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1 ABSTRACT
Endothelial cells (ECs) are crucial component of the normal vascular wall, providing an
interface between the bloodstream and surrounding tissue of the blood vessel wall. Endothelial
progenitors cells (EPCs) circulate in the blood and migrate to regions of the circulatory system
with injured endothelium and ischemic tissues. The function of ECs/EPCs can be affected
during pathological conditions, including vasculitides and atherosclerotic disease.
In Wegener’s granulomatosis (WG) circulating inflammatory endothelial cells (IECs) via
production of soluble factors may sustain vascular damage by inducing EPC dysfunction. There
was a markedly decreased of EPC colonies from peripheral blood samples of patients with
active WG as compared with those who were in remission. Thus, these cells may have impaired
functional capacity. In addition, during active WG disease the number of IEC was significantly
higher as compared to WG patients in remission and normal controls. Moreover, IEC but not
EPC expressed two novel endothelial cells inflammatory markers; vascular-adhesion protein-1
(VAP-1) and MHC class I-related chain A (MICA). Thus those markers can be used to
distinguish inflammatory from progenitor endothelial cells.
Using another vascular disease, the possible role of anti-endothelial cell antibodies (AECA) in
patients with ischemic heart disease was investigated. AECA were significantly higher in
patients with previous myocardial infarction. Plasma concentration of AECA IgG was
positively correlated to the inflammatory risk factor C-reactive protein. Further, patients who
got an invasive treatment had significantly higher levels of AECA as compared to patients with
only medical treatment.
The menstruation cycle (MC) was used as an angiogenic model. The numbers of EPC vary
during the MC in relation to variations in blood levels of some angiogenesis growth factors
(VEGF, G-CSF, GM-CSF, FGF, and SDF-1). Only the levels of the stromal cell-derived factor1 (SDF-1) significantly varied during the menstrual cycle (MC), reaching the highest level at
the mid-proliferative phase (day 5), and the levels were negatively correlated with the numbers
of EPC colony-forming units (EPC-CFUs). Furthermore, the local expression of endometrial
SDF-1 tended to be higher in the secretory than in the proliferative phase. The results point to
SDF-1 as a novel mediator of EPC trafficking during the MC.
Human fetal heart cardiac progenitor cells (fhCPCs) may have therapeutic potential for
regenerative treatment of ischemic heart disease. Clonally isolated fhCPCs were found to be
positive for the EPC markers (CD133+, CD34+ and KDR+) and cardiac progenitor marker
(c-kit+) with a suggested haematopoietic origin (CD45+). In matrigel, fhCPCs formed tubulelike and endothelial cell-like structures with a lot of pinocytotic vesicles and tight junction
formations. After transplantation of these cells into the peri-infarcted region of SCID mouse
heart, tubule-like structures inside the mouse heart were observed up to 12 days.
In summary, the work of this thesis has shed light on the role played by EC and EPCs in health
and disease. During pathological conditions (WG, atherosclerosis) the functions of ECs/EPCs
are affected and may worsen the progression of the disease by impairing repair mechanisms of
the blood vessels. SDF-1 has a potential role during angiogenesis and EPC activity. Expanded
CPCs may have the capacity to restore ischemic cardiac tissue.
Key words: endothelial cells, endothelial progenitor cells, Wegener’s granulomatosis,
atherosclerosis, myocardial infarction, menstruation cycle, stromal cell-derived factor-1.
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ECs
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EPCs
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GRO-α
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IFN-γ
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KDR
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Endothelial progenitor cells
Fibroblast growth factor
Fetal heart cardiac progenitor cells
Granulocyte chemotactic protein-2
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Granulocyte macrophage colony-stimulating factor
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Inflammatory endothelial cells
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4 INTRODUCTION
4.1

ENDOTHELIAL CELLS

The arterial endothelium covers the inner surface of blood vessels and represents an
active dynamic monolayer border between circulating blood and the surrounding tissue.
More than 1012 endothelial cells (ECs) line the inside of blood vessels and cover an
area of 1000 square meters in a normal, 70-kg adult (1). In the adult, the proliferation
rate of endothelial cells is very low compared to many other cell types in the body.
They contribute to various metabolic functions including coagulation and thrombolysis,
control of vasotonus and antigen presentation, as well as basement membrane and
growth factor synthesis (2, 3). EC adhesion molecules regulate the trafficking of the
immune cells (lymphocytes, granulocytes and monocytes) (4).
EC are a heterogeneous population that varies not only in different organs but also in
different vessel capillaries within an organ. They can either form a tight, continuous
monolayer in organs where they perform important barrier functions such as brain or
the lung, or they can form a discontinuous layer of cells with intercellular gaps or
fenestrae such as liver or kidney (5). Any break in the integrity of the endothelium
leads to local loss of these barriers functions (6, 7).
ECs express cluster of antigens that indicate their identity as summarized below:
Antigen
CD
VE-Cadherin
CD144
Tissue factor
CD142
Thrombomodulin
CD141
PECAM-1
CD31
Von Willebrand factor vWf
Endoglin
CD105
VCAM-1
CD106+
E-selectin
CD62E+
Ac-LDL*
----+
Expressed upon activation,
* Acetylated low-density lipoprotein uptake

In the circulation, there is a population of cell called circulating endothelial cells
(CECs), that are of great interest as a biomarker for predicting the presence and severity
of vascular disease (8). CECs are thought to represent mature non dividing endothelial
cells of the vascular intima that are sloughed off following some form of metabolic,
infectious, hemodynamic, or other pathologic process (9). The roles that CECs may
play in vascular pathology remain unclear, however several reports indicate that the
levels of the circulating number of CECs may be informative in understanding disease
processes that result in potentially irreversible injury to the vessel wall (10, 11).
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Endothelial cells adhesion molecule CD146 was thought to be a very specific antigen to
identify these cells (12), but it is expressed also on activated lymphocytes (13).
4.2

