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Abbreviations

MVF
PDGF
HSC
BBB
CNS
EC
VEGF
FSP
Ang-1
HMW-MAA
NG2
TGF
EMT
EnMT
MMP
RGS-5
RFM
MCAM
HAT
HDAC
TPA

Microvascular fragment
Platelet derived growth factor
Hepatic Stellate Cell
Blood Brain Barrier
Central nervous system
Endothelial Cell
Vascular endothelial growth factor
Fibroblast Surface Protein
Angiopoietin 1
High molecular weight melanoma
associated antigen
Neural glial 2
Transforming growth factor
Epithelial to mesenchymal transition
Endothelial
to
mesenchymal
transition
Matrix metalloproteinase
Regulator of G-protein signaling 5
Reticular fibroblast marker
Melanoma cell adhesion molecule
Histone acetyltransferase
Histone deacetylase
12-0-tetradecanoyl-phorbol-13acetate

Introduction

Microvascular pericytes are cells located on the abluminal side of the
endothelium in microvessels 1. They share many characteristics with smooth
muscle cells that surround larger blood vessels as well as fibroblasts and
myofibroblasts 2. Pericytes are of mesenchymal origin and have been shown
to have mesenchymal stem cell properties capable of differentiating into a
number of different cell lineages 3, 4. While pericytes are in close association
with the microvessels, fibroblasts are located in the interstitium. The origin
of fibroblasts in activated tissues is still debated but we have put forth a
theory that the microvascular pericyte is an important source 5, 6. Damage to
a tissue initiates a number of events in the repair process including an
inflammatory response, recruitment and proliferation of fibroblasts,
activation of fibroblasts to myofibroblasts, and the formation of new blood
vessels 7. The underlying molecular mechanisms to all these events are
complex, interlaced and not fully elucidated.
The aim of the studies that are discussed in this thesis was to further
elucidate mechanisms behind the pericyte to fibroblast differentiation
process. The studies have focused on the microvascular pericyte both in vitro
and in reactive tissues in vivo. Human tissues as well as experimental animal
models have been employed. One prerequisite for fully functional
regeneration of tissue architecture is a functional vessel network and a
correctly formed connective tissue without fibrosis. The microvascular
pericyte is one of the key players in angiogenesis and by defining its
function as a fibroblast progenitor we would be able to link these two
processes. This would give insight into underlying regulatory mechanisms
that can be used in developing treatment regimes in an attempt to modulate
the process towards optimal tissue regeneration with minimal fibrosis.
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Pericytes
Pericytes are mesenchymal cells that are encased in the microvascular
basement membrane on the abluminal side of the endothelial layer in
capillaries, venule and small arterioles 8. Their equivalents in larger vessels
are smooth muscle cells. Pericytes are also known as Rouget cells after their
discoverer, Charles Rouget, or referred to as mural cells 2. Pericytes
normally possess a cell body with a prominent nucleus and a small content
of cytoplasm with several long processes embracing the abluminal
endothelial wall 1.

Pericyte origin and location
Pericytes originate mainly from two different sources. In vasculogenesis
during embryonic development pericytes in most vessels originate from
mesenchymal stem cells 9 with the exception of the central nervous system
(CNS) and the cardiac vessels where they arise from the neural crest 10-12. In
adults during angiogenesis i.e. the formation of new blood vessels from preexisting ones, the origin of pericytes is still not clear. Since pericytes
themselves can be seen as progenitors there might be a stem cell like
pericyte population that gives rise to other pericytes 13, 14. They might also be
derived from circulating blood borne progenitor cells in a similar way as in
vasculogenesis 15-17.
Pericyte number, function and morphology differ depending on species,
tissue, type of vessel and stage of vessel 2. The relative frequency of
pericytes to endothelial cells varies also in different tissues 18. The pericyte
coverage of the endothelium is partial and can range from 10-50% with the
highest pericyte coverage found in the CNS 19. In the brain, pericytes
contribute to the blood-brain barrier (BBB) and play an essential role in the
integrity of structural vessels 20. Pericytes have special functions in many
organs and have therefore been given additional names in these organs i.e
Itoh cells or Hepatic stellate cells (HSC) in the liver and mesangial cells in
the kidney. HSCs are vitamin A storing cells and share many characteristics
with pericytes such as location in close contact with sinusoidal endothelial
cells, similarities in ultrastructural features, are capable of contraction,
response mitogenically to platelet derived growth factor B (PDGF-B) and
have an important role in angiogenesis and vascular remodeling 21. Upon
injury they start to express alpha smooth muscle actin (α-SMA) and produce
collagen type I thereby acquiring a myofibroblast phenotype 22. Mesangial
cells in the kidney also share several characteristics with pericytes such as
morphology and location 2. They are analogous to the pericytes in blood
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vessels and PDGF-B is crucial for their development and homing to vessels
23
. They also contribute to fibrotic development in the kidney 24.

