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Abstract
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Angiogenesis, the growth of new blood vessels, is a complex process involving several
cell types and molecular signals. Excessive vascular growth is a problem in tumors, and
insufficient vascularization hampers the function of transplanted insulin-producing pancreatic
islets. Understanding the mechanisms behind blood vessel growth generates increased means
to control angiogenesis. In this thesis a model of pancreatic islet transplantation to muscle has
been used to study the involvement of leukocytes in the development of new vasculature.
Transplantation of isolated islets of Langerhans into mouse muscle promoted
revascularization of the grafts to a level comparable to native islets in the pancreas. The complete
and functional vascular restoration resulted in improved blood glucose control compared to the
clinical standard implantation site, the liver. This proved muscle as a transplantation site to be
a clinically relevant option for the treatment of type 1 diabetes.
The rapid islet revascularization process was found to be dependent on a distinct subset of
neutrophils characterized by high expression of the chemokine receptor CXCR4 and the enzyme
matrix metalloproteinase 9 (MMP-9). These cells were recruited to recently transplanted and
hypoxic grafts by islet-secreted vascular endothelial growth factor A (VEGF-A). Leukocyte
migration and interactions in the engraftment area were monitored using a high-speed confocal
microscope followed by software tracking. New software was developed to visualize migration
statistics. This tool revealed areas around the islet graft where neutrophil gathering coincided
with sites of angiogenesis. Macrophages in the engraftment area positioned themselves close
to the newly formed vasculature and were shown to have a stabilizing effect on the vessels.
When macrophages were removed, no pericytes were recruited to the forming vasculature. The
perivascular macrophages also began to express a pericyte marker when in the graft, suggesting
a close relationship between these cell types or macrophage plasticity.
In conclusion, this thesis presents muscle as a proangiogenic transplantation site for
pancreatic islets for the treatment of type 1 diabetes, where the revascularization of the grafts
was dependent on the recruitment and actions of specialized immune cells.
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Introduction

Throughout the body and in all organs, blood vessels of different sizes and
shapes provide oxygen, nutrients, and a route for immune surveillance. Disturbances in the function or distribution of the vasculature can thus lead to
organ dysfunction, and contribute to abnormalities like cancer, ischemic
diseases, or inflammatory diseases. Angiogenesis, the growth of new vasculature, has been the focus of extensive research during the last decades. Being able to limit excessive blood vessel growth, or increase a shortage thereof may be key targets in a wide range of diseases. Increased understanding
of the mechanisms underlying the growth of these endothelial cell-lined
tubes is essential for efficient treatments.
The work presented in this thesis studies the angiogenic process in transplanted pancreatic islets to delineate the involvement of immune cells in the
formation of functional vasculature.

Diabetes mellitus
The term ‘diabetes mellitus’ represents a group of metabolic disorders that
share a common phenotype: hyperglycemia. The causes may be different;
decreased insulin secretion, decreased insulin sensitivity, or a combination of
these situations. The world-wide prevalence for diabetes (all kinds) is now
calculated to be 347 million people. It is thus a disease affecting a large proportion of the world population, and 80% of people with diabetes live in low
and middle income countries (1).
In type 1 diabetes mellitus, decreased insulin production is caused by an
autoimmune destruction of the insulin producing cells ultimately leading to
complete or near complete insulin deficiency in the person with diabetes.
This requires the person to regularly monitor their blood glucose levels and
administer exogenous insulin injections accordingly. Although treatment
regimens and prognosis for type 1 diabetes patients has improved over the
last century, it is still a major cause of morbidity and mortality (2). Longterm complications of diabetes due to prolonged periods of hyperglycemia
include neuropathy, retinopathy, and nefropathy ultimately leading to e.g.
foot ulcers, blindness and renal failure, respectively.
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The islet of Langerhans
The islets of Langerhans are often referred to as miniature endocrine organs,
as they are small clusters of up to 2000 secretory cells that are scattered
throughout the pancreas (3), producing a number of important hormones. In
the adult human, there are about one million of these clusters, ranging from
30 to 300 µm in diameter. The islet consists of four main hormone-secreting
cell types; the alpha cell – secreting glucagon, the beta cell – secreting insulin, the delta cell – secreting somatostatin, and the PP cell – secreting pancreatic polypeptide. The islets are surrounded by a capsule of reticular fibers
and they are each richly innervated by sensory, parasympathetic and sympathetic nerves (4).
The islets are also highly vascularized with a vascular network compared
architecturally to the renal glomeruli and they are highly perfused; islets only
consist about 1-2% of the total pancreatic mass, but they receive 10-15% of
the total blood flow to the pancreas (5, 6). The vasculature of the islets take
up about 10% of the islet volume (7), and is constantly interacting with the
endocrine cells through paracrine influence. The beta cells secrete the endothelial mitogen vascular endothelial growth factor-A (VEGF-A) both during
development to establish the dense vascular network, and during adulthood
in order to maintain the vasculature in regard to e.g. fenestration (8). Lack of
this mitogen results in decreased ability to handle glucose, since high vascular density and fenestration in the islets are required for efficient nutrient
sensing and hormonal release (8).
The organization of the blood perfusion in the islets is proposed to be
highly specific and regulated. In several models and species, using antibody
perfusions and intravital microscopy recordings, it has been shown that the
predominant order of blood flow is from beta cells to alpha cells and delta
cells (the so called B-A-D flow) (9-14). This flow direction enables intraislet cell-cell communication, as alpha cells may regulate their secretion of
the glucose-releasing hormone glucagon by sensing levels of insulin in the
capillary blood.
Thus, the distribution of the hormone-producing cells in the islets determines the shape of the vascular tree. However, the cytoarchitecture of pancreatic islets differs between species. Despite containing the same types of
cells, the cells are differently distributed, resulting in different perfusion
patterns of islets from different species. Rodent islets have the beta cells
forming a core of the islet, while alpha and delta cells are surrounding this
core like a mantle. In human islets, the distribution of cells is more scattered,
although there is an apparent order where the cells are gathered in subunits
[(15-17), Figure 1].
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Figure 1. The cytoarchitecture of islets of Langerhans is species-unique. In the
mouse, the glucagon-secreting alpha cells are surrounding the beta cells in a mantlelike fashion. In the human, the different cell types are scattered throughout the islet,
forming miniature clusters.

Pancreatic islet transplantation
Since the insulin producing cells have been destroyed in persons with
type 1 diabetes, a reasonable strategy would be to replace these with new
cells that produce insulin. This is performed in different ways in the clinic;
either a whole pancreas is transplanted to the person with diabetes, or only
the endocrine part, the islets of Langerhans, are isolated and transplanted.
Whole-pancreas transplantation is the most effective way of curing diabetes
(18). However, the surgery required for introducing a new pancreas is extensive, disqualifying persons from receiving such transplantation, as the operation may result in severe complications. Beta cell replacement using only the
islets of Langerhans does on the other hand make a lower-risk alternative
since only a laparoscopic maneuver in non-anesthetized patients is required
for insertion of the islets. The most commonly used site for transplanting the
islets is in the liver vasculature (19). Islets are infused via the portal vein to
the liver, where the islets are trapped as the vasculature narrows. Before the
introduction of the Edmonton protocol, only about 10% of the islet recipients
were independent of exogenous insulin one year after transplantation (20).
The introduction of a new glucocorticoid-free immunosuppressive regimen
by the Canadian group yielded insulin independence rates of 80% in the
recipients one year after transplantation, but in a five-year follow-up, the
independence rates were down to about 10% (21). In order to attain insulin
11

independence, multiple infusions of islets are necessary, requiring several
donated pancreata. A recent registry analysis did however show increased
insulin independence rates in transplantations performed in the last 5 years
(22). Data from a full five-year follow-up are missing, but the trend looks
more promising with 44% insulin independence at 3 years post transplantation vs. 27% in the first follow-up.
In animal models, there has also been evidence for islet graft dysfunction
after transplantation intraportally to the liver (23, 24). There are a few proposed reasons for graft failure in the liver. When first being infused into the
portal blood stream, the islets are subjected to a violent and instant blood
mediated inflammatory reaction (IBMIR), characterized by initial activation
of the coagulation and complement systems, rapid binding and activation of
platelets, followed by recruitment and infiltration of the islets by leukocytes,
leading to graft loss (25, 26). The islets that resist IBMIR are exposed to
high levels of glucose and lipids transported from the intestine by portal
blood impairing graft function (27, 28). Another effect of the portal blood
draining the intestine is the high levels of pharmaceuticals present in that
blood. The immunosuppressant drugs that are required for limiting graft
rejection are toxic to the beta cells (29, 30). Islet graft function and survival
is also hampered by insufficient revascularization after transplantation (31,
32) leading to severely lowered oxygen tension in the islets compared to
their natural state in the pancreas (33).

Islet engraftment and revascularization
When organs are transplanted into a new host or a new site, they need to
engraft in order to function and survive, that is to establish a new vasculature, innervation and to remodel graft tissue to suit the new surroundings.
When pancreatic islets are isolated from a donor pancreas, the vascular connections to the surrounding tissue are disrupted. As no end-to-end coupling
of blood vessels is performed in these miniature grafts, the islets rely completely on the host for revascularization (34). As mentioned above, islets
transplanted to the liver have in reports in animal models been shown to be
poorly revascularized, and this insufficient vascular supply leads to functional impairment (24, 32, 35). Much due to the findings that islets transplanted to the liver exhibit an insufficient level of engraftment, in addition to
the acute loss of the majority of islets due to the IBMIR, many experimental
studies have been conducted in order to examine other potential sites for islet
transplantation. The renal subcapsular space has been widely used in animal
models to study islet transplantation. The islets are transplanted in clusters
and they engraft and revascularize better than islets transplanted to the liver
(36), although the capillary density and oxygen tension are far from that in
native islets in the pancreas (31-33). This space is however not eligible for
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human islet transplantation due to surgical difficulty, invasiveness and large,
clustered graft size in addition to frequent decreased renal function in this
group of patients (37). Other sites that have been evaluated are the omental
pouch (38), spleen (39), gastric submucosa (40), and immuneprivileged sites
such as the testes (41) and the anterior chamber of the eye (42, 43). Sites that
are more interesting in a clinical perspective are bone marrow (44, 45) and
skeletal muscle (46, 47), where clinical studies are ongoing. Another location that is the most physiologically correct milieu for the islets is the pancreas. For surgical reasons (leakage of exocrine enzymes) the site has been
neglected for islet transplantation, but experimental studies in mice have
shown the site to be quite advantageous for the grafts (48, 49).