DYSFUNCTION MECHANISMS

4.2.1 Vasculitides
The vasculitides are a heterogeneous group of diseases characterized by inflammation
and necrosis of the vessel wall (14). EC contribute to vasculitides pathogenesis both as
an active partner and as a target of injury in the inflammatory response (15). Both
processes are mediated by receptor ligand interactions between leucocytes and
endothelium, in addition to cytokines and inflammatory mediators (16, 17).
Deposition of immune complexes has been associated with the vasculitic syndromes
(18). Antineutrophil cytoplasmic antibodies (ANCA) have been associated with many
of the vasculitides. These autoantibodies are triggered by unknown mechanisms in
genetically susceptible individuals (19). ANCA bind to antigens on neutrophils, causing
the release of hydrogen peroxide as well as degranulation of the primary neutrophilic
granules. This inappropriate breakdown of neutrophils in the blood vessel lumen could
initiate EC injury (20).
Wegener’s granulomatosis (WG) is one of the vasculitides, most often affecting the
upper and lower respiratory tracts and the kidneys (21) and is classified as one of the
small vessel vasculitides in the Chapel Hill system (22). In its generalized form,
untreated WG is associated with a 1-year mortality rate of up to 80% (23). The etiology
remains unknown, although in the past few years, several studies have proposed genetic
factors as well as immunologic autoantibody (ANCA)-mediated mechanisms as
implicated pathogenetic factors (24, 25).
4.2.2 Inflammatory endothelial cells markers
4.2.2.1 Vascular-adhesion protein-1 (VAP-1)
VAP-1 is expressed on the endothelial cell surface of the vasculature. It mediates the
adhesion and transmigration of leukocytes from the vasculature through the endothelial
lining into surrounding peripheral tissues (26).
VAP-1 is stored in intracellular granules and is predominantly expressed on the cell
surface at sites of inflammation (27). Thus, it functions at sites where an inflammatory
reaction is ongoing. However, in certain endothelial cell types, such as liver sinusoidal
endothelium and the specialized high endothelial venules found in peripheral lymph
nodes, VAP-1 is constitutively expressed on the cell surface (28). Soluble VAP-1 is
present in the circulation. In certain disease states, such as diabetes mellitus, psoriasis,
multiple sclerosis, and various inflammatory liver diseases, the level of soluble VAP-1
is increased (29, 30).
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4.2.2.2 MHC class I-related chain A (MICA)
In response to stress, MICA proteins are expressed on keratinocytes, endothelial cells,
fibroblasts, monocytes and in most epithelial tissues (31). MICA is not up-regulated by
IFN-γ (32). Instead, it behaves as a cell stress antigen, being up-regulated by heat shock
proteins (33). MICA acts as a ligand for natural killer cells, γδ Τ cells and αβ CD8+ T
cells, which express NKG2D (34). This recognition may lead to the lysis by
cytotoxicity of the cells that express MICA (35).
4.2.3 Atherosclerosis
Atherosclerosis is an inflammatory disease (Figure 1) characterized by leucocyte
infiltration, smooth muscle cell accumulation, and neointima formation (36).
Myocardial infarction occurs when the atherosclerosis plaque rupture and form
thrombus which then hinders the blood flow through the coronary artery (37).

Figure 1. Schematic representation of progression of atherosclerosis. LDL infiltrates
the artery and is retained in the intima. Oxidative and enzymatic modifications lead to
the release of inflammatory lipids that induce endothelial cells to express leukocyte
adhesion molecules. The modified LDL particles are taken up by scavenger receptors
of macrophages, which evolve into foam cells. Antigens presented by macrophages
trigger the activation of antigen-specific T cells in the arterial wall that activate
macrophages and vascular cells, leading to inflammation. Smooth-muscle cells migrate
from the media into the intima to form the lesion cap.
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Activation and damage of the endothelial monolayer seem to trigger the development
of the atherosclerotic lesions. Once the integrity of endothelium is interrupted, lipid
penetration and mononuclear-cell adhesion might be initiated. Atherosclerosis risk
factors such as hyperlipidemia, hypertension, diabetes mellitus, smoking and infections,
can directly or indirectly stress the arterial endothelium, resulting in its dysfunction,
damage or both. Initially, it was thought that the damaged endothelial cells were
replaced by only the adjacent intact endothelium. However, several studies
demonstrated the recruitment and incorporation of circulating vascular progenitor cells
into atherosclerotic lesions and thus provide evidence in support of the role of
circulating vascular cells in the development of atherosclerosis (38-40).
In animal models, endothelial cells in the areas resistant to atherosclerosis have a
lifespan of about 12 months, whereas cells at lesion-prone sites live for weeks, and in
the aged animal even less time (41). Endothelial cells in humans therefore most likely
undergo replication many times in some areas of the arterial wall. The rate of
endothelial-cell turnover is positively associated with the occurrence of atherosclerosis
in apolipoprotein E deficient mice, which is related to the location of the lesions (42).
4.2.4 Anti-endothelial cells antibodies
Anti-endothelial cells antibodies (AECA) are antibodies directed against vascular
endothelium. They are recognized as a common serological feature in several diseases
characterized by immune-mediated vascular damage (43-45). AECA have been
correlated to autoimmune diseases such as rheumatoid arthritis (RA), systemic lupus
erythromatosis (SLE) as well as WG (46). However, they have also been found to be
prevalent in disorders that are associated with thrombosis of non-immune origin such as
vascular access thrombosis in hemodialysis patients with end stage renal failure (47).
AECA represent a heterogeneous family of antibodies reacting with a variety of
different structures on endothelial cells (43, 44). The proteins targeted by AECA are
diverse and not completely known. They appear to be either constitutively expressed on
the membrane, or adherent onto the cell surface. Heat shock protein 60 (Hsp60) have
been suggested as one of the major antigens recognized by AECA involved in the
cytotoxic and apoptotic responses (48).
AECA bind to endothelial cells via the F(ab)2 portion of the antibody with low avidity
(49). AECA in WG and SLE patients were found to have functional properties. They
increased the expression of adhesion molecules such as CD62E, VCAM-1 and ICAM1, increased the secretion of proinflammatory cytokines and chemokines (IL-1, IL-6,
IL-8 and MCP) and enhance leukocyte accumulation and adherence (49, 50).
AECA have been associated with accelerated coronary artery disease in heart
transplants and are suggested to play a role in the aggravation of atherosclerosis (51).
In addition, they possess functional properties such as EC activation (adhesion
molecule expression and cytokines secretion) and apoptosis induction (52-54). This
latter notion suggests that AECA may represent not only markers of EC damage, but
also contribute to the progression of an ongoing inflammatory response, at the local
level.
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4.3

ENDOTHELIAL CELL REPAIR MECHANISMS

4.3.1 Endothelial progenitor cells
Neovascularization is a process of new blood vessel development. It results either from
angiogenesis by sprouting of new vessels through recruitment of local endothelial cells
(ECs) from neighboring blood vessels, and/or by vasculogenesis, where circulating
endothelial progenitor cells (EPCs), which are derived mainly from the bone marrow,
are responsible (55-60).
However, EPCs can also be isolated from different nonhematopoietic sources e.g.
adipose tissue (61), cardiac (62) and neural (63) progenitor cells.
EPCs contribute to ongoing endothelial repair. Especially they might provide a
circulating pool of cells that could form a cellular patch at the site of dead/injured
endothelial cells. Alternatively, they could serve as a cellular reservoir to replace
dysfunctional endothelium. They have the capacity to migrate to the peripheral
circulation and to differentiate into mature endothelial cells. Thus, the circulating cell
population that contributes to postnatal neovascularization is heterogeneous and
displays variable morphological growth characteristics (64).
The number and function of EPC can be negatively affected during pathological
conditions, including diabetes mellitus (65), cardiovascular risk factors for ischemic
disease and coronary artery disease (66, 67). Furthermore, it has been shown that
persons with a lower EPC level are at a higher risk of coronary artery disease (67).
Transplantation of EPC into ischemic tissues emerges as a promising approach in the
therapy of diseases associated with blood vessel disorders. The available data that
demonstrate angiogenic properties of EPCs and favorable outcomes of animal studies
have encouraged clinical trials in patients with ischemic heart disease, particularly after
acute myocardial infarction (68). However, results of human studies have been
controversial with some trials reporting significant improvement in cardiac
vascularization and performance while others failing to show any benefits (69-71).
EPCs, are characterized by surface expression of immature markers (CD133, CD34)
and endothelial cell marker KDR/Flk-1 (Kinase-insert Domain Receptor in humans,
and Fetal Liver Kinase-1 in mice, representing type 2 vascular endothelial growth
factor receptor (VEGFR-2).
CD34 is expressed on hematopoietic stem cells and on the activated endothelium of
certain microvasculature, especially in the tumor stroma, but not on large size vessels
(72). It functions as an adhesion molecule for the interactions between endothelial cells
and hematopoietic precursors, and its deletion induces both vascular and hematopoietic
defects (73).
CD133 is expressed on hematopoietic stem and progenitor cells (74). The exact
function of this molecule is still unknown, but it has been shown that CD133+ cells
retain the ability to differentiate into multiple phenotypes, including endothelium (75).
KDR is the primary receptor transmitting VEGF signals in endothelial cells, and it
mediates proliferation, sprouting, migration and tube formation. KDR is also expressed
15

