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1

Summary

1.1

Summary

Chronic inflammatory disorders such as rheumatoid arthritis, inflammatory bowel disease
and psoriasis affect a big proportion of the world’s population. Today, several effective
therapies are tested in clinics or are in clinical use already. However, not all approved
therapeutics are well tolerated and show efficacy in all patients. Thus, there is still a need
to identify new targets and therapies for the treatment of chronic inflammatory diseases.

In order to identify novel targets for the treatment of chronic inflammatory diseases, we
performed a microarray study comparing inflamed with uninflamed ear skin of
hemizygous K14-VEGF-A transgenic mice, an established mouse model of chronic skin
inflammation. We found several significantly upregulated genes upon inflammation,
among which we selected CXCR4 and MMP-12 for further investigations.

CXCR4 was not only found to be upregulated during chronic skin inflammation in
hemizygous K14-VEGF-A transgenic mice, but also in human psoriasis as compared to
uninvolved human skin. Blockade of CXCR4 by AMD3100, a selective CXCR4 inhibitor,
significantly reduced edema formation, inflammation-induced angiogenesis as well as the
infiltration of inflammatory cells into the inflamed tissue of hemizygous K14-VEGF-A
transgenic mice as well as in the imiquimod-induced skin inflammation mouse model.
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Similar anti-inflammatory effects were observed after treatment with a neutralizing antiSDF-1 antibody.

In the second project we investigated the role of MMP-12 in acute and chronic skin
inflammation. MMP-12 was upregulated in the inflamed skin of hemizygous K14-VEGFA transgenic mice as well as in human psoriasis skin, as compared to uninflamed skin.
MMP-12 inhibition using RXP470.1, a selective MMP-12-inhibitor, significantly
inhibited edema formation, inflammatory angiogenesis and lymphangiogenesis as well as
the infiltration of macrophages into the inflamed tissue. Additionally, acute TPA-induced
skin inflammation, in particular edema formation, inflammation-induced angiogenesis and
lymphangiogenesis as well as the infiltration of the tissue with macrophages was
significantly reduced in MMP-12 knockout mice as compared to wild-type mice.
Mechanistically, we found that RXP470.1 inhibited the chemoattractant effect of MMP12-generated elastin fragments. Furthermore, we identified MMP-12 to be a VEGF-A
target gene in vitro and in vivo.

In the third project, we aimed to generate a tool which allows the specific activation of
lymphatic vessels at sites of inflammation after a systemic treatment. To this end, we
fused VEGF-C and VEGF-C156Ser to the F8 antibody (specific to the alternatively
spliced extra-domain A of fibronectin, a marker for angiogenesis). Both fusion proteins
were found to act pro-lymphangiogenic in vitro and in vivo. Furthermore, F8-VEGF-C
but not F8-VEGF-C156Ser significantly induced vascular leakage. When tested in two
different mouse models of skin inflammation, both fusion proteins significantly reduced
edema formation and induced lymphangiogenesis at the site of inflammation. Finally, we
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found that F8-VEGF-C significantly accelerated lymphatic clearance as compared to
PBS-treated animals.

Overall, we identified two novel potential targets for the therapy of chronic cutaneous
inflammation as well as a new strategy to activate lymphatic vessels at the site of
inflammation.

	
  

3 	
  

1.2

Zusammenfassung

Ein grosser Anteil der Weltbevölkerung ist von chronisch entzündlichen Erkrankungen,
wie

rheumatoider

Arthritis,

chronisch

entzündlichen

Darmerkrankungen

und

Hauterkrankungen wie der Schuppenflechte betroffen. Obwohl verschiedene effektive
Therapien in klinischer Anwendung oder Testung sind, profitieren nicht alle Patienten
gleichermassen davon oder zeigen unerwünschte Nebenwirkungen. Deshalb besteht ein
anhaltendes Interesse an der Identifizierung von neuen therapeutischen Angriffspunkten
und –strategien für die Behandlung von chronischen Entzündungen.

Um neue Angriffspunkte für die Therapie von chronischen Entzündungen zu finden,
haben wir unter Verwendung von K14-VEGF-A transgenen Mäusen, ein etabliertes
Mausmodel für chronische Hautentzündung, eine Microarraystudie durchgeführt. Aus
vergleichenden Analysen von unentzündeter mit entzündeter Haut dieses Mausmodelles
identifizierten wir verschiedene signifikant erhöht exprimierte Gene in entzündeten
Ohren, wovon CXCR4 und MMP-12 in zwei einzelnen Studien detailliert untersucht
wurden.

Neben der erhöhten Expression von CXCR4 in der entzündeten Haut von K14-VEGF-A
transgenen Mäusen, fanden wir zudem mehr CXCR4 positive Zellen in der Haut von
menschlicher Schuppenflechte im Vergleich zu normaler Haut von Patienten. Durch
Inhibierung von CXCR4 mit AMD3100, einem selektiven CXCR4 Inhibitor, konnten wir
das Ödem, die entzündungs-assozierte Angiogenese sowie die Infiltration von
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Entzündungszellen ins Gewebe von hemizygoten K14-VEGF-A transgenen Mäusen
hemmen. Die Testung eines anti-SDF-1 Antikörpers in K14-VEGF-A transgenen Mäusen
sowie von AMD3100 in einem zweiten Model für chronische Hautentzündung (wobei die
Applikation von Imiquimod eine chronische kutane Entzündung hervorruft), zeigten
ähnliche Resultate.

Im zweiten Projekt fokussierten wir uns auf die Rolle von MMP-12 in akuter und
chronischer Hautentzündung. Sowohl in der entzündeten Haut von K14-VEGF-A
transgenen Mäusen als auch in menschlicher Schuppenflechte war die Expression von
MMP-12 im Vergleich zu unentzündeter Haut hochreguliert. Selektive Inhibition von
MMP-12 mit RXP470.1 führte zu einer signifikanten Reduktion des Ödems, der
entzündungs-induzierten

Angiogenese

und

Lymphangiogenese,

sowie

der

Gewebeinfiltration mit Makrophagen. Um die Rolle von MMP-12 in akuter, TPAinduzierten Entzündung zu untersuchen, verwendeten wir MMP-12 defiziente Mäuse,
welche im Vergleiche zu Wildtyp-Mäusen eine verminderte akute Entzündungsreaktion
mit reduzierter Ödembildung und Makrophageninfiltration aufwiesen. In vitro
Untersuchungen haben weiter gezeigt, dass MMP-12 generierte Elastinfragmente einen
chemotaktischen Effekt auf Monocyten haben, welcher durch Inhibierung von MMP-12
mit RXP470.1 verschwand. Im weiteren fanden wir, dass die Expression von MMP-12
sowohl in vitro als auch in vivo durch VEGF-A gesteuert wird.

Das Ziel im dritten Projekt war es, eine Strategie zu entwickeln, um lymphatische Gefässe
am Ort der Entzündung nach einer systemischen Behandlung zu aktivieren. Dafür
fusionierten wir VEGF-C und VEGF-C156Ser mit dem F8 Antikörper, welcher spezifisch
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für die alternativ gespleisste Extra-Domäne A von Fibronektin, einem Marker für
Angiogenese ist. Für beide Fusionsproteine fanden wir pro-lymphangiogenetische
Aktivitäten sowohl in vitro als auch in vivo. F8-VEGF-C, nicht jedoch F8-VEGFC156Ser, erhöhte zudem die vaskuläre Permeabilität. In vivo Experimente in entzündeten
K14-VEGF-A transgenen Mäusen und Imiquimod-behandelten Mäusen führten zu einer
anti-entzündlichen Antwort, welche sich in einer signifikanten Reduktion des Ödems
zeigte. Im Vergleich zu Kontrollmäusen wiesen F8-VEGF-C behandelte Mäuse eine
beschleunigte lymphatische Clearance auf. F8-VEGF-C und F8-VEGF-C156Ser
induzierten zudem am Ort der Entzündung Lymphangiogenese.

Zusammenfassend identifizieren wir zwei neue Angriffspunkte für die Therapie von
chronischer Hautentzündung, sowie eine neue Strategie, um lymphatische Gefässe am Ort
der Entzündung spezifisch zu aktivieren.
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2

Introduction

2.1

Inflammation

Inflammation is the body’s defense reaction against pathogenic agents and toxins as well
as physical and chemical injuries. In general, an inflammatory response is accompanied
by five obvious signs: rubor (redness) and calor (heat), which are consequences of the
increased local blood flow, tumor (swelling) due to localized leakage of plasma proteinrich fluid, dolor (pain), and functio laesa (loss of function). To protect the body from
infections, vertebrates have developed two distinct types of immunity, the innate and the
adaptive immune system. Importantly, a coordinated action of both systems is needed to
generate an effective defense reaction.

2.1.1

Innate immunity

The innate immune response is the first line of defense during infection. Different
germline-encoded receptors (pathogen recognition receptors, PRRs) expressed on the
surface of immune cells generate an immediate but unspecific reaction. These PRRs
recognize highly conserved molecular patterns on the surface of microorganisms, so
called pathogen associated molecular patterns (PAMPs) (Janeway et al., 2002).
Phagocytic cells such as macrophages and dendritic cells (DCs) express a large variety of
PRRs. Among the transmembrane PRRs, the toll-like receptor (TLR) family, which
consists of 10 different members, is the best characterized one. Upon ligand binding to a
TLR, NF-kB is activated, leading to increased inflammatory cytokine and chemokine
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secretion and upregulation of co-stimulatory molecules on antigen presenting cells (APC)
(Medzhitov et al., 2000). Depending on which TLR is activated by a PAMP, different
chemokines are secreted, which influence the immune response, for instance by attracting
different inflammatory cells. Furthermore, the recruitment of immature DCs to the
inflamed tissue as well as their trafficking to the lymph node where they activate naïve T
cells is also TLR-dependent. Thus, TLRs are a link between the innate and the adaptive
immunity. Different inflammatory cells are involved in innate immunity including the
professional phagocytes (macrophages, DCs, neutrophils), specialized granulocytes
(eosinophils, basophils), mast cells and natural killer (NK) cells (Murphy et al., 2007).
Besides that, the complement system is another effector mechanism of the innate immune
system. It consists of different small plasma proteins, which can opsonize pathogenic
surfaces and thus enhance phagocytosis or the lysis of pathogens.

2.1.2 Adaptive immunity
Although innate immunity is an efficient defense mechanism, a complete resolution of
pathogens is often only achieved when adaptive immunity is induced. In comparison to
the innate immune system, the adaptive immunity is able to recognize almost any
pathogen. The two main mediators of an adaptive immune response are B cell-derived
antibodies (humoral response) and T cells (cell-mediated response). The specificity of an
adaptive immune response is generated by antigen-specific B and T cell receptors, which
consist of a variable and a constant chain. Remarkably, receptors with almost infinite
variability and specificity can be generated by the adaptive immune system. It is
substantial that receptors with almost infinite specificities can be obtained. This is
achieved during B and T cell development in the bone marrow and thymus, when a
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limited number of gene segments, which finally give rise to the variable region of the
antigen receptor, are randomly joined together by a mechanism called “somatic
rearrangement”. Thereby, every lymphocyte gets its own gene encoding one antigen
receptor with unique specificity. Self-reactive receptors are eliminated from the repertoire
by negative selection. When an immature T cell in the thymus receives a strong signal
from stromal or bone marrow-derived cells via its T cell receptor, the T cell undergoes
apoptosis or becomes anergic to prevent autoimmune reactions.

T cells
As mentioned before, the innate immune system is important for the induction of an
adaptive immune response. At the site of inflammation, DCs are the cells which most
efficiently phagocytose pathogens. After antigen uptake, DCs migrate via afferent
lymphatic vessels to the draining lymph node (LN), where they present their antigen to
naïve T cells. Upon antigen binding to the TCR, the T cell gets activated, proliferates and
differentiates into an effector T cell. However, this is only achieved if the antigen is
bound to a major histocompatibility complex (MHC) molecule on the surface of an APC
and the T cell additionally receives co-stimulatory signals from the APC. Two of the bestcharacterized co-stimulatory molecules expressed on the surface of APCs are CD80
(B7.1) and CD86 (B7.2), which both interact with CD28 expressed on the surface of T
cells. Activated T cells then leave the LN through efferent lymphatic vessels and reach the
inflamed tissue via the blood stream, where they can exert their effector function. Two
different types of MHC molecules exist: MHC class I and class II molecules. MHC class I
molecules are expressed on all nucleated cells and present intracellular derived peptides.
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Antigens, which are presented on MHC class I molecules are detected by the TCR of
CD8+ T cells (cytotoxic T cell). Together with the co-stimulatory signal, this interaction
finally leads to the destruction of the target cell by the cytotoxic T cell. In contrast, MHC
class II molecules are only expressed by APCs (DCs, B cells and macrophages). They
present processed, exogenously delivered antigens. MHC class II molecules bind TCRs of
CD4+ T cells (T helper cells), leading to their proliferation and activation. In contrast to
cytotoxic T cells, activated T helper cells secrete cytokines, which are needed for
mounting an effective adaptive immune response against the pathogen. However, before
an effective immune response can be generated, the T cell with the antigen-specific
receptor first has to go through several cycles of proliferation.