Angiogenesis
Angiogenesis is the growth of new blood vessels from preexisting vasculature in the body, in contrast to vasculogenesis, which is the growth of blood
vessels from vascular progenitors in tissue, without connection to blood vessels. Since tissue requires oxygen and nutrients to function, cells are rarely
located more than 100-200 µm from a perfused blood vessel as this is the
diffusion limit for oxygen. The field of angiogenesis research is of great
importance for understanding of a variety of human pathologies that depends
on blood vessel growth for their propagation or resolution, such as rheumatoid arthritis, myocardial infarction, and cancer (50).
In tissue there is a delicate balance between angiogenic (e.g. VEGF-A,
PDGF, FGF-2) and angiostatic (e.g. endostatin, alpha1-AT, TSP-1) substances. In the steady-state condition, the angiostatic substances are dominating, keeping blood vessels mitotically quiescent. In the event of tissue hypoxia, e.g. rapid tumor growth, wounding or islet transplantation, there will
be a shift in this balance, making the angiogenic substances in majority. This
is often referred to as the “angiogenic switch”, where a small advantage of
either side of the switch puts the tissue in an angiostatic or an angiogenic
state (51).
Should a tissue become hypoxic, an elaborate oxygen sensitive signaling
pathway will be activated in cells leading to expression of proteins that aims
to resolve the low-oxygen delivery. During low oxygen conditions the transcription factor hypoxia inducible factor 1 alpha (HIF-1α) will bind to hypoxia responsive elements (HREs) at target genes leading to expression of
angiogenic factors (such as the ones mentioned above) aiming to increase the
vascular density of the tissue. The reason for this not occurring in the welloxygenated tissue is the oxygen-dependent regulation of HIF activity. Prolyl
hydroxylase-domain proteins 1-3 (PHD1-3) are enzymes with oxygendependent activity. At normal tissue oxygenation they will hydroxylate HIF,
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sending it to proteosomal degradation. At lower oxygenation, these PHDs
are inactive (52, 53).

Leukocyte involvement in angiogenesis
During recent years, a more complex curriculum for leukocytes of the innate
immune system has been unveiled. The leukocyte is no longer considered as
merely a pre-programmed microbe assassin, but has been attributed with
more duties, making it a more complex family of cells (Figure 2).

Figure 2. Schematic view of how leukocytes are recruited to a site of inflammation
or to a hypoxic site for blood vessel growth.

Macrophages
Macrophages are a somewhat heterogeneous cell type of the innate immune
system that play a major role in inflammation and host defense. Macrophages respond to soluble environmental cues such as microbial products, necrotic cells, and activated lymphocytes. Illustrating the plasticity of this subset,
these cues induce different activation states of the macrophages. The presence of toll-like receptor (TLR) ligands and IFN-γ promotes the shift into a
classical inflammatory activation state (M1). Ligands like IL-4 and IL-13, on
the other hand leads to an alternative (M2) state that is more shifted towards
immune regulation and tissue remodeling (54).
Since the 19th century, cancer has been linked to inflammation, and the
occurrence of T-cells in tumors correlates with a favorable outcome. The
presence of macrophages on the other hand correlates with increased tumor
angiogenesis, invasion and poor disease prognosis (55). The mass of solid
tumors can be accounted to up to 50% by leukocytes. The most abundant
subsets are lymphocytes and macrophages (56). The largest population of
these cells is tumor associated macrophages [TAMs (57)]. Their roles have
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been extensively studied in the tumor microenvironment where they may aid
the tumor progression by taming adaptive immune cells, facilitating tumor
invasion and spreading into tissue, metastasis, and promoting angiogenesis
(58). It is however not just macrophages that are recruited to tumors, other
innate immune cells are also present at these lesions. A mononuclear population of Tie2-expressing cells (TEMs) has been associated with tumor angiogenesis (59), and neutrophil infiltration into the tumor parenchyma is associated with poor prognosis (60).
Neutrophils
The neutrophil is a short-lived immune cell that is continuously generated
from the bone marrow from myeloid precursors and released into the blood
stream where it circulates for a few hours (61). Neutrophils are produced in
great amounts with 2×1011 cells leaving the bone marrow every day (62),
and they are an indispensable part of our immune system. In the event of
microorganisms entering our body, products released by the microbes or
nearby tissue resident macrophages will activate endothelial cells to induce
the leukocyte recruitment cascade: Selectins will induce rolling of the neutrophil on the endothelial cell surface, and conformational changes in integrins leads to the adhesion of the neutrophil to the vascular wall. The neutrophil will thereafter begin crawling along the endothelial cell surface in a
macrophage-1 antigen (Mac-1) dependent manner before finding an optimal
transmigration site and continue into the inflamed tissue (63).
The notion that neutrophils may have physiological roles different from
their classical immune system curriculum came with the detection of neutrophils in a range of solid tumors (64-66). Even though immune cells have
been known for long to have the ability to kill cancer cells, the presence of
neutrophils in a tumor can both be a sign of good and poor prognosis. The
well-established concept of a polarization in the macrophage population (M1
and M2 phenotypes) was recently transferred also to the neutrophil population. In a study by Fridlender and colleagues (67), neutrophils were found to
acquire a protumoral (N2) phenotype when exposed to the cytokine transforming growth factor-β (TGF-β). This cytokine also inhibited the formation
of the antitumoral (N1) phenotype. Further strengthening the neutrophil polarization concept, Jablonska et al. (68) showed that the absence of interferon-β (IFN-β) led to increased growth rate of tumors in mice. This was found
to be coupled to an increased infiltration of N2 neutrophils in these tumors.
There may be several reasons for this N2-induced tumor growth in these
animals. The study showed that tumors in IFN-β-deficient tumors increased
their secretion of stromal cell derived factor-1 (SDF-1/CXCL12), interleukin-6 (IL-6), and monocyte chemotactic protein-1 (MCP-1/CCL2), all neutrophil chemoattractants. Also, IFN-β downregulated the gene expression of
CXCR4, VEGF, and MMP-9, all hallmark attributes of protumoral, proangi-
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ogenic N2 neutrophils. The protumoral effects of neutrophils are not however limited to angiogenesis, but also include tumorigenesis, invasion, metastasis, and resistance to treatment. This is extensively reviewed in ref (69).
Not only tumor-associated neutrophils exhibit polarization due to the environment. In a study in mice, functionally distinct neutrophil subsets were
found in animals with different susceptibilities to infection by methicillinresistant Staphylococcus aureus (MRSA) (70). In a recent study in humans, a
subset of neutrophils was found to appear after i.v. lipopolysaccharide
(LPS), or by severe injury (71). This subset was found to inhibit T-cell responses through the release of hydrogen peroxide.
Neutrophils are becoming more and more appreciated as being involved
in growth of new blood vessels, both during homeostasis and under pathological conditions. In human menstrual cycle, neutrophils are the source of
VEGF-A at the endometrium, where there is intense proliferation of tissue
prior to menstruation and thereby there is also vascular growth occurring
(72). When depleting neutrophils in a mouse model of endometrial angiogenesis, the endothelial cell proliferation was significantly reduced compared to animals that had neutrophils (73). In tumor angiogenesis, there are
several studies indicating high potency in neutrophil stimulation of angiogenesis. Increased neutrophil infiltration in human myxofibrosarcoma correlates with increased vascular density in the tumors (74), and in a mouse
model of tumor growth, tumor cells modified to overexpress the chemokine
CXCL6 had massive neutrophil infiltration and this also correlated to increased vessel growth (75). Nozawa et al. coupled the infiltration of neutrophils into a pancreatic insulinoma model to the angiogenic switch in these
tumors. Early stages of tumor development could be reduced by depleting
the neutrophils from these mice. A major effector molecule carried by the
tumor-infiltrating neutrophils was in this study found to be MMP-9 (76).
The specific actions of the leukocytes at the site of angiogenesis are not
fully understood. It is clear that they are able to release proangiogenic substances like VEGF-A and IL-8 (77, 78), aid in tissue remodeling and a very
interesting recent finding shows cellular chaperoning by tissue macrophages
in vascular development (79).

Matrix metalloproteinase 9
The enzyme matrix metalloproteinase 9 (MMP-9, also known as gelatinase
B) is a member of the enzyme family of matrix metalloproteinases (MMPs).
Its activity is tightly regulated at different levels and it is involved in a wide
range of physiological and pathophysiological conditions [extensively reviewed in (80)]. The enzyme is released as a proenzyme (or zymogen) and is
inactive until the propeptide has been cleaved off by other proteases like
trypsin, neutrophil elastase, other MMPs, or even MMP-9 itself. There is still
regulation of the activity of MMP-9 also after release and cleavage activa-
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tion. Activity is further hampered by tissue inhibitors of metalloproteinases
(TIMPs). These proteins are secreted from cells that also secrete MMPs,
neutrophils excepted, as they do not produce TIMP (81). Naturally occurring
substrates in the body for MMP-9 are, among others, gelatin, different collagens, and some chemokines. Because of its abilities to cleave components of
the ECM, MMP-9 is involved in a wide range of physiological processes that
require tissue remodeling: e.g. the changes in the endometrium during menstruation and blastocyst implantation and in areas of bone growth during
development; in osteoclasts during tooth eruption and in the growth plate
surface. The roles of the proteinase in pathologies are also vast; it has implications in various inflammatory diseases, vascular pathology, infection, and
tumor growth. Extraordinary cartilage destruction in joint diseases is much
due to the matrix destruction caused by MMP-9 (82), and MMP-9 activity in
several types of human carcinomas has been correlated to tumor aggressiveness (83-85). The unfavorable phenotype of these MMP-9-expressing tumors
is partly due to the enzyme’s ability to facilitate tumor expansion into somatic tissue, but also is also coupled to an increase in tumor angiogenesis. This
is due to the fact that in order for blood vessel growth to occur, endothelial
cells must migrate in the extracellular space, which is greatly facilitated by
MMP-9-degradation of the ECM (80).
The involvement of MMP-9 in normal angiogenesis is also made clear in
e.g. endometrial growth, and much of the enzymes participation in tumor
growth is in the lesion-nourishing angiogenesis. There are several possible
tasks for MMP-9 in malignant angiogenesis (and in normal physiological
ditto); in endothelial cell movement (as mentioned above), and in release of
matrix-bound growth factors, such as VEGF-A that otherwise is tightly
bound to the ECM and that needs to be released to bind its receptor (80).

