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The vascular system stretches throughout the body to provide oxygen, nutrition, and to remove
waste products from cell metabolism. Angiogenesis, formation of new blood vessels by
sprouting from pre-existing vessels, is one of the main mechanisms involved in blood vessel
formation. A successful angiogenic process is dependent on the timely involvement of several
parameters; from different cell types to anti- and pro-angiogenic soluble factors.
White blood cells are mostly famous for being involved in host defense against pathogens,
through rapid reactions by innate immunity and delayed but specific responses through adaptive
immunity. The neutrophils are innate immune cells, which are the most abundant white
blood cells in the circulation. In addition to their classical roles in defense against invading
microorganisms, it was recently revealed that neutrophils actively contribute to angiogenesis.
Neutrophils that are involved in angiogenesis comprise a specific population, namely proangiogenic neutrophils (PANs), that are recruited to sites of hypoxia by using different adhesion
molecules compared to when they chemotax towards infection.
The present investigations focus on characterization of PANs and comparing them to
the classic neutrophil population in terms of their physical features and their functions. By
modifying and applying new in vivo and in vitro models of angiogenesis, interactions between
growing endothelial cells and neutrophils have been further revealed, as well as neutrophil
recruitment and movement towards an active site of angiogenesis. We found that the main
neutrophil contribution to angiogenesis at site of islet transplantation occurs at early stages of
revascularization to establish new vessels, where after the neutrophils leave the site. Neutrophil
recruitment to a site of infection relies to a large extent on macrophage signals, but this was
not the case when they were recruited to sites of hypoxia. PANs are a specific sub-population
of neutrophils that significantly differ from the rest of the neutrophil population not only in
terms of their active contribution to angiogenesis, but also in terms of their physical features and
their phagocytosis abilities. The role of vascular endothelial growth factor receptor (VEGFR1)
and also chemokine CXCL12 (CXCR4/CXCL12 signaling) in neutrophil recruitment has been
further revealed by our in vitro model; neutrophil migration to sprouting endothelium is
directed by CXCL12 and VEGFR1. Furthermore we found that hypoxic condition boosted
pro-angiogenic activities of PANs. Moreover, how vascular permeability affects neutrophil
recruitment was studied; vascular permeability regulates inflammation by increasing chemokine
transport into the blood vessels and thereby promotes neutrophil recruitment.
In conclusion, functional characterization of pro-angiogenic neutrophils performed in
this thesis demonstrates differences beyond marker expression when compared to classic
neutrophils. Moreover, intricate interactions necessary for the formation of new blood vessels
between neutrophils and the growing vasculature were shown. Increased understanding of the
contribution of neutrophils to blood vessel formation in hypoxic environment or/and tumors
could be exploited further to develop potential therapies.
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Introduction

White blood cells consist of several different cell types with specific functions collaborating with each other to defend their host against infections.
Among them neutrophils, highly active and mobile cells, are well equipped
with several defending tools to take part in different stages of host defense.
Continuously production of a large number of neutrophils demonstrates the
important role of these cells in immune system function. In addition to their
well-known role in immunity the physiologic activities of neutrophils has
drawn a strong scientific attention.
The work presented in this thesis studies the physiological roles of neutrophils; their contribution to angiogenesis as well as their typical functions,
with focus on a newly identified sub-population of neutrophils. Also the
regulation of neutrophil recruitment from blood circulation into the tissues
was investigated.

The immune system
The immune system comprised by a complicated network that consists of a
wide collection of organs, cells and molecules, which together defend the
body against pathogens. A complete and successful immune response to a
pathogen depends on integrated and regulated effects of different immune
cell types.
The immune system consists of two major branches: the innate and the
adaptive. Innate immunity, as indicated by its name, is present from the beginning of life and refers to nonspecific defense mechanisms which can
come into action quickly; either immediately or within a couple of hours. It
is the first line of host defense against pathogens and consists of several
physical and chemical barriers: normal microflora, tissues, antimicrobial
proteins and white blood cells (1, 2). While it takes a couple of days following exposure to pathogens for the adaptive immune responses to gain
strength (3-5), this response is specific and more importantly it can raise
immunological memory which makes a future response to the same antigen
quick and efficient (1, 2). The immune cells involved in innate immunity are
phagocytic cells like neutrophils, macrophages and natural killer cells
whereas B and T lymphocytes are the main parts of adaptive immunity (5).
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Despite the traditional division into two separate branches, recent reports
demonstrate communication and collaboration between the innate and adaptive parts of the immune system which indicates that a very strict partition of
them is not exclusively correct (6). For instance, innate immune cells can
present microbial antigens to lymphocytes (3) moreover by producing cytokines innate immune cells can contribute to maturation and recruitment of
adaptive immune cells (7, 8).

Hematopoiesis
Hematopoiesis, the process of creating new blood cells, starts from hematopoietic stem cells residing in the bone marrow and results in the release of,
mostly, mature cells into the blood stream (9). White blood cells, leukocytes,
are one of the cell types originating from hematopoietic stem cells in bone
marrow. Hematopoietic stem cells differentiate into two common progenitors; the myeloid progenitor, and the lymphoid progenitor. Lymphoid progenitors will further differentiate into lymphocytes and natural killer cells,
whereas myeloid progenitors differentiate to granulocytes (such as neutrophils and eosinophils), erythrocytes and platelets (Figure 1).

Figure 1. Hematopoiesis. Hematopoietic stem cells give rise to myeloid and lymphoid progenitors. Lymphoid progenitors make white blood cells involved in adaptive immunity while white blood cells derived from myeloid progenitors are involved in innate immunity. Figure adapted and simplified from Kuby Immunology,
ed 7. Please note that cells sizes, in comparison with each other, are not accurate.
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Neutrophils
Neutrophils (Figure 2 A-B) are the most abundant white blood cells in human circulation. They are usually denoted as professional phagocytes (Figure 2 C) and they are an important part of the innate immune response (10,
11). Neutrophils are produced and differentiate in bone marrow from myoblasts to mature neutrophils. Neutrophil maturation has been divided into
five stages based on cell size, nuclear morphology and granularity, and the
maturation process takes approximately six days. Mature neutrophils are
then released into the blood circulation, and as many as 2×1011 neutrophils
leave the bone marrow every day (12) and circulate in blood for several
hours (13, 14) before entering tissues.
Neutrophils can apply several different strategies to eliminate invaders,
such as phagocytosis (Figure 2 C), production of reactive oxygen species
(ROS), and formation of neutrophil extracellular traps (NETs). Briefly, the
process of phagocytosis starts with pathogen engulfment. A phagocytic vesicle (phagosome) is then formed around the ingested pathogen and finally the
microorganism is killed by several elements such as oxygen radicals, nitric
oxide and anti-microbial peptides produced in the phagosome (15-19). Neutrophils are also experts in producing ROS, of which some is used for the
killing of phagocytosed microorganism, but ROS can also be released into
the microenvironment through degranulation. This is a process where neutrophil granules, which consist of four types, are released. Primary and secondary granules have anti-microbial contents; for instance primary granules
contain proteolytic enzymes to break down bacterial proteins and lysozyme
to damage the bacterial cell wall. Moreover, secondary granules are involved
in the formation of oxygen compounds (12, 18, and 20) whereas tertiary and
secretory vesicles are involved during adhesion and transmigration (21)
across the vascular wall.