T helper cell subsets
T helper cells have a key role in orchestrating the immune response by providing
activating and directing signals for other immune cells. Via the secretion of distinct
cytokines and chemokines, T helper cells potentiate the activity of phagocytes such as
macrophages and help to recruit other inflammatory cells such as basophils, eosinophils
and neutrophils to the site of inflammation. Additionally, they have an important role in
the activation of B cells and the determination of antibody class switch.
Upon antigen interaction in presence of a co-stimulatory signal, CD4+ T cells differentiate
into a variety of different effector T cells: T helper 1 (Th1), Th2, Th17, Th9, Th22 and
Treg (regulatory T cells) cells (Mosmann et al., 1986) (Figure 1). Into which subset a
CD4+ T cell differentiates is mostly dependent on the cytokines present in the
microenvironment (Zhou et al., 2009). Additionally, also the strength of the interaction
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between antigen and TCR and the antigen dose plays a role in this differentiation process
(Boyton et al., 2002; Constant et al., 1997). The differentiation towards Th1 cells is
driven by IL-12 as well as IFN-γ, both produced by cells of the innate immune system
(e.g. macrophages or NK cells). Th1 cell differentiation requires the activation of the
transcription factor T-bet. Th1 cells themselves produce IFN-γ and are required for
cellular immunity against intracellular microorganism. In contrast, IL-4 is the cytokine
required for the differentiation into Th2 cells. On the transcriptional level, the
transcription factor GATA-3 is needed for Th2 cell differentiation. Th2 cells produce the
pro-inflammatory cytokines IL-4, IL-5 and IL-13 and are important in humoral immune
responses against extracellular pathogens. A more recently discovered T helper subtype
are the Th17 cells. The induction of the retinoid-related orphan receptor (ROR)γT by
transforming growth factor β (TGF-β), IL-6, IL-21 and IL-23 induces the differentiation
of Th17 cells (Chen et al., 2007). Th17 cells secrete IL-17A, IL-17F, IL-21 and IL-22.
This makes them important in the immune response against extracellular bacteria and
fungi. Furthermore, they have been shown to be involved in the pathogenesis of
autoimmune diseases. Besides these well-known T helper cell subsets, other T-helper
subsets, for example Th9 (which secrete IL-9 and IL-10) and Th22 (expressing IL-22)
cells, have been discovered recently, which will not be discussed here in further detail
(Basu et al., 2012; Tan et al., 2012). Importantly, a stringent control of the T cell response
is critical to avoid autoimmune diseases. Abnormal Th1 and Th17 cell responses lead to
autoimmunity in distinct organs, whereas Th2 cells are known to be involved in allergy
and asthma (Dardalhon et al., 2008; Georas et al., 2005). Thus, another subset of T helper
cells, regulatory T cells (Tregs), is responsible to regulate the effector T cell response.
The differentiation of Tregs is driven by the transcription factor forkhead box P3 (FoxP3).
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Two different subtypes of Tregs have been identified: the ones which are generated in the
thymus (natural Tregs) and the ones which are TGF-β induced (induced Tregs) (Curotto
de Lafaille et al., 2009; Josefowicz et al., 2009). Both Treg subtypes play a role in the
suppression of Th1 and Th2 immune responses as well as their differentiation, and the
depletion of Tregs in mice leads to the generation of autoimmune diseases (Kanangat et
al., 1996; Kim et al., 2007; Sakaguchi et al., 1985). Tregs inhibit the differentiation as
well as the function of other T helper cells by the secretion of TGF-β and IL-10, the
downregulation of CD80/CD86 on DCs which inhibits their capacity to activate T cells,
and the consumption of IL-2 which is needed for T cell proliferation (Chen et al., 1994;
Onishi et al., 2008; Shevach, 2009).
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Figure 1: Overview of the four major T helper subsets. Upon antigen encounter a naïve CD4+
T cell differentiates into one of several distinct T helper subtypes, dependent on the cytokines
present in the microenvironment. Each T helper subtype secrets a characteristic set of cytokines
and chemokines, which are responsible for the function of an individual T helper subset in
immunity and pathology (adapted from (Zou et al., 2010)).

B cells
The second cell type involved in adaptive immunity are the B cells. The major function of
a B cell is to produce antibodies. Upon antigen binding to the antigen-specific B cell
receptor (BCR) and with the help of T helper cells, B cells start to proliferate and
differentiate into an antibody-secreting effector cell (plasma cell). The secreted antibodies
have the same antigen-binding site as the BCR. Antibodies which bind to their cognate
antigen on the cell surface of a pathogen, can be bound by specific receptors (Fc
receptors) on the surface of phagocytes (e.g. macrophages, neutrophils) or NK cells,
which leads to the destruction of the pathogen either by phagocytosis or by antibodydependent cell-mediated cytotoxicity.

2.1.3

Leukocyte trafficking during inflammation

During homeostasis and inflammation, leukocyte extravasation from the blood vessels
into the tissue as well as migration from the tissue to the draining lymph node via
lymphatic vessels is fundamental for the proper function of the innate and the adaptive
immune system.
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the equilibrium of the average affinity state and the valency of a population of
integrins, yet fluctuations or oscillations of individual molecules between lowand high-affinity states probably account for the formation and dissolution of
bonds, which is required for complex cellular phenomena such as migration.

Slow rolling
Rolling mediated by selectins
(usually E-selectin) and
integrins (usually LFA1),
most commonly seen in
neutrophils. Typical velocity
is under 5 Mm per second.

Integrin-mediated leukocyte rolling. Integrins also participate in rolling and mediate firm leukocyte adhesion.
The interactions of selectins with their ligands enable Cell lines expressing A4B7-integrin roll on immobilized
leukocytes to adhere to inflamed endothelium under con- recombinant mucosal vascular addressin cell-adhesion
Leukocyte
extravasation
blood
vesselsmolecule 1 (MADCAM1), and lymphocytes can roll
ditions of blood
flow because theyfrom
bind with
exceptionally high on- and off-rates (which determine the speed on immobilized vascular cell-adhesion molecule 1
with which bonds are formed and broken, respectively)16. (VCAM1) by engaging their cell-surface ligand very late
17
and P-selectin
actually
require
shear into
stress the
. VLA4antigen
4 (VLA4;tissue,
also known
as A4B1-integrin)
ToL-selectin
extravasate
from 18the
blood
stream
inflamed
leukocytes
and 28the
blood
to support adhesion; the rolling cells detach when flow dependent rolling is mostly seen for monocytes and
is stopped. This phenomenon is related to the catch bond monocyte-like cell lines29,30, T-cell lines28 and T cells31.
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site for transmigration, which can occur in a paracellular or transcellular way (reprint from (Ley et
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al., 2007)).

Role of selectins in leukocyte capturing and rolling
During inflammation, extravasation from the blood vessels preferentially occurs at postcapillary venules and requires the generation of a leukocyte-endothelial cell (EC) contact
site. Pro-inflammatory cytokines (e.g. IL-1α and TNF-α) increase the expression of
adhesion molecules on blood vascular endothelial cells (BEC). This generates docking
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sites for leukocytes and leads to a reduction of their rolling velocity (Kunkel et al., 1996;
Wyble et al., 1997). Selectins, such as E- and P-selectin, are expressed by the activated
endothelium and are responsible for the initial capturing of leukocytes. In comparison, Lselectin is present on leukocytes. All selectin ligands contain the same sialylated
tetrasaccharide, sialyl Lewisx (Kansas, 1996; McEver et al., 1997). Among the selectin
ligands, P-selectin glycoprotein ligand 1 (PSGL1)) is the most extensively characterized
one, which binds to all selectins and is expressed on all leukocytes (Kansas, 1996).
Interestingly, the selectin-dependent interaction becomes stronger when shear stress is
present (Marshall et al., 2003).

Role of integrins in slow rolling, activation and arrest
Integrins are responsible to induce slow rolling and arrest of the leukocytes on the
endothelial surface. All integrins consist of an α- and a β- subunit, which are
noncovalently linked. In vertebrates, 18 α- subunits and 8 β- subunits are known. Overall,
they can assemble to generate 24 different heterodimeric integrins (Shimaoka et al.,
2003). Lymphocyte function-associated antigen 1 (LFA-1, αLβ2- integrin), very late
antigen 4 (VLA-4, α4β2- integrin) and macrophage receptor 1 (MAC-1, αMβ2- integrin) are
the integrins expressed by leukocytes, with important roles in leukocyte adhesion. In
homeostasis, integrins are maintained in an inactive conformation. However, when
leukocytes role on the activated endothelium, chemokine receptors bind endothelialattached chemokines, leading to activation of an intracellular signaling cascade in
leukocytes. The activation of this pathway generates inside-out-signals, inducing the
conformational change of an integrin into a highly affine form, thus leading to integrin-
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mediated adhesion and arrest (reviewed in (Luo et al., 2007)). Furthermore, selectins were
shown to induce β2-integrin activation, mediating integrin-dependent slow rolling (Miner
et al., 2008; Zarbock et al., 2008). Firm adhesion of leukocytes is established by the
interaction of integrins with their ligands, expressed on endothelial cells. The ligands for
LFA-1 are intercellular adhesion molecule 1 (ICAM-1) and ICAM-2, whereas MAC-1
only binds ICAM-1. Vascular cell adhesion molecule-1 (VCAM-1) in comparison binds
VLA-4.

Transendothelial cell migration
To finally reach the inflamed tissue, the leukocytes have to overcome three layers: the
endothelial cells, the endothelial cell basement membrane and the pericytes. Leukocytes
transmigrate either via the paracellular or the transcellular way. However, most of the
leukocytes migrate via the paracellular route across the endothelial monolayer at cell-cell
junctions. Before crossing the wall of the postcapillary venules, monocytes as well as
neutrophils crawl in a MAC-1- and ICAM-1-dependent manner on the endothelium to
find the nearest endothelial junction (Phillipson et al., 2006; Schenkel et al., 2004).
Different endothelial junctional molecules have been implicated in paracellular leukocyte
migration, including PECAM-1 (platelet endothelial cell adhesion molecule-1), ICAM1/2, JAM (junctional adhesion molecule)-A/-B/-C, and ESAM (endothelial cell-selective
adhesion molecule) (Engelhardt et al., 2004). In comparison, leukocytes can also
transmigrate through endothelial cells via the transcellular way (Millan et al., 2006;
Nieminen et al., 2006). Leukocytes which use the transcellular route for extravasation are
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able to open endothelial transcellular channels by the association of non-coated vesicles
(vesiculo-vacuolar organelles) (Dvorak et al., 2001).

DC intravasation into lymphatic vessels and migration towards draining lymph
nodes
Due to their efficient ability to take up antigens and present them to T cells in the LN,
DCs are critical players in the initiation of an adaptive immune response. In the periphery,
DCs constantly sample the environment for foreign antigens. Upon antigen uptake, DCs
mature, leave the tissue and migrate via afferent lymphatic vessels to draining lymphoid
organs, where they encounter and prime naïve T cells. DCs are enriched in tissues where
microbial pathogens enter more frequently, such as in the skin or in the mucosal surfaces
(Alvarez et al., 2008). DCs within the skin can be divided into two groups: Langerhans
cells in the epidermis and dermal DCs in the dermis (Bedoui et al., 2009; Merad et al.,
2008).
Initially, immature DCs have to be recruited to peripheral tissues and migrate within
them. This is mediated by different chemokine receptor axes including CCL2-CCR2,
CCL5-CCR5 and CCL20-CCR6 (Dieu-Nosjean et al., 2000; Geissmann et al., 2003;
Merad et al., 2002; Yamagami et al., 2005). These chemokine receptors are expressed
mainly on immature DCs. However, upon exposure to bacterial lipopolysaccharide (LPS)
as well as to pro-inflammatory cytokines such as members of the IL-1 family and TNF-α,
DCs mature, which goes along with a downregulation of the above mentioned chemokine
receptors and upregulation of CCR7, the main LN homing receptor (Sallusto et al., 1998;
Sozzani et al., 1998). Thereby, DCs become responsive to the CCR7 ligands CCL19 and
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CCL21, resulting in increased motility and migration. This enables them to migrate
towards lymphatic vessels through which they can leave the inflamed tissue to reach the
draining lymphoid organs. The critical role of CCR7 in the migration of DCs towards the
draining LN was demonstrate in CCR7-/- mice, as well as by adoptive transfer
experiments using CCR7 deficient DCs, in which DCs were not able to migrate towards
lymphatics. (Forster et al., 1999; Ohl et al., 2004). Additionally, in mice deficient for the
two CCR7 ligands CCL19 and CCL21 (plt/plt mice), a challenge led to a reduced
migration of Langerhans cells. CCL21 is expressed and secreted by lymphatic endothelial
cells and acts as the most potent chemoattractant for CCR7 expressing DCs towards
afferent lymphatics (Randolph et al., 2005; Saeki et al., 1999).
CCL21 exists in two different isoforms, CCL21-Leu and CCL21-Ser. CCL21-Ser is
expressed on high endothelial venules (HEV) and in the T cell zone in peripheral and
secondary lymphoid tissues by fibroblastic reticular cells (FRC), where it helps to guide
DCs and T cells into the T cell zone (Gunn et al., 1999; Gunn et al., 1998). In
comparison, CCL21-Leu is only expressed in peripheral tissues by lymphatic vessels,
where it generates a chemokine gradient. Thus it is responsible for DC attraction towards
the lymphatic vessels (Chen et al., 2002; Vassileva et al., 1999). CCL19, the other ligand
for CCR7, is secreted by activated DCs themselves as well as by stromal cells within the
T cell zone in the LN. However, CCL19 is dispensable for proper DC migration towards
LN (Britschgi et al., 2010). DCs enter the lymphatic system at the level of lymphatic
capillaries, which are covered by a discontinuous basal membrane, containing narrow
pores, so-called ‘portals’, through which DCs actively squeeze to penetrate (Pflicke et al.,
2009). Lymphatic endothelial cells (LEC) in lymphatic capillaries are joined together by
discontinuous button-like contacts, which are interspersed with loose flap valves (Baluk et
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al., 2007). DCs are thought to migrate into lymphatic capillaries by displacing this flap
valves into the lymphatic lumen (Figure 3).

Figure 3: DC intravasation into initial lymphatic vessels. Lymphatic capillaries are surrounded
by a discontinuous basement membrane (BM). By squeezing through the pore-containing BM
(portals), DCs encounter the lymphatic endothelium, which consists of lymphatic endothelial cells
(LECs), joined together by discontinuous button-like junctions. In-between these junctions, flap
valves are present, which are pushed into the vessel lumen, making DC entrance possible (insert)
(adapted from (Pflicke et al., 2009)).