Pericytes

Microvessel
Figure 1. Descriptive image of a pericyte covered microvessel.

Pericyte function
Pericytes and endothelial cells both take part and interact in the regulation of
vascular formation, stabilization, remodeling and function. There are several
different types of cell surface contacts between pericytes and endothelial
cells including peg and socket, adherens junctions and gap junctions 25. In
peg and socket contacts cytoplasmic processes from either cell type insert
into invaginations of the other cell 26. Adherens junctions are areas where
pericytes and endothelial cells connect their cytoskeleton through
cytoplasmic membranes with catenins and cadherins 26. In gap junctions
adjacent cell membranes fuse or are separated by a 2 to 3 nm space 26. The
cell-cell contacts between pericytes and endothelial cells are crucial for the
regulation of vascular formation, stabilization, remodeling and function and
differ depending on the activation state of the blood vessel19.
During angiogenesis in the embryo sprouting endothelial cells form the
new blood vessel channels and then through production of PDGF-B they
attract PDGF receptor beta (PDGFR-β) expressing pericytes that align to the
newly formed vessel. This is a process that is essential for the development
of a functionally correct vessel since it has been shown that mice embryos
lacking either PDGF-B or PDGFR-β exhibit hemorrhaging and vasodilation
causing edema formation and embryonic lethality, suggesting a central role
for pericytes in vascular integrity27, 28. Studies on chimeric mice deficient in
PDGFR-β have shown that in adult reactive tissues pericyte coverage of
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vessels progress normally but the number of fibroblasts in these mice during
reactive conditions is greatly reduced implying that PDGF-B/PDGFR-β
plays different roles during embryogenesis compared to adult tissue repair 29.
It is also believed that pericytes can transfer angiogenic signals to
endothelial cells for instance in the corpus luteum where pericytes are the
first vascular cell that invades the granulose folds of the ruptured follicle 30
and there are the major source of vascular endothelial growth factor A
(VEGF-A) 31. Pericytes can also through their close contact with endothelial
cells induce endothelial differentiation and growth arrest 25, 32 keeping the
endothelium quiescent and thereby regulating angiogenesis in resting tissues
where angiogenesis is inappropriate. So far the main focus in angiogenesis
research has been on the endothelial cells but more attention has recently
been directed towards the pericytes and their function. Understanding the
process of angiogenesis in a number of angiogenesis dependent diseases
such as cancer, atherosclerosis, scars, keloids, psoriasis, ulcers, wound
healing, arthritis, diabetes and retinopathy may be of therapeutic benefit.

Identification of microvascular pericytes
Since pericytes share many characteristics with smooth muscle cells,
fibroblasts and myofibroblasts it can be hard to distinguish them based solely
on expression of “cell specific” markers. In addition the pericyte marker
expression is affected by factors such as species, type of vessel or segment
of the microvasculature, angiogenic or quiescent state of the vessel, local
anatomy and during normal compared to reactive conditions 33. No single
pan-pericyte marker exists. Instead different markers commonly expressed
by pericytes are used to identify them. In vivo, pericytes can often be
distinguished by their close association to the microvasculature as well as
their marker expression profile. In vitro positional and spatial cues are lost,
thus identification becomes more dependent on marker expression profile.
PDGFRβ is a cell surface tyrosine kinase receptor of great importance in the
recruitment of pericytes to blood vessels during embryogenesis 27, 34. Highmolecular-weight melanoma-associated antigen (HMW-MAA) also known
as neural-glial 2 (NG2) is a chondroitin sulfate proteoglycan often expressed
on the surface of activated pericytes 35. It is also a common marker of
pericytes in the CNS 14. Contractile cytoskeletal proteins such as α-SMA and
desmin are also common pericyte markers. The 3G5 antigen is a ganglioside
antigen expressed by pericytes 36. Regulator of G protein signaling 5 (RGS5), a GTPase activating protein has been identified as a pericyte marker37, 38.
CD90 and CD105 are markers that are expressed by mesenchymal stem cells
and pericytes 39. Melanoma cell adhesion molecule (MCAM) or CD146 is a
cell surface marker that recently has been identified as a pericyte marker 40.
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Angiopoietin-1 (Ang-1) a factor regulating angiogenesis is also a marker of
pericytes 41. Smooth muscle cells can often be distinguished by their
expression of smoothelin a protein that is not expressed by pericytes 42.
Fibroblasts often express a number of the same markers used to define
pericytes but some markers that can be used to separate fibroblasts from
pericytes are procollagen type I, fibroblast surface protein (FSP) 43 and
prolyl-4-hydroxylase 44. The need to further define markers for pericytes and
stage specific markers would be of benefit to better understand the
differentiation of pericytes into other cell lineages. A better knowledge of
the molecular basis for regulation of pericytes and their differentiation would
offer possible treatment modalities for angiogenesis related diseases. Due to
the similarities between many cells of the mesenchymal lineage a better
clarification might aid in defining the mesenchymal differentiation lineages
in a similar way earlier done for the hematopoietic lineages 45. The
establishment of a hematopoietic tree with clearly defined stages of
differentiation into specialized cell lineages have been instrumental in
developing treatments for a number of hematopoietic related diseases.