A

B

C

Figure 2. (A, B) Neutrophils surrounded by red blood cells in human peripheral
blood smear. (C) Mouse neutrophil, green, phagocytoses fluorescent E.coli, red.
Neutrophil stained with Ly6G conjugated to Alexa Flour 647, and E.coli (GFP).
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The most recently discovered ability of neutrophils possess to kill invaders is
the formation of extracellular traps, NET formation, by the neutrophils releasing its DNA. So far several models of the so called NETosis have been
reported, but what they have in common is that extracellular neutrophil DNA
decorated with antimicrobial peptides can capture and kill pathogens (22,
23).
Circulating neutrophils are relatively quiescent cells, but they can be activated and converted to a more aggressive phenotype by a process called
priming which can be initiated by bacterial compounds like LPS and inflammatory mediators such as TNF-α (24). Priming can be a quick process,
within seconds to minutes, and a range of inflammatory mediators can induce this activation state (25, 26). Neutrophils also can be considered a double-edge sword in case of abnormal function, such as; releasing large amount
of ROS into extracellular space which result in collateral tissue damage (27)
and in inflammatory disease such as rheumatoid arthritis (28) and acute lung
injury (29). Moreover their rule in spreading tumor cells and helping their
metastasis has been reported in several studies (30-33).
Besides their fundamental role in the defense against pathogens, neutrophils also contribute during other physiological events. This contribution has
been neglected, to some extent, due to the fact that neutrophils were considered short lived cells with low protein synthesis potential. However it has
been shown that the neutrophil life span is longer than previously considered
(34). The longer life-span together with detection of neutrophils in tumors
(35, 36) and studies on neutrophil contribution to angiogenesis (37, 38), as
well as neutrophils’ effect on regulation of other immune cells (39, 40); has
increased the number of studies focusing on the physiological effects of neutrophils.

Neutrophil sub-populations
Neutrophils are not anymore considered a homogenous population of cells.
These highly mobile and active cells have been reported to be consisting of
several different sub-populations based on the expression of specific markers
protein and enzymes as well as their specific functions (41). Some of the
neutrophil sub-populations which have been identified so far are; long living
neutrophils (42), immunosuppressive neutrophils (43), T cell proliferation
and function inhibiting neutrophils (44), pro and anti-neoplastic neutrophils
(45, 46), B cell helper neutrophils (47), and neutrophils involved in angiogenesis, pro-angiogenic neutrophils, which have been recently identified (48,
49). Neutrophil sub-populations show specific functions which differ from
the main population, not only under normal physiologic conditions, but also
in relation to pathological conditions; for instance neutrophils with distinct
densities have been reported in cancer patients (50).
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Pro-angiogenic neutrophils, PANs, is one of the sub-populations which
has been recently identified (49) and is the main focus of this thesis.

The vascular system
Studies on the vascular system date back as far as the 16th century, when
Andreas Vesalius drew the human vascular tree. The vascular network plays
an essential role in all stages of life, from embryonic development to tissue
growth and hemostasis, and during other physiological process such as
wound healing and even pathological conditions like tumor growth (50-52).
The vascular system includes the blood, heart and blood vessels, complex
network of arteries, capillaries and veins. It spreads throughout the entire
body, providing nutrients and oxygen and removing waste products. The
main mechanisms involved in blood vessel formation are; vasculogenesis
and angiogenesis, growing blood vessels from vascular progenitors and formation of new blood vessels by sprouting from pre-existing vessels, respectively. Sprouting angiogenesis is mainly active during embryonic development and physiological responses to tissue injury or hypoxia in adults (53,
54).

Angiogenesis
Angiogenesis is a complicated process essential for the growth, maintenance,
and repair of the vasculature. The study of angiogenesis has drawn scientific
attention, particularly as it is well known that the process is disturbed in a
range of pathological conditions (55). The formation of functional blood
vessels depends on the collaboration between several factors comprising of
both pro-angiogenic and anti-angiogenic components. In healthy tissues,
angiogenesis is controlled by balance between pro and anti-angiogenic factors. In the case of an angiogenic state such as wound healing, tissue hypoxia
or rapid tumor growth, the balance between these factors shifts towards proangiogenic factors (55, 56). Angiogenesis can be accomplished through sprouting or non-sprouting micro vessels growth (57, 58).
Sprouting angiogenesis occurs through proliferation and migration of endothelial cells (59). During this process highly migratory tip cell uses the
extended filopodia to sense extracellular signals (Figure 3 A and B), and
then migrate out into the tissue, while followed by stalk cells and mural cells
to stabilize the new micro vessel (60).
VEGF-A is the major growth factor that regulates angiogenesis. During
hypoxia, expression of VEGF-A is upregulated which leads to an increase in
angiogenesis. Promoting un-controlled angiogenesis as a result of abnormal
VEGF-A expression has been reported in several studies including tumor
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studies (61, 62). It has been reported that during sprouting angiogenesis, tip
cell migration is regulated by the VEGF-A concentration (60).

A

B

Figure 3. (A and B) Growing tip endothelial cells send filopodia out into the environment. Endothelium stained with anti CD31 conjugated to Alexa Flour 555, red
color in the images. Scale bar is 20 µm.

Thus, VEGF-A induces angiogenesis by directly activating the proliferation and migration of endothelial cells, ECs (62). VEGF-A receptors are not
only expressed on ECs but they have also been shown to be expressed on
other cells such as; monocytes, smooth muscle cells and neutrophils (49, 6365). And we previously showed that VEGF-A induces the recruitment of
leukocytes with pro-angiogenic properties (48).

Neutrophil involvement in angiogenesis
Myeloid cells are no longer considered to be active only during host defense
but also their involvement during angiogenesis has been reported (66). In
particular, neutrophil involvement in angiogenesis has been investigated in
several in vivo and in vitro studies (48, 67, and 68). It has been reported that
during the human menstrual cycle, neutrophils are the source of VEGF-A
(69) and a study in a mouse model showed that depleting neutrophils significantly reduced EC proliferation (70). Neutrophils have been shown to be
required for induction and maintenance of angiogenesis at the site of a growing tumor (71) and enhanced angiogenesis in ischemic hind-limb muscle
(72). Increased angiogenesis at the site of pancreatic islet engraftment has
been reported (73); moreover, in the same study interaction between neutrophils and endothelium has been studied (Figure 4), which is presented in this
thesis.
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A

B

C

Figure 4. Neutrophils and growing endothelium interaction. (A-C) Neutrophils,
in green (Ly6G+ conjugated with Alexa Flour 647) and endothelium, red (CD31+
conjugated with Alexa Flour 555) interact with each other in vitro experiment.

Recently a specific sub-population of neutrophils was described to express
pro-angiogenic properties, in addition to surface markers, VEGFR1 and
CD49d. These cells respond to VEGF-A and are recruited to sites of hypoxia
(49) as shown in the schematic image below (Figure 5). Although studies
have reported possible effects of neutrophils in angiogenesis such as; release
of VEGF-A (74) and deliver of MMP-9 (48), the exact mechanism of how
neutrophils induce angiogenesis still needs to be further investigated.

Figure 5. Neutrophil involvemenet in angiogenesis. Neutrophils with proangiogenic properties, CD49d and VEGFR1, are recruited to the site of hypoxia.
Figure is adapted from Gustaf Christoffersson’s doctoral thesis (75).
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Hypoxia and its effects on neutrophils
In normal physiological conditions, tissues throughout the body present with
different levels of oxygen. This range of oxygen differs a lot from arterial
blood to the skin (76-78) and even within a single organ concentration gradients can be significant, such as in the liver (79). This range of oxygen pressure is due to the physiologic functions of different organs. Pathological
hypoxia mostly occurs at a site of infection, inflammation, or injury; where
the oxygen demand exceeds the supply.
Through their journey in the circulation, leukocytes are exposed to different oxygen tensions. How or if this range of oxygen can effect on neutrophil
functions has not been studied in vivo. However sites of inflammation and
infection where, mostly, neutrophils are in function are often profoundly
hypoxic. In vitro studies of human neutrophils under hypoxic conditions
demonstrate that neutrophils, to some extent, behave differently under hypoxia; changes in phenotypes, delayed apoptosis, and ROS production have
been shown to be affected by hypoxia (80-82). Moreover, effects of hypoxia
on neutrophil degranulation have been studied, although the exact mechanisms and effects have not been revealed yet. It has however been shown
that neutrophil degranulation increases during hypoxia (83, 84) and also the
release of neutrophils elastase increased under hypoxic condition (82). Enhanced degranulation at low levels of oxygen has been reported for other cell
types as well (85, 86).
As mentioned, sites of inflammation and infection are often profoundly
hypoxic but still most of the neutrophil studies are carried out in vitro at
much higher oxygen tensions which most likely have an impact on the results.