Recently, Tal et al. have shown that CCL21 is not uniformly distributed on initial
lymphatics, but preferentially located at the portals of the basement membrane. They
suggest that CCL21 promotes the docking of DCs to the lymphatic endothelium, rather
than their transmigration (Tal et al., 2011). After docking to the immobilized CCL21,
DCs generate soluble CCL21, which further attracts DCs (Tal et al., 2011). Thus, CCL21
is responsible for the chemotaxis of DCs towards initial lymphatics, as well as for the
docking of them to the lymphatic endothelium. Additionally, recent studies also point to a
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role of adhesion molecules in the process of DC homing to the LNs and translymphatic
migration. Upon inflammation, LECs upregulate the two integrin ligands ICAM-1 and
VCAM-1. Blockade of these two adhesion molecules reduced DC migration towards the
draining LN, suggesting a role of ICAM-1 and VCAM-1 in the transmigration of DCs
into lymphatic vessels (Johnson et al., 2006; Vigl et al., 2011). In addition, there is some
evidence that upon inflammation, CCL21 enhances integrin activation, and thus promotes
DC adhesion and transmigration (Eich et al., 2011; Johnson et al., 2010). However, in
steady-state conditions adhesion molecules were reported not to be important for DC
migration (Lammermann et al., 2008).
Once DCs have reached the lumen of the lymphatic capillary, they have to be transported
towards the draining LN. It has been assumed for a long time that DCs are passively
swept along the lymph flow. However, two recent studies have reported that DCs actively
crawl within initial lymphatics by extending their filopodia (Nitschke et al., 2012; Tal et
al., 2011). This intralymphatic migration towards the downstream LN may be directed by
the lymph flow as well as integrin-mediated adhesion (Nitschke et al., 2012; Tal et al.,
2011). In comparison to the crawling movement within initial lymphatics, in collecting
lymphatics, DCs are passively transported by the lymph flow towards the draining LN
(Tal et al., 2011).

2.1.4

Chronic inflammatory diseases

In comparison to a normal inflammatory response, which is time-limited and a
physiological response against a harmful stimulus, a chronic inflammatory response
persists for a long time and is directed against an endogenous (autoimmune response) or
an exogenous antigen which can not be removed from the body. Thereby a resolvement of
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the inflammation is impossible. Chronically inflamed tissues constantly generate signals
which attract leukocytes, leading to the amplification of the inflammatory response.
Several diseases are characterized by chronic inflammation, including rheumatoid
arthritis, psoriasis and inflammatory bowel disease, which will be discussed in the
following sections.

Rheumatoid arthritis
Rheumatoid arthritis (RA) is a chronic autoimmune disorder affecting approximately 1%
of the world’s population (Firestein, 2003). The main symptoms are pain, stiffness and
swelling of the joints. Normally, the synovium, a thin membrane lining the joint capsule,
is rather acellular. However, in RA inflammatory cells invade this membrane leading to
hyperplasia, destruction of the cartilage, bone erosion, joint deformation, and finally to a
limited function of the affected joints. The destruction is mediated by the activation of
osteoclasts, chondrocytes and synovial fibroblasts (McInnes et al., 2007). Even though the
cause of the disease is not known, different inflammatory cells, proinflammatory
chemokines and cytokines as well as genetic and environmental factors are known to be
involved in RA. Macrophages may be one of the important players in the pathogenesis of
RA. Their appearance in the synovium correlates with the severity grade of RA (Mulherin
et al., 1996). Macrophages can activate T cells in the synovium by antigen presentation
and are a main source of TNF-α, one of the key cytokines in the induction and persistence
of the chronic inflammatory state (Kinne et al., 2000). The activation of CD4+ T cells
further activates other cells, including monocytes, macrophages and fibroblasts.
Additionally, CD8+ T cells, NK cells and NK T cells are part of the cellular infiltrate in
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the synovium. Together these cells lead to the secretion of the cytokines and growth
factors typically present in inflamed synovium: IL-1, IL-6, IL-8, IL-12, IL-15, IL-17A,
IL-23, VEGF-A and TNF-α (McInnes et al., 2007). Some of these cytokines are targets of
new biological drugs, which are used currently in the clinic or are in clinical trials for the
treatment of RA (Table 2). Furthermore, CD4+ T cells stimulate B cells to produce
different autoantibodies, such as the so-called ‘rheumatoid factors’ targeting the Fc-part of
human IgG or citrullinated protein (Choy et al., 2001). These autoantibodies are found in
the blood of affected patients and are involved in the formation of immune complexes and
the activation of the complement. Additionally, they lead to increased vascular
permeability and the release of chemotactic factors. Overall, the environment of an
inflamed joint is rather hypoxic and angiogenesis is one of the known characteristics of
rheumatoid joints (Konisti et al., 2012). Accordingly, increased numbers of blood and
lymphatic vessels within the synovium as well as increased levels of VEGF-A and VEGFC were detected in the serum and synovial tissue of rheumatic patients (Marrelli et al.,
2011; Polzer et al., 2008; Wauke et al., 2002).
For the treatment of RA, three different classes of drugs are commonly used: nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids and so-called disease
modifying anti-rheumatic drugs (DMARDs). NSAIDs are used to reduce acute
inflammation, but they do not change the course of RA or prevent joint destruction.
Corticosteroids are in between NSAIDs and DMARDs by acting both in an antiinflammatory and immunoregulatory way. However, DMARDs, which include small
molecules as well as biologicals, are the most potent agents to improve RA symptoms and
outcome. The European League Against Rheumatism recommends starting the treatment
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with DMARDs as soon as possible after the diagnosis. The FDA-approved drugs, which
are most frequently used in the clinic, are summarized in Tables 1 and 2.
Table 1: Small molecules currently approved by the FDA for the treatment of RA. Listed are
small molecules, their mechanism of action (MOA) and comments, including adverse drug
reactions (based on (Kumar et al., 2013)).

Agent

MOA

Comments

Methotrexate (MTX)

Folate analogue; inhibits
dihydrofolate reductase, leading
to reduced purin synthesis

First-line DMARD

Immunosuppressive action is not
fully clear

Often combined with other
DMARDs

Not fully understood

Limited ability to prevent joint
damage

(Hydroxy-) Chloroquine

May impair complementdependent antigen-antibody
reaction
Sulfasalazine

Anti-inflammatory

Rare serious complications

Antimalarial drug

Often used in combination with
MTX

Exact MOA not understood
Leflunomide

Inhibition of dihydroorotate
dehydrogenase à inhibition of
de novo pyrimidine biosynthesis

Viable alternative to MTX,
similar efficacy as MTX
Elevations of liver transaminase
observed
Teratogen

Corticosteroids

Anti-inflammatory
Upregulation of antiinflammatory and
downregulation of proinflammatory proteins

Janus kinase (JAK )inhibitor
Tofacitinib (Xeljanz ®)

	
  

Blocks cytokine signaling by
inhibiting the phosphorylation of
cytokine receptors by JAK and
thus the generation of docking
sites for signaling molecules (e.g.
STAT) on the receptor
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Weight gain, cushingoid
appearance, osteoporosis as
long term side effects

Only FDA but not EMEA
approved
Oral drug with comparable
effects as biologics

Table 2: Biological agents currently approved by the FDA for the treatment of rheumatoid
arthritis. Listed are the biological agents and targets, their mechanism of action (MOA) and
comments, including adverse drug reactions (based on (Atzeni et al., 2013; McInnes et al., 2007)).

	
  
Target / Agent

MOA

Comments

TNF-α
sTNF-R-Fc:
Etanercept (Enbrel ®)

TNF-α inhibitor

First biologic agents approved
Considered as central strategy
today

Monoclonal Antibodies:
Infliximab (Remicade ®)
Adalimumab (Humira ®)
Golimumab (Simponi ®)

All with similar safety and
efficacy
Increased risk of mild to severe
infections

Pegylated anti-TNF-α Fab:
Certolizumab pegol (Cimzia ®)

Not effective in approx. 30% of
patients
CD80 and CD86
CTLA4-Ig:
Abatacept (Orencia ®)

Blockade of T cell costimulation

Increased risk of infections

Binds to CD80/86 on APCs
which disrupts the interaction of
APCs with T cells and thus
prevents the delivery of the
second signal necessary for T cell
activation

Elevations of liver transaminase

CD20
Rituximab (Rituxan®)

B cell depletion

Approved only for patients with
failed TNF therapy history

Binding of rituximab to CD20 on
B cells leads to their removal
from the circulation

IL-6 receptor
Tocilizumab (Actemra®)

Inhibits IL-6-mediated signaling

Increased risk of infections,
reactivation of viral infections
(hepatitis B)
Approved only for patients with
failed TNF therapy history
Increased risk of infections

IL-1 receptor
Anakinra (Kineret®)

IL-1 receptor antagonist

Increased risk of infections

Blocks biologic activity of IL-1
by binding to IL-1R type I

Only limited efficacy in RA

In addition to the already approved therapies, several new therapeutic strategies are
currently investigated, among which fostamatinib (tyrosine kinase inhibitor), ofatumumab
(blocking the CD20 signaling, similar to rituximab), apremilast (type 4 phosphodiesterase
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inhibitor, involved in the inhibition of TNF production), sarilumab and sirukumab (antiIL-6R and anti-IL-6 antibody) and secukinumab (anti IL-17A antibody) are some of the
most promising and advanced ones (Jacques et al., 2013; O'Shea et al., 2014).

Inflammatory bowel disease
Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the gastrointestinal tract. It implies Crohn’s disease (CD), which commonly involves the ileum and
colon, as well as ulcerative colitis (UC), which always affects the rectum and sometimes
also parts of or the entire colon (Abraham et al., 2009). Diarrhea, abdominal pain and
rectal bleeding are characteristic symptoms of IBD.
Although the etiology of IBD remains unknown, it is now well accepted that an impaired
epithelial barrier function together with an inappropriate immune response against the
resident microbial flora in genetically predisposed hosts is fundamentally involved in the
initiation and pathogenesis of IBD (Cho, 2008). The important role of an abnormal host
defense against intestinal bacteria in the pathogenesis of CD is highlighted by nucleotidebinding oligomerization domain (NOD)2 polymorphisms, which represent the strongest
genetic association with CD susceptibility (Economou et al., 2004). NOD2 is a family
member of the NOD-like receptors, which are stimulated by bacterial peptidoglycans.
Signaling via NOD2 leads to the activation of NF-kB and MAP kinase signaling
(Kobayashi et al., 2005). Three different polymorphisms in NOD2 are known, which may
lead to reduced NOD2 dependent expression of antibacterial defensins and NF-kB
activation, resulting in reduced pro-inflammatory cytokine secretion. This may result in a
diminished capacity of the host to react against pathogens. However, NOD2
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polymorphisms alone are not sufficient to cause CD, as shown in NOD2-/- mice, which
do not develop intestinal inflammation (Kobayashi et al., 2005; Pauleau et al., 2003).
Thus, the exact mechanism by which NOD2 polymorphisms are associated with CD
susceptibility remains controversial. Additionally, mutations in the autophagy-related
protein 16 and immune regulated GTPase family M protein genes, known to be involved
in autophagy, were also shown to be associated with CD (Hampe et al., 2007; Parkes et
al., 2007). Besides these mechanisms of the innate immune response, inflammatory cells
of the innate and the adaptive immune system are also clearly involved in the
pathogenesis of IBD. Upon antigen encounter in the intestinal mucosa, DCs produce IL12 and IL-23, which are responsible for the induction and maintenance of a Th1 (IL-12)
and a Th17 (IL-23) response. IL-23 is a heterodimer containing two subunits: p40, a
subunit of IL-12, and p19, which is the alpha subunit of IL-23. Several in vivo studies
have revealed a central role of IL-23 in the development of intestinal inflammation. The
spontaneous development of IBD in IL10-/- mice was ameliorated by crossing them with
IL23a deficient mice (Yen et al., 2006). Additionally, genetic analysis revealed one of the
strongest associations of CD and UC with the IL-23 receptor and other members of the
IL-23 pathway (Cho, 2008; Duerr et al., 2006). IL-23 itself is known to support the
development of Th17 cells. Indeed, increased numbers of Th17 cells and elevated IL-17A,
IL-17F, IL-21 and IL-22 levels were found in the lamina propria of IBD patients (Neurath
et al., 2009). Besides DCs, other cells of the innate immune system, in particular
macrophages, play a central role in the pathogenesis of colitis as well. Upon
inflammation, circulating macrophages are attracted to the intestinal mucosa, where they
are the main producers of TNF-α (Xavier et al., 2007). The central role of TNF-α in IBD
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is clearly demonstrated by the clinical efficacy of biological treatments targeting TNF-α
in patients with IBD.
Besides Th17 cells, the other helper T cells, Th1 and Th2 cells, also play a role in the
pathogenesis of IBD. In CD patients, IL-12, the major inducer of Th1 responses, is
increased as compared to patients with UC or healthy people (Fuss et al., 2006).
Accordingly, a Th1 type cytokine profile with elevated IFN-γ levels is typically found in
CD patients (Breese et al., 1993). IFN-γ can lead to enterocyte apoptosis and triggers
additional secretion of TNF-α by macrophages (Geremia et al., 2013). In contrast, in the
lamina propria of UC patients an increased production of Th2 cytokines (IL-5 and IL-13)
and Th17 cytokines is found (Fuss et al., 1996; Heller et al., 2005). Another T cell
population contributing to the pathogenesis of IBD are the Tregs. Normally, regulatory T
cells produce anti-inflammatory cytokines such as IL-10 and TGF-β. Notably, fewer
Tregs are present in the inflamed mucosa of IBD patients as compared to the mucosa of
healthy people (Maul et al., 2005). Furthermore, it has been shown that effector T cells in
the lamina propria of IBD patients do not respond to the Treg-mediated suppression of the
immune response (Fantini et al., 2009). Thus, besides the pro-inflammatory activity of T
cells, the reduced anti-inflammatory function of Tregs may also contribute to the
development and maintenance of IBD.
Only recently, the involvement of the vasculature in IBD has been recognized. An
increased number and size of blood vessels was found in the mucosa and submucosa of
CD and UC patients (Danese et al., 2006). Additionally, in a mouse model of IBD, an
enlargement of lymphatic vessel was shown (Jurisic et al., 2010).
For the therapy of IBD anti-inflammatory drugs, immunosuppressants, antibiotics and
biologic agents are used. The most widely used ones are summarized in Tables 3 and 4.
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Table 3: Small molecules currently approved by the FDA for the treatment of inflammatory
bowel disease. Listed are small molecules, their mechanism of action (MOA) and comments,
including adverse drug reactions (based on (Pithadia et al., 2011)).
Agent

MOA

Comments

Anti-inflammatory
Mesalazine
Sulfasalazine

Anti-inflammatory

Mesalazin is the active moiety
of sulfasalazine
Well tolerated

Methotrexate (MTX)
Corticosteroids

Only favorable in UC
(See RA)
Initial therapy in CD and UC

(see RA)
(see RA)

1/3 of patients fail to respond

Immunosuppressives
Azathioprine (AZ)
6-mercaptopurine (6-MP)

Cyclosporine
Tacrolimus
Antibiotics
e.g. Metronidazole

Immunosuppressive

(see RA)
Increased susceptibility for
infections

AZ is the prodrug of 6-MP;
together with MTX it inhibits the
synthesis of purine
Cyclosporine and tacrolimus are
both calcineurin inhibitors
Anti-bacterial

Table 4: Biological agents currently approved by the FDA for the treatment of inflammatory
bowel disease. Listed are the biological agents and targets, their mechanism of action (MOA) and
comments, including adverse drug reactions (based on (Triantafillidis et al., 2011)).
Target / Agent

MOA

Comments

TNF-α

TNF-α inhibitor

Increased risk of mild to severe
infections

mAbs:
Infliximab (Remicade ®)
Adalimumab (Humira ®)
Pegylated anti-TNF-α Fab:
Certolizumab pegol
(Cimzia ®)
α4 integrin
Natlizumab (Tysabri®)

not approved in EU

α4 integrin antagonist
Inhibition of leukocyte adhesion
and extravasation
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Only approved for CD

Besides these agents already approved by the FDA, several other biologic agents are in
different stages of clinical testing, including MLN-02 (mAb against α4β7 integrin),
tocilizumab (anti-IL-6R antibody), fontolizumab (anti IFN-γ antibody) and ustekinumab
(anti IL-12/23 p40 antibody) for the treatment of IBD (Reenaers et al., 2010).