Mural cells
The vasculature is not merely made up of endothelial cells. Even though this
cell type is the one in contact with flowing blood, the vascular unit has another component that is common for most vessels; the mural cell. First discovered in the 1870’s by Eberth (86), and a few years later described by
Rouget (87), the definition of this cell type is a cell embedded within the
vascular basement membrane. These Rouget cells, or pericytes, as they are
more commonly called due to their perivascular location have several important physiological functions.
The vasculature in the central nervous system have the most complete
pericyte-coverage of all organs with an endothelial cell-to-pericyte ratio
close to 1:1 (88). Along with glial cells, astrocytes and neurons, pericytes
make up the blood-brain barrier (89) that tightly controls the passage of
compounds from blood into the CNS. Pericytes are here responsible for con-
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trolling endothelial cell permeability, as transcytosis is increased in pericytedeficient brains (90, 91).
An overall function of pericytes common for all tissues is their role as
vessel stabilizers. Through their close contact with endothelial cells via adhesion plaques and gap junctions (92), they form a physical support for the
vasculature. Perhaps more important, however, is the paracrine support to
the endothelium. Sprouting endothelium express platelet-derived growth
factor B (PDGF-B), which binds the platelet-derived growth factor receptor
β (PDGFRβ) on pericytes and induces their recruitment to the newly formed
vessel. The recruited pericytes in their turn express angiopoietin-1 (Ang1)
that binds the Tie2-receptor on the endothelial cells, inducing vascular maturation and stability (93).
Pericytes constitute a heterogeneous population of cells. Depending upon
context, locality, and species, the pericytes express different molecular
markers. This has led to confusion regarding what cells in the vascular tree
that actually are true pericytes. Vascular smooth muscle cells (vSMCs) are
cells surrounding the vasculature, and have contractile ability that for example is exerting the resistance-regulating constriction and dilation of arterioles. The perivascular position and expression of α-smooth muscle actin
(αSMA) are common for both pericytes and vSMCs complicating the distinction between them. Other markers used for the detection of pericytes are
PDGFRβ, neuron-glial antigen 2 (NG2), CD13, and desmin. The expressions
of the different markers vary depending on where in the vascular tree the
pericyte is located. For example, pericytes in post-capillary venules do not
express NG2, but pericytes in pancreatic islet capillaries do (94).

Intravital imaging
Ever since the invention of the compound microscope by the Dutch spectacle
makers Janssen in the 16th century, the ability to look close into tissues have
revealed, and continues to reveal, processes in life that are not quantifiable
by other than imaging methods. Recent advances in imaging techniques have
increased the pace in medical research, and provided new diagnostic tools
for clinical practice.

Imaging pancreatic islets
There is great interest in the development of imaging techniques for islets of
Langerhans, both experimental and clinical. Imaging as a diagnostic tool for
type 1 diabetes, or following disease development requires high-resolution
methods due to the pancreas and islet anatomy. The scattered distribution of
the tiny islets throughout the pancreas poses a great challenge for imaging. A
resolution of at least 100 µm is required to detect most islets. Clinically,
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attempts with, magnetic resonance imaging (MRI) (95), positron emission
tomography (PET) (96), and single photon emission computed tomography
(SPECT) (97) are promising, but the latter two are still lacking tracers that
are specific enough for beta cells. MRI has not still proven to be useful in
imaging of endogenous islets in the pancreas. Also here, development of
novel contrast agents might be a solution.
Use of the above mentioned imaging methods are applicable of transplanted islets of Langerhans. This is true at least in experimental animal
models, where islets are transplanted as larger clusters, which reduce resolution requirements, or are subjected to pre-transplantation labeling. Genetically manipulating the islets to produce bioluminescence is a way to produce a
strong and specific signal from grafts, however not clinically applicable. For
PET and MRI, there is a possibility to label the islets with radioactive tracers
(98) and ferromagnetic nanoparticles, respectively.
High-resolution imaging of islets in experimental animal models can be
performed by exteriorizing a small part of the pancreas, enabling detailed
studies of islet vasculature and blood flow (14) or lymphocyte destruction of
beta cells in diabetes onset (99). Less invasive techniques to image pancreatic islet biology and vasculature require the islets to be transplanted elsewhere
into the animal. Much work on islet blood flow has been performed on islets
placed in the skinfold chamber (100), and a more recent model uses the anterior chamber of the eye to longitudinally follow beta cell physiology in islets
transplanted there (43).

Imaging leukocytes in vivo
The first observations of leukocyte recruitment in vivo were made already
during the 19th century. The rolling, adhesion, and transmigration of the immune cells were made using simple transillumination microscopes of translucent tissues. This microscopy technique is still today providing resolution
that matches more recent imaging techniques. In light microscopy, the resolution is limited by the Abbe law (Equation 1), where, theoretically, the
smallest object one can image (d, the distance separating two structures) is
the length of half the wavelength of the light (λ) used to image it related to
the numerical aperture of the objective or condenser (NA).
0.5 /

Equation 1

Several animal models have been used to study the microcirculation and
leukocyte recruitment in the living subject. Using transillumination light
microscopy, models are limited to translucent tissues like the murine cremaster muscle (101), the mesentery (102), the hamster cheek pouch (103), and
the bat wing (104). These relatively simple models and setups have on their
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own or in combination with inhibiting antibodies, and genetically modified
animals revealed a lot regarding the recruitment of leukocytes.
In order to study more complex processes or different, non-translucent
tissues other techniques need to be used. Epifluoresence microscopy eliminates the need for thin preparations, but requires fluorescently marked objects. This can be achieved using blood-plasma stains like fluorescent dextran, fluorescently tagged antibodies, or transgenic animals expressing e.g.
green fluorescent protein (GFP) in select cells. Even though the use of detector arrays (i.e. CCD, CMOS) with high quantum efficiency and deconvolving software can produce very high-resolved images through epifluoresence
imaging, out-of-focus light is a problem.
The introduction of the confocal microscope (105) has revolutionized the
field of biomedical research. The technique still sorts under the law of Abbe,
so there is no increase in x-y-resolution, but using pinholes to restrict out-offocus light means greatly improved z-resolution and an increased ability to
produce three-dimensional images. Along with the evolution of lasers and
highly efficient fluorophores this technique has become a very powerful tool
in visualizing and understanding biological processes.
Further improvement on the three-dimensional light microscopy came
with the adaptation of multiphoton excitation microscopy to the biosciences
(106). This technique uses the possibility of a fluorophore absorbing more
than one photon during a single quantum. This is achieved by two (or more)
femtosecond pulses of laser light hitting a fluorophore in the focal plane.
This is such a rare event, that the probability of it happening is much greater
in exactly the focal plane, resulting in even less out-of-focus light being produced. Multiphoton microscopes have the ability to use long-wavelength
lasers (>700 nm). Light in the near-infrared spectrum has better penetration
in tissue, enabling visualization of denser organs situated at less accessible
sites. The best example of this is the central nervous system, as neuroscience
has gained a lot through the multiphoton technique (107). Also multiphoton
imaging of lymph nodes have begun to reveal a lot regarding lymphocyte
biology (108).
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Aims

The overall aim of this thesis was to investigate mechanisms for blood vessel
growth with emphasis on the involvement of leukocytes using transplanted
islets of Langerhans as a model. More specifically, the work in the different
studies has been focused on:
I

Investigating the intramuscular transplantation site for pancreatic
islets with regard to revascularization, vessel and islet functionality,
and mechanisms for angiogenesis.

II

Further investigating the angiogenesis-promoting neutrophils, their
identity and role in islet revascularization after transplantation to
muscle and the involvement of the proteinase MMP-9.

III

Developing and utilizing a new in vivo imaging model for following
innate immune cell actions at the site for pancreatic islet engraftment.

IV

Investigating the pericytes in islets transplanted into muscle tissue,
and their relationship to the macrophage population during angiogenesis.
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Materials and methods

Animals
Male C57Bl/6 mice [25–30 g (B&K Universal), and (Taconic M&B)],
C57Bl/6 nu/nu mice [25–30 g (Taconic M&B)], MMP-9-deficient (MMP-9-/-)
mice (109), backcrossed 12 generations to C57Bl/6 [25–30 g (Rega Institute,
Leuven, Belgium)], and CX3CR1GFP/GFP mice [25-30 g (B6.129PCx3cr1tm1Litt/J, The Jackson Laboratory)] were used. The animals had free
access to tap water and pelleted food throughout the course of the studies.
Experiments were approved by the Regional Animal Ethics
Committee in Uppsala, Sweden.

Induction of diabetes
Severe hyperglycemia and hypoinsulinemia was induced by injecting mice
intravenously with alloxan (75 mg/kg bw, Sigma-Aldrich) three days prior to
islet transplantation. Blood glucose concentrations were measured with a
glucose monitor (FreeStyle, Abbott).

Glucose tolerance test
The functionality of islets transplanted into diabetic mice was challenged by
intraperitoneal glucose load (2.5 g/kg bw). Blood glucose concentrations
from tail blood samples were measured with a glucose monitor (FreeStyle,
Abbott) at 0, 15, 30, 60, and 120 min after injection.

Peritoneal lavage
Mice were injected with chemoattractants MIP-2 (30 ng) or VEGF-A (80 ng)
in 300 µl saline solution into the peritoneum. After 3 or 21 h the mice were
euthanized by cervical dislocation and 5 ml of Hank’s balanced salt solution
(HBSS, Sigma-Aldrich) were injected into the peritoneal cavity. The filled
abdomen was massaged for 5 min before the HBSS was collected using a
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needle and a syringe. The lavage fluid was centrifuged at 1500xg for 5 min
and the pellet was resuspended in phosphate buffered saline (PBS) supplemented with 2% fetal calf serum (FCS, Sigma-Aldrich).

Neutrophil depletion
Mice were rendered neutropenic by intraperitoneal injections of 150 µg antiGr-1-mAb [(clone RB6-8C5, eBioscience), Paper I] or 500 µg anti-Ly6GmAb [(clone 1A8, Ultra-LEAF purified, BioLegend), Paper III] using slightly modified protocols (110, 111). For RB6-8C5, an additional 150 µg were
given on day three after transplantation. For 1A8, new doses of 500 µg were
given every 48 h after transplantation. Corresponding isotype antibodies
were administered as control using the same dosing regimen. Determination
of treatment efficiency was made by blood analysis and differential count.
Total leukocyte counts were down by 50% (8.2±1.0*109/l vs. 4.1±0.6*109/l)
and neutrophil counts were reduced with 80% (19.2±5.2*108/l vs.
4.2±1.2*108/l). No Gr-1-postive cells were found nearby the grafts in the
antibody-treated animals.

Macrophage depletion
Muscle macrophages were depleted from mice by injection of 200 µl,
5 mg/ml liposomal clodronate (Clodrosome, Encapsula Nano Sciences) 24 h
prior to transplantation, and then 50 µl intraperitoneally intrascrotally every
48 h thereafter. Control mice were given empty liposomes (Encapsome, Encapsula Nano Sciences) following the same protocol. Depletion efficiency
was determined by microscope examination of CX3CR1-GFP cell density in
muscle tissue. No mature macrophages were found near the grafts, only stray
monocytes.