Neutrophil recruitment and transmigration
Neutrophils are among the first cells recruited to the site of infection; this
process is a multiple step cascade of events that start by activation of ECs.
EC activation occurs in response to locally released stimuli, e.g. bacterial
products or chemokines released by macrophages. This activation leads to
alterations in the adhesion molecules on the plasma membrane which results
in increased interaction between circulating neutrophils and the vascular
endothelium. Thus, it will result in neutrophil tethering and rolling, adhesion
to ECs, crawling to an optimal transmigration site, and finally transmigration.
Neutrophils tethering and rolling along the vessels are mediated by a family of adhesive molecules, namely selectins (87, 88). During rolling along
the vessels wall, interaction between neutrophils and chemokines sequestered on ECs leads to neutrophil adhesion to endothelium (89). Upon adhe18

sion in order to find the optimal site for transmigration, neutrophils start to
move along the vessel walls in a process called crawling which is mediated
by integrins (90, 91). The last step of neutrophil extravasation from blood
vessels into the surrounding tissue involves transmigration through the vessel wall. Neutrophil transmigration mostly occurs between adjacent ECs
which is mediated by numerous endothelial cell junction molecules and integrins expressed on neutrophils (92, 93). However, also transcellular migration through the endothelium has been reported (94, 95).

Chemokines and vascular permeability
Neutrophil interaction with chemokines, families of cytokines with the ability to induce cell chemotaxis, is initiated by the ligation of chemokine receptors. Chemokines are produced in tissue and need to be transported and pass
through the vascular wall to be presented to rolling neutrophils (96, 97). To
exert an effect on neutrophils chemokines interact with G-protein coupled
receptors, GPCRs, on the surface of neutrophils.
Chemokines, as well as other inflammatory mediators, can increase vascular permeability which can in return leads to neutrophils adhesion and
diapedesis (98, 99). Increase in vascular permeability occurs via changes in
integrity and opening of ECs junctions (100, 101). The exact mechanism of
how increased vascular permeability affects neutrophil recruitment is still
not known.
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Aims

The overall aims of this thesis was to study physiological roles of
neutrophils, in vivo and in vitro, with focus on a newly identified subpopulation of neutrophils; the pro-angiogenic neutrophils. The aims of the
individual studies were:
I

To understand the driving forces behind neutrophil migration at the
site of angiogenesis using in vivo and in vitro imaging models. In addition the interactions between neutrophils and growing endothelium
were studied.

II

To characterize the newly classified sub-population of neutrophils,
pro-angiogenic neutrophils, and to functionally compare them to
classic neutrophils.

III

To investigate the effects of hypoxia on pro-angiogenic activities of
pro-angiogenic neutrophils, as well as the neutrophil life span under
hypoxic conditions.

IV

To study if vascular permeability affects chemokines transport
across the vessel wall. Further, the effects of chemokine citrunillation on neutrophils recruitment were studied.
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Material and methods

Animals
Male C57Bl/6 (Taconic, Denmark), Flt-1 deficient mice (Flt-1 tk -/- ; kindly
provided by Professor Yohai Cao, Karolinska Institute, Stockholm, Sweden),
CX3CR1-GFP mice (Jackson laboratory, ME, USA) and DARC/ACKR1
deficient mice (ACKR1-/- ; kindly provided by Professor Antal Rot, London)
weighting between 25-30 g were used. Genetically modified animals were
on C57Bl/6 background. The animals had free access to tap water and pelleted food in the facility. All experiments were approved by the Uppsala Regional Animal Ethics Committee.

Pancreatic islet isolation and transplantation
Mouse pancreatic islets were isolated, as previously described (53). Brieﬂy,
the mice were anesthetized by using pentobarbital sodium, 100 mg/kg,
(Apoteket AB, Stockholm, Sweden). Ice-cold collagenase A solution, final
concentration of 2.5 mg/ml, (F. Hoffmann-La Roche, Basel, Switzerland) in
HBSS was then injected into the pancreas via the common bile duct. The
pancreas was then removed and placed in a 37°C water bath for 18 min.
Islets were separated from the tissue by density-gradient centrifugation. After purification, islets of similar size were handpicked and maintained freeﬂoating in islet culture medium: RPMI 1640 with added D-glucose (11.1
mM), L-glutamine (2 mM; Sigma-Aldrich), benzyl penicillin (100 U/ml, F.
Hoffmann-La Roche), streptomycin (0.1 mg/ml), and 10% (v/v) FCS (Sigma-Aldrich). Cell-tracker Blue CMAC (Thermo Fisher Scientiﬁc, Waltham,
MA, USA) was used to ﬂuorescently label the islets. Finally, the islets were
transplantated to the cremaster muscle of genetically identical mice anesthetized by spontaneous inhalation of isoflurane (Abbvie).

Neutrophil depletion
Mice were rendered neutropenic by i.p. injections of anti-Ly6G mAb (clone
1A8, Ultra-LEAF puriﬁed; BioLegend, San Diego, CA, USA) using a
modiﬁed protocol from previous study (49). The mice were injected with 0.5
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mg of the anti Ly6G mAb or the corresponding isotype control Ab, 24 h
before transplantation of islets and 0.5 mg every 48 h thereafter.

Figure 6. Schematic overview of in vivo experiment of angiogenesis. Islets isolated
from donor mice were transplanted to recipient mice and imaged at different time
points. Enabling visualization of islets, blood vessels and immune cells in parallel.

Macrophage depletion
In order to deplete macrophages from the muscle, 24 hour before transplantation mice was injected of 200 ml, 5 mg/ml liposomal clodronate i.v.
(Clodrosome; Encapsula NanoSciences Brentwood, TN, USA) and then, 50
ml intrascrotally every 48 h thereafter. Control mice were given empty liposomes (Encapsome; Encapsula NanoSciences) following the same protocol.
Depletion efﬁciency was determined by microscope examination of
CX3CR1-GFP cell density in muscle tissue.

Intravital confocal imaging
Mice were anesthetized by isoﬂurane (Abbvie) inhalation. The left cremaster
muscle was exposed and mounted for intravital microscopic observation.
The exposed muscle was continuously superperfused with a 37°C bicarbonate-buffered saline solution (pH 7.4). Mice received anti-CD31 (eBioscience) conjugated to Alexa Fluor 555 (Thermo Fisher Scientiﬁc) and anti-Gr1 mAb (eBioscience) conjugated to eFluor 660 intra-arterially through a
22

catheter in the femoral artery. These mAbs were also injected into the scrotal
sack 30 min before the start of the experiment to stain nonperfused vessels
and tissue. A line-scanning confocal microscope (Zeiss LSM 5 Live)
equipped with a Zeiss Zen 2009 software (Carl Zeiss, Oberkochen, Germany) was used to visualize the islets, the newly formed vasculature around it,
and surrounding leukocyte subsets (Figure 6).

Isolation of human neutrophils
In order to isolate neutrophils from human peripheral blood a protocol
adapted from previous study (102). Blood samples were collected from
healthy individuals in Vacutainer tubes (BD Biosciences) containing ethylenediamine tetraacetate acid (EDTA). Red blood cells (RBCs) were removed by using one step of dextran sedimentation followed by one step of
hypotonic lysis, using sterile ddH2O. White blood cells (WBCs) were suspended in 2.5 ml of PBS and loaded over 3 ml of Ficoll (GE Healthcare life
Science Uppsala- Sweden) and centrifuged at 433g for 30 min.