Psoriasis
Psoriasis is a chronic inflammatory skin disease, affecting 2-4 % of the population in
Western countries (Parisi et al., 2013). The vast majority is affected by psoriasis vulgaris,
which is characterized by well-demarcated, erythematous plaques, associated with silvery
scales (Nestle et al., 2009). The plaques are often symmetrically distributed, occurring
typically on elbows and knees, scalp, the lumbosacral region, and around the umbilicus
(Griffiths et al., 2007). Among the psoriasis patients, more than 13 % develop psoriatic
arthritis (Ibrahim et al., 2009). Furthermore, psoriasis is often associated with systemic
disorders, including cardiovascular diseases, depression, metabolic syndrome, and
diabetes mellitus (Griffiths et al., 2007). The skin of a psoriatic plaque has three welldefined histological features. First, marked epidermal changes with a thickening of the
epidermis (acanthosis), aberrantly retained nuclei in keratinocytes of the stratum corneum
(parakeratosis), and elongated epidermal rete ridges, which mainly are the consequence of
enhanced proliferation and aberrant terminal differentiation of epidermal keratinocytes
(Lowes et al., 2007). Second, various inflammatory cells infiltrate the dermis and the
epidermis. Typically, T cells in psoriatic lesions show a distinct distribution, with an
accumulation of CD4+ cells in the dermis and the transport of CD8+ cells into the
epidermis (Kryczek et al., 2008; Lowes et al., 2007). The third hallmark of psoriatic skin
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are elongated and hyperplastic blood vessels present in the dermal space. Although the
cause of psoriasis is not known yet, different psoriasis susceptibility loci, named PSORS
1-12, were identified by genome-wide scans (Wagner et al., 2010). Recently, additional
loci related to IL-23, NF-kB, VEGF-A and TNF signaling pathways have been identified
(Nair et al., 2009; Young et al., 2004). Moreover, it is well known that in psoriasis a
complex interplay between the innate and the adaptive immune system is fundamental for
the initiation and maintenance of the disease. Keratinocytes as a part of the innate immune
system are activated in response to cytokines (e.g. IL-1β) and growth factors (Nestle et
al., 2009). They can themselve produce cytokines, chemokines and growth factors (e.g.
IL-1, IL-6, TNF-α, IFN-γ and VEGF-A) and release antimicrobial peptides (e.g. LL37,
defensins and S100 proteins) which are chemotactic for neutrophils and DCs (Perera et
al., 2012). By secreting IL-1β, TNF-α and IFN-γ, keratinocytes activate DCs, which play
a fundamental role in the pathogenesis of psoriasis (Wagner et al., 2010). They are the
major source of proinflammatory mediators and were shown to be main producers of IL23 in psoriatic skin, driving the differentiation of Th17 cells (Perera et al., 2012). DCderived cytokines in turn can further activate keratinocytes. Upon activation, DCs migrate
into skin draining lymph nodes, where a yet unknown antigen is presented to T cells and
promotes their differentiation into various T cell subsets. Among the different T helper
cell subsets, Th1, Th17 and Th22 cells are most abundant in the circulation of psoriatic
patients and are thus likely to be important in the pathogenesis (Kagami et al., 2010).
Within this complex interplay between innate and adaptive immune system, secreted
cytokines and chemokines play a key role, which was validated by the clinical success of
anti-TNF therapies. Other key factors and signaling pathways in psoriasis are the
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IL23/IL17 – Th17 axis, IL-12, IL-22, NF-kB and IFN-γ (reviewed in (Perera et al.,
2012)).
Psoriasis can be treated by topical or systemic therapeutics. Among the topical treatments,
corticosteroids, Vitamin D analoga, calcineurin inhibitors, corticosteroids and keratolytic
agents are frequently used. Among the systemic treatments for psoriasis, different small
molecules and biological agents are used, which are summarized in Tables 5 and 6.

Table 5: Disease modifying drugs currently approved by the FDA for the treatment of
psoriasis. Listed are small molecules, their mechanism of action (MOA) and comments, including
adverse drug reactions (based on (Menter et al., 2007; Warren et al., 2008)).

	
  
Agent

MOA

Comments

Corticosteriods

See RA

Vitamine D analoga
Calcitriol (Silkis ®)
Calcipotriol (Daivonex ®)
Tacalcitol (Curatoderm ®)
Calcineurin inhibitors
Tacrolimus (Protopic ®)
Pimecrolimus (Elidel®)
Methotrexate (MTX)
Cyclosporine
Sandimmun (Neoral ®)

Reduces keratinocyte
proliferation
Anti-inflammatory
Modulation of T cell function
Immunosuppressive

Topical treatment
Skin athrophy
Topical treatment

Vitamin A analoga (retinoids)
Acitretin (Neotigason ®)

MOA is not completely
understood

See RA
Calcineurin inhibitor

Topical treatment

See RA
Increased susceptibility for
infections
Nephrotoxicit
Teratogen
As monotherapy less efficient
than MTX and Cyclosporine
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Table 6: Biological agents currently approved by the FDA for the treatment of psoriasis.
Listed are the biological agents and targets, their mechanism of action (MOA) and comments,
including adverse drug reactions (based on (Weger, 2010)).
Agent

MOA

Comments

TNF-α
sTNF-R-Fc:
Etanercept (Enbrel ®)

TNF-α inhibitor

First biologic agents approved
for psoriasis
Considered as central strategy

mAbs:
Infliximab (Remicade ®)
Adalimumab (Humira ®)

IL-12/23 p40
Ustekinumab (Stelara ®)
LFA-3
Alefacept (Amevive ®)

All with similar safety and
efficacy

Inhibits IL-12 and IL-23 action,
thus interfering with T cell
activation
Binds CD2 on T-cells, thus
blocking their activation

Increased risk of mild to severe
infections
Increased risk of mild to severe
infections
Increased risk of mild to severe
infections

In addition, several other agents are in clinical investigations for the treatment of
psoriasis. One cytokine of central interest is IL-17. Different anti-IL-17 monoclonal
antibodies (secukinumab, ixekizumab and brodalumab) as well as an anti-IL-17 receptor
antibody (brodalumab) are in advanced clinical testing. Additionally, various small
molecules targeting the Janus kinase (JAK inhibitor, tofacitinib), protein kinase C (PKC
inhibitor, sotrastaurin) and two different type 4 phosphodiesterase inhibitors (sotrastaurin
and apremilast) are in clinical development for the treatment of psoriasis (Mease et al.,
2014; O'Shea et al., 2014).
Besides targeting different components of the innate and adaptive immune system, blood
and lymphatic vessels are also promising targets for chronic inflammatory diseases. The
efficacy of therapeutics which inhibit angiogenesis was shown in preclinical animal
models of arthritis and chronic skin inflammation (Guo et al., 2009; Huggenberger et al.,
2010; Schonthaler et al., 2009). In contrast to the blood vessels, which have to be blocked
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to generate an anti-inflammatory response, the lymphatic vessels have to be activated. The
potential of this strategy was evaluated in different studies, using animal models of
rheumatoid arthritis, IBD as well as acute and chronic cutaneous inflammation (Guo et
al., 2009; Huggenberger et al., 2011b; Huggenberger et al., 2010; Jurisic et al., 2013;
Kajiya et al., 2006; Kajiya et al., 2009; Zhou et al., 2011).

2.2

The two vascular systems

In most multicellular organisms two specialized vascular systems, the blood vascular
system and the lymphatic vascular system, have evolved. Together, they ensure efficient
transport of oxygen, nutrients, molecules and circulating cells as well as the collection of
carbon dioxide and other waste products. Both systems are structurally related, highly
branched and built up by endothelial cells (ECs). The blood vascular system is a closed
circulatory system, with the heart as driving force, whereas the lymphatic system is an
unidirectional system (Figure 4).

Figure 4. The blood and lymphatic vascular system. The blood vascular system is a closed
circulatory system, whereas the lymphatic system is unidirectional. The heart is the central pump
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of the blood system, which delivers oxygen and nutrients via arteries and capillaries to the
peripheral tissues. The venous system is responsible for the transport of deoxygenated blood back
to the heart. Fluid, macromolecules and cells extravasated from the blood capillaries are drained
back to the blood vascular system by the lymphatic system (Cueni et al., 2006).

2.2.1

The lymphatic vascular system

Structure and anatomy
The lymphatic system begins as blind-beginning lymphatic capillaries into which
extravasated fluid and cells from the tissue are drained. Lymphatic capillaries consist of a
single layer of oak leaf-shaped endothelial cells, which are connected by discontinuous
button-like junctions. These button-like junctions are composed of VE-Cadherin and
different tight junctional proteins. The interjunctional gaps make the lymphatic capillaries
highly permeable and allow fluid and leukocytes to enter into the vessel (Baluk et al.,
2005). Lymphatic capillaries are only surrounded by a thin and perforated basement
membrane and lack pericytes and smooth muscle cell coverage (Baluk et al., 2007).
Anchoring filaments connect lymphatic capillaries with the extracellular matrix,
preventing collapse of the vessels by increased interstitial tissue pressure (Leak et al.,
1968). From the lymphatic capillaries, lymph is further drained via pre-collecting
lymphatics into collecting lymphatic vessels. These vessels are characterized by the
presence of a continuous basement membrane, smooth muscle cell coverage and valves,
which prevent backflow of the lymph. Endothelial cells in collecting lymphatic vessels
are tightly connected by continuous zipper-like junctions, which make these vessels less
permeable (Baluk et al., 2005; Dejana et al., 2009) (Figure 5). Lymph flow is propelled
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by contractility of smooth muscle cells and surrounding skeletal muscles as well as the
pulsation of the arteries (Alitalo, 2011).

Anchoring
filaments
lymphatic capillaries

ECM

button-like
junctions

SMC

valve
zipper-like
junctions
Basement
membrane

collecting
lymphatic
vessels

Figure 5: The anatomy of initial and collecting lymphatic vessels. Lymphatic capillaries
consist of oak leaf-shaped lymphatic endothelial cells, which form overlapping flaps and are
loosely connected by discontinuous button-like junctions (red). They are connected to the
extracellular matrix (ECM) via anchoring filaments. Lymphatic capillaries are not covered by
smooth muscle cells (SMC) and only have a thin and discontinuous basement membrane. In
comparison, collecting lymphatic vessels are surrounded by a continuous basement membrane and
show SMC coverage. Additionally, they have valves, which prevent the backflow of the lymph.
Lymphatic endothelial cells in collectors are connected by continuous zipper-like junctions
(adapted from (Baluk et al., 2007)).
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The lymph is returned from collecting lymphatic vessels to the blood circulation via a
specialized lymphovenous junction between the thoracic duct and the subclavian vein
(Jeltsch et al., 2003). When the lymph reaches the thoracic duct, it has passed through
different LNs (Figure 4). LNs are well known as the priming sites of adaptive immune
responses. Soluble antigens or antigen-presenting cells carrying antigens from the
periphery are drained with the lymph to the LN. Within the lymph node, APCs can
present their antigen to T cells and initiate an adaptive immune response.
Several lymphatic specific markers such as VEGFR-3, LYVE-1, podoplanin and Prox1
have been identified during the last years, making research in the field of the lymphatic
vascular system possible (Alitalo, 2011). These markers are differentially expressed on
lymphatic capillaries and collecting lymphatics. All of them are highly expressed on
lymphatic endothelial cells during development and in lymphatic capillaries. In adult
mice, the expression of Prox1 and VEGFR-3 remains high in collecting vessel valves;
however, it is downregulated on the collectors themselves (Norrmen et al., 2009). LYVE1 is almost absent on collecting lymphatic vessels (Norrmen et al., 2009).