Pericytes as stem cells
Pericytes have been shown to have stem cell properties and they can
differentiate into a number of different cells i.e osteoblasts 46, chondroblasts
47
, adipocytes 47, smooth muscle cells 32, fibroblasts 5, cells of the neuronal
lineage 14 and Leydig cells 48. Recently it was shown that pericytes are a
source of mesenchymal stem cells in many human organs 39. Stem cell
lineages are often described as starting with a stem cell that through
asymmetric division give rise to a new stem cell and a progenitor. The latter
continues to proliferate and differentiate into a transitional cell phenotype
that then differentiates into a terminally differentiated specialized cell 49.
Mesenchymal stem cells have been extensively studied and one criterion for
identifying them is their ability to differentiate into osteocytes, chondrocytes
and adipocytes 50. Criteria used to identify stem cells are their capacity to
self-renew, colony forming ability and ability to differentiate into different
cell lineages 51. They should be able to maintain the stem cell population as
well as to give rise to a large number of progeny in different cell lineages 52.
A progenitor cell is the earliest descendant of the stem cell and they have
often lost the ability to self-renew and are often committed to differentiate
into one cell lineage. One characteristic that can be used to identify stem
cells is their slow cycling capacity indicating a low proliferation rate and a
capability for self-renewal 53.
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Figure 2. Descriptive image of a cell lineage from stem cell to fully differentiated
cells.

Fibroblasts/Myofibroblasts
Fibroblasts are spindle-shaped interstitial cells important for the synthesis,
organization and remodeling of connective tissues in all organs. Fibroblasts
are by definition collagen type I producing cells situated in the interstitial
space thereby distinguishing them from microvascular pericytes with which
they share several characteristics such as marker expression and
morphology. The fibroblast population is heterogeneous both within and
between different organs and tissues 54, 55. Many subtypes of fibroblasts can
trans-differentiate into other connective tissue cells. The cellular origin of
fibroblasts in reactive conditions is still not clear. Activation of a resting
fibroblast population within the tissue has long been considered as the main
source of fibroblasts and myofibroblasts 56. Other suggested sources are
epithelial to mesenchymal transition (EMT) 57, blood borne circulating
progenitors known as fibrocytes 58 and pericytes from the microvascular wall
(see below) 5, 6, 59. EMT occurs when epithelial cells differentiate into
collagen producing fibroblasts 60. There are also observations of endothelial
to mesenchymal transition (EnMT) where endothelial cells differentiate into
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collagen producing fibroblasts 61, 62.Lately circulating cells in the blood have
been identified as fibroblast progenitors that can home to sites of injury and
differentiate to fibroblasts 58. These cells have been named fibrocytes and are
characterized by their expression of CD34, CD45 and procollagen type I 58,
63
. They are recruited to the site of injury and upon transforming growth
factor beta (TGF-β) stimulation they differentiate into matrix producing
myofibroblasts 64. They have for instance been seen in pulmonary fibrosis 65
and in fibrosis in the heart 66.
The main difference between a fibroblast and a myofibroblast is that
myofibroblasts express α-SMA56. Other characteristics of myofibroblasts
compared to fibroblasts are bundles of contractile microfilaments, extensive
cell to matrix attachment sites and intercellular adherens and gap junctions
56
. There are fibroblastic cells that have morphological characteristics of
myofibroblasts but they do not express α-SMA. These cells are termed
proto-myofibroblasts. These cells express β- and γ-cytoplasmic actins 67. The
differentiation of fibroblasts to contractile α-SMA expressing
myofibroblasts is a key event in the tissue repair process. The differentiation
process is affected by three important effectors, stimulation by TGF-β1 68,
the deposition of the FN splice variant ED-A FN 69 and mechanical tension
70
. TGF-β1 induces α-SMA expression in myofibroblasts through the Smad
signaling pathway 71. ED-A fibronectin is an important component of the
ECM that houses the myofibroblasts and create focal adhesions with the αSMA filaments in the myofibroblasts 69. The mechanical tension of the extra
cellular matrix (ECM) depending on its organization and stiffness affects
myofibroblast differentiation as seen in experiments where α-SMA
expression increases with increased tension 72. The mechanical signals from
the ECM are transmitted through integrin based matrix adhesions 73.
Therefore the integrin expression in fibroblast/myofibroblasts are or crucial
importance in their development.
Irrespective of the origin of fibroblasts, a better understanding of the
molecular mechanisms underlying the differentiation pathway to
fibroblast/myofibroblast will be useful in developing therapies to modify
their pro-fibrotic behavior. Understanding the origin of myofibroblasts is a
key to understanding the fibrotic process and the molecular mechanisms
behind it.