Islet isolation and transplantation
Mouse islet isolation
Mouse islets were isolated from recipients by collagenase digestion and a
density-gradient method described earlier (112). Briefly, the mice were anesthetized with 100 mg/kg pentobarbital sodium (Apoteket, Stockholm, Sweden). Ice-cold collagenase solution [from Clostridium histolyticum,
2.5 mg/ml; (Roche Diagnostics, Mannheim, Germany) in HBSS] was then
injected into the pancreas via the common bile duct. Thereafter the pancreas
was removed and placed in a 37°C water bath for 18 min. Islets were then
separated from exocrine tissue by density gradient centrifugation (Histopaque-1077 and RPMI 1640, Sigma-Aldrich). Lastly, purified islets were
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then hand-picked and maintained free-floating in islet culture medium [CM;
RPMI 1640 with added D-glucose (11.1 mmol/l), L-glutamine (2 mmol/l)
(Sigma-Aldrich), benzyl penicillin (100 U/ml, Roche Diagnostics), streptomycin (0.1 mg/ml) and 10% (v/v) fetal calf serum (Sigma-Aldrich)].

Human islet isolation for transplantation to mice
Human islets from five heart-beating female donors (age 57±7 years) were
isolated as previously described (113) at the Human islet isolation core facility for the Nordic countries located at Uppsala University. The beta cell
function of these islets was tested by islet perifusion, resulting in a mean
glucose stimulation index of 10.3±5.0 (range 2.9-29.6) when changing from
low (1.67 mmol/l) to high (16.7 mmol/l) glucose concentration in the perifusion medium. Islets were cultured in CMRL 1066 medium
(Cellgro/Mediatech) for an average of four days.

Islet transplantation to mice
Islets were fluorescently labeled immediately before transplantation with the
intracellular probes Celltracker Blue CMAC or Celltrace Far Red DDAO
(Invitrogen), depending on type of imaging performed later. For transplantation into the cremaster muscle (surrounding the testis) of non-diabetic mice,
5-20 islets in suspension were, by the use of a butterfly needle (25G), repeatedly injected subfascially at different spots to allow for single islet engraftment. For transplantation to the liver of non-diabetic mice, 200 islets were
infused via the portal vein.
Alloxan-diabetic mice had plasma glucose concentrations of
25.8±1.0 mmol/l on the day for transplantation. A suspension with 300 islets
was injected superficially between abdominal external oblique muscle fibers
(on the side of the abdomen) or infused into the portal vein to the liver.
Plasma glucose levels were deemed normalized <11.1 mmol/l, and mice
were euthanized if blood glucose levels were >20 mmol/l seven days posttransplantation.

Clinical intramuscular islet auto-transplantation
The study was approved by the Regional Ethics Board, Uppsala, Sweden and
was performed in accordance with local institutional and Swedish national
rules and regulations.
Three patients (2 men, 1 woman) with intraductal papillary mucinous neoplasm underwent total pancreatectomy with Whipple procedure and autologous intramuscular islet transplantation. Ex vivo the pancreas was immediately perfused with cold (4°C) University of Wisconsin solution, and shipped
to the islet isolation laboratory of the Nordic Network for Clinical Islet
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Transplantation (cold ischemic time less than two hours). Islet isolation was
performed as previously described (113) and islets maintained in culture for
24 hours before characterization.
Absence of functioning endocrine pancreatic tissue before islet transplantation was confirmed in all patients by lack of C-peptide (114). Under brachial
plexus anesthesia islets in volumes of 50-100 µl where injected into the
muscle fibers of the brachioradialis muscle (in the forearm) with the help of
a central venous catheter (Secalon-T, 16G, 130 mm, BD). Islet graft function
after transplantation was assessed by circulating C-peptide.

Imaging
Magnetic resonance imaging of auto-transplanted islet grafts
The human subjects were scanned three to six months post-transplantation
using a 1.5 T clinical MR-scanner (Gyroscan Intera, Philips Medical Systems). The body coil was used for RF-transmission and a 45 mm circular
linear coil for RF-reception. High resolution axial images were obtained
using a T1-weighted 3D gradient echo acquisition with 32 slices and an inplane resolution of 200 x 200 μm2 and a slice thickness of 1.0 mm
(TR/TE/flip=16/5/10).
A dynamic contrast enhanced study was performed in two of the three subjects using a single axial slice (2D) positioned at a representative place
through the graft. A dose of 0.1 mmol/kg body weight of contrast agent
Gd-DTPA (Magnevist, Bayer Medical) was injected at 2 ml/s. The dynamic
study (TR/TE/flip=19/5/20) had an in-plane resolution of 0.23 x 0.23 mm2, a
slice thickness of 1.0 mm and a temporal resolution of 22 seconds. Seventeen dynamic acquisitions were performed with a minimum of 2 images
done prior to contrast agent arrival serving as baseline data. A twocompartment kinetic model was applied to the dynamic study giving fractional plasma volume (Vp) maps as output (115). Following the ultra-high
resolution acquisition of the third subject, an acquisition yielding fat-water
separated images (116) was performed in order to assess if any lipid deposition was developed in the musculature.

In vivo visualization of transplanted islet mass in mice
The presence of fluorescently labeled (Celltrace Far Red DDAO, Invitrogen)
islets transplanted to the abdominal muscle was confirmed through noninvasive imaging of grafts by an IVIS Spectrum imaging station and Living
Image software (Caliper Life Sciences).
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Intravital microscopy
Mice were anesthetized by spontaneous inhalation of isoflurane (Abbott
Scandinavia). The left cremaster muscle was exposed and mounted for intravital microscopic observation of leukocytes in the cremasteric microcirculation, adjacent muscle tissue, and transplanted islets. The muscle was continuously superfused, with a prewarmed (37°C) bicarbonate-buffered saline
solution (pH 7.4). A catheter in the femoral artery allowed retrograde infusion close intra-arterially to the muscle.
An intravital microscope (Leica Microsystems DM5000B, equipped with a
Hamamatsu Orca-R2 CCD camera and HCX Apo L 20X/0.50W and
40X/0.80W objectives, Volocity software) was used to visualize the microcirculation of intra-islet vasculature, venules draining islets or post-capillary
venules and surrounding muscle tissue (Figure 3). Recordings were made for
analysis of adherent (stationary for >30 s within 100 μm length of venule in
3 min) and emigrated leukocytes (cells in the extravascular space per field of
view, 0.05 mm2).

Figure 3. The experimental set-up for high-resolution in vivo imaging of islet revascularization. Pancreatic islets are isolated from pancreata of donor mice. These islets
are fluorescently labeled and transplanted into the cremaster muscles of wild-type or
CX3CR1GFP/GFP mice. After 3, 4, 5, or 28 days, the cremaster muscle is exteriorized
in the anesthetized animal, leukocytes and blood vessels stained with fluorescently
conjugated antibodies and 4D-imaging of the engraftment site performed.

26

Visualization of intra-islet blood flow
Intra-islet blood flow was visualized by intra-arterial injections of fluorescent dextran (FITC, 70 kDa, Sigma-Aldrich). Fluorescence intensity in islet
capillaries at different time-points and parts of the islet was measured in
ImageJ (NIH).

Vessel diameter measurements
Intra-islet vessel diameter measurements were done in confocal recordings
of Alexa Fluor 488-SBA-lectin (Invitrogen) or Alexa Fluor 555-anti-CD31mAb perfused muscle and pancreata.

Confocal microscopy
Laser scanning confocal- (Nikon C-1 with Plan Fluor ELWD 20X/0.45,
40X/0.60 objectives, Nikon EZ-C1 software), spinning disk confocal(Olympus BX51/Quorum WaveFx, with a Hamamatsu C9100–13 EMCCD
camera, an XLUM Plan F1 20X/0.95W objective, Volocity software), linescanning confocal- (Zeiss 5 Live with a 40X/1.0W objective and Zeiss Zen
software), or multiphoton- (Olympus FV300/Chameleon ti:sapphire laser
with a 40X/0.80W objective and Olympus FluoView and ImageJ software or
Zeiss 710 NLO with a Plan-Apo 20X/1.0W objective, Zeiss Zen software)
microscopy were performed after intra-arterial injection of 25 µg Alexa Fluor 555 or 594-anti-CD31-monoclonal antibody (mAb, clone 390, eBioscience) to stain endothelium and 15 µg FITC- or eFluor660-anti-Gr-1-mAb
(clone RB6-8C5, eBioscience) to stain neutrophils.

Immunohistochemistry/immunofluorescence
Paraffin sections of transplants were stained for insulin with anti-insulin
antibody (Fitzgerald) and for endothelium with the lectin BS-1 (SigmaAldrich). Vessel functionality within grafts was studied through intra-jugular
injection of 100 µg SBA lectin, which stains endothelium and allows for
detection of perfused vessels. Endothelium was stained in cryosections with
anti-CD31-mAb (conjugated to Alexa Fluor 555) and nuclei were stained
with Hoechst 33342 (Invitrogen). To protect the GFP signal, tissues were
fixated in 4% paraformaldehyde overnight. Thereafter the tissues were transferred to a 15% sucrose/PBS solution for 3 h, and then to a 30% sucrose/PBS
solution for another 3 h. Tissues were then embedded in section media
(Richard Allen Scientific) and snap-frozen in liquid nitrogen. Pericytes were
stained using anti-NG2-mAb (clone 546930, R&D Systems), and neutrophils
using anti-Gr-1-mAb (clone RB6-8C5, eBioscience).
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Leukocyte quantification and tracking
The number of leukocytes at the islet graft was analyzed using image analysis software Imaris 7.6 (Bitplane) and is presented as number of leukocytes
within the region of interest (the size of a box covering the engrafting islet)
divided by the islet volume to normalize for possible differences in islet size.
Data from the line scanning confocal microscope was processed in the
Imaris software. The leukocyte subsets studied (Gr-1+ neutrophils, and
CX3CR1-GFP monocytes and macrophages) were tracked in the 3D time
lapse sequences. Breathing and muscle contraction movements in the images
were attenuated by drift correction to ensure as little motion artifacts as possible. The software was used to extract information on the displacement of
the leukocytes.

Migration data analysis tool
A computer program for generating 3D plots from a 4D data set was developed. Neutrophil positional data generated in the Imaris software was imported into the program. The output image was constructed by dividing
space in to equally sized cubes hereafter called bins and counting the number
of leukocytes that had ever been in every bin throughout the whole length of
the experiment. Registration of one or more neutrophils within a particular
bin resulted in drawing of a sphere in that bin. The size of the sphere depends on the total number of leukocytes registered in the bin at any time in
the data set. The center of the sphere was placed at the average point where
leukocytes were registered in that particular bin.