on other cell types besides endothelial cells, including early non-committed stem cells
(76, 77).
Unlike CD34, CD133 is never expressed on mature endothelial cells and, therefore,
CD133+KDR+ cells are rarer than CD34+KDR+ cells in the circulation during normal
conditions (78). However, both CD34+KDR+ and CD133+KDR+ can be included
among putative antigenic phenotypes of EPCs. CD34+CD133+KDR+ could be used as a
restrictive EPC phenotype, but these cells are so rare in the circulation that, in some
subjects, they can hardly be identified.
4.3.2 Angiogenic growth factors
In response to vascular injury or physiological stress, stem cells have to be rapidly
mobilized and recruited to the damaged area. The recruitment of EPCs from the bone
marrow to homing sites of vasculogenesis is subject to regulation by many factors,
including chemokines and growth factors. The precise mechanism of EPC mobilization
and differentiation has not been entirely elucidated and is still under investigation.
Recent studies have suggested that EPCs may promote local angiogenesis by secreting
angiogenic growth factors in a paracrine manner (79, 80). Additionally, EPCs number
and migration capacity could be improved by such factors as drugs, physical exercise,
and growth factors (81-84).
It is believed that the majority of EPCs originate from the bone marrow. Stem cells
within the bone marrow usually exist in a quiescent state. Specific signals stimulate the
stem cells to differentiate and move to the systemic circulation (mobilization). EPCs
are recruited and stay at the site of neovascularization (homing), where they
differentiate into endothelial cells (differentiation) (Figure 2).
EPCs

Mobilization

Homing

VEGF (83)
SDF-1 (84)
GM-CSF (86)
MCP-1 (87)
G-CSF (89)
IL-1β (90)
Angiopoietin-1 (84)
eNOS (91)

Differentiation

VEGF (85)
MMP-9 (88)

Figure 2. EPCs mobilization, homing and differentiation. Schematic graphics
summarize cytokines, growth factors, and other mediators inducing EPC mobilization
from tissues and homing to the surface of arteries where endothelial cells are damaged
and EPC differentiation.
Angiogenic growth factors have clinical implication for therapeutic angiogenesis. In
animal models of ischemia, great evidence indicates that administration of angiogenic
growth factors can augment perfusion through neovascularization. Early clinical trials
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reported that the administration of angiogenic growth factors as recombinant protein or
gene could enhance the formation of new collateral vessels, relieving ischemic
symptoms (83, 86, 92).
4.3.3 Angiogenesis during Menstrual cycle
The endometrium (EM) has a well-developed vasculature. During the normal
menstrual cycle, the uterine endometrium undergoes a unique cycle of physiological
angiogenesis and endothelial repair. Repair of the EM begins already 36 hours after
the onset of menstrual bleeding. Within 5-6 days, the old lining is removed and a new
one is regenerated, without any scarring (93). This is a remarkable example of
controlled tissue remodelling, unparalleled in other organs, which could be used as a
model of angiogenesis.
Angiogenesis is an essential component of the regeneration of the EM. In spite of the
direct effects of oestrogen and progesterone on endothelial cells, the presence of
numerous growth factors and cytokines in the EM play a major role in regulating
endometrial angiogenesis. Not only does the EM express all of the growth factors
known to induce angiogenesis, but also many that inhibit angiogenesis (94, 95).
A role for EPCs in physiological endometrial angiogenesis was first implicated by
Asahara et al. (96) who demonstrated localization of EPCs within endometrial
vasculature and stroma after induced ovulation in mice. An average of 6% of
endometrial endothelial cells were found to be donor derived after a haematological
stem cell transplant in a mouse model (97).
4.3.4 Cardiac progenitor cells (CPCs)
Cardiac progenitor cells (CPCs) have both clonogenic and self-renewing properties and
can differentiate into cardiomyocytes, smooth muscle cells and endothelial cells (98).
These cells could be generated from embryonic and fetal tissues, yet adult heart
represent a potential source of progenitor cells (99, 100). It has been suggested that
adult stem cells can differentiate into a wide variety of cell types, yet they do not have
the same plasticity as embryonic or fetal stem cells. After injection of CPCs
intracoronary or directly into rat infarcted myocardium, these cells attenuated
myocardial remodeling, improved cardiac function and gave rise to large blood vessels
(101, 102).
CPCs express several markers, such as c-Kit, Sca-1, or Islet-1, in various combinations.
C-Kit is a transmembrane receptor, which, upon stem cell factor binding (kit-ligand),
activates a signaling cascade that leads to differentiation, growth, and proliferation
(103). These cells were defined as clonogenic, self renewing, and multipotent, and
could differentiate into the three main cardiac lineages (62).
Sca-1+ cells from the adult mouse heart can differentiate into different cell lineages in
vitro, including cardiomyocytes (104). Recently, human CPCs were isolated from fetal
and adult hearts using antibodies directed at mouse Sca-1(100, 105).
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Another potential marker of CPCs is Islet-1(Isl-1), a LIM domain transcription factor.
This marker can be used to identify embryonic and postnatal precursors in rat, mouse,
and human myocardium (106). These cells are different from c-Kit+ cells (106).
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5 AIMS OF THE PRESENT STUDY
The overall aim of the thesis is to study endothelial cells/endothelial progenitor cells
function in health and disease.
The specific aims were:
•

To investigate the role of IECs to sustain vascular damage by inducing EPCs
dysfunction using Wegener´s granulomatosis as a study model (paper I).

•

To explore the role of AECA in patients with previous myocardial infarction
(paper II).

•

To study the dynamics of EPCs and angiogenic growth factors during the
menstrual cycle as an angiogenesis model (paper III).