Development of the lymphatic vasculature
The lymphatic vascular system only develops after the blood circulation is established. In
human embryos, lymph sacs appear after 6-7 weeks, and in mice at embryonic day E9.510.5 (Norrmen et al., 2011). Florence Sabin proposed in 1902 the so called ‘centrifugal’
theory for the development of the lymphatic system, which suggests that the lymphatic
vessels arise by sprouting from embryonic veins (Sabin, 1902). In contrast, the
‘centripetal’ theory proposed by Huntington and McClure suggests that mesenchymal
precursor cells (lymphangioblasts) are the source of lymphatic vessels and are built
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independently of the veins (Huntington et al., 1908). Lineage tracing experiments using
mice with genetically labeled Prox1-expressing lymphatic endothelial cells provided
direct evidence for the venous origin of the lymphatic system, which supports the
‘centrifugal’ model of lymphatic vessel origin (Srinivasan et al., 2007). Hägerling et al.
recently reported that in addition to Prox1+ cells arising in the cardinal vein, at the same
time Prox1+ cells also appeared in the superficial venous plexus (Hagerling et al., 2013).
The lymphatic vasculature starts to develop when a subset of endothelial cells in the
anterior cardinal vein begin to express Prox1 in a polarized manner. Prox1, a main
regulator of lymphatic commitment, is induced by the transcription factor Sox18. This
signaling axis is essential for LEC specification. Prox1 was shown to be sufficient to reprogram blood vascular endothelial cells into lymphatic endothelial cells, thus acting as a
master regulator of lymphatic development (Hong et al., 2002; Petrova et al., 2002).
Furthermore, Prox1-/- mice completely lack lymphatics and Sox18-/- mice were shown to
develop edema due to blocked LEC development in the vein (Francois et al., 2008; Wigle
et al., 1999). Besides Sox18, the orphan nuclear receptor chicken ovalbumin upstream
promoter transcription factor II (COUP-TFII) was also shown to cooperate with Prox-1
and to be important for the initiation and maintenance of Prox-1 expression as well as the
regulation of LEC-specific gene expression (Lin et al., 2010; Srinivasan et al., 2010;
Yamazaki et al., 2009). The signals leading to the polarized expression of Sox18 and
Prox1 in the cardinal vein are not yet known. Prox1 expressing cells then bud off from the
cardinal vein and migrate towards a VEGF-C gradient provided by the mesenchyme
dorsolateral to the cardinal veins, forming the primary lymph sacs (Karkkainen et al.,
2004). Different mechanisms how these primary lymph sacs are formed have been
suggested: Migration of single cells, sprouting and ballooning (Francois et al., 2012).
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Recently, Hägerling et al. found evidence that the lymphatic endothelial progenitors
leaving the cardinal vein additionally form a stream of connected, spindle shaped cells
(Hagerling et al., 2013). VEGF-C was shown to be essential for the formation of
lymphatic sprouts arising from the embryonic veins to form the primary lymph sacs
(Karkkainen et al., 2004). In addition to VEGF-C, the collagen and calcium binding EGF
domain 1 (CCBE1) protein is required for budding and sprouting of lymphangioblasts as
well as for the formation of the thoracic duct (Bos et al., 2011; Hogan et al., 2009). All
peripheral lymphatic structures are then further generated by sprouting from the lymph
sacs, leading to the formation of a primary lymphatic plexus. As one of the key events in
lymphatic development, the newly formed lymphatic vasculature has to separate from the
blood vasculature. This process is dependent on platelets, which aggregate at the site of
cardinal vein and lymph sac connection. The interaction between LEC-specific
podoplanin and the CLEC-2 receptor on platelets at the lympho-venous interface leads to
the activation of Syk, Slp-76 and PLC-γ2 in platelets, and thereby stimulates platelet
aggregation and clot formation, sealing off lymphatic vessels from the vein (Bertozzi et
al., 2010; Ichise et al., 2009; Uhrin et al., 2010). Deficiency of Syk and Slp-76 leads to
blood-filled lymphatics, a result of aberrant connections between blood and lymphatic
vessels (Abtahian et al., 2003). After the separation of the blood and lymphatic
vasculature, the lymphatic vessels mature and remodel to ultimately form a branched
network of peripheral lymphatic vessels (Figure 6) (Alitalo, 2011).
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Figure 6: Lymphatic vessel development. At embryonic day E 9.5, distinct venous endothelial
cells in the cardinal vein start to express the transcription factor prospero-related homeobox factor
1 (Prox1). The transcription factor Sox18 and COUP-TFII (chicken ovalbumin upstream promoter
transcription factor II) induce the expression of Prox1. However, the signal driving the polarized
expression of Sox18 and Prox1 is still unknown. At E10.5-11.5, VEGFR-3+/LYVE-1+/Prox1+ cells
bud off the cardinal vein and migrate towards a VEGF-C gradient to build the primary lymph sac.
At the interface of cells from the cardinal vein and lymphatic endothelial cells of the lymph sac,
platelets are essential in the separation of the blood and lymphatic system. The interaction of
podoplanin, expressed on lymphatic endothelial cells, with the receptor CLEC-2, expressed on
platelets, further activates Syk, Slp76 and PLC-γ2, leading to platelet aggregation and the
formation of a blood clot which seals off the vein from the lymph sacs. Finally, the primitive
primary lymphatic plexus matures and develops into a complex lymphatic network (adapted from
(Jurisic et al., 2009; Tammela et al., 2010)).
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Physiological functions of the lymphatic vasculature
The lymphatic vascular system is important for multiple physiological processes. The
maintenance of fluid homeostasis in the body is one of its main functions. After
extravasation from the blood capillaries, the lymphatic vasculature is responsible to return
the protein-rich fluid (lymph) to the circulating blood. The lymph contains fluid,
macromolecules and cells. On the way back to the blood circulation, it passes different
lymph nodes in which soluble antigens and antigen-presenting cells interact with immune
cells and contribute to immune surveillance or the activation of an innate immune
response. The third important function of the lymphatic system is the absorption of dietary
fat in the intestine.

2.2.2

Angiogenesis and lymphangiogenesis

Angiogenesis and lymphangiogenesis, the growth of new blood vessels and lymphatic
vessels from pre-existing ones, are two processes involved in different physiological and
pathological conditions such as wound healing, inflammation, tumor growth and
metastatic spread (Carmeliet, 2003; Hirakawa et al., 2005; Karpanen et al., 2008;
Mumprecht et al., 2009). Among all the pro-angiogenic and pro-lymphangiogenic factors,
the different VEGFs, together with their corresponding VEGFRs, are main drivers of
angiogenesis and lymphangiogenesis.

VEGFs and VEGF receptors
In mammals, the family of vascular endothelial growth factors (VEGFs) consists of five
related members: VEGF-A, VEGF-B, VEGF-C, VEGF-D and PlGF (placental growth
factor). VEGF homologues were found in Orf viruses (VEGF-E) and in snake venom
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(VEGF-Fs) (Lyttle et al., 1994; Yamazaki et al., 2003). All members of the VEGF family
are secreted dimeric glycoproteins with the receptor-binding site at their poles (Muller et
al., 1997). The VEGFs bind with different binding specificities to the three different
tyrosine kinase receptors: VEGFR-1 (Flt-1), VEGFR-2 (Flk-1 or KDR) and VEGFR-3
(Flt-4). VEGF-A binds to VEGFR-1 and VEGFR-2, VEGF-B and PlGF to VEGFR1.
VEGF-C and VEGF–D activate VEGFR-3. After proteolytic processing they can also
bind to VEGFR-2, however with a lower affinity than to VEGFR-3 (Olsson et al., 2006)
(Figure 7). VEGF-E specifically activates VEGFR-2, whereas the snake venom VEGF-Fs
bind to VEGFR-1 and VEGFR-2 (Meyer et al., 1999; Takahashi et al., 2004; Yamazaki et
al., 2003). Ligand binding leads to the formation of homo- or heterodimers and the
activation of the intracellular tyrosine kinase domain. After ligand binding, VEGFRs are
internalized and degraded via proteasomes or dephosphorylated, which leads to a rapid
shutdown of the signaling (Kappert et al., 2005). Signaling via the three VEGF receptors
is essential for vascular development during embryogenesis (vasculogenesis) as well as
for the formation of new blood and lymphatic vessels in the adult (angiogenesis and
lymphangiogenesis) (Lohela et al., 2009). Besides this, the VEGF/VEGF receptor axis
was also shown to be involved in immune mediated processes, such as T cell priming and
polarization as well as macrophage recruitment (Cursiefen et al., 2004; Kim et al., 2010).
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Figure 7: Receptor binding specificity of VEGFs on endothelial cells. The VEGF family
consists of five members: VEGF-A, VEGF-B, VEGF-C, VEGF-D and PlGF. Blood endothelial
cells characteristically express VEGFR-1 and VEGFR-2. On blood vessels, VEGFR-3 is mainly
expressed in the tip of vascular sprouts. Lymphatic endothelial cells express VEGFR-2 and
VEGFR-3 which both mediate lymphangiogenesis. VEGF-C156Ser is a mutated form of the
natural VEGF-C, which specifically activates VEGFR-3 and lymphangiogenesis. Additionally,
neuropilins (Nrp-1/-2) and heparin sulfate proteoglycans (HSPG) are expressed on endothelial
cells, acting as VEGF co-receptors (adapted from (Zgraggen et al., 2013)).

VEGF-A
VEGF-A was discovered in 1983 by Harold Dvorak as a factor secreted by tumor cells
being able to elicit blood vessel leakage in the skin (Senger et al., 1983). He named it
vascular permeability factor (VPF). In 1989, Napoleone Ferrara described an endothelial
mitogen and named it vascular endothelial growth factor (VEGF) which was
independently also reported by Connolly et al. (Connolly et al., 1989; Ferrara et al.,
1989). Finally, cDNA cloning of VEGF and VPF demonstrated their identity (Keck et al.,
1989; Leung et al., 1989). Alternative splicing of VEGF-A leads to the generation of nine
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different isoforms, among which pro-angiogenic (VEGFxxx) and anti-angiogenic
(VEGFxxxb) subtypes are known (xxx indicates the number of amino acids). The several
isoforms differ in their matrix and co-receptor binding capacities. VEGF-A165 (VEGF-A164
in mice) is the predominant and best-studied isoform and can bind to the cell surface as
well as to extracellular matrix (Park et al., 1993). The importance of VEGF-A in
angiogenesis was demonstrated in mice lacking one single VEGF-A allele, which die at
E11-12 due to severe defects in vascular development (Carmeliet et al., 1996; Ferrara et
al., 1996). In vitro, VEGF-A induces proliferation, sprouting, migration, and tube
formation of endothelial cells (Ferrara et al., 2003). Furthermore, it is a potent survival
factor for endothelial cells in vitro and in vivo (Alon et al., 1995; Benjamin et al., 1999;
Gerber et al., 1998; Yuan et al., 1996). Additionally, VEGF-A has also an effect on bone
marrow-derived cells, by promoting monocyte chemotaxis (Clauss et al., 1990).
VEGF-A expression is strongly induced in hypoxic conditions via hypoxia inducible
factor (HIF) (Pugh et al., 2003). Furthermore, VEGF-A expression is increased through
the activation of different tyrosine kinase receptors, including epidermal growth factor
(EGF), hepatocyte growth factor (HGF), insulin-like growth factor (IGF), PDGF (plateletderived growth factor) and fibroblast growth factor (FGF) receptors (Deroanne et al.,
1997; Finkenzeller et al., 1992; Warren et al., 1996; Yen et al., 2002; Zhang et al., 2003).

VEGF-A in vascular endothelial permeability
Another central biological activity of VEGF-A is its effect on vasodilatation and vascular
permeability in vivo. VEGF-A induces the production of nitric oxide (NO) via the
activation of endothelial nitric oxide synthase (eNOS) (Papapetropoulos et al., 1997;
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Ziche et al., 1997). The relevance of the increased NO release for the vascular
permeability properties of VEGF-A was demonstrated by the strongly reduced VEGF-Ainduced vascular leakage response in eNOS deficient mice (Fukumura et al., 2001;
Murohara et al., 1998). The activation of eNOS by VEGF-A can be mediated through
different pathways which include the direct association between eNOS and
Ca2+/calmodulin (CaM) or via phosphorylation of eNOS by Akt, AMP-activated protein
kinase, CaM-dependent kinase II and PKA (protein kinase A) (Dimmeler et al., 1999;
Hashimoto et al., 2006; Reihill et al., 2007; Schneider et al., 2003). NO is known to
regulate the activity of soluble guanylate cyclase (sGC) and cGMP (cyclic guanosine
monophosphate) generation, which activates protein kinase G (PKG) (Yuan, 2002, 2006).
In human umilical vein endothelial cells (HUVEC), it was shown that VEGF-A
stimulation leads to NO release, the activation of PKG, ERK1/2 (extracellular signalregulated kinase 1/2) and MLCK (myosin light-chain kinase) (Hood et al., 1998; Parenti
et al., 1998). Increased MLCK activity was found to be associated with an increase in the
intracellular gap formation in endothelial cell monolayers as well as contractile
cytoarchitecture (Tinsley et al., 2000). Inhibition of the two kinases ERK1/2 and MLCK,
which are downstream of PKG, prevents microvessel hyperpermeability (Wu et al.,
2005). Although the exact mechanism by which ERK1/2 regulates MLCK activation is
not yet clear, it is likely that the MLCK-mediated actin-myosin contraction in endothelial
cells mediates NO-induced vascular endothelial permeability.
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VEGF-C and VEGF-D
In comparison to VEGF-A, VEGF-C and VEGF-D are not formed by alternative splicing,
but are the result of proteolytic processing of a propeptide at the N- and C-terminal ends.
The mature forms of human VEGF-C and VEGF-D both bind VEGFR-3 and VEGFR-2,
with a lower affinity for VEGFR-2 (Joukov et al., 1997; McColl et al., 2003). However,
VEGF-C156Ser, a mutated form of natural VEGF-C, in which the cysteine 156 is
replaced by a serine, as well as mouse VEGF-D were shown to be selective VEGFR-3
agonists (Baldwin et al., 2001; Joukov et al., 1998). VEGF-C deficiency leads to
embryonic lethality due to a complete absence of lymphatic vessels and subsequent tissue
edema formation (Karkkainen et al., 2004). Even VEGF-C heterozygous mice display a
delayed development of the lymphatic vasculature and lymphatic hypoplasia, indicating
the importance of VEGF-C for lymphatic development (Karkkainen et al., 2004). In
comparison to VEGF-C, VEGF-D is largely dispensable for the development of the
lymphatic system. VEGF-D deletion does not affect the development of the lymphatic
vascular system (Baldwin et al., 2001). In vitro, VEGF-C stimulates proliferation,
migration and survival of endothelial cells (Joukov et al., 1996; Lee et al., 1996). Finally,
by using transgenic mice expressing VEGF-C156Ser or VEGF-D in epidermal
keratinocytes under the keratin 14 promoter, it was shown that VEGFR-3 signaling is
sufficient to specifically induce lymphangiogenesis in vivo (Veikkola et al., 2001).