Flow cytometry
Recruited leukocytes were analyzed using a FACSCalibur, two-laser, four
color configuration flow cytometer with CellQuest Pro software (BD Bioscience). Linear amplification mode was used for forward scatter (FSC) and
side scatter (SSC) and logarithmic amplification mode was used for the fluorescent channels. Fluorescence compensation was assessed with single labeled samples. For Paper II, leukocytes were fixated, permeabilized (Cytofix/Cytoperm, BD Bioscience) and stained for surface markers with mAbs
against CD11b and Gr-1 (both eBioscience) and intracellular MMP-9 with a
polyclonal antibody (R&D Systems). Initially a gate was placed in FSC/SSC
to exclude debris. The CD11b+ population was gated and analyzed for Gr-1
expression where after the Gr-1+ cells were gated and analyzed for MMP-9
positivity. Normal goat serum was used as isotype control. For study IV,
single-cell suspensions of grafts in CX3CR1GFP/GFP mice were stained with
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anti-NG2-mAb (clone 546930, R&D Systems) conjugated to Alexa Fluor
647 (Invitrogen).

Single-cell suspension of islet grafts
Islet grafts in CX3CR1GFP/GFP muscle were excised 5 days posttransplantation. Single cell suspensions were prepared as previously described (117). Briefly, muscle tissues were minced and placed in collagenase
II, 500 U/ml (Sigma Aldrich) in HBSS, 250 mM CaCl2 for 30 min in 37°C.
After a PBS wash, the remaining tissue was placed in collagenase D,
1.5 U/ml (Roche Diagnostics), dispase II, 2.4 U/ml (Sigma Aldrich) in
HBSS, 250 mM CaCl2 for 60 min in 37°C. The homogenates were then
transferred through 40 µm cell strainers (BD Biosciences).

Zymography
Leukocytes recruited to the peritoneum by either MIP-2 or VEGF-A were
put in 24-well plates. Different concentrations of the bacterial product fMLP
was added and the cells were incubated at 37°C for 1 h. Media were harvested for gelatin zymography analysis to determine the levels of gelatinase activity. MMP-9 in the cell supernatants was prepurified by binding to gelatinSepharose, as described (118). After that, the prepurified gelatinases were
loaded onto 0.1% SDS/7.5% polyacrylamide gels containing 0.1% gelatin.
Electrophoresis was performed in Tris–glycine buffer with 0.1% SDS. After
electrophoresis, the gels were washed twice for 30 min with 2.5% Triton X-100 to remove SDS, and were then incubated overnight at 37°C in
incubation buffer (50 mM Tris–HCl, pH 7.5, 10 mM CaCl2, 0.02% NaN3,
1% Triton X-100) for gelatin degradation. Gelatinolytic activity was revealed by staining with 0.25% Coomassie Brilliant Blue R-250, 45% methanol and 10% acetic acid, and destaining with 30% methanol and 10% acetic
acid.
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In situ zymography
Gelatin in situ zymography was performed on 7 µm thick cryosections of
grafts in muscle, as described before (119). The sections were dried and subsequently incubated for 4 h at 37°C with 20 µg/ml quenched FITC-labeled
gelatin (DQ gelatin, Invitrogen) in a saline buffer. After incubation, images
of the grafts were acquired using a confocal microscope. In some sections,
phycoerythrin-labeled Gr-1-mAb (eBioscience) was added to visualize this
subset of leukocytes along with gelatinase activity. Addition of 15 mmol/L
ethylenediaminetetraacetic acid (EDTA) (a chelating agent that inhibits metal ion dependent proteases) to the assay solution, or slides without added
DQ gelatin served as negative control and low signal was detected in these
slides.

Statistics
Values are expressed as mean ± standard error of the mean (SEM). Paired
two-tailed Student’s t-tests were performed when comparing values in experiments were animals served as their own controls, and unpaired two-tailed
Student’s t-tests were used to compare between groups in other experiments.
The Mann-Whitney non-parametric test was used when normal distribution
of data could not be assumed. P-values of less than 0.05 were considered
statistically significant.
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Results and discussion

Intravital imaging of pancreatic islet engraftment
A lot of the results in this thesis were dependent on and obtained following
the development of a model of angiogenesis that enables visualization of
leukocytes, blood vessels and flow in parallel. This was achieved by transplanting isolated islets of Langerhans to the cremaster muscle of mice. The
cremaster muscle enables easy visualization of muscular and islet graft blood
flow, as well as leukocyte movement within the engraftment area. A number
of microscopy techniques (wide-field, epifluorescence, laser scanning confocal, spinning disk and multiphoton) were used to visualize the grafts and
collect data.
The use of a high-speed confocal microscope followed by advanced software processing of the images enabled the development of a new model for
tracking the movements of leukocyte subsets in the engraftment area following islet transplantation to the cremaster muscle.

Islet vasculature is functionally restored when
transplanted to muscle
Mouse islets were syngeneically transplanted to the cremaster or abdominal
muscles of mice. Already at 3 days after transplantation, most islets had perfused, newly-formed vessels and the vasculature developed rapidly resulting
in a network of vessels at 5 days after transplantation as often observed in
the intravital microscope (Figure 4). The vascular densities at these early
time-points were on levels that were comparable to what others see at other
transplantation sites, for example the renal subcapsular space after 4 weeks.
The vasculature continued to develop, and at 2 weeks after transplantation,
the vascular density and morphology of the intra-islet vascular tree were
fully comparable to that of native islets in the pancreas. When transplanting
islets to the liver via the portal vein in mice, intra-islet vessels were not detectable in those grafts, but capillaries were instead found to be surrounding
the islets, similar to results shown by others (24, 32, 35).
To investigate whether the newly formed vasculature in the grafts was
perfused, and were not only remnant donor endothelial cells, mice were injected intra-arterially with a green-fluorescent lectin that binds endothelium
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before euthanization. Graft tissue was sectioned and counterstained with redfluorescent CD31 antibody that detects all endothelial cells. The ratio of
green signal vs. red signal then gives a measure of how well-perfused the
islet endothelium is. In native islets in pancreas and islets transplanted to
muscle, almost all intra-islet capillaries were double-positive, demonstrating
functional vessels. In islets in the liver, the few red structures that were
found in the islets were not green, indicating non-perfused endothelium,
most probably remaining from the donor.

Figure 4. Islets transplanted to mouse muscle revascularize rapidly and completely.
(A) Three to five days after transplantation, islets in the cremaster muscle have functional intra-islet blood vessels: confocal image of a mouse islet (blue) in the cremaster muscle 5 days post-transplantation (post-tx), with ingrowing blood vessels (red).
(B) Two weeks after transplantation, a dense, glomerular-like vascular system developed: multiphoton microscopy image of the vasculature of a transplanted mouse
islet in muscle. (C) The vascular density and architecture were, at 2 and 4 weeks
post-transplantation, comparable with native islets in the pancreas: spinning disk
confocal image of islet vasculature in mouse pancreas. (D) Vessel density in islets
transplanted into mouse muscle compared with the density observed in islets in
intact pancreas. Islets transplanted into the liver did not have any intra-islet vessels
at these time points. (E) Intra-islet capillary diameter of transplanted mouse islets is
increased shortly after transplantation, but reaches values comparable with native
islet capillaries at 2 weeks post-transplantation.
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The order of perfusion in the islets of Langerhans have been a matter of debate (120), but much indicates that the predominant blood flow direction is
beta-to-alpha-to-delta cells (13, 14), having implications in islet functions, as
alpha cells then may regulate glucagon release by sensing insulin levels in
blood. In intravital microscopy recordings of transplanted mouse and human
islets in the mouse cremaster muscle, we observed a clear core-to-mantle
flow in the rodent islets. This is due to the cellular order in these islets,
where the beta cells occupy the center (16, 17). In human islets, there was no
apparent order of perfusion though the islet, probably reflecting the more
scattered and clusterized distribution of beta cells in these organs. These
findings also imply that it is not merely the host that regulates the ingrowth
of blood vessels to transplanted islets at this site, but that there is interplay
with the graft in constructing the new vascular tree.
In alloxan-diabetic mice, functional aspects of the muscle-engrafted islets
were investigated and compared to the liver implanted islets, which are not
being properly revascularized. The same number of islets (300 IEQ) was
transplanted into either the liver or abdominal muscle of these mice. Both
groups normalized their non-fasting blood-glucose in about one week after
transplantation indicating graft function. When challenging the grafts with
an i.p. glucose tolerance test 4 weeks after transplantation, mice with islets in
muscle responded just like non-diabetic controls, but mice with islets in the
liver had increased blood-glucose values during the load. These results indicate that the islets either, due to the low degree of vascularization, did not
sense glucose and secrete insulin efficiently, or had an impaired
function (121), perhaps also due to long-term poor blood-supply (Figure 5).

Figure 5. High intra-islet vascular density improves glucose handling. (A) Intraperitoneal glucose tolerance test of transplanted mice reaching normoglycemia with
islets in muscle, with islets in the liver and nondiabetic control mice *P < 0.05 control vs. transplantation (tx) to liver. #P < 0.05 vs. transplantation to muscle. (B) Calculated area under the curve from the intraperitoneal glucose tolerance test
(*P = 0.047 vs. control; #P = 0.048 vs. transplantation to muscle).
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These results from the mouse model were translated to the clinic in three
patients with intraductal papillary mucinous neoplasm that underwent total
pancreatectomy. There is a lot of data supporting autotransplantation of endocrine tissue to muscle, as the parathyroid gland is recovered in this way
after thyroidectomy (122). The endocrine fraction of these patients pancreas
was purified and inserted into the brachioradialis muscle (in the forearm).
Three to six months later, the grafts were visualized using high-resolution
magnetic resonance imaging (MRI, Figure 6). Fractional plasma volume was
measured using an injection of the contrast Gd-DTPA and kinetic modeling.
In the two subjects that received the contrast agent, the plasma volume in the
islet grafts was found to be 2.5 and 3.4 times higher than the surrounding
muscle tissue. These values are not a direct measurement of the capillary
density, but the relative difference to the surrounding tissue would correlate
to efficient revascularization also of human grafts in human muscle. These
results also show another benefit with the intramuscular site, namely noninvasive, non-ionizing imaging that enables longitudinal monitoring of the
grafts. In patients receiving islets in the liver, there have been problems in
imaging the grafts due to the scattering of islets throughout the liver, although there have been progress in graft imaging at this site (98, 123).