Isolation of mouse neutrophils
A) Circulating neutrophils
Blood was collected from anesthetized mice (isoflurane inhalation) by heart
puncture using 30 G needles (BD Microlance). To remove RBCs, sterile cold
ddH2O was added for 15 second and lysis was stopped by adding 0.6 M KCl
solution. The white blood cells (WBC) suspension was then gently loaded on
a Percoll gradient (GH health care, Life Sciences) of 81% / 68% / 52% and
centrifuged for 25 min at 700g with low brake. Neutrophils layered at the
interface of 81% and 62 % were harvested and immediately washed with
sterile cold PBS supplemented with 2% of FBS to remove the excess of Percoll.
B) Spleen neutrophils
Anesthetized mice were sacrificed by cervical dislocation. The spleen was
excised immediately and a cell suspension was made by passing the spleen
through a 40 µm cell strainer (VWR) into cold PBS. RBCs were removed by
one step of hypotonic lysis, as described above, and the WBC suspension
was loaded on a Percoll gradient and centrifuged 700g for 25 min with low
brake. Isolated neutrophils layered at the interface between 81% and 62%
percent were collected and used for experiments after one washing step with
PBS 2% FBS.
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Isolation of neutrophils, study of density
A) Human neutrophil purification
Whole blood was collected from healthy volunteers and mixed with an equal
volume of dextran (6% in saline) and incubated 30 minutes at room temperature. The leukocyte-rich supernatant was layered on top of Histopaque 1077
(Sigma) or Ficoll 1077 (Sigma) and were centrifuged. High-density neutrophils were collected in the pelleted fraction. Low-density neutrophils were
collected from the 1077-plasma interface. Neutrophils were resuspended in
10 ml 0.2% NaCl for 30 s to remove contaminating erythrocytes. Isotonicity
was restored by the addition of 10 ml 1.6% NaCl. Neutrophils were then
washed 3 times in PBS, sodium azide 0.1% and EDTA 1 mM.
B) Mouse neutrophil purification
Whole blood was collected from mice by heart puncture and one step of
hypotonic lysis was immediately applied as above. The white blood cells
were subjected to a discontinuous Histopaque (Sigma) gradient (1.077 and
1.119 g/cm3) or to a discontinuous Percoll (Sigma) gradient (81% / 68% /
52%). High density neutrophils were collected from the 1.077-1.119 interface for the Histopaque gradient and from the 68% / 81% interface for the
Percoll gradient. Low density neutrophils were collected from the plasma1.077 interface for the Histopaque gradient and from the 52% / 68% interface for the Percoll gradient. Neutrophils were resuspended in 10 ml 0.2%
NaCl for 30 s to remove contaminating erythrocytes. Isotonicity was restored
by the addition of 10 ml 1.6% NaCl. Neutrophils were then washed 3 times
in PBS with 0.1% sodium azide and 1 mM EDTA.

In vitro angiogenesis; aortic ring assay
This protocol was modified and simplified from previous studies (103, 104).
Figure 7 A is an overview of aortic ring assay protocol. Twelve weeks old
male C57Bl/6 mice were anesthetized by isoflurane inhalation (Abbott
Scandinavia) and sacrificed by cervical dislocation. One centimeter of the
thoracic aorta was dissected, starting from the aortic arch. Excised aorta
perfused with serum free medium and gently cleaned from fat and branching
vessels. The cleaned aorta was then sectioned into one millimeter thick
rings; maximum 8 rings per mouse were used. Rings were kept in serum free
OptiMEM overnight inside a cell culture incubator. To embed rings, 1
mg/ml of rat tail collagen І (Enzo Life Sciences) was used. Rings were cultured for three days in 300 µl of OptiMEM enriched with 2.5% FBS and 1%
antibiotic mixture (Penicillin-Streptomycin, Biowest). On day three and day
five of culture, culture media were refreshed by removing 250 µl of medium
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and replacing it with the same amount of fresh medium without FBS (refreshing media is OptiMEM enriched with 1% of antibiotics).

In vitro angiogenesis; data analysis
In order to consider all kind of possible effects of neutrophils on angiogenesis; a complete and new data analysis based on 3-dimensional analysis was
applied by using Imaris software (Bitplane) and all newly grown endothelial
structures were taken into account.
A

B

C

D

Figure 7. (A) Schematic overview of the in vitro angiogenesis assay; aortic rings
were co-cultured with isolated neutrophils and live-imaged by confocal microscopy.
(B) Full image of aortic rings stained with CD31 antibody conjugated to Alexa Flour
555. (C) Description of sprouts and branches and length measurement. (D) Measuring the area and volume of newly formed endothelial structures.
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Data analysis was based on number of newly formed sprouts and branches,
the respective length, and area and volume of all endothelial structures. To
study all these items in each image, Z-stacks were obtained from a confocal
microscope. Endothelial was stained with antibody against CD31 conjugated
to Alexa Flour 555 and was analyzed separately. The first step of analysis
was to count the sprouts and their respective branches, all sprouts which
directly originated from endothelium of aortic rings and branches were separated micro-vessels which were connected to the main sprout (Figure 7 B,
C). Length of sprouts and branches were measured using the same software
(Figure 7 C); white line is the length of sprout and yellow line represents the
branch length. To take non tubular structures of growing endothelium into
consideration, the area and volume of specifically stained CD31-positive
structures were measured as well by using surface plug in in Imaris software
(Figure 7 D).

Neutrophils and aortic ring co-culture
A) Study of angiogenesis
To study the effects of neutrophils on angiogenesis, 20 µl of neutrophil suspension, 1x106 cells/ml, was added to the ring on day three of culture (72
hours after embedding the rings). Neutrophils were isolated from three
sources; C57Bl/6 circulation and spleen and Flt-1 tk -/- spleen. Neutrophils
were co-cultured with rings for 96 hours. Endothelial structures were stained
with anti-CD31 conjugated to Alexa Flour 555 and visualized by confocal
microscopy (Zeiss LSM 700). Imaris software (Bitplane) was used to analyses the data in 3-D.
B) Role of VEGFR1 in neutrophil recruitment
Twenty µl of neutrophil suspension, 1x106 cells/ml, from spleen of C57Bl/6
(WT) and Flt-1 tk-/- mice, were added to the rings on day five. Neutrophils
and rings were co-cultured overnight and then stained with, anti-CD31 conjugated to Alexa Flour 555 for endothelial cells and anti-Ly6G conjugated to
Alexa Flour 647 for neutrophils, and imaged by confocal microscopy (Zeiss
LSM 700). Imaris software (Bitplane) was used to analyses the data in 3-D.

Phagocytosis
The study of phagocytosis was based on the protocols from previous studies
(105, 106). Briefly, freshly isolated neutrophils were incubated for 30
minutes in a cell culture incubator, 5% CO2, 20% O2 at 37° C, with pHrodo
Red E.coli bioparticles (Thermo Fisher). These particles are not fluorescent
at neutral pH and start to emit fluorescence at lower pH; therefore any kind
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of un-specific binding of particles to the cell surface does not interfere with
experimental results. The reaction was then stopped and un-phagocytosed
particles were washed away with 2 ml of cold PBS with 1mM EDTA. Neutrophils were first incubated with anti-CD16/CD32 Fc block (BD
Pharmingen) and then stained with specific markers. Phagocytosis was
thereafter determined by detecting pHrodo flourescence, phagocyted
particles, using flow cytometry (LSR Fortessa, BD Bioscience). Data was
analyzed by FlowJo software (TreeStar) based on percentage of pHrodo
positive cells and mean fluorescence intensity (MFI) of phagocytosed particles.

ROS production
Production of ROS was measured by using chloromethyl-2′, 7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA, Thermo Fisher).
The protocol was adapted from published studies (107, 108). Mice blood and
spleen cell suspensions were depleted from erythrocytes by hypotonic lysis
and then adjusted to 1x107 cells per ml and incubated in KRPG glucose supplemented with 1-µM CM-H2DCFDA at 37°C cell culture incubator for 30
min. The reaction was then stopped by washing cells with cold PBS with
1mM EDTA, which also removes the excess of CM-H2DCFDA from the
experiment. Finally, neutrophils were incubated with fluorophore conjugated
monoclonal anti-bodies against Ly6G (BV 421, BD Horizon), CD49d (conjugated to Alexa Flour 647, Biolegend) and VEGFR1 (conjugated to PE,
R&D system). Data were acquired on a LSR Fortessa flow cytometer and
analyzed by FlowJo software based on the percentage of neutrophils which
produced ROS and MFI of CM-H2DCFDA.

Hypoxic condition
In order to study the effects of hypoxia on neutrophils, a C21 Proox incubator (Biospherix) was used to provide hypoxic condition; 5% of oxygen, and a
cell culture incubator (ThermoScientific) was used for normal condition;
20% oxygen. In both conditions, the level of CO2 was kept constant at 5%.
Prior to each experiment, medias were equilibrated overnight at each respective oxygen level.