Pericytes as progenitors for fibroblasts
The role of pericytes as progenitors for fibroblasts is supported by the
evidence that; I) collagen synthesis in fibrotic conditions is localized to the
perivascular space 74; II) pericytes share several characteristics in common
with myofibroblasts75; III) liver pericytes have the ability to differentiate into
collagen producing cells during liver fibrosis 76; IV) PDGFβ-receptors are
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expressed on pericytes during wound healing, colorectal cancer and
excessive dermal scarring in humans 77; V) PDGF-B, increases net collagen
deposition in vivo and in vitro and stimulates proliferation of cultured
fibroblasts 78-80; VI) pericytes are able to differentiate into collagen type I
producing fibroblasts in excessive dermal scarring5; VII) pericytes derived
from the placenta, an organ with very little collagen type I synthesis,
undergo differentiation into collagen type I producing fibroblasts in vitro 6;
VIII); and that PDGFβ-receptors are crucial for generating fibroblasts in
response to reactive conditions in the adult 29.

Fibrosis
Fibrosis is defined as overgrowth, hardening, and/or scarring of various
tissues that is attributed to excess deposition of extracellular matrix
components most importantly collagens 81. Fibroblasts/myofibroblasts are
the key players in this process producing different collagens and other ECM
components. Fibrosis development appears after injury in many of the vital
organs such as heart 74, lung 82, liver 83 and kidney 84. The wound healing
process involving angiogenesis and the production of ECM is initiated after
damage to a tissue. Damage to a tissue induces epithelial cell release of
activating cytokines that attract inflammatory cells 85. The inflammatory
cells that migrate to the area of injury secrete additional cytokines that
stimulate fibroblasts to proliferate and differentiate into myofibroblasts that
start to produce extracellular matrix and contract the wound 86. When the
wound is healed the normal resolution is degradation of the provisional
matrix and apoptosis of the myofibroblasts resulting in a regenerated tissue
without fibrosis. In fibrotic conditions this resolution is replaced by a
continuing repair process that leads to abnormal production and
accumulation of ECM 87. This can be due to resistance to apoptotic signals in
myofibroblasts. Increased expression of BCL-2 a gene that protects against
apoptosis has been shown to occur in hypertrophic scars 88. Suppression of
matrix degrading metalloproteinases (MMPs) by up-regulation of tissue
inhibitors such as MMPs can also play a role in the accumulation of ECM 89.

Scarless wound healing
Fetal cutaneous wounds can heal with the optimal outcome of complete
restoration of cutaneous architecture and strength and studies have identified
a number of differences compared to adult scar forming wound healing 90. In
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human models scarless repair occurs during specific periods of gestation up
to the early third trimester and is in part dependent on wound size 91. This
suggests that there is a developmental threshold for scarless fetal repair. One
of the differences between scarless and scarring wound healing is
inflammation since it has been observed that scarless fetal wounds heal with
a paucity of inflammation while scarring during post-fetal repair correlates
with an acute inflammatory infiltrate 92, 93. There seems to be a difference
between fetal and adult fibroblasts such as differences in synthetic rates of
collagen 94 and integrin expression 95. Few myofibroblasts are present in
scarless wound healing while scarring wounds have myofibroblasts 96. The
presence of certain growth factors also play a role in the healing outcome.
There is an increase of TGF-β1 and β2 in normal wound healing and they
have pro-fibrotic functions and promote scar formation. TGF-β3 on the other
hand seem to the opposite effect and the relative proportion of TGF-β3 to
TGF-β1 is important for the wound outcome 97. Adult rat wounds that are
treated exogenously with TGFβ3 display reduced scar formation 98. PDGF-B
is a potent mitogen and chemoattractant for fibroblasts. Fetal rabbit wounds
treated with PDGF displayed a marked inflammation, fibroblast recruitment
and collagen deposition compared to non treated wounds 78. It has also been
observed that VEGF a strong mitogen for endothelial cells increases in
scarless fetal wounds while its expression remains unchanged in scarring
fetal wounds suggesting that stimulus for angiogenesis may have an effect
on scarless wounds 99.

HDAC inhibition as a treatment regime
Once the fibrotic tissue is formed it is difficult to reduce it or revert it. One
possible treatment regime is through the epigenetic regulation of gene
expression in myofibroblasts or their progenitors. Epigenetic meaning
heritable modifications to genes other than changes in the actual DNA
sequence
including
methylation
patterns
and
histone
acetylation/deacetylation 100. Histone acetylation/deacetylaton of the Nterminal tail of histones affects gene expression and the balance between
acetylated and deacetylated states of histones is modified by two classes of
enzymes, histone acetyltransferases (HATs) and histone deacetylases
(HDACs) 101. Histone acetylation can lead to changes in chromatin structure
by reducing the histone-DNA interactions making DNA more accessible for
gene transcription in that way acetylation generally leads to transcriptionally
active chromatin while deacetylation leads to transcriptional down
regulation. HDACs are classified into four different classes, I-IV, based on
their homology to yeast histone deacetylases 102.
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HDAC inhibitors are a group of agents that through their HDAC
inhibitory effect can regulate gene expression. HDAC inhibition leads to
hyperacetylation of histones that affects gene expression. HDAC inhibitors
are divided into four different groups based on their structure, hydroximates,
cyclic peptides, aliphatic acids and benzamides 103, 104. HDAC inhibitors have
been investigated for anti-tumor effects 105 and lately HDAC inhibitors have
also been investigated for their anti-fibrotic effects in a number of organs
including kidney 106, heart 107 and lung 108. The underlying mechanisms to the
effect of HDAC inhibitors on fibrotic development are poorly understood
but may be associated with expression of fibrosis related genes or inhibiting
differentiation pathways towards a pro-fibrotic phenotype in connective
tissue cells.