VEGFR-1
VEGFR-1 (Flt-1 (Fms-like tyrosine kinase 1)) is activated by VEGF-A, VEGF-B and
PlGF. It is expressed on endothelial cells as well as on some monocytes and macrophages,
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vascular smooth muscle cells and pericytes, among others (Grosskreutz et al., 1999;
Lohela et al., 2009; Sawano et al., 2001). In response to VEGF-A, VEGFR-1 only shows
low levels of tyrosine phosphorylation, suggesting that VEGFR-1 is rather a decoy
receptor which regulates the activity of VEGF-A by preventing its binding to VEGFR-2
(de Vries et al., 1992; Waltenberger et al., 1994). Besides the membrane-bound form,
VEGFR-1 also exists in a soluble form, which is generated by alternative splicing and
thus can inhibit VEGF-A actions (Kendall et al., 1993). Flt-1 deficient mice die at E8.5E9.5 due to increased proliferation of angioblasts, leading to a disorganized and
dysfunctional vascular system (Fong et al., 1995; Fong et al., 1999). This supports the
hypothesis that at least during early development, VEGFR-1 has a negative regulatory
role. In line with this, VEGFR-1 signaling is not essential for vascular development, since
mice expressing a tyrosine kinase deficient VEGFR-1 did not show any defects in
vascular development (Hiratsuka et al., 1998). This suggests that the ability of VEGFR-1
to bind and trap VEGF-A and thereby to prevent VEGFR-2 activation is necessary to
allow vascular development. In contrast, VEGF-A dependent migration of monocytes
requires the tyrosine kinase domain of VEGFR-1 (Barleon et al., 1996; Hiratsuka et al.,
1998).

VEGFR-2
VEGFR-2 (KDR (kinase insert domain receptor), Flk-1 (fetal liver kinase 1)) is activated
by VEGF-A, proteolytically processed VEGF-C and VEGF-D as well as VEGF-E. Even
though VEGF-A binds VEGFR-2 with a 10-fold lower affinity than VEGFR-1, selective
activation of the two receptors has shown that VEGFR-2 is the primary receptor
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transmitting VEGF-A signals in endothelial cells (Gille et al., 2001; Koch et al., 2011).
VEGFR-2 is expressed in blood vascular and lymphatic endothelial cells as well as in
other cells such as megakaryocytes and hematopoietic stem cells (Tammela et al., 2005a).
VEGFR-2 plays a key role in developmental angiogenesis and hematopoiesis. This was
demonstrated by mice deficient in VEGFR-2, which die at E8.5-9.5 due to defective
development of hematopoietic cells and endothelial cells (Shalaby et al., 1997; Shalaby et
al., 1995). VEGFR-2 stimulation by VEGF-A activates angiogenesis by inducing
endothelial cell survival, proliferation, migration and tube formation as well as by
increasing endothelial permeability (Shibuya et al., 2006). Ligand binding to VEGFR-2
leads to receptor dimerization. In contrast to VEGFR-1, stimulation of VEGFR-2 with
VEGF-A leads to a strong autophosphorylation at several tyrosine residues (Matsumoto et
al., 2001). Phosphorylation of Tyr1175 is necessary for proper vascular development,
which is evidenced by the lack of vasculogenesis and embryonic lethality in mice with a
mutated Tyr1175 (Sakurai et al., 2005). Phosphorylated Tyr1175 binds to phospholipase
C (PLC)y which hydrolyses PIP2 (phosphatidyl inositol 4,5 bisphosphate) to generate IP3
(inositol 3,4,5 triphosphate), Ca2+ fluxes and diacylglyerol (DAG). DAG mediates the
activation of the Raf-MEK-Erk pathway via protein kinase C (PKC), which is involved in
proliferation (Takahashi et al., 1999; Takahashi et al., 2001; Xia et al., 1996). The Ca2+
fluxes activate nuclear factor of activated T cells (NFAT), which leads to increased
vascular permeability via stimulation of eNOS expression and NO production (Yang et
al., 2012). Additionally, phosphorylation of Tyr1175 is associated with the activation of
phosphoinositide 3-kinase (PI3K) via different pathways, including FAK, Shb, Gab1,
IQGAP and TSAd/Src/Axl (Figure 8) (summarized in (Claesson-Welsh et al., 2013)).
Akt, a serine/threonine kinase, is activated downstream of PI3K, leading to survival and
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migration of endothelial cells as well as phosphorylation and activation of eNOS (Fulton
et al., 1999; Gerber et al., 1998). Besides Tyr1175, Tyr951 is another important VEGFR2 phosphorylation site. The signaling molecule ‘T cell specific adapter’ (TSAd) can bind
to phosphorylated Tyr951, which associates with Src and regulates stress fiber
organization, vascular permeability and endothelial cell migration (Matsumoto et al.,
2005).

Besides

that,

further

intracellular

signaling

pathways

influence

proliferation/survival, migration and permeability of endothelial cells upon VEGFR-2
activation by VEGF-A (summarized in Figure 8).

Figure 8: VEGFR-2 signal transduction. The downstream signaling of VEGFR-2 is shown in a
schematic and simplified outline. Dimerized and activated VEGFR2 contains several
phosphorylated tyrosine residues sites which serve as binding sites for different adaptor proteins
(e.g. TSAd, Shb, Shc, Sck), kinases (e.g. FAK, Src, PI3K), and for PLCγ. A complex network of
intracellular signal transduction pathways results in different biological responses such as
proliferation, survival, migration and permeability (adapted from (Claesson-Welsh et al., 2013;
Koch et al., 2011)).
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VEGFR-3
VEGFR-3 (Flt-4 (fms-related tyrosine kinase 4)) activation is stimulated by VEGF-C and
VEGF-D. During mouse embryogenesis, VEGFR-3 is broadly expressed in endothelial
cells, whereas later in development and in adult tissues, VEGFR-3 becomes largely
restricted to lymphatic endothelial cells (Dumont et al., 1998; Kaipainen et al., 1995;
Pajusola et al., 1992). However, VEGFR-3 is also expressed on endothelial tip cells of
angiogenic vessels during the postnatal period in the mouse retina (Tammela et al., 2008).
Furthermore, it was shown recently that inactivation of VEGFR-3 in endothelial cells led
to an increased angiogenic sprouting and branching, indicating that VEGFR-3 is involved
in the control of tip and stalk cell conversion (Tammela et al., 2011). Additionally,
VEGFR-3 is also expressed in neuronal progenitors, osteoblasts and macrophages (Le
Bras et al., 2006; Schmeisser et al., 2006; Tammela et al., 2008).
VEGFR-3 deficient mice die at E9.5, before the formation of lymphatics, as a result of
defective remodeling of the primary vascular plexus and cardiovascular failure (Dumont
et al., 1998). This indicates an important role of VEGFR-3 in blood vascular
development. Conversely, inactivation of the VEGFR-3 ligand VEGF-C alone or together
with VEGF-D leads to defective lymphatic vasculature whereas blood vessels developed
normally (Haiko et al., 2008). Furthermore, mice expressing a tyrosine kinase-deficient
VEGFR-3 develop a functional blood vasculature (Zhang et al., 2010). This indicates that
VEGFR-3 signaling is not needed for angiogenesis but that VEGFR-3 on blood vascular
endothelial cells may be important to regulate VEGFR-2 signaling via VEGFR-2/-3
heterodimerization or its co-receptors (Dixelius et al., 2003). Stimulation of VEGFR-3 in
vitro induces proliferation and migration of lymphatic endothelial cells and inhibits
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apoptosis (Joukov et al., 1998; Makinen et al., 2001). In vivo, adenoviral expression of
soluble VEGFR-3 led to a regression of newly forming lymphatic capillaries in the first
two weeks of postnatal life (Karpanen et al., 2006). However, the survival of mature
lymphatic vessels appears to be independent of VEGFR-3 (Karpanen et al., 2006). Still,
VEGFR-3 signaling plays a critical role in the regulation of lymphatic vascular function,
which is supported by the fact that patients carrying a mutation in VEGFR-3, which
results in an inactive tyrosine kinase, develop lymphedema (Ghalamkarpour et al., 2006;
Karkkainen et al., 2000).
Ligand binding to VEGFR-3 leads to the phosphorylation of at least 5 tyrosine residues,
among which Tyr1063 and Tyr1068 are essential for the kinase activity (Dixelius et al.,
2003; Salameh et al., 2005). Binding of the adaptor protein CrkI/II to Tyr1063 leads to the
activation of the JNK (c-JUN N-terminal kinase) pathway and thus to cell survival
(Salameh et al., 2005). Shc-Grb2 binding to phosphorylated Tyr1230/31/37 activates
signaling via ERK1/2, which induces proliferation and stimulates the PI3K/Akt pathway
regulating survival and migration of lymphatic endothelial cells (Makinen et al., 2001;
Salameh et al., 2005). Furthermore, integrins can lead to phosphorylation of VEGFR-3
independently of VEGF-C and VEGF-D, but dependent on Src (Galvagni et al., 2010)
(Figure 9).
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Figure 9: VEGFR-3 signal transduction. The downstream signaling of VEGFR-3 is shown in a
schematic and simplified outline. Ligand binding leads to dimerization and autophosphorylation
of several tyrosine residues, which act as docking sites for different adaptor molecules (e.g. CrkI/,
Shc, Snc, Grb2). These further activate downstream targets such as Erk1/2, PI3K, Akt and JNK,
finally leading to endothelial cell migration, proliferation and survival. Independent of VEGF-C/D stimulation, integrinβ1 can induce src-dependent phosphorylation of VEGFR-3 (adapted from
(Koch et al., 2011)).

VEGF co-receptors
VEGFs and VEGFRs can bind to co-receptors such as neuropilin 1 and 2 (Nrp-1/2), as
well as to heparan sulphate proteoglycans (HSPG). The co-receptors can influence the
signal transduction via VEGFRs. VEGF-A binds to Nrp-1 and Nrp-2 (Gluzman-Poltorak
et al., 2000), whereas VEGF-C only binds Nrp-2 (Lohela et al., 2003). HSPG, which are
expressed on adjacent cells such as pericytes, can for example increase the amplitude and
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duration of VEGF-A – VEGFR2 signaling (Jakobsson et al., 2006). Nrp-1 modulates
VEGFR-2 signaling by enhancing VEGF-induced signaling and migration of endothelial
cells, whereas Nrp-2 can mediate VEGF-C induced lymphatic sprouting together with
VEGFR-3 (Soker et al., 2002; Wang et al., 2003; Whitaker et al., 2001; Xu et al., 2010).

Additional mediators of lymphangiogenesis
Besides the VEGF-C/VEGF-D/VEGFR-3 axis, several other factors, such as HGF (Cao et
al., 2006; Kajiya et al., 2005), angiopoietin (Ang)-1 (Morisada et al., 2005; Tammela et
al., 2005b), FGF-2 (Cao et al., 2012; Chang et al., 2004), PDGF-BB (Cao et al., 2004),
IGF-1/2 (Bjorndahl et al., 2005), the lipid sphingosine-1-phosphate (S1P) (Yoon et al.,
2008), growth hormone (GH) (Banziger-Tobler et al., 2008), adrenomedullin (Fritz-Six et
al., 2008; Jin et al., 2008) and EGF (Marino et al., 2013) are known to exhibit prolymphangiogenic properties.

Additional mediators of angiogenesis
In addition to the VEGF-induced angiogenic pathways, several other factors and axes are
known to promote angiogenesis in adult. HGF (Sengupta et al., 2003; Sulpice et al.,
2009), FGF-2 (Cross et al., 2001; Lieu et al., 2011), PDGF (Cao et al., 2003; Hou et al.,
2010; Zhang et al., 2009), ephrins and their receptors (e.g. ephrinB2, EphB4) (Adams et
al., 1999; Salvucci et al., 2009; Wang et al., 1998), angiopoietins (reviewed in (Brindle et
al., 2006)) and the Notch pathway (reviewed in (Phng et al., 2009)) are all known to be
involved either in developmental angiogenesis, pathological angiogenesis, vascular
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stability or angiogenic sprouting. Additionally different inflammatory cytokines and
chemokines are known to have pro-angiogenic activities:

Table 7: Cytokines and chemokines with pro- and anti-angiogenic properties
Name

References

TNF- α

+

(Fajardo et al., 1992; Frater-Schroder et
al., 1987; Leibovich et al., 1987)

IL-1 +

(BenEzra et al., 1990; Cozzolino et al.,
1990; Jagielska et al., 2012)

IL-6

(Chan, 2008)

IL-8 (CXCL18)

(Addison et al., 2000; Koch et al.,
1992)

IL-15

(Angiolillo et al., 1997)

IL-17
IL-18

(Numasaki et al., 2003)
+

(Amin et al., 2010; Cao et al., 1999;
Coughlin et al., 1998; Park et al., 2001)

CXCL1

(Keeley et al., 2008; Strieter et al.,
1995)

CXCL2

(Keeley et al., 2008; Strieter et al.,
1995)

CXCL3

(Fan et al., 2008; Keeley et al., 2008;
Strieter et al., 1995; Volin et al., 2001)

CXCL5

(Keeley et al., 2008; Strieter et al.,
1995)

CXCL6

(Keeley et al., 2008; Strieter et al.,
1995)

CXCL7

(Keeley et al., 2008; Strieter et al.,
1995)

CXCL9

(Strieter et al., 1995)

CXCL12 (SDF-1)

(Kryczek et al., 2005; Salcedo et al.,
1999)

CCL2 (MCP-1)
+

(Ebnet et al., 1999; Salcedo et al., 2000)

also anti-angiogenic activity has been reported

(reprint from (Zgraggen et al., 2013))
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Role of macrophages in inflammation-induced angiogenesis and lymphangiogenesis
Bone marrow-derived monocytes circulate in the blood and extravasate from blood
vessels into the tissue where they differentiate into macrophages. VEGF-A is a wellknown chemoattractant for monocytes, and activated macrophages themselves express
different cytokines and growth factors such as VEGF-A, VEGF-C and VEGF-D (Barleon
et al., 1996; Berse et al., 1992; Cursiefen et al., 2004; Shen et al., 1993). It was first
shown by Cursiefen et al. that macrophages are essential for inflammation-induced
angiogenesis and lymphangiogenesis (Cursiefen et al., 2004). Subconjunctivally and
systemically injected clodronate liposomes, which efficiently deplete macrophages upon
phagocytosis by inducing cell death, lead to a significant inhibition of inflammationinduced corneal angiogenesis and lymphangiogenesis (Cursiefen et al., 2004; Maruyama
et al., 2005; Van Rooijen et al., 1994). Similar effects of macrophage depletion on
inflammation-induced lymphangiogenesis were found in mouse models of LPS-induced
peritonitis and skin inflammation (Kataru et al., 2009; Kim et al., 2009). Furthermore,
macrophage depletion and blockade of VEGF-A, -C or -D in LPS-induced skin
inflammation significantly decreased lymph flow and antigen clearance, which
contributes to a delayed resolution of inflammation in the skin (Kataru et al., 2009).
Overall, secreted VEGF-A, -C and –D from infiltrating macrophages are suggested to be
important mediators of inflammation-induced angiogenesis and lymphangiogenesis.