•

To isolate, expand and differentiate CPCs from the human fetal heart to be used
for cardiac regeneration (paper IV).
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6 MATERIALS AND METHODS
6.1

PATIENTS AND SAMPLES

Approval for these studies was obtained from the Karolinska University Hospital
institutional review board. Informed consent was provided in accordance with the
Declaration of Helsinki.
In paper I, blood samples were collected from two groups of WG patients. i) untreated
patients with newly diagnosed active disease, ii) patients in clinical remission. All
patients were defined according to the “Chapel Hill Consensus Conference on the
nomenclature of systemic vasculitides” (22). Disease activity was defined according to
the Birmingham vasculitis activity score. A group of normal healthy controls was
included.
In paper II, plasma was tested for the presence of AECA in 104 patients with a history
of previous acute myocardial infarction defined using the criteria of the European
Society of Cardiology and the American College of Cardiology (107). The exclusion
criteria were known diabetes mellitus and chronic inflammatory disease. The control
group comprised 83 healthy controls.
In paper III, blood samples were taken at 4 time points of the menstruation cycle from
10 healthy females (early and mid-proliferative phases, ovulation day and secretory
phases). The stage of menstrual cycle was based on the date of last menstruation,
analyses of oestradiol and progesterone. Plasma samples were isolated by
centrifugation and kept frozen at -70˚C until analysis. Endometrial biopsies were
obtained from an additional set of 16 healthy women at two time points (proliferative
and secretory phases).
In paper IV, fetal hearts (8 - 9 gestational weeks) were collected after elective abortion.
6.2

FLOW CYTOMETRY

Cell count by flow cytometry (FCM) is based on immunofluorescence labeling of cells
with antibodies directed against surface or intracellular antigens. FCM was used for:
6.2.1 Characterization of CECs and EPCs:
Flow cytometry is currently the best method to obtain pure quantitative data on CECs
and EPCs. Being sensitive, specific and reproducible, flow cytometry is considered the
gold-standard when count of peripheral blood EPC is conceived as a disease biomarker
(108).
PBMCs were phenotyped with an array of antibodies to specific markers expressed on
EPCs (VEGFR-2, VEGFR-1, Tie-2, CD133 and CD34) and mature EC markers
(CD144, CD141 and CD31), as well as IECs (VAP-1, MICA, CD142, HSP, and
PAI-1) using flow cytometry. For characterization of the cells that are isolated from
fetal heart, cardiac progenitor cells markers (c-kit (CD117)), CD105 and stem cell
20

antigen-1(Sca-1), hematopoietic cells markers (CD45, CD14) and anti-SSEA-1 were
used. Corresponding control isotypes were used for evaluation of nonspecific binding
of monoclonal antibodies.
6.2.2 Detection of AECA:
FCM were used to detect AECA. After human umbilical vein endothelial cells
(HUVECs) trypsinization, cells were distributed to several tubes and were incubated
with plasma from patient or control. Plasma from healthy non-transfused blood group
AB was used as negative controls. Plasma from patients who had formed alloantibodies
as a result of multiple blood transfusions or organ transplantation was used as positive
control (transplanted patients with several rejections). After washing, anti human IgG
or I gM fluorochrome-conjugated secondary antibody was added and analyzed by flow
cytometry. Plasma was considered positive for AECA if the channel value exceeded the
mean value of the controls by more than 2 standard deviations.
6.3

EPC-CFU ASSAY

Unfractionated mononuclear cells were used instead of cells preselected on the basis of
the expression of key EPC markers, as in the original protocol (109). To overcome this
lack of specificity, a pre-plating procedure to avoid contamination of early-adherent
cells of mesenchymal origin was performed. Stem Cells Technologies Inc. holds the
patent for this assay, the EndoCult Liquid Medium Kit. This assay allows
determination of the EPC-CFU count with an easy-to-use, 5-day experiment as
described in Figure 3.

Figure 3. A two step colonyforming assay. Colonies are
defined as a cell mass composed
of a central cord of round cells
with elongated spindle-shaped
cells sprouting at the periphery of
the colony.
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6.4

CELL ISOLATION

For isolation of cells from peripheral blood or from fetal heart we used antibody
coupled microbeads. It is the most common method used for cell separation, with
consistent high quality, simple and quick (110, 111). Immunomagnetic separation
methods are based on the attachment of small magnetic particles to cells via antibodies.
Alternatively, the cells may be labeled with primary antibodies followed by speciesspecific antibody-coated beads. When the mixed population of cells is placed in a
magnetic field, those cells that have beads attached will be attracted to the magnet and
may thus be separated from the unlabeled cells. Separated cells, the positively labeled
fraction as well as the non-labeled fraction, can directly be used for cell analysis,
further expansion, or functional assays. The separated cells remain viable and their
functionality is not impaired. All solutions should be kept cold to avoid antibody
internalization by the cells.
We combined this method with single cell cloning to isolate cardiac progenitor cells
from fetal heart tissue. After anti SSEA-1 beads isolation from collagenase digested
fetal heart tissue, we performed limited dilutions using single-cell suspensions and
seeding 0.5 cell per well in 96 well plates. This method is fast and easy; however, there
is no guarantee that the colonies arise from single cells. Also it takes long time to get
enough cells to do experiments and the cells will be in later passages (4-5).
6.5

ANGIOGENESIS ASSAY

Endothelial cells are capable of differentiating in vitro to form capillary-like structures,
or tubes on matrigel matrix. Matrigel is a solubilized basement membrane preparation
extracted from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumor rich in
extracellular matrix proteins. Its major component is laminin, followed by collagen IV
and heparan sulfate proteoglycans (112).
Cross-sectional analysis of tubes formed in matrigel revealed the presence of a lumen
surrounded by cells and the lumen forming cells interact with each other via junctional
compounds. This property is indicative of in vivo- like capillary formation. This gel can
also be used to study angiogenesis pathways (113).
To perform this assay cells were added to 96 well plates coated with 50 µL matrigel
(pre-gelled for 30 minutes at 37oC in 5% CO 2 ), at a density of 5 × 104 cells/well and
cultured at 37oC in 5% CO 2 for 18 hours. Also 24 well plates can be used after coating
with 250 µL gel. In this assay HUVECs is commonly used as a positive control. It is
important to note that matrigel will gel rapidly at room temperature, keep it un-geled
overnight at 4oC, keep it on ice before use, and use pre-cooled pipettes, tips and tubes
when preparing for use.
6.6

IMMUNOHISTOCHEMISTRY/CYTOCHEMISTRY

Both immune fluorescents and enzymatic stainings were used.
Paraffin-embedded sections were deparaffinized. Frozen sections and cytospinned cells
were fixed in 4% formaldehyde, blocked with serum, and incubated with the primary
anti-human antibodies: e.g. VAP-, MICA, SDF-1, vWf, VE-Cadherin. The sections or
cells were incubated with different fluorescence-labeled secondary antibodies
(AlexaFluor 568 or 488). The stained cells were embedded in diamidino-222

phenylindole (DAPI) mounting medium and analyzed by fluorescence microscopy.
For the enzymatic staining we used DABNickel or AEC substrate kit as color
developer. Sections were counterstained with hematoxylin and mounted in mounting
media and analyzed by bright field light microscopy. For SDF-1 staining, antigen
retrieval technique by boiling the section in sodium citrate buffer was used.
For confocal microscopy, immunohistochemistry stainings were done also on thick
sections (100 µm). Principles are the same, but longer times of incubation with primary
and the secondary antibodies with 0.1% (v/v) Triton X-100 are needed.
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7 RESULTS
7.1