Integrins
Integrins are cell surface adhesion receptors made up by one α unit and one
β unit forming a heterodimer. In humans there are 18 α and 8 β units that
together can form 24 different heterodimers 73. Integrins mediate the contacts
between cells and the ECM as well as between different cells. The different
heterodimers bind to certain ECM proteins such as collagen, laminin,
fibronectin and vitronectin. Different integrins have different ligand
specificities and many integrins can bind to more than one ligand and many
ligands are recognized by more than one integrin. The collagen binding
integrins are α1β1, α2β1, α10β1 and α11β1, but α1β1 and α2β1 can also
bind to laminin 109. Integrins are crucial for the formation and remodeling of
tissues and organs. Knock down studies in mice show that β1 homozygous
knock out animals die at embryonic day 5.5 while heterozygous animals
develop normally 110. Integrins on the cell surface can either be in an
activated or inactivated state. When they are in their inactive state they do
not bind any ligands and do not signal 111. Two integrin tail-binding proteins,
talin and kindlin, have been shown to be important for regulating integrin
activation 112. Integrins are involved in bi-directional signaling, both insideout and outside-in signaling 111. Inside-out signaling results in the integrin
converting into an active confirmation and thereby can bind extracellular
ligands. Integrin signaling is involved in regulating cell migration,
proliferation, differentiation and survival. Upon ligand binding the integrins
link the cytoskeleton of the cell to the ECM at interactions termed focal
adhesions 113. Integrins do not possess intrinsic catalytic activity themselves
but a number of integrin associated proteins are assembled in the focal
adhesions enabling signal transduction 114. Integrins can co-localize with
protein-tyrosine kinase receptors such as focal adhesion kinase and srcfamily kinases 115.
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Hematopoietic paradigm
The initial ground breaking research on stem cell lineages has been on cells
of hematopoietic origin 49. Many of the characteristics defining stem, transit,
and differentiated cells have been derived from these studies. The pathway
from multipotent stem cell in the bone marrow through pluripotent
progenitors and committed progenitors and finally via transit cells to
differentiated cells including erythrocytes, megakaryocytes, basophils, mast
cells, eosinophils, neutrophils and macrophages are well established 116. The
studies have highlighted the importance of different growth factors
stimulating or inhibiting proliferation and differentiation both in vivo and in
vitro 117. These studies have laid the foundation for developing therapies for
a number of hematological 118, immunological 119 and oncological diseases
120, 121
. If the same thorough characterization was to be performed for
mesenchymal stem cells it might facilitate the development of therapies for a
number of disorders characterized by fibrosis and define methods to
optimize tissue repair and regeneration.
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Present investigations

Aim
Understanding how blood vessels along with supporting structures including
pericytes, smooth muscle cells, fibroblasts, basal lamina and ECM form is of
central importance in order to achieve optimal tissue repair and regeneration
of organs without fibrosis. The main objective of the studies presented in this
thesis was to further characterize the differentiation pathway from
microvascular pericyte to pro-fibrotic collagen type I producing fibroblasts
in vitro and in vivo.
The specific aims of the three present investigations were to:
1. Investigate the role of integrins in myofibroblast differentiation.
2. Investigate the effect of the HDAC inhibitor valproic acid on pericytes.
3. Further define the pericyte to fibroblast differentiation lineage.