2.2.3

Blood vascular and lymphatic system in pathology

Besides the role of the blood vascular and lymphatic system in physiology, they are also
involved in a variety of human pathologies, including lymphedema, cancer cell
metastasis, inflammatory diseases, wound healing, and transplant rejection.
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Lymphedema
Edema is the consequence of an unbalanced ratio between fluid extravasation into the
tissue and fluid drainage out of the tissue via lymphatic vessels. Abnormal lymphatic
development or reduced lymphatic drainage capacity lead to a progressive accumulation
of protein-rich interstitial fluid. In addition to chronic tissue swelling, the accumulated
protein-rich fluid initiates an inflammatory response, resulting in fibrosis, accumulation of
subcutaneous fat, impaired wound healing and immune responses, which consequently
lead to an increased susceptibility to infections (Norrmen et al., 2011; Tammela et al.,
2010; Wang et al., 2010).
Depending on the etiology, lymphedema is classified as primary (congenital) or secondary
(acquired) lymphedema. Primary lymphedema is a rare pathological condition, caused by
several mutations in genes involved in crucial pathways during the development of the
lymphatic system. Primary lymphedema present at birth is classified as a form of Milroy’s
disease. The major cause of Milroy’s disease is a heterozygous missense mutation leading
to tyrosine kinase-negative VEGFR-3 (Irrthum et al., 2000; Karkkainen et al., 2000). The
disease is characterized by a dysfunctional and hypoplastic superficial lymphatic capillary
network in the affected regions (Brice et al., 2005; Mellor et al., 2010). A similar
phenotype is observed in Chy mice, which carry an inactivating mutation within the
kinase domain of VEGFR-3 (Karkkainen et al., 2001). Adenoviral expression of VEGF-C
induces the growth and formation of functional cutaneous lymphatic vessels in these mice
(Karkkainen et al., 2001). Another primary lymphedema subtype appears after birth,
lymphedema distichiasis. It is caused by a mutation in the transcription factor FOXC2
(Brice et al., 2002; Fang et al., 2000; Mangion et al., 1999). Even though the lymphatic
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vessel density is normal or increased in these patients, lymph reflux leads to inefficient
lymphatic transport, suggesting a primary valve failure in lymphatic vessels (Connell et
al., 2008; Mellor et al., 2007). This is in agreement with the phenotype found in FOXC2
deficient mice, which display defects in lymphatic remodeling and failure of lymphatic
valve formation (Petrova et al., 2004). Furthermore, primary lymphedema has been
associated with mutations in several other genes, including SOX18, TGA9, GJC2, NEMO
and CCBE1 (reviewed in (Jurisic et al., 2009; Norrmen et al., 2011; Wang et al., 2010)).
The majority of lymphedema cases are secondary to acquired damage of the collecting
lymphatic vessels. In developing countries, filariasis, an infection of the lymphatics by the
parasitic worms Wuchereria bancrofti, Brugia malayi or Brugia timori, is the most
common cause of secondary lymphedema (Melrose, 2002). The parasitic infection
induces an inflammatory response, stimulating the production of VEGF-A, VEGF-C and
VEGF-D and in turn induces hyperplasia, obstruction and damage of the lymphatic
vasculature (Pfarr et al., 2009). In contrast, in the industrialized world, secondary
lymphedema is most frequently associated with cancer therapy. Metastatic tumor spread
to lymph nodes makes it necessary to surgically remove lymph nodes. This destroys
collecting lymphatic vessels and thus leads to a decreased lymphatic drainage capacity.
Today, strategies to treat lymphedema are mainly based on conservative therapies such as
massage or manual drainage. However, the results described above using adenoviral
delivery of VEGF-C indicate that VEGFR-3 activation may be a therapeutic strategy to
treat secondary lymphedema.
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Wound healing
Wound healing is a complex process involving various cell types such as endothelial cells,
fibroblasts and inflammatory cells as well as growth factors and cytokines. Especially
macrophages were shown to play an essential role in wound healing-associated
inflammation. Circulating monocytes are recruited into the wound within the first few
days after injury where they differentiate into macrophages and produce VEGF-A and
VEGF-C (Hong et al., 2004; Polverini et al., 1977). Depletion of macrophages in wounds
delays the process of wound healing, indicating their important role (DiPietro, 1995;
Leibovich et al., 1975). Furthermore, during wound healing, angiogenesis as well as
lymphangiogenesis contribute essentially to the healing process (Paavonen et al., 2000;
Saaristo et al., 2004). Angiogenesis is important for provision of nutrients for active cells
in the wound via the newly formed blood vessels, and for promoting the formation of
granulation tissue. This was demonstrated by application of a VEGF-A neutralizing
antibody and retroviral delivery of VEGFR-2 to wounds, leading to reduced wound
angiogenesis and granulation tissue formation (Howdieshell et al., 2001; Tsou et al.,
2002). In comparison, the function of lymphatic vessels in wounds is to regulate normal
tissue pressure and the drainage of interstitial fluid, thus mediating the immune response
(Oliver et al., 2002). Adenoviral-mediated overexpression of VEGF-C156Ser improved
wound healing in diabetic mice, indicating the importance of VEGFR-3 stimulation in
wound healing (Saaristo et al., 2006). Therefore, targeted delivery of pro-angiogenic and
pro-lymphangiogenic factors to the wound site, for example in diabetic patients with
delayed wound healing, represents a potential therapeutic strategy.
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Inflammation
Both the blood and the lymphatic vascular system are closely connected to inflammatory
processes. During an inflammatory response, several inflammatory mediators (e.g.
VEGF-A, TNF-α, IL-6 and IL-1β) activate blood vascular endothelial cells, leading to the
upregulation of adhesion molecules such as ICAM-1, VCAM-1 or E-selectin. Chronically
inflamed tissue is characterized by an enlarged, hyperpermeable and activated blood
vasaculature, mediating a continuous extravasation of inflammatory cells and fluid into
the inflamed tissue. Several chronic inflammatory diseases such as rheumatoid arthritis,
inflammatory bowel disease, asthma, atopic dermatitis and psoriasis are characterized by
pronounced angiogenesis (Danese et al., 2006; Ribatti et al., 2009; Thairu et al., 2011;
Zhang et al., 2006). Similarly, also the lymphatic vascular system actively contributes to
the inflammatory response. Lymphatic vessels transport fluid, extravasated leukocytes
and antigen-presenting cells from the inflamed tissue towards the lymph node, thereby
mediating a reduction in edema and the initiation of an adaptive immune response.
Inflammation-associated

lymphangiogenesis

was

observed

in

several

chronic

inflammatory conditions, such as human psoriasis and in mouse models of chronic skin
inflammation, chronic airway inflammation and rheumatoid arthritis (Baluk et al., 2005;
Kajiya et al., 2006; Kunstfeld et al., 2004; Zhang et al., 2007).

Blood and lymphatic vessels in chronic skin inflammation
Vascular remodeling is a characteristic of several skin diseases such as atopic dermatitis,
contact dermatitis, UV damage and psoriasis (Chan, 2008; Kunstfeld et al., 2004; Yano et
al., 2002). VEGF-A, one of the key modulator of blood and lymphatic vascular
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remodeling was found to be elevated in the lesional skin of atopic dermatitis and psoriasis
(Brown et al., 1995; Detmar, 2000; Zhang et al., 2007). Additionally, the plasma levels of
VEGF-A correlate positively with the disease severity in psoriasis patients (Bhushan et
al., 1999).
Several mouse models have been developed in the recent year, to investigate vascular
remodeling in chronic skin inflammation, e.g. human psoriatic skin transplantation onto
severe combined immunodeficiency (SCID)-mice (Raychaudhuri et al., 2001), the
epidermal specific JunB/C-Jun knockout mice (Zenz et al., 2005), and K14-(keratin14)
VEGF-A transgenic mice (Xia et al., 2003). Homozygous K14-VEGF-A transgenic mice
– which continuously express, murine VEGF-A164 in epidermal keratinocytes under the
control of the K14 promoter - spontaneously develop a chronic cutaneous inflammation at
the age of approximately 5-6 months, with many characteristics of human psoriasis.
Besides epidermal hyperplasia and abnormal terminal differentiation of epidermal
keratinocytes they show the typical leukocyte infiltration including dermal CD4+ T cell
and epidermal CD8+ T cell accumulation, as well as a pronounced vascular remodeling
(Xia et al., 2003). In hemizygous K14-VEGF-A transgenic mice, a chronic skin
inflammation can be induced by the application of the contact sensitizer oxazolone
(Kunstfeld et al., 2004). In these mice, a strong anti-inflammatory action with a reduction
in inflammation-induced angiogenesis was observed by inhibiting the VEGFR-2 pathway
using a small molecular VEGFR inhibitor (NVP-BAW2881) and an anti-VEGFR-2
antibody (DC101) (Halin et al., 2008; Huggenberger et al., 2010). These results indicate
that angiogenesis plays an important role for disease maintenance and progression.
Additionally, specific activation of the lymphatic vasculature by intradermal injections of
recombinant VEGF-C156Ser significantly reduced the severity of skin inflammation,
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highlighting the importance of the lymphatic vasculature in inflammation (Huggenberger
et al., 2010). Even tough, hemizygous K14-VEGF-A transgenic mice are a reliable model
to study inflammation-induced vascular remodeling in the skin, psoriasis is a humanspecific disease which does not occur naturally in animals. Consequently, most of the
mouse models do not fully recapitulate all characteristics of the human disease. Therefore,
the use of different psoriasis mouse models might be advantages. Recently, it was
reported, that topical application of imiquimod, a toll-like receptor 7 and 8 agonist, was
shown to trigger a psoriasis-like skin inflammation in humans and in mice (van der Fits et
al., 2009).

Blood and lymphatic vessels in tumor growth and metastatic tumor spread
In 1971, Folkman identified angiogenesis as a critical component for tumor growth
(Folkman, 1971). He proposed that newly formed blood vessels are required to efficiently
supply the tumor cells with nutrients and oxygen. Malignant cells themselves can induce
angiogenesis by secreting pro-angiogenic factors. For example, the majority of human
tumors and tumor-associated macrophages were found to express VEGF-A (ClaessonWelsh et al., 2013). Furthermore, high levels of VEGF-A were shown to correlate with
poor prognosis in breast, kidney, brain and colon carcinomas (Dvorak, 2002). Tumor
microvessels are dilated and tortuous, disorganized and highly permeable, leading to
leakage of plasma proteins and increased interstitial pressure (reviewed in (Dvorak et al.,
1999). Due to the substantiality of VEGF-A in the process of tumor angiogenesis,
targeting this factor has been extensively investigated and finally led to the approval of
Avastin ® (bevacizumab), a humanized anti-VEGF-A monoclonal antibody, by the FDA.
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In combination with chemotherapy, it is approved for the treatment of advanced colorectal
cancer, advanced non small cell lung cancer and advanced renal cell cancer, and as a
single agent for second-line treatment of advanced glioblastoma (S.S.Parikh et al., 2012).
Additionally, different non-selective VEGFR-2 inhibitors (e.g. sunitinib, sorafenib,
pazopanib, axitinib), and a VEGF-A – Trap (Ziv-aflibercept, Zaltrap ®) are approved for
the treatment of several human tumors (Claesson-Welsh et al., 2013). However, the
benefit of VEGF-A/VEGFR-2 interfering agents is rather limited, even for responding
patients (Bergers et al., 2008; Ellis et al., 2008).
Even though both vascular systems were shown to be involved in the metastatic spread of
tumor cells, in most cancers the lymphatic vasculature is suggested to be the primary
pathway for metastatic spread of tumor cells to regional lymph nodes (reviewed in
(Karaman et al., 2014; Sleeman et al., 2009; Stacker et al., 2002)). Several studies
revealed that many different types of tumors express VEGF-C and VEGF-D, which was
linked to tumor-associated lymphangiogenesis, lymph node and distant metastasis as well
as to poor patient survival (Hirakawa et al., 2007; Skobe et al., 2001; Stacker et al.,
2001). Additionally, tumor-associated macrophages were shown to be a source of VEGFC and VEGF-D (Schoppmann et al., 2002). The importance of VEGF-C and VEGF-D in
tumor-associated lymphangiogenesis is indicated by studies using soluble VEGFR-3 or
VEGFR-3 blocking antibodies, which reduced tumor lymphangiogenesis as well as
lymphatic metastasis (He et al., 2002; Lin et al., 2005; Roberts et al., 2006). Recently,
IMC-3C5, an anti-VEGFR-3 antibody, entered clinical trials for the treatment of advanced
solid tumors for which no standard therapy is available or which are refractory to them
(Alitalo, 2011). Furthermore, Nrp-2 was found to be expressed on tumor-associated but
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not on normal lymphatic vessels, and blocking VEGF-C binding to its co-receptor Nrp-2
was shown to reduce tumor-associated lymphangiogenesis (Caunt et al., 2008).
The sentinel lymph node is often the first site of tumor dissemination. Thus, the degree of
lymph node metastasis is a major determinant for the staging, the prognosis as well as the
therapeutic decisions in many types of solid tumors.
Besides the different VEGFs, chemokines and their corresponding receptors, which are
essential for immune cell trafficking, are also involved in metastatic spread. CCL21 for
instance, which is produced by lymphatic endothelial cells, was shown to be
chemoattractant for CCR7 expressing inflammatory cells (Bromley et al., 2005; Ohl et al.,
2004). However, tumor cells can exploit this system by expressing CCR7 as well as
CXCR4, leading to chemotactic migration of tumor cells towards tumor-associated
lymphatic endothelial cells, which express CCL21 and CXCL12 (Hirakawa et al., 2009;
Shields et al., 2007). Furthermore, CXCL12 and CCL21 were found to be highly
expressed at primary metastatic sites, indicating a role of these two axes in tumor cell
dissemination (Muller et al., 2001).