Leukocyte recruitment induction
The chemokine macrophage inflammatory protein-2 (MIP-2, CXCL2; R&D
Systems) was fluorescently labeled in house (Microscale protein labeling kit,
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Alexa Fluor 647, Life Technologies) and then added to the bicarbonatebuffer with final concentration of 5 nM, to induce leukocyte recruitment in
the cremaster muscle preparation. Superfusion rate was kept constant to 1
ml/min. Control experiments were performed where no chemoattractant was
added to the superfusate as well as with unlabeled MIP-2.

Intravital video-microscopy and neutrophil
recruitment parameters
To follow neutrophils recruitment an intravital microscope (Leica DM5000B
Wetzlar) connected to a video camera (Hamamatsu Orca R2) was used. Improvision Volocity Acquisition software (Perkin Elmer) was applied for data
analysis. Real time format recordings (5 min each) were acquired immediately before and at various time-points after addition of the stimulus to the
superfusate. At these time-points, rolling, adhesion and transmigration were
quantified using video playback analysis. Evaluation of intraluminal crawling was performed in separate experiments where images were acquired in
time-lapse format (1 frame/ 10 sec) on the selected section of the venule 3090 minutes after addition of the stimuli. Neutrophils were stained with Ly6G
mAb (BD Biosciences) conjugated to Alexa Flour 555 (Thermo Fisher Scientific).

Assessment of vascular permeability and chemokine
transport
Alexa 488-bovine serum albumin (Sigma-Aldrich) was administered to mice
15 min prior to the experiment. BSA-AF488derived fluorescence within the
venules under study and in the contiguous perivascular interstitium was detected in vivo by a line-scanning confocal microscope (Zeiss LSM 5 Live,
and Zeiss Zen software) at different time points during the experiment. To
visualize vasculature, mice received anti-CD31 mAb (eBioscience) conjugated to Alexa Flour 555 (Thermo Fisher Scientific). The exposed cremaster
muscle of mice were superfused with 5 nM CXCL2/MIP-2 (R&D Systems)
conjugated to AF647 (Thermo Fisher) and the influx of the chemokine into
the cremasteric vasculature followed in parallel with the vascular permeability assessment. For further increasing vascular permeability, 0.1 nM histamine (Sigma-Aldrich) was added to the bicarbonate-buffer. Data analysis
was performed using Imaris.
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Statistics
All data are presented as mean ± standard error of the mean. Unpaired two
tailed Student’s t tests were used when two treatments were involved. One
way ANOVA analysis with Tukey’s post- test was employed when more
treatments were involved. The data was analyzed using Graphpad Prism 7.
P<0.05 was considered statistically significant.
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Results and discussion

Neutrophils and angiogenesis
The number of studies focusing on physiological roles of immune cells separate from host defense has been increasing recently. Thus, neutrophils are
not only considered to be microbe assassins anymore, as several studies have
reported diverse function of these cells: their immunosuppressive functions
by inhibiting T cell function (41, 109-111), their contribution to angiogenesis (48, 49, 112) and their activity in tumor growth (71, 113), and even contribution to tumor metastasis (31, 32, 114, 115).
Recently we identified a distinct population of neutrophils, PANs, which
is distinguishable from the rest of neutrophil population (classic neutrophils
or inflammatory neutrophils) by their expression of CD49d and VEGFR1
(49) and chemokine receptor CXCR4, as well as high level of MMP9 (48)
which has been shown to contribute to angiogenesis by degrading the extracellular matrix (116, 117).
Although several studies show the effect of neutrophils in angiogenesis
but the exact mechanism has not been revealed yet. To more deeply study
the effects of neutrophils on angiogenesis, and to understand the driving
forces behind their migration to a site of angiogenesis, we developed and
modified two models of angiogenesis, both in vivo and in vitro (73). These
models make it possible to observe and study neutrophil recruitment to the
angiogenic site and their interactions with sprouting and growing endothelium in real time.

Neutrophils are recruited at onset of angiogenesis
Accumulation of myeloid cells at islet grafts has been reported in different
studies (118, 119) and it has been shown that their presence is crucial for
angiogenesis (48). In this study we have quantified the number of neutrophils on three to five days after islet transplantation (Figure 8 A-C), and we
observed an inverse relationship between neutrophil accumulation and revascularization, where neutrophils were evacuating the engraftment area
after their initial abundance (Figure 8 D and E). This observation together
with our previous studies demonstrates that neutrophils are recruited to the
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site of hypoxia to initiate angiogenesis. While over time, after new vasculature stablished, the number of neutrophils gradually declined.

Figure 8. (A-C) Confocal Z stacks represent islets engraftment and leukocytes accumulation at three time points. (D) Number of neutrophils was decreased over time,
while macrophages remained at the site of engraftment. (E) Measurement of vessel
volume over time. Student t test P<0.05 *.

Neutrophil recruitment is not dependent on
macrophages
Macrophage released chemokines is one of the most fundamental cues for
neutrophils recruitment to the site of inflammation and infection. Although
whether or not macrophages are involved in neutrophil recruitment to the
hypoxic environment is not clear. This process was investigated in our study
by depleting macrophages prior to islet transplantation. Clodronate depletion
of macrophages in recipient mice showed almost no macrophages at the site
of islet engraftment. However, the number of neutrophils (Gr-1+ cells) did
not show any decreases in macrophage depleted experiment compared to the
control animal, indicating that neutrophils are not dependent on macrophage
signals to find and be recruited to the site of angiogenesis.
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Neutrophils migrate to angiogenic hotspots
From previous studies we know that neutrophils (48) are recruited to the
engraftment site shortly after transplantation and that their presence is crucial for the revascularization of the islet grafts. Time lapse recordings were
used to study the migratory tracks of neutrophils towards the islets. By visalizing neutrophil migratory tracks over time, we observed that the transplanted islet is not the main target of neutrophils but neutrophils accumulated in
adjacent areas. These areas were sites of angiogenesis where endothelium
actively growed, angiogenic hotspots. Several angiogenic hotspots were
detected in each engraftment site, with a recruitment flow of neutrophils into
them (Figure 9 A). Also it was observed that, the islet itself contains less
neutrophils while neutrophils accumulated at the vasculature growing to the
islets (Figure 9 B). Neutrophil accumulation and movement at hotspots was
studied over time by measuring the ratio of fluorescence intensity of neutrophils compared to the time zero. A clear time-dependent accumulation of
neutrophils was observed (Figure 9 C).
A

B

C

Figure 9. (A) Neutrophils accumulated at hotspots, site of active angiogenesis, and not at
the islet itself. Blue: islets, red: endothelial, green: neutrophils. (B and C) Neutrophil
recruitment, accumulation and movement at hotspots measured over time.

Neutrophil-endothelium interaction
We then took a reductionist approach and developed an in vitro assay to
assess neutrophil behavior during angiogenesis by co-culturing isolated neutrophils from neutrophil donor mice with mouse aortic rings from aorta donor mice. Using this approach, we showed that neutrophils migrate towards
sprouting endothelium where they are in close proximity to the tip cells of
the sprout (Figure 10 A and B). Moreover, using time lapse imaging of the in
vitro set up, we observed that neutrophils accumulated and directly interacted with growing sprouts. Although the exact mechanism of their interaction
is not clear yet, neutrophil accumulation and movement was readily detected, almost in the same pattern as in the in vivo experiments (Figure 10 C and
D).
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Moreover, in order to evaluate if the neutrophils had effects on angiogenesis also in vitro, isolated neutrophils were co-cultured with mouse aortic
rings for 96 hours. Endothelial cells were then stained with a specific marker, anti-CD31 conjugated to Alexa Flour 555 and 3-D data analysis was used
to evaluate angiogenic activity of the aortic rings. The average length of sprouts was longer in the presence of neutrophils which indicate the contribution from neutrophils to also in in vitro angiogenesis (Figure 10 D).
C

B

A

D

E

Figure 10. (A and B) Neutrophils were in contact with endothelial cells. (C and D)
Neutrophil accumulation and movement around angiogenic hotspots was analyzed by
measuring fluorescent intensity of neutrophils over time. (E) Average length of sprouts
was higher in co-cultured rings with neutrophils, n=6, Student t test P<0.05 *.

