochondriën en werder gevolgd in real time. ASC had een dubbele 
functie als structurele cellen, gedeponeerd fibronectine en ingepakte 
endotheelcellen in een pericytisch-achtige positie. In ongeveer 10 
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dagen werd een onderling verbonden netwerk gevormd met 
endotheelcellen die adhesie-eiwitten tot expressie brengen (PECAM-
1) en ASC die functioneren als ondersteunende en structurele cellen. 
Het cellulaire netwerk werd gekenmerkt door tunnels met een diameter 
van ongeveer 20 μm. Daarentegen kon diabetische ASC de vorming 
van endotheelcellen niet ondersteunen. Fibronectine en PECAM-1 
afzetting was ook afgenomen. De laatste afname werd ook 
waargenomen in een co-cultuurexperiment van ASC en retinale 
microvasculaire endotheelcellen. Vervolgens werd de snelheid en 
richting van cellen in de co-cultuur bepaald. Cellen die de aggregaten 
omvatten waren niet statisch en konden 15 μm / uur heen en weer 
transponeren. Endotheelcellen die uit de aggregaten staken, bewogen 
zich naar het centrum met een hogere snelheid, berekend als 21 μm / 
30 minuten. Tezamen genomen voormen driedimensionale micro-
omgeving een krachtige aanpak om de morfologische ontwikkeling van 
een co-kweeksysteem te beoordelen, zoals deze in dit proefschrift 
wordt gepresenteerd. ASC kon hun structurele en ondersteunende 
fenotype uitoefenen terwijl depositie van doeleiwit werd gevolgd in de 
tijd. Uit deze studie resulteerde dat ASC endotheelcellen induceren in 
aggregaten die de neiging hebben om met elkaar te verbinden om 
compacte en continue structuren te vormen. Interessant is dat 
diabetische ASC deze organisatorische capaciteit had verloren. 
Samengevat, deze methode is fundamenteel voor het vergelijken en 
verrijken van moleculaire mechanismen tot morfologische 
gebeurtenissen bij cellen tot celcommunicatie in fysiologische en 
pathologische omstandigheden. 

In het laatste experimentele hoofdstuk (hoofdstuk 6) werden de 
mogelijke rollen van fibulin1 in de context van diabetische retinopathie 
en ASC geëvalueerd. Fibulin1 is een structureel extracellulair eiwit 
waarvan wordt aangenomen dat het ankerpunten aan andere 
belangrijke ECM-eiwitten verleent. Deze bijkomende eiwitten zouden 



   Chapter 7 

 

229  

ECM-toegankelijkheid en cellulaire morfogenese kunnen reguleren. 
Daarom werd eerst een diabetisch diermodel gebruikt om de depositie 
en lokalisatie van fibulin1 te bepalen. Fibronectine werd ook 
geëvalueerd als onderdeel van de eiwitten met verbindingspunten voor 
fibuline1. In het netvlies van diabetische dieren bleek de fibulinl-
expressie verminderd te zijn vergeleken met controledieren. Fibulin1 
was echter gelokaliseerd in de binnenste plexiforme laag en de 
buitenste nucleaire laag van het netvlies. Het projecteren van het 
gebruik van ASC als celtherapie in de ogen, fibuline en fibronectine 
expressie werden geëvalueerd in wild type ASC en diabetische ASC. 
Interessant is dat zowel fibronectine als fibuline1 opgereguleerd waren 
in dibetische toestand vergeleken met wild type ASC. Ten slotte werd 
de bijdrage van ASC-fibuline-1-expressie in co-cultuur met 
endotheelcellen geëvalueerd in een driedimensionaal kweeksysteem. 
Hier werd fibuline1 tussen cellen uitgescheiden en interessant genoeg 
werd het aangetroffen in tunnels die eerder waren gevormd door 
cellenactiviteit. Kortom, fibuline1 is inderdaad een bestanddeel van de 
ECM die in het netvlies wordt afgezet, evenals door ASC. 
Hyperglycemie verhoogt waarschijnlijk de depositie door ASC, vooral 
ASC van diabetische patiënten. Deze resultaten wijzen op een beter 
begrip van de rol van fibuline1 in het netvlies onder pathologische 
omstandigheden en op voorzichtigheid bij het gebruik van ASC bij 
patiënten met diabetes, aangezien ECM-depositie lijkt te zijn aangetast. 
Daarom zijn gebrek aan functie-experimenten nodig om de biologische 
rol en de gevolgen van fibulinl-uitputting in de retina en ASC te 
begrijpen. 