Figure 6. Three-dimensional surface reconstruction from MRI-images of autotransplanted islets (red) in the forearm muscle of a human subject.
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Leukocytes are crucial for islet revascularization
When imaging the transplanted islets in the mouse cremaster muscle shortly
after transplantation, accumulations of immune cells in the area surrounding
the grafts were found. This accumulation was not a sign of rejection since
islet donors and recipients shared the same genetic background. The accumulation of cells decreased with time, and at 4 weeks after transplantation
the levels of leukocytes recruited were down to basal. This recruitment and
accumulation inversely correlates to the level of vascularization in the grafts.
Since leukocytes have been implicated for involvement in angiogenesis,
above all in tumor vascularization (124), it was hypothesized that the reason
for the leukocytes gathering at the transplanted islets may be of a proangiogenic nature. To test whether these cells were involved in the revascularization of the islets in the cremaster muscle, recipient mice were rendered neutropenic using a Gr-1-antibody regimen. Islets transplanted to these mice
lacking Gr-1+ cells, mostly neutrophils and some monocytes, did not have
any islet vasculature up to 5 days after transplantation. As mentioned above,
in control mice treated with isotype control antibody, revascularization of
grafts was efficient at these time-points.
In in vivo recordings of engrafting islets using confocal microscopy, neutrophils were sometimes found to engage in intimate association with growing endothelium. The majority of neutrophils present were in the vicinity of
a blood vessel, and some had filopodia stretching towards filopodia of endothelial cells, in what looked either as a towing procedure, or a close signaling
interaction. Macrophages took perivascular, supportive positions at the immature vessels, as the vasculature became destabilized and hypersprouting
when they were removed. Macrophages also seemed to function as cellular
chaperones for the anastomosis of two sprouting ends of vessels. This has
been observed in zebrafish and the developing mouse brain (79), but this
seems to be the first observation of the phenomenon in the adult mammal.

VEGF-A recruits leukocytes to the islet graft
The large accumulation of leukocytes in and close to the islet grafts raises
the question of how they find the transplantation site. For leukocytes to extravasate from blood vessels and move in tissue to a site of interest (classically a site of inflammation of infection), they need to follow a gradient of
chemoattractants (125-127). In inflammation and infection the recruitment of
effector cells is achieved by them sensing either bacterial products or endogenous chemokines released by e.g. macrophages or mast cells. How proangiogenic leukocytes find a site of hypoxia, requiring angiogenesis, is however
not fully established. When the islet is transplanted and is non-vascularized
it will be in a hypoxic state. When tissue is subjected to hypoxia, the hypoxia
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inducible factor (HIF) system is induced leading to increased expression of
different survival genes, including the endothelial mitogen VEGF-A (128,
129), this may be an agent that leukocytes respond to. The production of
VEGF-A was measured in islets transplanted into mouse muscle. During the
first two days after transplantation, before any major revascularization has
commenced, the hypoxic grafts express 60% more VEGF-A than at 14 days
after transplantation, when revascularization is complete.
To investigate if circulating leukocytes transmigrate in response to
VEGF-A applied extravascularly, the mouse cremaster model of leukocyte
recruitment was used. The muscle was superfused with a solution containing
VEGF-A or MIP-2, an inflammatory chemokine that recruits primarily neutrophils (130). VEGF-A was found to recruit leukocytes to the extravascular
tissue in a quite rapid manner; adhesion to venular walls and emigration was
significantly increased already after 30-60 min of stimulation. These findings were intriguing and to further investigate the phenotype of the cells that
were recruited to VEGF-A in muscle an intraperitoneal recruitment model
was used in order to obtain larger amounts of leukocytes for flow cytometry
analysis. The leukocyte population that we found to be pivotal for islet revascularization after transplantation to muscle, the Gr-1+ population, was
recruited to VEGF-A injected i.p. to the same extent as the inflammatory
chemokine MIP-2. Ultimately, pancreatic islets isolated from
pdx1-cre; VEGFfl/fl mice lacking beta cell VEGF-A were transplanted into
muscle and leukocyte recruitment studied. In the peri-graft area of islets
incapable of producing VEGF-A, only half of the amount of Gr-1+ leukocytes were found compared to control islets (Figure 7).
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Figure 7. VEGF-A secreted from transplanted islets recruits Gr-1+ leukocytes. (A)
Confocal z-projection image of a transplanted wild-type pancreatic islet (blue) in the
cremaster muscle of a wild-type mouse 4 days after transplantation. Blood vessels
(red) surround and penetrate the islet, and Gr-1+ leukocytes (green) are gathered
around the graft. (B) Confocal z-projection image of a VEGF-A−/− islet 4 days after
transplantation to a wild-type mouse cremaster muscle with few surrounding leukocytes and no ingrowing blood vessels. The blood vessels that are visible lie beneath
the graft. (C) Confocal z-projection image showing a site in a wild-type cremaster
muscle distant from a transplanted islet illustrating the background level of leukocyte extravasation in these tissues. Bars represent 50 μm. (D) Quantification of the
Gr-1+ area per confocal image of islet grafts 3-5 days after transplantation. VEGFA−/− islets had less than half of the amount of recruited leukocytes compared with
wild-type islets. *P < .05.

Recruitment of leukocytes to MIP-2 is mechanistically charted: the chemokine is secreted from tissue macrophages upon stimulation (e.g. a bacterial
infection), MIP-2 diffuses through tissue to postcapillary venules and into
the vascular lumen where it is sequestered by heparan sulfate (127). Intravascular leukocytes expressing CXCR2 receptors become activated through
interactions with MIP-2, and concomitantly increasing avidity and affinity of
their adhesion molecules (beta-2-integrins), whereby the leukocyte recruitment cascade is initiated [Figure 1, ref (131)]. The mechanisms involved in
recruiting leukocytes to VEGF-A are however more unclear. A recent publication shows that the receptor VEGFR-2 on endothelium binds VEGF-A and
is responsible for neutrophil rolling and adhesion due to increased integrin
avidity/affinity on the leukocyte surface (132), which is also supported by
our preliminary data. Other studies show a more indirect action of VEGF-A
on leukocyte recruitment, requiring the release of the cytokine SDF-1 (133,
134). This downstream effect of VEGF-A, secondary cytokine release,
seems to keep the recruited bone marrow-derived cells situated close to the
vascular walls. If induction of chemokine expression by VEGF-A can be
observed in our very acute model of leukocyte recruitment is however doubtful. The levels of SDF-1 protein were measured in cremaster muscle homogenates following recruitment experiments to VEGF-A. This exposure to
VEGF-A did not induce increased levels of SDF-1 in this tissue, pointing to
either direct effect of VEGF-A, or in the use of pre-stored cytokines.
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Each leukocyte subset is autonomous in its recruitment
to angiogenic sites
The events taking place during the recruitment of immune cells to the site of
inflammation are quite well-charted. Even so is the influence of different
immune cell subsets on each other’s extravasation into tissue. Although there
are some conflicting data, much point to a first wave of neutrophils that
degranulate at the site of inflammation, releasing agents that are chemotactic
for a second wave of monocytes (135).
In the experiments using transplanted pancreatic islets, both monocytes/macrophages and neutrophils were recruited to the engraftment site
and this recruitment was found to be VEGF-A-dependent. In the time points
studied, neutrophils were abundant early after transplantation, but decreased
steadily day by day, in reverse proportion to the level of revascularization of
the grafts. The monocytes were also present in large amounts, but in contrast
to the neutrophils, they did not decrease their presence from 3 to 5 days after
transplantation (Figure 8A).
To see the effect of the different subsets on each other’s recruitment to
hypoxic transplanted islets, depletion experiments were performed. Prior to
transplantation of islets into the cremaster muscle, mice were rendered neutropenic by injections of the Ly6G-specific antibody 1A8, or depleted from
macrophages by injections of clodronate liposomes. In unpublished data by
Massena and Phillipson (Department of Medical Cell Biology, Uppsala University) neutrophils seem more responsive to a VEGF-A-stimulus, and are
recruited rapidly into tissue (within 15-30 min), while monocytes are recruited following 3 h of VEGF-A stimulation. This might reflect a release of
chemotactic agents from extravasated neutrophils to recruit monocytes. In
the model of islet transplantation, this was however not the case. When neutrophils were depleted, no effect on the recruitment of macrophages to the
engraftment site was seen (Figure 8B). Also in the mice depleted of macrophages, no difference in the amounts of neutrophils present at the islets was
observed (Figure 8C). This indicates that, in the time-period studied, neither
the recruitment of neutrophils, nor the recruitment of macrophages to a site
of hypoxia was dependent on the other.
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Figure 8. The recruitment of different leukocyte subsets to the pancreatic islet graft.
(A) Neutrophils (Gr-1+) are steadily decreasing in amounts in the days after transplantation, whilst the macrophages (CX3CR1-GFP) remain present at the engraftment site. (B) The depletion of neutrophils using an anti Ly6G-antibody (clone 1A8)
did not affect the recruitment of macrophages at days 3-5 post-tx. (C) The depletion
of macrophages by clodronate liposomes did not affect the recruitment of neutrophils to the grafts at days 3-5 post-tx. *P<0.05, n.s.=not significant.

Leukocyte migration at the angiogenic site
Studying leukocyte recruitment in excised tissue or histological sections give
snapshot images of the state of the tissue, in this case the engraftment site.
The development of the in vivo confocal microscopy model of imaging islet
engraftment has enabled a widening of that snapshot into a 2 hour window of
time. The real-time imaging allows tracking of leukocyte movements in the
islet grafts, and the surrounding muscle tissue (Figure 9A and B).
Films of the grafts in days 3, 4, and 5 after transplantation revealed intricate movement patterns in the neutrophil and macrophage subsets. In the
earliest time points, neutrophils were highly motile and covered large distances in the area studied. Macrophages on the other hand were less kinetically active and were either completely stationary or moving in a small confined space.
When further analyzing the intense movements of the neutrophils on
day 3 after transplantation, two sub-populations were identified. One part of
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the neutrophils covered large distances and showed displacement-plots that
suggested directed, and not random walk (136). The short-moving cells remained close to their starting position (low displacement), and the movement
pattern was more random. The obvious conclusion to draw from this is that
the far-moving neutrophils are either influenced by a chemotactic gradient,
or in the search for one. On the contrary, the short-moving cells may already
have found their location for action, and stay there.

Figure 9. Neutrophils migrate to “angiogenic hot-spots”. (A) A confocal zprojection of an islet (blue) 3 days post-tx, with ingrowing blood vessels (red), and
neutrophils (yellow). Bar is 50 µm. (B) An overlay of neutrophil tracks generated by
the software Imaris revealed intense neutrophils movement in the engraftment area.
(C) The data analysis tool gives a graphical representation of where neutrophils have
been present during the whole recording (2 h). Here, black spheres represent where
neutrophils have been, and the size of the sphere is proportional to the number of
neutrophils present in that area. Spheres are plotted in a 3D-matrix, here viewed in a
z-projection overlaid on a z-projection of the vasculature in the engraftment area. It
is evident that neutrophils gather at sites if angiogenesis around the graft. The scale
is in µm.