Results and discussion Paper I: Integrin α1β1 is
involved in the differentiation into myofibroblasts in
adult reactive tissues in vivo
To investigate the role of the α1β1 integrin in the differentiation of
myofibroblasts three human activated tissues, colorectal adenocarcinoma,
rheumatoid arthritis and cutaneous wounds were investigated. As controls
biopsies from normal colon, normal synovia and normal skin were used.
Pericytes, fibroblasts and myofibroblasts were defined by their spatial
relationship to the microvasculature as well as their marker expression.
Special emphasis was directed towards characterization of integrins on
identified phenotypical subsets of connective tissue cells. In a first step
immunohistochemistry was performed to identify if the markers were
expressed in the vasculature or in the interstitium. In a second step double
immunofluorescence stainings were performed with the same markers to
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identify the degree of overlap between the markers using computer aided
image analysis 77. The results show a co-expression pattern between the
α1β1 integrin and α-SMA expression on interstitial connective tissue cells.
The results suggested that the α1β1 integrin may be important for the
generation of α-SMA expressing myofibroblasts in human reactive
conditions. This hypothesis was substantiated in two in vivo models
performed in α1 integrin knockout mice. The two models were a previously
described wound healing assay 122 where matrigel was injected into the
subcutaneous space and the other a syngeneic model for colorectal
adenocarcinoma. In the matrigel assay, cells expressing reticular fibroblast
marker (RFM), identifying them as fibroblasts, were able to overtime
migrate together with newly formed blood vessels into the matrigel. These
cells also expressed α-SMA thus fulfilling the criteria of a myofibroblast 56.
In contrast in α1 knockout mice cells that expressed the reticular fibroblast
marker (RFM) migrated into the gel but induction of expression of α-SMA
did not occur. Notably blood vessels were unable to populate the gel. This
might have been due to differences in the inflammatory response, however
there was no marked difference in macrophage infiltration. In the
adenocarcinoma model interstitial fibroblasts were positive for RFM but
lacked α-SMA expression. α-SMA expression in this model was confined to
the vasculature suggesting the presence of pericytes. Furthermore, the results
support the hypothesis that fibroblasts and myofibroblasts might be derived
from microvascular pericytes. Thus, the α1 integrin plays a crucial role not
for the generation of fibroblasts but for the differentiation of these cells into
pro-fibrotic myofibroblasts.

Results and discussion Paper II: Effects of the HDAC
inhibitor valproic acid on human pericytes in vitro
Epigenetic regulation of genes is an emerging concept as a treatment
modality for several disorders. One epigenetic regulatory factor is if the
histones are acetylated or deacetylated 101. Histone deacetylase (HDAC)
inhibitors are a group of agents that can regulate gene expression by altering
the acetylation status of chromatin 123. Valproic acid is an aliphatic acid that
has HDAC inhibitory effect and that has been used as a drug for treatment of
epilepsy and as a mood stabilizer 124. In this study VPAs HDAC inhibitory
effects on pericytes in vitro was investigated. Microvascular pericyte cell
cultures were derived by isolating microvascular fragments containing
endothelial cells and pericytes from full term human placentas. Pericytes
migrating out and proliferating in these cultures were treated with different
concentrations of VPA to investigate effects on cytotoxicity, cell viability,
proliferation, migration and differentiation of pericytes to fibroblasts. VPA
at doses commonly reached in blood plasma during treatment were not
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cytotoxic to pericytes, inhibited proliferation, migration and pericyte
differentiation to collagen type I producing fibroblasts. Inhibition of HDAC
through VPA exposure to pericytes led to increased levels of acetylated
histone H4 compared to controls already after 30 minutes and was sustained
for up to 7 days. Using a commercial qPCR array focusing on molecules
involved in the angiogenic process, gene expression studies were performed
on VPA treated pericytes and compared to non-treated controls. In VPA
treated pericytes genes known to be involved in vessel
stabilization/maturation such as angiopoietin like 4, prokinectin IL-8, FGFR3, TGF-β1, β3-integrin subunit, laminin α5, collagen type 18 and TIMP 1
and 2 were up regulated. This indicates that VPA induces a pericyte
phenotype consistent with vessel stabilization/maturation. Furthermore if
VPA treatment leads to stabilization of the vasculature in combination with
reduced fibroblast differentiation this might open up possibilities for
treatments resulting in better tissue regeneration with reduced fibrosis and a
stable vasculature.

Results and discussion Paper III: Defining the pericyte
to fibroblast lineage
Defining the origin of fibroblasts and the molecular mechanisms behind
their development would be important in therapeutically modulating tissue
fibrosis and optimizing tissue regeneration/repair. We have previously
suggested that one origin of fibroblasts is the microvascular pericyte 5, 6.
Since it is hard to isolate pure pericytes based on marker expression we
isolated them on the in vivo criteria as cells juxtapositioned to the abluminal
side of the endothelial layer in microvessels. By isolating MVFs from human
placentas a tissue rich in microvessels, and propagating pericytes, their
differentiation to fibroblasts could be further defined. From an initially large
panel of markers known to be expressed on pericytes, fibroblasts,
myofibroblasts and stem cells a limited panel of markers that were able to
differentiate subpopulations of cells present in our cultures was utilized
further for flow cytometry experiments. Initially placenta tissue and isolated
MVFs were immunohistochemically screened with the panel of markers
identifying MVFs containing endothelial cells and pericytes with minimal
contamination of fibroblasts or smooth muscle cells. Pericytes derived from
the MVFs were further screened by flow cytometry with the panel of
markers identifying initially a cell culture characterized by pericyte marker
expression. Over time the pericyte marker expression went down and
fibroblast marker expression was up regulated. Dual staining revealed three
populations characterized by expression of the mesenchymal stem cell
marker Stro-1 and the pericyte marker CD146, Stro-1+/CD146+, Stro-1/CD146+ and Stro-1-/CD146-. The Stro-1-/CD146- cell population expressed
22