PAPER I

Circulating inflammatory endothelial cells contribute to endothelial
progenitor cell dysfunction in patients with vasculitis and kidney
involvement
Aims
To evaluate the role of circulating endothelial cells in the pathogenesis/progression of
Wegener´s granulomatosis.
Results
Increased numbers of circulating inflammatory endothelial cells in
patients with WG during active disease
The number of circulating inflammatory endothelial cells (IECs characterized by VAP1+/MICA+) in patients with WG were counted. Patients with active WG had
significantly higher numbers of IECs as compared to patients who were in remission
and healthy individuals (p< 0.05, Figure 4A). More than 95% of the cells expressed
VAP-1 as well as MICA. The cells were also positive for CD144 and CD106 but not
CD3 or CD45.
EPCs do not express VAP-1 or MICA
The number of EPC colony-forming units were significantly lower in patients with
active WG as compared to those in remission and to healthy individuals (p<0.05,
Figure 4B). The EPC colonies stained positive for VEGFR-2 and eNOS, confirming the
endothelial phenotype of the cells. These cells were positive for the EPC marker
CD133 but negative for VAP-1 and MICA.
Inhibitory effects of supernatants from circulating VAP-1+/MICA+ Cells on
EPCs functions
A higher number of neutrophils migrated in vitro towards VAP-1+/MICA+ cell culture
supernatants from patients with active disease as compared to those in remission
(p<0.05).
VAP-1+/MICA+ cell culture supernatants from patients with active disease had an
inhibitory effect on the expression eNOS , as well as on proliferation and migration of
EPCs isolated from healthy individuals (Figure 5A and B).
Correlations of circulating endothelial cells with inflammatory and renal
function markers
The numbers of VAP-1+/MICA+ cells were negatively correlated with hemoglobin
levels and positively with leukocyte count and CRP (p<0.05). Furthermore, VAP-1+/
MICA+ cells were significantly and positively correlated with the number of organs
involved.
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Conclusions
IECs may contribute to the vascular damage in WG by impairing the functional
capacity for repair by EPCs. VAP-1 and MICA are novel markers of endothelial
inflammation that may help to distinguish between EPCs and IECs.

A

B

Figure 4. The numbers of circulating IECs were significantly increased during active
disease (AWG) as compared with remission (RWG) and healthy subjects (HS). In
contrast the numbers of EPC colony-forming units were significantly decreased
during active disease as compared with remission.

A

B

Figure 5. Significantly decreased proliferation (A), and migration (B) of EPCs after
treatment with supernatants from circulating IEC cultures of patients with active WG
(AWG S-treated) as compared with EPCs that were treated with supernatants from WG in
remission (RWG S-treated).
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7.2

PAPER II

Anti-endothelial cell antibodies are increased in patients with previous
myocardial infarction
Aims
To test the hypothesis that AECA are associated with ischemic heart disease, degree
of inflammation, risk factors and previous patient treatments.
Results
Clinical characteristics
Percutaneous intervention had been performed in almost 60% of the patients and
bypass surgery in about one fourth of 104 patients.
Patients with previous myocardial infarction had significantly higher
levels of AECA than controls
Patients with previous myocardial infarction had higher AECA levels of both IgM
and IgG (23.08 ± 0.81 and 10.63 ± 0.31 channel shifts, respectively; p<0.001) than
the control group (13.40 ± 0.95 and 3.53 ± 0.54 channel shifts, respectively). The
prevalence of AECA in patients was higher than in healthy controls (12-14 % and 1-5
%, respectively; p<0.05). The IgM levels of AECA tended to be higher in women
than in men (25.19 ± 1.59 and 22.36 ± 0.82 channel shifts, respectively; p=0.085).
The AECA levels did not vary between the different age groups in patients.
Positive correlation between CRP and AECA in patients with previous
myocardial infarction
CRP levels and circulating AECA levels correlated positively (p<0.05; R = 0.26,
Figure 6). No correlations between AECA levels and the following risk factors; total
cholesterol, triglycerides and smoking were observed.
Patients with previous treatment procedures had higher levels of AECA
Patients with previous coronary interventions (percutaneous coronary intervention or
coronary bypass surgery) had higher levels of AECA for both IgM and IgG type
(24.41 ± 0.95 and 11.23 ± 0.36 channel shifts, respectively; p<0.05) as compared to
non treated (20.38 ± 1.01 and 9.85 ± 0.38 channel shifts, respectively, Figure 7).
Conclusions:
AECA levels are elevated in patients with previous myocardial infarction and show a
relation to signs of inflammation (CRP). Such antibodies could be an important
pathophysiological factor in the development of severe atherosclerosis.
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Figure 6. Plasma concentration of Anti-endothelial cell IgG was
positively correlated to the levels of high-sensitivity C-reactive protein
(hsCRP). p<0.05, R=0.26.
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Figure 7. Patients who got an invasive treatment (Yes) had
significantly higher levels of AECA as compared to patients with only
medical treatment (No).
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7.3

PAPER III

Cyclic variability of stromal cell-derived factor-1 and endothelial
progenitor cells during the menstrual cycle
Aims
To analyze how the numbers of endothelial progenitor cells colonies vary during the
menstrual cycle, and relate to variations in blood levels of some angiogenesisregulating factors.
Results
Formation of endothelial progenitor cell colony-forming units did not
differ during the different phases of the menstrual cycle
The numbers of EPC-CFUs showed a large scatter at ovulation, with a median of two
CFUs. During the secretory phase, the distribution was more homogenous, with a
tendency of increased numbers of CFUs (15 colonies). However, this difference was
not statistically significant.
Plasma levels of SDF-1 but not of angiogenic growth factors varied
significantly during the menstrual cycle
Figure 8 shows that SDF-1 plasma levels increased from the early proliferative phase,
reaching the highest level at the mid-proliferative phase (p=0.03) of the MC, whereafter
there was a decrease at ovulation (day 14), reaching the lowest level in the secretory
phase. The growth factor FGF showed a statistically insignificant pattern (p=0.08)
similar to SDF-1, i.e. a decrease from the mid-proliferative phase to the secretory phase
of the MC.
The levels of systemic VEGF in this study were not significantly different at the
different time points studied during the MC. In addition, we found no detectable levels
of GM-CSF or G-CSF.
Relation of changes of SDF-1 correlated to endothelial progenitor cell
colony-forming units
As shown in Figure 9, SDF-1 levels correlated significantly and negatively with EPCCFU formation (r = -0.55; p=0.01). SDF-1 levels were higher during the midproliferative phase of the MC than during the secretory phase (p=0.03), while an
opposite tendency was found for EPC-CFUs (p = 0.53)
Endometrial sections stained positive for SDF-1
As SDF-1 levels in the circulating blood varied during the MC, we studied the local
expression of this chemokine in the endometrium. SDF-1 positive hot spot areas were
found in 5/9 and 3/7 of the specimens from the proliferative and secretory phases,
respectively. There was a tendency of increased levels of SDF-1 in the secretory phase
compared to the proliferative phase (p=0.05, Figure 10).
Conclusions
Circulating SDF-1 oscillates with the menstrual cycle. There is an inverse relation
between these SDF-1 levels and the numbers of circulating EPCs.
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p = 0.03
p = 0.03

p = 0.05

Figure 8. SDF-1 plasma levels during
different time points of the MC. SDF-1
levels in the mid-proliferative phase
(day 5) were significantly higher than
during the secretory phase (day 22–24).