What are then these interesting locations for the neutrophils? We constructed
a computer program to process the cell tracking information from the neutrophils. The program distills the coordinates of leukocytes from a complete
time-lapse recording into one 3D-plot. In the plot, spheres represent where
neutrophils have been present, and the spheres grow if more neutrophils are
present in the same location (Figure 9C). This enabled us to identify “hotspots” in the engraftment area where neutrophils gathered. Coinciding with
these spots were areas of vascular growth, where endothelial cells were
sprouting or budding, presumably aiding in the growth of vasculature (69).
The leukocytes did thus not seem very interested in the graft itself, but by
sites of angiogenesis. The effect of beta cell-secreted VEGF-A on recruitment of leukocytes to the engraftment site did not seem to have an effect
when the leukocytes came close to the source. The recruitment of leukocytes
to infection or inflammation is often a process involving several chemokines
and cytokines (137). When neutrophils were exposed to two opposing gradients of a bacterial product (fMLP) and an endogenous chemokine (IL-8),
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they prioritized and migrated to the bacterial product (138). A similar hierarchy in chemotactic signals might also exist for proangiogenic neutrophils.
Angiogenic endothelium might secrete angiopoietin 2 (Ang2) that induces
the recruitment of neutrophils (139) and some monocytes (140), or secrete
SDF-1/CXCL12 for the recruitment of leukocytes (133) or mural cells (141).
The signals of recruitment to a site of hypoxia remain to be charted.
VEGF-A is most probably not the only siren.

A distinct subset of neutrophils gather at hypoxic areas
In the flow cytometry experiments it was found that the Gr-1+ population
that was recruited to VEGF-A (and MIP-2) was positive for MMP-9, which
the Gr-1- population was not. This was intriguing since the data regarding
leukocyte involvement in islet revascularization had shown that the Gr-1+
population was indeed the one required for vessel growth. Now, the evidence
of VEGF-A-recruited cells containing this proangiogenic enzyme would
further explain their vessel growth-promoting abilities and point to one possible effector protein in islet revascularization.
Using gelatin zymography to assess the MMP-9 content in the leukocytes
recruited to inflammatory or hypoxic stimuli, it was found that leukocytes
recruited to VEGF-A had a much higher content of MMP-9. The amount
was near ten times that of leukocytes recruited to MIP-2. The reasons for this
can be several; VEGF-A might induce transcription of the MMP-9 gene
leading to higher amounts of the pro-enzyme in the cells, or there might be
preformed leukocyte subsets that natively contain more MMP-9.
The hypothesis that this result was reflecting a specific neutrophil subset
more prone to react to hypoxia and aid in revascularization was tested. The
expression of the surface receptor CXCR4 has been connected to neutrophils
found in hypoxic areas such as tumors (69). The leukocytes recruited to
MIP-2 or VEGF-A were examined for expression levels of this receptor.
Neutrophils in the VEGF-A-stimulated peritoneum had higher levels of
CXCR4 than the neutrophils in the MIP-2-stimulated ditto
(59.0±5.7 vs. 32.2±3.4 MFI, respectively, Figure 10). Also neutrophils extracted from islet grafts in muscle had high CXCR4-expression
(96.8±18.0 MFI). This thus indicates that CXCR4 seem to be a marker useful for distinguishing proangiogenic neutrophils in these models.
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Figure 10. VEGF-A recruits a subset of CD11b+/Gr-1+/CXCR4hi neutrophils that
contain large amounts of MMP-9. (A-B) Flow cytometric plots from single-cell
suspensions of islet grafts in abdominal muscle and muscle from the contralateral
side of the linea alba. (C-D) Flow cytometric plots from cells harvested from peritoneal lavages where leukocytes were recruited to i.p. injections of either MIP-2 or
VEGF-A. Both stimuli recruited similar levels of CD11b/Gr-1+ leukocytes (R1
gate). (E-G) The R1 gates from the plots in panels B through D were further analyzed for CXCR4 expression. The histograms represent fluorescence intensity from
the CXCR4-mAb (black) and the isotype control-mAb (gray). Numbers in histograms are the mean fluorescence intensities with subtracted isotype intensities. The
CXCR4 expression in leukocytes from islet grafts and i.p. VEGF-A is statistically
different from the leukocytes recruited to i.p. MIP-2 (P < 0.05).

These results do not answer the question whether the proangiogenic neutrophils are a circulating, preformed subset, or if they are stimulated by the
environment to increase their expression of CXCR4 and MMP-9. In an attempt to determine if the subset of neutrophils found at islet grafts is induced
by the hypoxic environment, neutrophils collected from blood were incubated in vitro with MIP-2 or VEGF-A. After this, the expression of CXCR4 was
measured. No change in the expression levels of the receptor was noticed in
these experiments. Neutrophils that had been recruited to either MIP-2 or
VEGF-A were then incubated with MIP-2 or VEGF-A in order to see if it is
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possible to shift an inflammatory profile into an angiogenic profile, or vice
versa. Nor was it in this case possible to detect a change in the expression
level of CXCR4. Taken together, these results support the hypothesis that the
neutrophils that have a proangiogenic profile found at revascularizing transplanted islets are a preformed and distinct subset, prone and ready to respond
to hypoxia.
The notion of leukocyte subdivision into even more specialized classes
than the classic ones found on basis of their morphology, tissue specificity
etc. is now revealing more and more specified groups of immune cells. Dividing immune cell subsets instead on basis of their expression of surface
markers/receptors, function, and whereabouts in tumors, ischemia etc. have
for example led to the division of macrophages into M1 and M2 phenotypes
(142), monocytes into subsets that have different roles in the healing myocardium (143), and monocytes that patrol blood vessels (144). This further
subdivision is becoming increasingly explored also in neutrophils (70, 145,
146), and a distinct, proangiogenic neutrophil subset was hereby demonstrated in circulation as well as at sites of hypoxia.

The leukocyte product MMP-9 is required for islet
revascularization
In the model of islet transplantation to muscle, islets that were transplanted
to mice that lacked MMP-9 were investigated for blood vessel ingrowth and
Gr-1+ cell recruitment at this site. These mice do not show any major vascular defects in development or in the adult animal (147). However, when
closely examining grafts and the newly formed vasculature it was found that,
up to five days after transplantation, islets transplanted to these animals had
no or very few intra-islet capillaries, whereas the wild-type had an efficient
revascularization. There was formation of new blood vessels early after
transplantation also in the MMP-9-deficient mice, but these were merely
following the surface of the islet, very rarely penetrating it. Intriguingly,
there were equal amounts of Gr-1+ leukocytes at the site of transplantation in
both groups, but the immune cells present at the engraftment site in the
MMP-9-/- mice did not significantly contribute to any gelatinase activity as
shown by in situ zymography of graft sections.
When we observed the vasculature of islets transplanted into MMP-9-/mice 14 days after transplantation we indeed found an intra-islet vascular
network. At this time point the vascular network is more or less complete in
a wild-type animal with an angioarchitecture similar to that in native islets in
pancreas. In the MMP-9-/- mice however, the islet capillaries were of heterogeneous diameters, and the overall appearance of the vasculature was disorganized. The lack of MMP-9 thus has effects on the vasculature also
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weeks after the transplantation. In a model of glioblastoma, MMP-9 deficiency was shown to impede vascular remodeling and neovascularization
(148). In this study, the recruitment of pericytes to the growing tumor vasculature was also hampered by the MMP-9-deficiency. Even though this has
not been investigated in the islet transplantation model, a deficiency of pericytes might explain the long-term vascular abnormalities in the MMP-9-/recipients, as pericytes promote endothelial cell maturation and vascular
stability.

The mural cells in the islet microvasculature are closely
associated with macrophages
The pericyte in the revascularization of islets transplanted into muscle was
investigated. The vasculature of islets of Langerhans in the pancreas is more
or less completely covered by this mural cell, but whether this coverage was
reestablished after transplantation was unknown. After transplantation into
muscle, pericytes rapidly covered also immature vessels already 5 days post
transplantation, and the pericyte coverage was at the same level as native
islets in the pancreas at 4 weeks post transplantation.
CX3CR1-GFP macrophages were found to take perivascular positions in
the newly formed vasculature of the transplanted islets at 5 days after transplantation, much similar to that of pericytes. Whether these macrophages
also had a similar vascular-stabilizing function as the pericytes (149) was
tested by depleting macrophages from recipient mice. The newly formed
vasculature in and close to the transplanted islets in the depleted animals
seemed less controlled than in mice with macrophages. Vessels in the depleted animals were thin, with little to no lumen, and hypersprouting endothelial cells with increased amounts of filopodia. Interestingly, no pericytes
were found covering the newly formed islet vasculature in the macrophagedepleted mice.
The perivascular macrophages were stained for the pericyte marker NG2,
a marker present on pericytes in islets of Langerhans in the pancreas (94).
Surprisingly, approximately half of the CX3CR1-GFP-positive cells in the
grafts at 5 days after transplantation were also positive for NG2. Macrophages in the central nervous system can express and secrete NG2 in response to TGF-β at trauma (150), but whether macrophages elsewhere are
able to perform this transformation is unknown.
The ontogeny of pericytes remains elusive, but bone marrow derived cells
has previously been suggested to serve as a reservoir of pericyte progenitors
(151-153). Our observation adds evidence to this and demonstrates a role of
tissue macrophages in pericyte repopulation of forming vasculature.
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Conclusions

In the first study in this thesis the muscle as a site for pancreatic islet transplantation was investigated. An issue with the clinical standard implantation
site, the liver, has been a low level of islet revascularization. Striated mouse
muscle was shown to promote full restoration of vascular density and function in the transplanted islets. This was true also in human subjects receiving
autologous grafts into the forearm muscle as they had high perfusion as
measured by MRI. The muscle as a transplantation site provided a proangiogenic milieu for the islets, where neutrophils were shown to be pivotal for
the revascularization of the grafts.
In the second study, the proangiogenic neutrophils that were identified in the
first study were further investigated. VEGF-A was found to be a major effector in the recruitment of neutrophils to a site of hypoxia. This endothelial
mitogen attracted a distinct subset of proangiogenic neutrophils that differed
from proinflammatory neutrophils in their expression of CXCR4 and content
of MMP-9. The matrix-degrading enzyme MMP-9 was also shown necessary for islet graft revascularization, and vascular maturation.
In the third study, a new imaging model for studying leukocyte movement in
the engraftment area after islet transplantation into muscle was developed.
Fluorescently tagged leukocyte subsets were tracked in three-dimensional
time-lapse recordings of islet grafts during revascularization. Using visual
statistics, neutrophils were found to home to angiogenic areas, whereas macrophages were acting as cellular chaperones in capillary anastomosis.
In the fourth and final study, the pericyte compartment of the transplanted
islet vasculature was investigated. Transplanted islets in muscle quickly recruited pericytes and regained full pericyte coverage of the capillaries. During the revascularization process, macrophages were found to take supportive perivascular positions. The presence of macrophages was crucial for the
recruitment of pericytes, and macrophage expression of a pericyte marker
opens for the possibility that these cells might transform into pericytes during angiogenesis.
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Future perspectives