In dit proefschrift werd de potentiële rol van ASC als celtherapie voor 
implantatie in de ogen onderzocht. ASC functioneren als 
ondersteunende cellen die op de pericytische functie lijken door 
angiogene en vasculogene kiemen in vivo en in vitro te induceren en te 
beheersen. Een beperkte driedimensionale micro-omgeving toonde aan 
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dat ASC niet alleen bijdraagt aan het contact met endotheelcellen, maar 
ook aan de structuur, en dus de micro-omgeving voorbereidt op de 
morfogenese van endotheelcellen. Belangrijk is dat ECM-eiwitten 
verhoogde secretie vertoonden door gecultiveerde ASC en endotheliale 
cellen in pathologische toestand zoals diabetes en hyperglycemie. 
Verder is notchsignalering fundamenteel voor het initiëren en 
handhaven van vasculaire netwerkvorming door endotheelcellen. Om 
te zorgen voor veilige translationele aanwijzingen voor de implantatie 
van cellen in de ogen, kan deze aanpak leiden tot in een efficiënte studie 
van langetermijnkweek en modificatie van ASC en endotheelcellen 
met een vooruitzicht om de complexiteit te vergroten en uit 
afzonderlijke experimenten. Voor toekomstige experimenten moeten 
het morfologische potentieel van ASC, de bio-energetische toestand en 
de interactie met cellen van het doelorgaan in vitro zorgvuldig worden 
geëvalueerd om het beste cellulaire fenotype voor regeneratieve 
doeleinden te waarborgen.
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List of abbreviations 

AGE Advanced glycation end product  
ALDH Aldehyde dehydrogenase 
AMD Age-related macular degeneration  
Ang-2 Angiopoietin 2 
ASC Adipose tissue-derived stromal/stem cells 
α-SMA alpha-smooth muscle actin  
BDNF Brain-derived neurotrophic factor  
BM-MSC Bone marrow mesenchymal stem cells 
BRB Blood retinal barrier 
CB-MSC Cord blood mesenchymal stem cells 
CO Carbon monoxide 
CNTF Ciliary neurotrophic factor  
DR Diabetic retinopathy 
EPO Erythropoietin EC Endothelial cells 
ECM Extracellular matrix 
GLO-1 methylglyoxal-metabolizing enzyme glyoxalase-1 
GPx1-3 glutathione peroxidases 
HGF Hepatocyte growth factor  
HO-1 Heme oxygenase 1 
hRPCs human retinal pericytes  
IGF Insulin-like growth factor 
IDO Indole amine 2,3-dioxygenase  
IL interleukin 
INF-γ Interferon-gamma 
ISCT I International Society for Cellular Therapy 
imPSCsc mouse induced pluripotent stem cells 
iPSCs induced pluripotent stem cells 
EAU Experimental autoimmune uveitis  
ECM Extracellular matrix 
ET-1 Endothelin-1 
FGFb Fibroblast growth factor b 
MSC Mesenchymal stromal/stem cells  
MCP-1 Monocyte chemotactic protein 1  
MIF Macrophages inhibitory factor 
CI Mitochondrial complex one  
MMP Matrix metalloproteases  
MoA Mode of action 
NG2 Neural/glia antigen 2  
NGF Nerve growth factor  
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NO Nitric oxide 
NOX NADPH oxidase  
NT3 neurotrophin-3 
NOTCH Neurogenic locus notch homolog protein 
OIR Oxygen-induced retinopathy 
PDGF-B Platelet-derived growth factor B  
PDR Proliferative diabetic retinopathy  
PEDF Epithelial derived growth factor  
PGE2 prostaglandin E2 
PKC Protein kinase C 
RAGE Receptor for advanced glycation end products 
RGS5 regulator of G-protein signaling 5  
ROS Reactive oxygen species 
SDF-1 stromal cell derived factor 1  
SOD superoxide dismutases 
SVF Stromal vascular fraction  
STZ Streptozotocin 
T1D Type 1 Diabetes  
T2D Type 2 Diabetes 
TGF-β Transforming growth factor beta  
Th T helper 
TNF-α Tumor necrosis factor alpha  
Treg Regulatory T cell 
TRX thioredoxin reductases 
VEGF Vascular endothelial growth factor 
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