p = 0.01; r = -0.55
Days of the menstrual cycle

Figure 9. A scatter plot showing
negative correlation between plasma
SDF-1 and numbers of circulating EPCs
(EPC-CFUs).

p = 0.05

Positive area/µm2

n= 3

Figure 10. Local expression of SDF-1 in
the endometrium. SDF-1 expression
tended to be higher in the secretory than
in the proliferative phase.
n= 5
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7.4

PAPER IV

Human first trimester fetal heart endothelial progenitor cells as
therapeutic option for the treatment of acute myocardial infarction
Aims
The option to- generate CPCs from human fetal heart (fhEPCs) for the treatment of
acute myocardial infarction was explored.
Results
Successful isolation of two clones of fetal heart cardiac progenitor cells
(fhCPCs) from human fetal hearts
Two clones of fhCPCs with similar characteristics from the two fetal hearts were
isolated. The cells showed similar morphology during culturing and were followed up
to the 12th passage. fhCPCs were successfully transduced by GFP-lentivirus, with
transduction efficiencies of more than 70%.
Phenotypic characterization of fhCPCs showed that they expressed
endothelial as well as cardiac progenitor markers
fhCPCs isolated clones were positive for endothelial progenitor cell markers (CD133,
CD34, KDR and CD31) as well as for cardiac progenitor markers (c-kit and
CD105,endoglin) (Figure 11). They also expressed the hematopoietic cell–specific
surface antigen CD45, while they were negative for monocytic cells marker (CD14).
However cells were not found to express Sca-1 and SSEA-1 (CD15). It seems that
upon cultivation of fhCPCs, the expression of SSEA-1 was lost.
Immunocytochemistry showed that the cells were positive for the two endothelial cell
markers vWf and VE-cadherin, but they were negative for the cardiomyocyte marker,
troponin T and the smooth muscle α-actin marker.
Functional in vitro differentiation of fhCPCs into endothelial phenotype
Isolated fhCPCs clones were able to form capillary-like structures in matrigel,
a characteristic feature of mature endothelial cells. Examination of these capillary-like
structures under TEM showed endothelial phenotype where cells formed tight junctions
and had a lot of pinocytotic vesicles indicating endothelial cell activity.
fhCPCs engrafted and formed tubule-like structures in the hearts of
transplanted mice
GFP-lentivirus transduced fhCPCs were able to form capillary-like structures in vivo at
days 6 and 9 (Figure 12), after which the amount of cells decreased dramatically. Cells
could be found in mice hearts until day 12 after transplantation, while no cells were
found at day 13. At days 6 and 9 after transplantation, mice had higher NK cell
infiltrates in comparison to day 3 (Figure 13).
Conclusions
Cardiac progenitor cells isolated from first trimester human fetal heart have the
capacity to differentiate into endothelial progenitor cells with therapeutic potential to
restore ischemic cardiac tissue.
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Figure 11. Flow-cytometric analysis showing isolated
fhCPCs clones positive for the endothelial progenitors
markers (CD133, CD34 and KDR) and cardiac progenitor
marker (c-kit/CD117) as shown by solid line histogram.
Dotted line histograms are negative controls.
A

B

Figure 12. Fluorescent confocal images showing that GFP-transduced fhCPCs
formed tubule-like structures inside the mouse heart at A) day 6, B) day 9.

A

B

C

Figure 13. NK cell infiltrations (red) adjacent to transplanted fhCPCs (green) in
mouse heart at days 6 and 9 (B and C). At day 3 no NK cell infiltrations were
observed (A).
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8 GENERAL DISCUSSION
8.1

THE ENDOTHELIAL CELL AS A TARGET FOR INJURY

The vascular endothelium covering the inner surface of blood vessels forms a major
system exerting crucial biologic activities in physiologic and pathologic conditions.
Among diseases in which endothelial cells play a major role, the vasculitides,
inflammatory diseases of blood vessels, are especially relevant because the vascular
tree itself is the main target for inflammation and injury (16).
The role of endothelial cells in the pathogenesis of vascular inflammation is
multifactorial. Endothelial cells may be a major target for injury; however, endothelial
cells have prominent proinflammatory functions and are crucial players in controlling
vascular response to inflammation, growth factors, and other inflammatory mediators
released by infiltrating leukocytes (114). Besides magnifying the inflammatory process,
vascular response to inflammation leads to vessel remodeling and regeneration, and,
eventually, vessel occlusion, which is the cause of some of the most devastating
complications in patients with systemic vasculitis (16).
Endothelial cells can be damaged through a variety of mechanisms during the
development of inflammatory cascades, leading to vascular inflammation. These
include, through various complex and often combined mechanisms, infectious agents,
complement-mediated damage driven by immune complexes, antineutrophil
cytoplasmic antibodies (ANCA), and anti-endothelial cell antibodies (AECA) (15,
115).
In paper I, during active WG the appearance of IEC is significantly increased, whereas
treatment results in a significant decrease (116). These observations generated our
hypothesis that circulating IEC may be cells detached from sites of injury and thus
reflect impairment of functional capacity of the cells at these sites (Figure 14A). This
idea is in keeping with that endothelial cells are targeted during such inflammatory
disease. The study also demonstrates that increased organ involvement is associated
with increased levels of IEC. Whether this is a consequence of endothelial damage in
the various organs is currently not known. Another intriguing possibility is that
circulating IEC may metastasize to other organs, causing widespread inflammation and
resulting in systemic spread of the disease. This remains to be elucidated. Moreover we
demonstrated that detached IECs produced soluble factors, which had a significant
negative effect on EPC function (117) leading to imbalance between the extent of
endothelial injury and capacity for repair (Figure 14D). On the basis of our results, we
suggest that circulating IEC may contribute to the pathogenesis/progression of WG by
interfering with the functional capacity for vessel wall repair by endothelial progenitor
cells.
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Figure 14. A) During pathological conditions (WG, atherosclerosis) endothelial cells detach
from the blood vessels and enter the circulation. Detached cells (IEC) expressed inflammatory
markers VAP-1 and MICA. B) As a repair mechanism, EPCs contribute to ongoing
endothelial repair and form a cellular patch at the site of dead/injured endothelial cells
C) The recruitment of EPCs from the bone marrow to homing sites of dead/injured endothelial
cells is facilitated by SDF-1 and angiogenic growth factors. D) This repair mechanism could
be impaired by IEC which produce soluble factors that affect the functional capacity of EPCs
by inhibition of their proliferation, migration, and eNOS expression.
8.2