podoplanin while the other two did not. Rediversification studies, looking at
which cell populations that could give rise to the other ones identified the
Stro-1+/CD146+ population as the earliest one that could give rise to the
Stro-1-/CD146+ and Stro-1-/CD146- cell populations. Neither the Stro-1/CD146+ or Stro-1-/CD146- cell populations could give rise to the Stro1+/CD146+ population. The Stro-1-/CD146+ population could give rise to the
Stro-1-/CD146- population but not vice versa. Procollagen expression was at
early time-points minimal in the Stro-1+/CD146+ population, moderate in the
Stro-1-/CD146+ population and high in the Stro-1-/CD146- population.
Further flow cytometry analysis divided the Stro-1-/CD146+ population into
two subpopulations characterized by α-SMA+/Desmin-/CD200+ and
αSMA+/Desmin+/CD200- expression. The Stro-1-/CD146- population could
also further be divided into two subpopulations characterized by
podoplanin+/FSP+/α-SMA+/TE-7+ and podoplanin+/FSP+/α-SMA-/TE-7expression. The Stro-1+/CD146+ was negative for α-SMA, Desmin, CD200
and TE-7.
To investigate the stem cell characteristics of the three populations, Stro1+/CD146+, Stro-1-/CD146+ and Stro-1-/CD146-, slow cycling, a
characteristic that has been used to define stem cells both in vitro and in vivo
was investigated 53. In vitro the cells were investigated by dye retention of
the fluorescent dye carboxyfluorescein diacetate succinimidyl ester (CFDASE). The Stro-1+/CD146+ population retained the most dye, identifying this
as the slow cycling population. This finding was verified in vivo by
identifying slow cycling cells by preloading mice with daily injections of 3H
tymidine and then searching for labeled cells. Cells in association to blood
vessels in cutaneous excisional wounds and in induced cutaneous
inflammation by TPA was observed. These cells could based on the
positioning, morphology and apposition to CD31 expressing endothelium be
identified as pericytes.
Thus five distinct populations in the cell lineage from early pericyte to
differentiated fibroblast was identified by their marker expression,
rediversification capability, procollagen production and slow cycling
characteristics in vitro, a finding that was verified by identifying slow
cycling pericytes in reactive tissues in vivo. In study I it was shown that the
α1 integrin was important for acquiring the α-SMA expressing phenotype.
The cells in the end of the cell lineage identified here with reduced levels of
αSMA expression did not reduce the α1 integrin expression in a similar
manner. This might be due to the in vitro settings used here or that a
reduction in α1 integrin is not important for reducing already established αSMA levels. We suggest a new nomenclature for the different stages of cell
differentiation.
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Future perspectives

To further elucidate the pathway from early pericyte progenitor to
differentiated fibroblast additional studies to the ones performed here might
be of great interest.
In study one, mRNA isolation from the α1 knockout mice and control
mice would facilitate microarray studies on gene expression in the two
models investigated. This could lead to identification of signaling pathways
important for the differentiation of connective tissue cells to myofibroblasts
as well as the consequence of the inability to generate myofibroblasts on
gene expression patterns.
In study two an in vivo study on VPAs effect on fibrosis development
would give insight to if it has the same effect on pericytes in vivo as it had in
vitro. Setting up an in vivo wound model and treating the animals with VPA
during wound healing and then looking at pericyte proliferation, migration
and differentiation to fibroblasts would clarify whether VPA has a similar in
vivo effect. More potent HDAC inhibitors could also be investigated to see if
they have the same effect on pericyte biology. Models where different
growth factors i.e. VEGF, PDGF, and TGF is delivered with the help of
adenoviruses in vivo is also an interesting approach in studying the
regenerative response to certain specific growth factors. Combination studies
with growth factors and VPA could give insight into how the growth factor
signaling pathways are affected by HDAC inhibitors. A gene expression
study on a qPCR array containing genes involved in fibroblast
differentiation/ECM production would also be of interest. This could
identify genes that are down regulated in the described differentiation
process giving more information on VPAs inhibitory effect as well as
identifying more targets in the aim of reducing fibroblast differentiation.
In study three isolation of the identified cell populations by flow
cytometry sorting would facilitate mRNA and/or protein isolation from the
different populations that can be used in gene array or protein expression
studies. This would further define the different stages concerning
gene/protein expression and open up the possibility to identify new markers
for the different developmental stages. Labeling of tissues from reactive
tissues in vivo would clarify whether the markers identified here also can be
used in vivo. Tissue microarrays might also be a possible approach to further
study the in vivo expression of the markers identified here. The multipotency
of the stem cell like pericytes identified by their Stro-1 expression can be
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investigated with common differentiation protocols studying their
differentiation capability into osteoblasts, chondroblasts and adipocytes.
Since the transition from α-SMA expressing myofibroblasts to non α-SMA
expressing fibroblasts is important for the final stages of wound healing
further studies on the two last populations where α-SMA expression is
reduced might give insight to the regulatory mechanisms behind this process.
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Populärvetenskaplig sammanfattning