The intramuscular transplantation site for pancreatic islets was in this thesis
shown to promote revascularization and improved function of the grafts.
Further studies will focus on how the blood flow is regulated in the grafts,
and whether the islets become reinnervated to the same extent as native islets
in the pancreas.
A distinct subset of neutrophils was found to be recruited to hypoxia. This
neutrophil heterogeneity will be further investigated by means of gene expression profiles, additional surface markers for identification, and functionality (e.g. ROS-production and phagocytosis).
The charting of leukocyte migration around islet grafts will continue. Controlled recruitment experiments using recombinant chemoattractants will be
used in order to delineate the cues for leukocyte movement. Also, the development of new data analysis tools will provide new ways of visualizing and
quantifying cellular movement.
Intriguing findings regarding possible macrophage plasticity in the growing
islet vasculature will be further investigated. More time points during the
revascularization phase will be screened to find the moment of a potential
macrophage transition into a pericyte, Additional surface markers and genetically modified animal models will be used in order to define the true origin
of the pericyte in the transplanted pancreatic islet.
The in vivo imaging set up will be used to study native islets in the pancreas.
Using this equipment, the immune response during onset of diabetes will be
followed both during its natural course, and following different interventions.
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Sammanfattning på svenska

Överallt i våra kroppar finns blodkärl av olika storlekar och blodflödets uppgift är att transportera syrgas och näringsämnen, samt fungera som ett transportnätverk för immunceller i deras ständiga spanande efter inkräktare. Om
problem uppstår med funktionen eller tillväxten av blodkärl kan detta leda
till stora svårigheter. Ett forskningsområde som utvecklats intensivt de senaste decennierna är det kring hur blodkärl tillväxer, angiogenes (angio – kärl,
genes – uppkomst). En ökad förståelse kring hur blodkärl bildas kan leda till
nya sätt att behandla sjukdomar där för mycket eller för lite angiogenes är ett
problem, som t.ex. cancer.
I denna avhandling studeras hur blodkärl tillväxer i transplanterade Langerhanska cellöar, som används som en modell för att avgöra immuncellers
roll i bildandet av en fungerande vaskulatur.

Transplantation av insulinproducerande celler till
muskel
Hos en person som har diabetes mellitus typ 1 har de insulinproducerande
betacellerna blivit förstörda av kroppsegna immunceller. Insulin är ett hormon som styr upptaget av socker i kroppen och som frisätts av betaceller i
Langerhanska cellöar som sitter utspridda i bukspottskörteln. Sjukdomen
behandlas vanligen med dagliga injektioner av hormonet, men kan också
behandlas genom att man transplanterar nya betaceller från avlidna donatorer
in i levern. Idag återgår dessa patienter dessvärre efter ett par år till insulininjektioner då de transplanterade öarna slutar fungera, vilket delvis beror på att öarna inte återfår funktionella blodkärl.
I avhandlingens studie I undersöktes muskel som ett nytt ställe för att
transplantera insulinproducerande Langerhanska cellöar, och vi fann att
cellöar transplanterade till muskelvävnad hos möss återfick sitt normala
blodkärlsnätverk. Möss som hade diabetes blev botade av 300 cellöar som
transplanterats till bukmuskulaturen. Dessa möss hanterade sitt blodsocker
bättre än möss som fått cellöar transplanterade till levern.
I samma studie fick tre patienter som hade en tumör i bukspottskörteln
hela detta organ bortopererat. De Langerhanska cellöarna togs dock omhand
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och transplanterades in i underarmsmuskeln. När dessa transplantat senare
studerades med magnetkamerateknik hade dessa en mycket god blodgenomströmning.
Något som upptäcktes under studien var ansamlingar av immunceller,
framförallt neutrofiler, runt transplantaten strax efter transplantationen, något
som försvann med tiden. När neutrofiler togs bort från mössen som fick
öcellstransplantat växte heller inte några blodkärl in i transplantaten. Immuncellerna verkade alltså ha en tillväxtstimulerande effekt på blodkärlen.
Sammantaget visade alltså den första studien att muskel är ett möjligt
transplantationsställe för Langerhanska cellöar vid behandling av diabetes.
Muskelvävnaden bidrar till en effektiv blodkärlstillväxt och denna är beroende av en sorts immunceller, neutrofiler.

En särskild typ av immuncell bidrar till
blodkärlsnybildning
I studie II undersöktes de immunceller, neutrofiler, som upptäcktes vara
nödvändiga för blodkärlsnybildningen i studie I närmare. Neutrofiler tar sig
vanligen ut från blodbanan till en infektions- eller inflammationshärd genom
att följa spår av bakterier eller andra immunceller, t.ex. makrofager. Hur de
hittar fram till och ansamlas vid en cellö som transplanterats sterilt är oklart.
De insulinproducerande betacellerna producerar substansen VEGF-A i stora
mängder för att upprätthålla en hög blodkärlstäthet. VEGF-A bildas också av
celler som har dålig tillgång till syrgas. Höga nivåer av denna substans uppmättes också i cellöar kort tid efter transplantation, innan blodkärl har hunnit
växa in.
Huruvida VEGF-A, som i vanliga fall stimulerar blodkärlstillväxt också
kunde bidra till att rekrytera neutrofiler undersöktes i olika modeller. Vi fann
att exponering av VEGF-A för muskel och bukhåla hos möss ledde till ansamling av immunceller, och genetiskt modifierade cellöar som saknar
VEGF-A rekryterade bara hälften så mycket neutrofiler som normala öar.
De neutrofiler som tog sig till VEGF-A undersöktes närmre och det visade sig att dessa skiljde sig från neutrofiler som tar sig till en infektionshärd. Neutrofilerna som ansamlades kring de transplanterade cellöarna uttryckte mer av receptorn CXCR4 och innehöll tio gånger mer av enzymet
MMP-9. När detta enzym togs bort i genetiskt modifierade möss stördes
också blodkärlsnybildningen till de transplanterade cellöarna.
Studie II visar alltså att VEGF-A som utsöndras av transplanterade Langerhanska cellöar gör att en speciell typ av neutrofil ansamlas vid transplantatet. Denna neutrofil innehåller stora mängder MMP-9, ett enzym som är
mycket viktigt för en effektiv blodkärlsnybildning.
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Immuncellers rörelser vid transplanterade cellöar
avslöjar deras uppgifter
Studier av immuncellers inverkan på blodkärlsnybildning görs ofta i biopsier
och vävnadssnitt av exempelvis tumörer. Information från dessa ger en
ögonblicksbild av vad som har pågått vid en viss tidpunkt. För att kunna
studera immuncellers agerande vid transplanterade cellöar utvecklades i
studie III en metod för att i tredimensionella filmer kunna följa händelser i
och kring ett transplantat i den levande musen.
Med hjälp av avancerad in vivo-mikroskopi fann vi att neutrofilerna i
transplantationsområdet var mycket rörliga och migrerade långa sträckor
kring, men inte i transplantatet. Makrofagerna däremot återfanns både runt
om men även i de transplanterade cellöarna, de var mer stilla och om de
rörde sig var det inom en liten och begränsad yta. Ju mer blodkärl som växte
in i cellöarna, desto färre neutrofiler fanns kvar i området. Förmodligen behövs då inte längre neutrofilerna för blodkärlsnybildningen när de flesta kärl
redan har vuxit till. Makrofagerna positionerade sig mycket nära blodkärlen
och omslöt dessa på ett stabiliserande vis. Dessa celler verkade också fungera som en slags brygga mellan två omogna kärl och hjälpa till i förbindelsen mellan dem.
Genom att följa cellernas rörelser med avancerad datormjukvara och med
matematiska metoder utkristalliserades vissa punkter i transplantationsområdet där neutrofilerna ansamlades. Dessa punkter visade sig i de allra flesta
fallen sammanfalla med tillväxande blodkärl. Genom att se på neutrofilernas
förflyttningsmönster kunde alltså ställen för pågående angiogenes identifieras.
Den nya bildgivande metoden för att studera immunceller vid blodkärlstillväxt ger mycket ny information om hur dessa agerar. Genom att applicera avancerad mjukvara och matematik på dessa data kan mönster i cellernas rörelser urskiljas – mönster som är starkt kopplade till funktion.

Makrofager i transplanterade cellöar är nära kopplade
till pericyter
Blodkärl består inte enbart av de endotelceller som är närmast blodbanan.
Beroende på var i kroppen blodkärlet befinner sig och hur stort det är består
det även av bl.a. fibrös vävnad, glatt muskulatur och nerver. En celltyp som
är en viktig del av blodkärlen är pericyten. Den sitter precis utanpå endotelcellerna och delar basalmembran med dessa. Pericyter bidrar med både fysisk stabilitet och utsöndrar substanser som håller endotelcellerna i ett stabilt
tillstånd.
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Kärlnätverket i Langerhanska cellöar har en god täckning av pericyter, men
det har varit oklart om de återkommer efter transplantation. Efter transplantation till muskel hos mus i studie IV återkommer pericyterna i ungefär
samma takt som blodkärlen och efter fyra veckor är de nybildade kärlen helt
täckta med pericyter. Makrofagerna i studie III antog platser väldigt nära
blodkärlen, på ett sätt som liknade pericyters vis. Detta föranledde en undersökning kring hur dessa två celltyper är kopplade till varandra.
Hos möss som saknade makrofager undersöktes pericyttäckningen av
blodkärlen i transplanterade cellöar. Dessa hade mycket färre pericyter än
möss som hade normalt makrofagantal. I en mus som har grönfluorescerande
makrofager upptäcktes att dessa även uttryckte den pericytspecifika markören NG2.
I transplanterade Langerhanska cellöar har alltså makrofager en stor inverkan på rekryteringen av nya pericyter. Vissa makrofager uttrycker
pericytspecifika markörer, vilket kan innebära att makrofager i transplanterade cellöar kan övergå till att bli pericyter.

Slutsats
Genom att transplantera Langerhanska cellöar till muskel kan blodkärlsnätverket återupprättas och funktionen förbättras, något som kan leda till effektivare transplantationer för diabetiker framöver. Den experimentella modell
som togs fram för att studera angiogenes möjliggjorde studier av immuncellers påverkan på blodkärlstillväxten. En särskild typ av immuncell som var
involverad i detta identifierades och nya kopplingar mellan immunceller och
de celler som utgör blodkärlen upptäcktes.
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