ANTI-ENDOTHELIAL CELL ANTIBODIES

AECA have been detected in several vasculitides including Wegener’s granulomatosis,
microscopic polyangiitis, Kawasaki disease, thromboangiitis obliterans, Behçet’s and
Takayasu’s diseases (46). Such antibodies are present also in patients with previous
myocardial infarction (paper II). Furthermore, AECA positively correlated to the
inflammatory mediator hsCRP.
In most cases, AECA titers correlate with disease activity (46). Anti-endothelial cells
antibodies bind to endothelial cell antigens and induce endothelial damage (Figure
14A). One suggested mechanism is AECA-induced endothelial cell apoptosis (118).
There is evidence of apoptosis induction in diverse autoimmune and infectious
diseases. The AECA antigenic targets are not completely known. Heat Shock Proteins
may be an important antigen (119). AECA were considered to be a risk factor for
premature atherosclerosis in SLE patients (120). Risk factors might relate to damage to
endothelial cells and promotion of endothelial cell turnover, as well as progenitor-cell
homing, mobilization and differentiation (66, 67). Thus it was hypothesized that AECA
may also target EPCs and induce EPC dysfunction with similar mechanisms as for
IECs as described in paper I.
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It is highly unlikely that AECA play a primary pathogenic role in ischemic heart
disease. They probably appear as a consequence of antigen modification because of
endothelial cell activation or damage mediated by other mechanisms. However,
according to the mentioned properties, AECA probably may amplify vascular
inflammation and endothelial cell injury and thus indirectly have impact on prognosis.
8.3

PROINFLAMMATORY FUNCTIONS OF ENDOTHELIAL CELLS

Most of the described immunopathogenic mechanisms are able to damage endothelial
cells, and when acting sublethally, are able to induce proinflammatory activities.
Furthermore, endothelial cells, along with other vessel wall components, actively react
in response to a variety of mediators produced locally by infiltrating leukocytes.
Endothelial cells at distant sites also may respond to increased circulating cytokines
with systemic effects. Endothelial cells are able to amplify inflammatory cascades by
cytokine and chemokine production and adhesion molecule expression.
8.3.1 Cytokine and chemokine production
In an inflammatory setting, endothelial cells are able to produce a wide array of
cytokines, and growth factors. Although infiltrating leukocytes are the major producers
of such mediators, endothelial cells are able to produce proinflammatory cytokines and
may contribute to the systemic acute phase reaction. Endothelial cells are able to
produce chemokines, such as IL-8 and MCP-1 (121). In the same line our results in
paper I showed that IEC isolated from patients with active WG produced high levels
of IL-8, MIP-1α, and GRO-α in vitro and subsequently, recruiting and activating
neutrophils.
By attracting specific leukocyte subsets, endothelial cell production of chemokines
probably contributes to maintain and amplify vessel inflammation (121). Several
immunopathogenic mechanisms contributing to systemic vasculitis increase cytokine
and chemokine production by endothelial cells.
8.3.2 Expression of endothelial adhesion molecules
Endothelial cells play a pivotal role in recruiting circulating leukocytes into tissues by
expressing adhesion molecules. On exposure to proinflammatory cytokines, endothelial
cells express selectins E and P, which mediate initial interactions with circulating
leukocytes in postcapillary venules. Subsequently, constitutive intercellular adhesion
molecule-1 (ICAM-1) is upregulated and vascular cell adhesion molecule-1 (VCAM-1)
is induced on endothelial cells (122). Endothelial adhesion molecules, as well as
constitutive ICAM-2 and platelet endothelial cell adhesion molecule-1, serve as ligands
for leukocyte integrins, which mediate firm adhesion of leukocytes and transmigration
through the endothelial cell junctions to lesion site.
A novel finding in paper I, is that circulating IECs can be distinguished from EPCs by
the expression of vascular adhesion protein 1 (VAP-1) and MHC class-I related chain
A (MICA) (Figure 14A). IECs expressed both VAP-1 and MICA, while the EPCs did
not. Isolated IECs (with VAP-1 coupled beads) showed expression of MICA, several
known endothelial cell surface markers, but were negative for stem cell, leukocyte,
monocytes, B cell and NK cell stainings, indicating their true endothelial origin. In
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addition, during active disease, kidney endothelium in vivo strongly expressed VAP-1
and MICA, indicating that the circulating IEC may indeed be cells detached from sites
of injury.
8.4

MECHANISMS AND FACTORS INFLUENCING THE MOBILIZATION
OF EPCS

The mechanisms involved in the recruitment and mobilization of EPCs from the bone
marrow appear to be complex and need to be further elucidated. Tissue ischemia seems
to play a pivotal role in the EPC kinetics according to experiments in animal models
and initial clinical trials (123). It has been indicated that the first step in this process is
the activation of matrix metalloproteinase-9 (MMP-9), which promotes the
transformation of membrane bound Kit ligand to a soluble Kit ligand (88). Importantly,
endothelial nitric oxide synthase (eNOS) activity has also been suggested to account for
the mobilization of EPCs in response to injury (82). eNOS knockout mice have
impaired mobilization of bone marrow progenitor cells (91). C-reactive protein (CRP)
has been shown to inhibit the EPC number and interfere with nitric oxide (NO)
production (124). Similarly, increased NO availability is required for statin-induced
mobilization of EPCs (125).
Several growth factors, cytokines and chemokines have been found to mediate
mobilization of EPCs. These include vascular endothelial growth factor (VEGF),
granulocyte macrophage colony-stimulating factor (GM-CSF), stromal cell derived
factor-1(SDF-1), granulocyte colony-stimulating factor (G-CSF), fibroblast growth
factor (FGF) and placental growth factor (126, 127).
In paper III, the putative role of these growth factors was explored during normal
physiological angiogenesis. A novel finding of the study is the highly significant
inverse correlation between plasma SDF-1 levels and EPC-CFU in women during
different phases of the menstrual cycle (MC). In addition circulating SDF-1 showed
variation during MC. The observations generated the hypothesis that EPCs are
mobilized and home to the endometrium by means of higher tissue SDF-1 levels
(Figure 14B and C). However, we cannot exclude different scenarios including, for
example, the possibility that low blood EPC levels during the proliferative phase are
due to intensive trafficking of EPCs from the bone marrow, with a high uptake in the
endometrium.
8.5