När det uppstår skada på en vävnad i kroppen inleds en läkningsprocess
karakteriserad av ett inflammatoriskt svar och en rekrytering av celler som
ska utgöra den nya vävnaden och celler som ska producera bindväven där de
nya cellerna ska husera. Läkningsprocessen är inte optimal utan leder ofta
till ny vävnad som karakteriseras av överproduktion av bindväv som leder
till fibrosutveckling och ärrbildning. Dom viktigaste cellerna för produktion
av ny bindväv kallas fibroblaster. Trots intensiv forskning är det inte helt
klarlagt varfrån fibroblasterna kommer i dessa patologiska tillstånd. Det
finns teorier om att dom kan rekryteras från närliggande fibroblaster i
vävnaden, från blodburna cirkulerande celler kallade fibrocyter, från
omvandling av epitel- eller endotelceller till fibroblaster eller från pericyter i
blodkärlen. Pericyter är celler som finns på de små blodkärlen i kroppen.
Pericyterna sitter på “utsidan” av blodkärlen men i tät kontakt med
endotelcellerna som är den andra viktiga cellen i blodkärl. Pericyterna är
tillsammans med endotelcellerna viktiga för nyproduktion av blodkärl och
för reglering och stabilisering av befintliga blodkärl. Pericyter har även
stamcellsliknande drag, dvs dom kan omvandlas och bilda nya celler med
annan karaktär såsom benceller och fettceller. Dom kan även bilda
fibroblaster och i de här studierna har rekryteringen och omvandlingen av
pericyter från blodkärl till fibroblaster studerats.
I den första studien tittade vi på tre sjuka vävnader i människor
karakteriserade av ärrvävnad och jämförde dom med deras motsvarande
normala friska vävnader. Vävnaderna var sårläkning, reumatisk artrit och
coloncancer. Med hjälp av vävnadsinfärgningar studerades cellassocierade
proteiner i dessa vävnader. Aktiverade fibroblaster uttrycker ett protein som
heter alfa glatt muskel aktin (α-SMA). Det visade sig att uttryck av α-SMA
var högt i celler som även uttryckte ett protein som heter α1β1 integrin. Det
fick oss att tro att α1β1 är inblandad i omvandlingen av fibroblaster till
aktiverade fibroblaster. För att undersöka det vidare tittade vi på två
modeller i möss som saknar just α1 delen i α1β1 proteinet. Musmodellerna
var sårläkning och tumörbildning och genom att jämföra med möss som
hade α1 delen i α1β1 proteinet såg vi att det var mindre andel aktiverade
fibroblaster i möss utan α1 jämfört med de normala mössen.
I den andra studien tittade vi på hur läkemedlet Valproat påverkar
isolerade pericyter i odlingssskålar. Vi har utvecklat ett system där man
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isolerar pericyter från moderkaka och i odlingsskålar omvandlas sen
pericyterna till fibroblaster och den omvandlingen kan studeras med olika
tekniker. Valproat påverkar ett protein i celler som har till uppgift att reglera
om vissa gener i celler ska uttryckas eller ej, dvs bilda vissa proteiner eller
inte. Valproat har en hindrande effekt på det här proteinet och påverkar på
det viset proteinuttrycket i cellerna. När vi behandlade pericyter med
valproat hade det en hindrande effekt på pericyternas tillväxt, deras
förflyttning och deras omvandling till fibroblaster. Däremot hade valproat en
ökande effekt på genuttrycket av gener kända att uttryckas vid nybildning av
blodkärl. Det visade sig att generna som hade ett ökat uttryck jämfört med
celler som inte var behandlade med valproat är kända för att stabilisera
blodkärl och därmed tyder det på att pericyterna vid valproatbehandling blir
inriktade på blodkärlsstabilisering.
I den tredje studien tittade vi återigen på pericyter i odlingsskålar och
omvandlingen till fibroblaster. Nu försökte vi med hjälp av proteinuttrycket i
pericyterna kartlägga omvandlingsprocessen från pericyt till fibroblast.
Genom att titta på proteinuttrycket med hjälp av en teknik där man samtidigt
kan se ett eller flera proteiner på cellerna lyckades vi kartlägga
omvandlingen till fem specifika steg. Ordningen mellan stegen fick vi fram
genom att studera vilka specifika steg som kunde ge upphov till dom andra i
kombination med marköruttrycket. Den första populationen visade sig vara
stamcellslik. För att undersöka det vidare tittade vi på två aktiverade
vävnader i möss, en sårläkning och en inflammatorisk. Det visade sig att det
i dessa vävnader fanns celler som identifierades som pericyter som hade
karaktären av stamceller.
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