CXCL12 is involved in directing neutrophil recruitment
It has been shown that neutrophils with pro-angiogenic activities express
CXCR4. The ligand to this receptor is the chemokine CXCL12. The effects
of the chemokine CXCL12 on neutrophils accumulation at vascular sprouts
was studied using our in vitro model. Neutrophils were added to the ring
culture in the presence of a CXCR4 antagonist (AMD3100). As a result less
neutrophils were recruited to endothelium of rings compared to the control
rings; demonstrating that CXCR4/CXCL12 signaling is involved in directing
neutrophils to growing endothelium.
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Pro-angiogenic and classic neutrophils
From previous studies, including study 1 of this thesis, we know that neutrophils take part in angiogenesis (48, 49, and 73). We have previously detected
a specific sub-population of neutrophils, namely pro-angiogenic neutrophils
(PANs); that actively contribute to angiogenesis. This sub-population of
neutrophils has been shown to express certain surface molecules important
for their recruitment to sites of hypoxia; CD49d+, VEGFR1high, CXCR4high.
Therefore, the main focus of this work is to compare the physical features of
PANs and classic neutrophils, as well as their functionality using several in
vitro assays such as phagocytosis, ROS production and angiogenesis. To
detect PANs, the following markers were used; Ly6G, CD49d and VEGFR1
for mouse sample and in human sample CD16, CD49d and VEGFR1. PANs
are considered triple positive cells whereas classic neutrophils are single
positive; positive for neutrophil markers (Ly6G / CD16) and negative for
CD49d and VEGFR1.

The spleen contains a higher proportion of PANs
Pro-angiogeneic neutrophils comprise a small proportion of circulating neutrophils, and unpublished observation of our laboratory demonstrated that,
mouse spleen contains 3-5 folds more PANs compared to the circulation
neutrophils. Therefore, when needed in our experiments neutrophils isolated
from spleen were used as a source of PANs.
Whether or not the spleen is a storage place of PANs or if neutrophils
would become more prone to express pro-angiogenic markers during their
stay in spleen is not clear yet and needs to be investigated further.

Pro-angiogenic and classic neutrophils are different
in terms of physical features
As mentioned, the first step to study the newly identified sub-population was
to distinguish between PANs from classic neutrophils. To do so, neutrophils
were stained with specific markers; CD16, CD49d, VEGFR1 for human
samples and Ly6G, CD49d, VEGFR1 for mouse samples. By using flow
cytometry analysis, PANs were detected in the neutrophil population, and
their size and granularity were investigated and compared to the classic neutrophils.
Clear differences were found between PANs and classic neutrophils in
human samples based on their size; PANs were smaller than classic neutrophils in human circulation. However no differences were detected in mouse
samples as both populations had the same size (Figure 11 A-C).
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Figure 11. Study of physical features; cell size. (A) PANs were smaller in human
samples compared to classic neutrophils. (B-C) Mouse samples demonstrated no
differences in size of both populations, neither in cells isolated from circulation nor
spleen cells. (n=5 mice per group, n=6 humans; Student t test P<0.01 **).

Moreover, by using flow cytometry results, PANs and classic neutrophils
were studied in term of their granularity. Clear differences were observed in
all three samples; neutrophils from human circulation as well as mouse circulation and mouse spleen samples (Figure 12 A-C), as PANs show more
granularity compared to classic neutrophils.
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Figure 12. Study of physical features; cells granularity. (A) PANs showed higher
granularity in human circulation samples. (B-C) The same pattern was obtained in
mouse samples from circulation and spleen. (Student t test P<0.05 *, P<0.01 **,
P<0.001 ***).

In addition the density of two populations were studied by using different
density media to isolate neutrophils from the rest of the leukocytes populations, we found that, PANs and classic neutrophils show the same density. It
has been shown that in some diseases neutrophils can possess different levels
of density (50, 120-122) that’s why it was important to study the PANs density.
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Pro-angiogenic neutrophils are effective phagocytes
As discussed above, PANs are equipped with pro-angiogenic properties; it
would therefore be interesting to see if these properties can interfere with the
classic functions of neutrophils, as well as further delineating their contribution to in vitro angiogenesis.
Since phagocytosis is one of the main functions of neutrophils this feature
was investigated in the two populations. Freshly isolated neutrophils, which
are a mixture of both populations, were incubated with pHrodo particles for
30 minutes. Cells were then immediately washed to remove the excess of unphagocyted particles and were then stained with specific neutrophil markers.
Data was analyzed by detecting and measuring the fluorescence emitted
from phagocytosed particles by using flow cytometry.

Figure 13. Pro-angiogenic neutrophils are effective phagocytes. (A-C) Higher
percentage of PANs phagocyte pHrodo particles compared to classic neutrophils in
all three samples. (n=6 mice per group, n=5 humans; Student t test P<0.05 *, P<0.01
**).

Our experiments revealed that PANs were more effective in phagocytosis
compared to classic neutrophils (Figure 13 A-C), although no differences
were detected in the intensity of phagocytosed particles. As PANs are recruited to sites of tissue ischemia, this suggests that PANs might contribute
to the cleaning up of dead cells or apoptotic cells during the healing process.
Cleaning up function has been recently studied by Wang and colleagues
(123) and removing apoptosis cell, efferocytosis, has been reported by Esman and colleagues (124).
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Lower proportion of PANs produces ROS
ROS production is one of the fundamental processes in neutrophil function
(125), both populations of interest were studied and interestingly, PANs
were less efficient in producing ROS, based on the percentage of ROS producing cells (Figure 14 A and B). These data were obtained when a stress
indicator, CM-H2DCFDA, was used to study the ROS production. This is a
general oxidative stress indicator and was incubated with freshly isolated
neutrophils. Data was analyzed by flow cytometry and was assessed based
on percentage of cells producing ROS and the MFI of ROS indicator. These
data suggested that either PANs might be less efficient in the killing of microorganisms compared to classic neutrophils or they use other means of
intracellular destruction of phagocyted particles. Moreover, in order to be
able to react efficiently, they might need to be primed for a longer time compared to the classic neutrophils.

Figure 14. Pro-angiogenic neutrophils were less efficient in ROS production. Ros
production was measured by using CM-H2DCFDA. Less proportion of PANs produce ROS in both samples (n=5 per group, student t test P<0.05 *).

Pro-angiogenic neutrophils promote angiogenesis
Further, the pro-angiogenic effects of PANs were demonstrated in an in vitro
study by using mouse aortic rings. Initially the experimental plan to evaluate
pro-angiogenic activities of PANs was to sort neutrophils into two groups;
PANs (Ly6G+, CD49d+, VEGFR1+) and classic neutrophils (Ly6G+, CD49d-,
VEGFR1-) and co-culture each groups with aortic rings.
Neutrophils are however quite sensitive cells and any extra tension and
stress can vigorously activate them. Although sorting cells directly into cold
media can help preserving the cells but still the long procedure of sorting is
not optimal for cells which are supposed to be co-cultured for several days.
Additionally, the time to sort enough cells in each group would not be the
same as PANs are much less frequent than classic neutrophils. Moreover,
from previous studies we know that PANs have much higher protease activi37

ty compare to classic neutrophils (49); which has been shown to help new
vessels growing by affecting on extra cellular matrix (48). This might be a
drawback when using pure PANs in the system, by severely affecting the
collagen stability in the culture system. Therefore in order to use fresh and
un-disturbed cells, but with different proportion of PANs, neutrophils were
isolated from two sources; circulation and spleen containing ~ 3% and ~ 1012% PANs respectively. Moreover, isolated neutrophils from Flt-1 tk-/spleen were used in the same set of experiments.