REGENERATION OF THE ISCHEMIC HEART

The final structure of the adult heart comes from diverse cell lineages including
myocytes, endothelial cells, vascular smooth muscle cells, and fibroblasts most of
which derive from distinct subsets of mesoderm during embryogenesis and
organogenesis. Different cell types are being tested to repair damaged myocardium and
to improve heart function after heart failure, this including embryonic and fetal tissues,
yet adult heart represent a potential source of progenitor cells (99, 100).
Human fetal heart tissue has been studied as a putative source of CPCs. Goumans et al.
(100) demonstrated that, CPCs isolated from fetal heart using antibodies directed at
mouse Sca-1, differentiate into cardiomyocytes, endothelial and smooth muscle cells, in
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vitro. Although the Sca-1 antigen is not expressed in humans, it was used to isolate a
fraction of cells demonstrating cardiomyogenic potential. Whether these cells represent
a suitable source of precursor cells for cardiac cell therapy remains unclear. Compared
to adult heart, this tissue provides many more CPCs, and the expansion of the cells is
much faster and efficient (105).
In paper IV, early human fetal heart was used to isolate CPCs by the use of a cardiac
multipotent stem cell marker (SSEA-1) (128). Isolated fhCPCs clones expressed the
EPCs markers (KDR, CD133 and KDR) and the cardiac stem cells marker (c-kit). This
population demonstrated the capacity to form capillary-like tubules in vitro as well as in
vivo up to 12 days after transplantation and could differentiate into endothelial cells
which indicate that we isolated CPCs with EPC characteristics.
EPCs can be isolated from peripheral blood mononuclear cells and bone marrow, and
have the potential to differentiate into endothelial cells. They can also differentiate into
cardiomyocytes when co-cultured with neonatal rat cardiomyocytes (129). Injection of
EPC into a myocardial infarction was shown to improve cardiac function by promoting
angiogenesis, without their differentiation into cardiomyocytes (130, 131).
8.6

CONSIDERATIONS AND CRITIQUE OF SOME METHODS USED

8.6.1 AECA
AECA could be determined with cell-based ELISA or FCM analysis by using
HUVECs as target for these antibodies. Most of AECA detected by these assays belong
to the IgG or IgM subclasses that bind to the EC membrane by FAb fragments (132).
Although AECA could be detected by both ELISA and FCM in the majority of
sera/plasma, frequently, the results were reported to differ between the two assays,
where FCM analysis was found to be a more suitable method than ELISA to measure
the presence of membrane-specific AECA (133).
AECA are capable of binding endothelium from a variety of sources such as arteries,
veins, human and murine endothelial cell lines. Most studies have employed HUVECs
as substrate; however, HUVEC may not be entirely representative of the antigens
involved in in vivo organ-specific processes (134). Holmén et al. found higher
incidence of AECA reactive against human kidney microvascular ECs in WG disease
compared to HUVECs, that indicated how in this vasculitis AECA can have an
increased binding to EC from the main affected organs (117).
8.6.2 EPC-CFU
EPC-CFU assay became very popular because it was used in the seminal paper by Hill
et al. (67) in which the numbers of EPC-CFU were correlated with endothelial function
and cumulative indexes of cardiovascular risk. These cells displayed typical functional
properties of endothelial cells, such as formation of tubule-like structures in matrigel in
addition to the expression of other endothelial lineage markers (KDR and eNOS)(116).
One interesting feature of the colonies emerging from the EPCs is that these colonies
disappear by day 10 to 14 in culture leaving behind spindle-shaped adherent cells
expressing endothelial antigens (67). The drawback of this method is that the EPC-CFU
may also select a subpopulation of monocytes, instead of endothelial cells, and it is not
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clear if the cells quantified by flow cytometry (phenotype) and the cells forming the
EPC-CFU are the same populations (135).
8.6.3 Immunofluorescent staining
Immunofluorescent staining is a powerful tool for both morphological studies and
clinical diagnosis. However, autofluorescence, either intrinsic or induced by fixation
media and tissue processing may either mask specific fluorescent signals or be
mistaken for fluorescent labels (Figure 15A).
Here is described the strategy we have developed in order to distinguish between
specific signal and autofluorescence in NK cell staining in mouse heart. Images were
acquired using confocal microscopy for sequential scanning where one image was
obtained for each staining with reduced overlap of colors. As illustrated in Figure 15B
three pictures were obtained a) DAPI (blue; excitation 358 nm), b) transplanted cells
(green; excitation 495 nm) and c) NK cells (red; excitation 578 nm). The three stainings
are then combined in one image. As in this experiment no co-expression could take
place, thus, the structure identified by green should not appear in red, otherwise this
could mean autofluorescence. When we used another excitation wave-length (647 nm)
instead of (578 nm), no NK cells signals was detected, confirming that the signal we
got was due to the labeling of NK cells and not an artifact of autofluorescence (Figure
15C).
A

B

C
Figure 15: Confocal images showing, A) Autofluorescence in
unlabeled mouse heart tissues; the green and red colors appear in the
same place. B) Specific signal for each color as well as a combined
image for all three colors. C) Check for the specificity for the red color
using another excitation wave-length.
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9 CONCLUSIONS
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•

Circulating IECs may contribute to the pathogenesis/ progression of WG by
interfering with the functional capacity for vessel wall repair by EPCs.

•

AECA are increased in patients with previous myocardial infarction. Moreover
they are related to the C-reactive protein indexed immune-mediated
inflammatory state of these patients.

•

EPC-CFU and SDF-1 showed a cyclic variation, which is in accordance with
physiological changes of the endometrium vasculature during the MC. SDF-1
may be a novel functional marker of endometrial angiogenesis

•

Human fetal hearts could be used as a rich source for isolation of CPCs with
EPC characteristics that may have therapeutic potential for regenerative
treatment of ischemic heart disease.

10 FUTURE PERSPECTIVES
•

AECA in atherosclerosis. AECA were increased in patients with previous
myocardial infarction. AECA should be investigated in a cohort study and
correlated with disease progression and mortality. Further, if there is any
relation between AECA and EPC levels, AECA function should be determined
as well as mechanisms by which AECA affect ECs during atherosclerosis. For
example endothelial cells can be treated with isolated AECA from positive
patients in order to explore their effect on cell permeability and LDL uptake.

•

SDF-1. Since SDF-1 is the only growth factor that correlated with EPCs levels
in MC, the effect of SDF-1 on EPC-CFU should be studied in a dose response
manner. Of further interest is to explore the functional capability of SDF-1 to
differentiate EPC-CFU on matrigel. Moreover, the knowledge obtained on
SDF-1 during normal MC can form the basis to identify conditions signified by
abnormal angiogenesis, such as heavy uterine bleeding.

•

Cardiac progenitor cells. As NK cell infiltrations were observed after CPCs
transplantation into mouse heart, an animal model that lack T, B cells and NK
cells (NOD-SCID) should be used. Further, the potential of clonal
differentiation SSEA-1+ cells from fetal heart into the three main lineages of the
heart could be explored with the following experiments: i) Isolate SSEA-1+
cells from human fetal heart and look for the early stem cells markers (Oct-4,
Islet1 and KDR). ii) Expansion of isolated cells in medium that does not
promote differentiation of the cells (Basel medium with fetal calf serum).
Differentiation of the cells to the three main lineages of the heart by using
fibroblast growth factor to differentiate the cells to cardiomyocytes, VEGF
toward endothelial and platelet-derived growth factor direct toward smooth
muscle lineages.
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