Figure 15. Pro angiogenic neutrophils promote angiogenesis. (A) Z stack image
of ring stained with anti CD31 conjugated with Alexa Flour 555. (B) Rings cocultured with higher proportion of PANs produced more branches. (C) Total length
of endothelium was higher following co-culture with splenic neutrophils. (D) Average length was higher in rings co-cultured with splenic cells from W.T with a clear
difference to rings co-cultured with Flt-1 tk-/- splenic cells. (n=14, 17, 17 and 18
rings. Statistic data analysis one way ANOVA with Tukey’s test. P<0.05 *, P<0.01
**).

Actively growing endothelium from aortic rings were co-cultured for 96
hours with freshly isolated neutrophils from three sources; blood and spleen
of C57Bl/6 and spleen of Flt-1 tk-/-. Then new growing endothelial cells were
stained with a specific antibody, anti-CD31 conjugated to Alexa Flour 555,
imaged using a confocal microscope, and data was analyzed in 3-D to take
all new endothelium structures into consideration.
Based on our experiments, we demonstrated that angiogenesis was increased in the presence of higher proportions of PANs. Rings co-cultured
with neutrophils isolated from spleen (higher proportion of PANs) produced
more branches (Figure 15 B). Moreover, in terms of analyzing the length of
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new vessels; the higher percentage of PANs exhibited longer sprouts compared to rings co-cultured with neutrophils from circulation (Figure 15 B and
C). Although the exact mechanism behind PANs contributions to angiogenesis has not been revealed yet, the delivery of more VEGF-A, and production
of more proteases such as MMP9, in comparison to the classic neutrophils,
are most likely parts of this contribution. Moreover, the role of inflammatory
cytokines, such as IL-8, in angiogenesis has been reported as well (126,
127). Neutrophils are a source of IL-8 (128) and can promote angiogenesis
through IL-8 releasing (129). PANs might be more prone to release higher
level of this chemokine at the site of ongoing angiogenesis.

VEGFR1 in neutrophil recruitment
The role of VEGFR1 in neutrophil recruitment to the aortic rings was investigated in this study. We previously showed that neutrophils are recruited to
hypoxic transplanted islets (48), and that VEGFR1 is a key marker of PANs
(49). Using the reductionist in vitro co-culturing system, we here demonstrated that neutrophils required functional VEGFR1 to find the growing
endothelial sprouts of the aortic rings. Freshly isolated neutrophils from
spleen from C57Bl/6 or Flt-1 tk-/- mice were added to the aortic rings on day
five of culture. Twelve hours after addition of neutrophils, endothelium was
stained with anti-CD31 conjugated to Alexa Flour 555 and neutrophils were
stained with Ly6G conjugated to Alexa Flour 647. Data was analyzed based
on the number of Ly6G+ in close proximity to the endothelium.
Neutrophils isolated from Flt-1 tk-/- mice ended up further from endothelium compared to neutrophils isolated from C57Bl/6 mice. Moreover, the
average distance to endothelium was higher in VEGFR1 deficient mice
compared to C57Bl/6 mice. This data exposes a fundamental role of
VEGFR1 in the migration of neutrophils to endothelium which is a confirmation of in vivo results in study I (Figure 16 A-D).
Although, Flt-1 tk-/- neutrophils face difficulties finding growing endothelium, but still the angiogenic effects of them is not as significantly decreased, compared to C57Bl/6 isolated neutrophils (Figure 15). The reasons
for this can be several; although they find the site of angioegensis in a longer
time compared to normal neutrophils but when they reach the site they might
get involved in angioegensis process. Another explanation would be that
VEGFR1 solely is not the main actor in neutrophils recruitment, although it
is quite important, but neutrophils use different items to migrate towards the
site of angiogenesis; as we know from the previous in vitro studies PANs do
not show any chemotaxis towards VEGF but they show higher movement,
more chemokinesis (49).
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Figure 16. (A and B) Z stack image of a complete aortic ring and surrounding neutrophils, neutrophils are in green and endothelium in red. (C and D) Neutrophils
isolated from C57Bl/6 mice were in closer distance to endothelium compared with
neutrophils from Flt-1 tk-/- mice. Pink dots: neutrophils within 50 µm distance to
endothelium cyan dots: neutrophils between 50-100 µm distance to endothelium.

Hypoxia elevates pro-angiogenic activities of PANs
As the previous studies show, PANs are equipped with surface receptors and
adhesion molecules to respond to signals from a site of hypoxia and actively
become recruited to sites of angiogenesis. How will the activity of PANs
change during more hypoxic conditions? To answer this question, the aortic
ring assay was used as previously described under two different oxygen levels; 5% and 20% mimicking hypoxia and normoxia respectively.
In order to set an optimal hypoxic condition for growing endothelium in
our in vitro model, several levels of oxygen were tested starting from 0.5%
of oxygen. The lowest level of oxygen which was compatible with our model, aortic rings could normally grow without any noticeable negative effects
on sprouts, was determined to be 5%; rings could not grow at lower level of
oxygen. Therefore, 5% and 20% of oxygen, hypoxia and normoxia respectively were decided to be used in the study.
Aortic rings were cultured in normoxia for 72 hours and then co-cultured
with neutrophils isolated from spleen of C57Bl/6 mice for 96 hours at hypoxia or normoxia. In both conditions the same number of control rings was
cultured.
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Rings co-cultured with neutrophils under hypoxia show the highest total
sprout lengths (Figure 17 A). The average length of sprouts is significantly
higher in co-culture rings under hypoxic condition compared to co-culture
rings were kept in normoxia (Figure 17 B) and the same result was obtained
when average length of branches measured (Figure 17 C). This data is compatible with the hypothesis behind the PANs activity, as they are recruited to
the site of hypoxia to be involved at angiogenesis, but the exact mechanism
of how hypoxia can boost PANs activity needs to be studied in details. However, it has been shown that neutrophil degranulation increases during hypoxic conditions (82-84).

Figure 17. Effects of hypoxia on the angiogenic activitiy of neutrophils. (A)
Although total length was the highest in rings co-cultured under hypoxia but still no
significant differences can be shown between this group and rings co-cultured in
normoxia. (B-C) The average length of sprouts and branches were higher when cocultured rings were kept in hypoxic condition, with higher angiogenic effects from
PANs under hypoxia. Graphs A and B n=10, 11, 11 and 12 rings. n= 6, 8, 8, 10
rings respectively. Statistic data analysis one way ANOVA with Tukey’s test.
P<0.05 *, P<0.01 **).

Hypoxia prolongs neutrophil life span
In order to study the life span of neutrophils in general and PANs life span in
particular, at the site of active angiogenesis, neutrophils were co-cultured
with growing endothelium for 96 hours (initially rings were cultured for 72
hours in normoxia) as explained earlier. The neutrophils were then stained
with anti-Ly6G conjugated to Alexa Flour 647 and CD49d conjugated with
Alexa Flour 488. The number of neutrophils was detected after 96 hours of
co-culture by counting Ly6G positive cells. As well as the numbers of
CD49d expressing cells inside Ly6G+ cells.
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The numbers of neutrophils during hypoxic conditions were higher than
co-cultured at normoxia. The same result was observed when the number of
PANs were counted at the site of angiogenesis (Figure 18 A and B). Although the proportion of PANS in the whole neutrophils population, was not
different between the two conditions (Figure 18 C).
Increased neutrophils life span in hypoxia has been shown before (80,
130, 131) and in relation to inflammatory diseases (132, 133). Thompson
and colleagues reported that neutrophils are able to function effectively at
low oxygen concentration (134) which is compatible with site of neutrophils
activities which is mostly highly hypoxic.

Figure 18. Hypoxia effects on neutrophils life span in co-culture. (A) More neutrophils were detected at hypoxic conditions. (B) The same pattern was observed for
number of PANs. (C) Although the percentage of PANs did not differ. (n=5 per
group, student t test p<0.05 *).

Moreover, interactions between neutrophils and endothelial cells in vitro
showed that more neutrophils adhere to human endothelial cells under hypoxic condition (135) which has also been shown in in vivo studies (136).
Moreover, it has been reported that in response to hypoxia, neutrophils could
secret more MMPs which are involved in matrix degredation (137). Taking
altogether, our results are compatible with previous studies, and it is not
surprising that neutrophils mange to increase angiogenesis under hypoxic
condition.
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Classic neutrophil and PAN life span in culture
As mentioned previously, neutrophils survived more in co-culture under the
hypoxic condition. The next step is to study neutrophil life span independent
from endothelium intervention. Isolated neutrophils from mice spleens were
cultured in two levels of oxygen, 5% and 20%, by using RPMI enriched with
1% of antibiotic. At three different time points, 8 hours, 24 hours and 96
hours, neutrophils were stained and the survival of each populations of interest was investigated by using 7AAD. No differences were detected PANs
death rate compared to the classic neutrophils and both populations showed
the same rate of survival over the time.
As VEGF is one of the main factors involved in angiogenesis, it was an
interesting item to be studied in neutrophils culture experiment. Therefore in
the second life span experiment, isolated neutrophils from human circulation
cultured in hypoxia and normoxia with three different treatments in each
time points; control neutrophils, neutrophils treated with 2 ng/ml of VEGF,
neutrophils treated with 5 ng/ml of VEGF. As mentioned earlier 7AAD as a
cell death marker, was used to distinguish between dead and live cells. No
differences in neutrophils survival observed in this experiment, showing that
either 5% of oxygen is not enough hypoxic condition to effects on neutrophils or neutrophils interaction with endothelium is more important.

Increased vascular permeability facilitates chemokine
transport
We hypothesized that increased vascular permeability would increase chemokine influx and presentation to neutrophils in circulation. To study chemokine transport across the vessel wall confocal live-imaging was applied in
our experiment. Chemokine influx as well as chemokine presentation to
circulating neutrophils were tracked by exposing cremaster muscle to fluorescently labeled chemokine MIP-2 and combination of MIP-2 and histamine. Permeability was measured as albumin flux from circulation to tissues.
As demonstrated in Figure 19, vascular permeability as well as chemokine
influx increased when combination of MIP-2 and histamine was used (Figure 19 A and B). In turn, the increased vascular permeability induced by
histamine resulted in increased number of adherent neutrophils as well as
emigrated neutrophils.
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Figure 19. Increased vascular permeability effects on chemokines transport.
(A-B) vascular permeability increased by using histamine, which increases MIP-2
influx. (C) Confocal images of in vivo experiment.

Chemokine influx is independent of transcytosis
It has been reported in several studies that chemokines are transported to the
luminal side of the endothelium on a caveolae-dependent way (138, 139,
140). Here confocal live imaging was used to investigate the chemokine
transport to the lumen following treatment with filipin, which selectively
inhibits caveolae-mediated endocytosis (141-143). While filipin treatment
did not have any effect on chemokine uptake neutrophil adhesion or crawling, neutrophils transmigration was clearly decreased.
Moreover, it has been shown that the surface expression of several molcules e.g. CD49c, CD49f, NE (144, 145), and CD177 (146) is crucial for
neutrophil migration through the endothelium. To investigate whether the
surface expression of these markers were effected by filipin, circulating neutrophils were isolated from mice and then treated with MIP-2 alone or MIP2-filipin, stained for these specific markers and analyzed by flow cytometry.
As a result we observed that filipin treatment does not have any impact on
the surface expressions of these molecules.

DARC/ACKR1 is crucial for control of chemokine
levels
DARC is a chemokine receptor expressed on red blood cells and endothelial
cells (147) and it has been shown that in DARC deficiency results in impaired leukocytes recruitment (148, 150). DARC has been suggested to be
involved in the transport of chemokines to the vessel wall. DARC differs
from other chemokine receptors as it is a decoy receptor and those chemokines do not undergo degradation following binding and internalization
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(144). To investigate the role of DARC in chemokine transport, real time in
vivo experiment was applied. Cremaster muscle of WT and DARC deficient
mice (ACKR1-/-) was exposed to fluorescently labeled MIP-2 and analyzed
by real-time in vivo imaging over a time of 60 minutes. DARC deficiency
did not effect on chemokine transport, and instead more chemokine was
found bound intravascularly over time in ACKR1-/- mice compared to the
WT.

Chemokines citrullination down-regulates leukocyte
recruitment
Neutrophils recruited during inflammation release peptidyl argininge deiminase, PAD, which can citrullinate protein at the site of inflammation (151).
To investigate if citrullination could alter the ability of chemokine to be
transported into the venules from the tissue; we treated the mouse cremaster
with IL-8 or citrunillated form of IL-8. After 30 minutes of imaging it was
revealed that native form of IL-8 had been transported across the vessel wall
while the citrullinated form of IL-8 was clearly less transported and as a
result less neutrophil were recruited.
It has previously been shown that citrullination of chemokines reduce
their ability to bind to heparin and heparan sulfate (152). To study if citrullination alters the ability of IL-8 to be bound to the vascular wall, mice were
pre-treated with IL-8 or citrulinated IL-8. These experiments revealed that
citrullination decreased the ability of IL-8 to be bound to the vessel lumen.
Very low levels of chemokine were detected in the vascular lumen of mice
treated with citrullinated IL-8 which is in agreement with previous report
(152). These experiments show that chemokines citrullination in inflamed
tissue inhibits chemokine traffic into the lumen and as a result will decrease
neutrophil recruitment.
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Conclusions

In the first study of this thesis neutrophil interaction with growing endothelium was investigated and two model, in vivo and in vitro, were developed.
We found that neutrophils were recruited to the active and growing endothelial cells, where they contribute to increase angioegenesis. This recruitment
is independent on macrophages and is crucial at beginning of angiogenesis.
Moreover, CXCL12 is involved in directing neutrophils neutrophils recruitment to angiogenic site.
In the second study, the recently identified pro-angiogencic neutrophils,
PANs, were compared functionally and physically with the rest of the neutrophil populations. Distinct differences were detected between the two populations; PANs were smaller in human circulation samples, and they showed
higher granularity both in human and mouse samples. Moreover, PANs were
more effective in phagocytosis and they have a positive effect on angiogenesis. All together our data demonstrate that PANs are a distinct population of
neutrophils, specified to contribute to angiogenesis.
In the third study, the effects of hypoxic conditions on the angiogenic activity of PANs were investigated. Pro-angiogenic neutrophils showed higher
pro-angiogenic activities under hypoxia. Moreover, neutrophil life spans
were longer when they are co-cultured with growing endothelium under
hypoxic condition. However, when isolated neutrophils were cultured separately, the life span does not differ between both populations. Taken altogether, our experiments demonstrate that PANs are more prone to angiogenetic activities under hypoxia.
In the last study, changes in vascular permeability were shown to regulate
neutrophils recruitment by affecting chemokines transport. Moreover chemokine receptor DARC control intravascular availability of chemokines and
therefore effects on neutrophils recruitments. Peptidyl arginase deiminases,
PAD, prevent neutrophils recruitment by citrullinate chemokines which is
important to stop the inflammation.
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Future perspective

The results of our studies revealed that neutrophils are actively contributing
to angiogenesis, and we have reached a better understanding in what controls
their migration to and at a site of hypoxia and growing endothelium. Furthermore studies will focus on understanding the mechanism of neutrophil
recruitment in more details by investigating different chemokines and/or
adhesion molecules involved in neutrophil recruitment.
Moreover a specific sub-population of neutrophils was studied and was
compared to the rest of the neutrophils population based on the functional
assays. A detailed mechanism of how PANs induce angiogenesis is not clear
yet; therefore RNA sequencing of the two neutrophil populations needs to be
done to reveal any differences between PANs and classic neutrophils.
Whether or not PANs are more prone to efferocytosis and clean up dead
cells at the site of angiogenesis can be studied by different set up for phagocytosis assay.
Furthermore PANs level in human circulation shows fluctuation therefore
any possible correlation between PANs and medical conditions need to be
considered.
Presence of PANs in tumors can be studied by immunostaining of tumor
samples.
Besides, the role of spleen in storing PANs needs to be taken into account. If
spleen is just a site of storing PANs or classic neutrophils undergo changes
in spleen. Moreover, proportion of PANs in patient with splenectomy or/and
mice with excised spleen should be studied.
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