Transplant rejection
Upon organ transplantation, alloreactive mononuclear recipient cells invade the
transplanted organ. To avoid transplant rejections, aggressive and unselective
immunosuppressive therapies are needed. However, several studies highlight a role of
lymphatic vessels in the rejection of lung, heart, kidney, pancreatic islets and cornea
transplants, suggesting anti-lymphangiogenic therapies as a novel strategy to avoid graft
rejections (Chen et al., 2004; Dashkevich et al., 2010; Kerjaschki et al., 2004; Nykanen et
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al., 2010; Yin et al., 2011). Increased lymphatic vessel density was found in lung, kidney
and heart transplants (Dashkevich et al., 2010; Kerjaschki et al., 2004; Nykanen et al.,
2010). In kidney and lung transplants, it was further shown that lymphatic vessel density
correlates with the degree of graft rejection (Dashkevich et al., 2010; Kerjaschki et al.,
2004). Additionally, lymphatic vessels in grafts express CCL21 and were found to be
surrounded by CCR7+ cells (Jin et al., 2007; Kerjaschki et al., 2004). This favors the
induction of an adaptive immune response against the transplant by the recruitment and
transport of CCR7+ antigen presenting cells from the graft to the draining lymph node via
lymphatic vessels. Interestingly, specific inhibition of VEGFR-3 signaling led to a
prolongation of cardiac graft survival, a reduction of CD4+ T cell infiltration and CCL21
expression by lymphatic vessels (Nykanen et al., 2010). Furthermore, blockade of
VEGFR-3 in a mouse model of corneal transplantation reduced corneal DC trafficking to
draining LNs as well as graft rejection (Chen et al., 2004). Thus, anti-lymphangiogenic
therapies might be a potent therapeutic strategy to prolong allograft survival.

2.3

Aims of the thesis

Chronic inflammatory disorders such as rheumatoid arthritis, inflammatory bowel disease
and psoriasis affect a large proportion of the world’s population. Although different
effective therapies are on the market today, they have certain drawbacks in distinct
subgroups of the population such as severe side effects, or they are only efficient in a
portion of patients. For example, the inhibition of TNF-α, which is considered a central
strategy to treat rheumatoid arthritis, fails to achieve an improvement of 20% in American
College of Rheumatology criteria (ACR20) in about 30% of the patients (Weinblatt et al.,
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2003; Weinblatt et al., 1999). Thus, there is still a big need for the identification of new
targets and/or alternative strategies to treat chronic inflammatory diseases. Therefore, the
first aim of this thesis was to identify new targets in chronic skin inflammation. To this
end, we performed a microarray study in the established K14-VEGF-A transgenic mouse
model of chronic skin inflammation and identified multiple upregulated genes comparing
the inflamed to the uninflamed skin. Among these targets, two were further evaluated in
separate projects by performing different in vitro and in vivo assays. Besides the wellknown role of different inflammatory mediators, there is increasing evidence that blood
and also lymphatic vessels are involved in chronic inflammatory disorders. Recently, our
lab found that specific activation of lymphatic vessels by a local injection of VEGFC156Ser into the inflamed skin reduced chronic skin inflammation in mice
(Huggenberger et al., 2010). These results were the starting point for the third project.
Since chronic inflammatory diseases such as psoriasis, psoriatic arthritis and rheumatoid
arthritis are rather systemic diseases, in which different parts of the body are often
affected simultaneously, we aimed to generate a tool which can be administered
intravenously (systemically) and which specifically accumulates at the inflamed sites in
the body, to activate the lymphatic vasculature in situ. After in vitro and in vivo
evaluation of new fusion proteins with regard to their lymphangiogenic activity and
targeting properties, the therapeutic potential of this strategy was further evaluated in two
different mouse models of skin inflammation.
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3

Gene expression analysis of uninflamed and inflamed mouse skin

3.1

Introduction

Inflammatory skin diseases represent one of the challenges in dermatology. They have
different appearances and can be generally classified into acute and chronic. Although
different small molecules and biologicals are in clinical use or development, the number
of targets and strategies to treat patients with cutaneous inflammation are limited. Thus,
the first aim to achieve within this thesis was the identification of new targets potentially
useful for the treatment of acute and chronic inflammatory skin diseases. To this end, we
performed a microarray study using an established mouse model of chronic skin
inflammation, the K14-VEGF-A transgenic mice (Kunstfeld et al., 2004).

3.2

Materials and Methods

Mice
The mice used for the microarray study were bred and housed in the animal facility of
ETH Zurich. Experiments were performed in accordance with animal protocol 149/2008,
approved by the local veterinary authorities (Kantonales Veterinäramt Zürich). K14VEGF-A transgenic mice have been described previously (Detmar et al., 1998; Xia et al.,
2003). By applying a 2% oxazolone solution (4-ethoxymethylene-2 phenyl-2-oxazoline-5one; Sigma-Aldrich) in aceton/olive oil (4:1 vol/vol) topically to the shaved abdomen (50
µl) and to each paw (5 µl) of 8-weeks old female mice, followed by a challenge with 10
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µl oxazolone (1%) on each side of the ear five days later, a chronic psoriasis-like skin
inflammation was induced (Kunstfeld et al., 2004).

Microarray analysis of uninflamed and inflamed ear skin
To generate a comprehensive transcriptional profile during the entire course of
inflammation, we chose one time point before challenge (day 0) as an uninflamed control
sample and the following time points after challenge: 8 hours, day 1, day 2, day 7, day 14
and day 21. For all these time points, 4 independent mice were analyzed, and total cellular
RNA was isolated from mouse ears using a TissueLyser, stainless steel beads, and the
RNeasy Mini kit (Qiagen) in combination with the RNase-free DNase Set (Qiagen). For
the amplification of RNA, the NUGEN Applause WT-Amp Plus ST system was used,
followed by purification of the amplified cDNA using the Qiagen MinElute Reaction
Clean up Kit. Fragmentation and labeling of the cDNA was done by using the NUGEN
encore Kit. Finally, the anti-sense stranded, fragmented and labeled cDNA was hybridized
to an Affymetrix Mouse Exon 1.0 ST array according the manufacturer’s protocol by the
Functional Genomics Center Zurich, Switzerland. Arrays were summarized and
normalized using robust multiarray analysis (RMA). Statistical testing was performed
using an ANOVA in limma package. The p-value is adjusted for multiple testing
correction using the Benjamini and Hochberg procedure.
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3.3

Results

3.3.1

Validation of microarray results

To validate our microarray results, we first checked the expression of distinct genes,
known to be upregulated in wild-type mice on day 2 as compared to day 0 upon
oxazolone sensitization and challenge (Huggenberger et al., 2011b). Thus, we
investigated the expression of TNF-α, IFN-γ, IL-1β, CCL2, CXCL2 and S100A8/A9 and
found them all to be significantly upregulated on day 2 as compared to day 0 (Table 8).

Table 8: Fold changes, p-values and log2 signals of selected known
inflammatory genes on day 2 compared to day 0

Gene
TNF-α

Fold change
(day 2 vs. day 0)
1.77

IFN- γ

1.25

0.02
0.04

Log2 signal
uninflamed
5.65

Log2 signal
inflamed, day2
6.45

5.81

6.24

-5

7.84

11.37

IL-1

11.49

2.3*10

CCL2

6.25

6.1*10-5

7.55

10.19

-7

5.39

9.76

CXCL2

20.79

1.7*10

S100a9

10.36

1.8*10-4

8.05

11.42

10.72

-4

7.50

10.92

S100a8

3.3.2

p-value

2.7*10

Identification of new targets for the treatment of chronic skin inflammation

In the K14-VEGF-A transgenic mice, sensitization and challenge with oxazolone
induces an inflammatory response, which leads to a chronic cutaneous
inflammation from day 7 on after challenge. Because our main interest was to
identify new targets for the treatment of chronic skin inflammation, for the target
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selection we compared the expression levels of individual genes on day 0 with
those on day 7 (see Appendix, supplementary table 1: Top 200 up-regulated
genes). To evaluate the upregulated genes we used the following criteria: a p-value
of <0.05 and a minimal fold change of 1.5. Thereby, 716 genes were found to be
significantly upregulated on day 7 as compared to day 0. Besides that, we
additionally constrained the number of possible targets for further investigations by
only shortlisting those which could be studied by already available tools such as
transgenic and/or knockout mice and selective inhibitors such as small molecules
or antibodies, and which were not yet well-studied. The targets with the highest
fold change on day 7 compared to day 0, which additionally fulfilled these
requirements, are listed in Table 9.

Table 9: Fold changes, p-values and log2 signals of selected genes on day 7
compared to day 0
Gene
symbol
CCL8
MMP-12
CD74

3.65
3.62

p-value
0.01
9*10-4

Log2 signal
uninflamed
8.19

Log2 signal
Inflamed, day7
10.15

7.06

8.89

1.1*10

-6

9.45

11.30

-3

7.15

8.76

TCR

3.06

7.6*10

CysltR2

2.89

3.0*10-5

5.52

7.05

Selplg

2.68

5.9*10

-5

7.21

8.63

PECAM-1

2.45

5.3*10-7

8.83

10.13

MCAM

2.36

4.7*10

-5

8.64

9.89

ESM1

2.73

7.7*10-5

6.64

8.08

IL-2R

2.35

1.3*10

-4

8.12

9.36

CCL3

2.34

2.1*10-3

6.75

7.98

6.60

7.83

F10

	
  

Fold change
(day 7 vs. day 0)
3.86

2.34

5.3*10

-4
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PDGFR-β

2.33

2.4*10-6

6.99

8.01

CCL2

2.13

5.9*10-3

7.55

8.64

2.13

-3

7.43

8.51

7.23

8.26

CXCR6

3.4*10
-4

CXCL16

2.03

5*10

F7

1.91

6.4*10-5

7.27

8.21

Nrp-2

1.75

2.4*10

-4

7.28

8.09

CXCR4

1.64

0.01

6.33

7.03

HPSE

1.64

0.002

7.22

7.94

To validate the micro array results, we performed quantitative real-time-PCR
analyses from a selection of the genes listed in Table 9. MMP-12, MCAM, CCL3,
F10, PDGFR-β, CXCR6, CXCL16, F7, Nrp-2, CXCR4 and HPSE were all found
to be significantly upregulated ond day 7 as compared to day 0. Among these
genes CXCR4 as well as MMP-12 were chosen for further investigations in two
individual projects which are discussed below.
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4

An important role of the SDF-1/CXCR4 axis in chronic skin
inflammation

4.1

Introduction

Psoriasis is a chronic inflammatory skin disease that affects 2% to 3% of the population
worldwide (Perera et al., 2012). The major features of psoriatic skin lesions are the
thickening of the epidermis, associated with enhanced proliferation and aberrant terminal
differentiation of epidermal keratinocytes, and the accumulation of inflammatory
leukocytes, in particular dendritic cells and T cells (Lowes et al., 2007). There is a
preferential accumulation of CD4+ cells in the dermis and of CD8+ cells in the epidermis
of lesional psoriatic skin (Lowes et al., 2007), and there are also increased numbers of
macrophages whose function in the disease process is not fully understood (FuentesDuculan et al., 2010).
A third – and often overlooked – hallmark of psoriatic skin is represented by the
pronounced inflammatory angiogenesis, leading to vascular remodeling (Huggenberger et
al., 2011a). This vascular activation is similar to the blood vessel changes observed in
several other chronic inflammatory diseases, including rheumatoid arthritis, inflammatory
bowel disease and chronic airway inflammation (Baluk et al., 2005; Detmar et al., 1994;
Kanazawa et al., 2001). Vascular endothelial growth factor (VEGF)-A has been identified
as the major angiogenesis factor in psoriatic skin since its expression is strongly
upregulated in lesional epidermis (Detmar et al., 1994), and the plasma levels of VEGF-A
are elevated in psoriasis patients and correlate with disease severity (Bhushan et al.,

	
  

70 	
  

1999). Moreover, targeted chronic overexpression of VEGF-A in the epidermis of mice
results in the spontaneous development of a chronic inflammatory skin disease that shares
many features of human psoriasis (Kunstfeld et al., 2004; Xia et al., 2003), and inhibition
of VEGF-A signaling inhibited inflammation in different murine models of psoriasis
(Halin et al., 2008; Kunstfeld et al., 2004; Schonthaler et al., 2009; Xia et al., 2003).
Together, these results indicate an important role of VEGF-A and angiogenesis in disease
maintenance and progression, but additional factors that target the vascular system are
likely involved.
Several pro-inflammatory chemokines have been reported to also exhibit angiogenic
properties (Kiefer et al., 2011; Zgraggen et al., 2013). In particular, stromal cell-derived
factor-1 (SDF-1, also known as CXCL12) has been found to have angiogenic activity in
different in vitro and in vivo systems (Mirshahi et al., 2000; Salcedo et al., 1999), and its
primary receptor CXCR4 is expressed by endothelial cells as well as monocytes and
lymphocytes (Forster et al., 1998; Volin et al., 1998). SDF-1 is expressed in several
tissues including the skin and the bone marrow (Pablos et al., 1999), and the SDF1/CXCR4 axis is involved in a range of physiological processes such as embryonic
development and stem cell motility (Petit et al., 2007). Since VEGF-A upregulates
CXCR4 in cultured human endothelial cells (Salcedo et al., 1999), and since elevated
mRNA levels of both SDF-1 and CXCR4, as well as elevated SDF-1 protein levels, have
been found in lesional psoriatic skin (Albanesi et al., 2009; Suarez-Farinas et al., 2011;
Zhou et al., 2003), we hypothesized that the SDF-1/CXCR4 axis might play a potential
role in the pathogenesis of chronic inflammatory skin diseases including psoriasis.
Therefore, we first investigated the expression of CXCR4 in human psoriasis and of both
SDF-1 and CXCR4 in two established experimental mouse models of chronic psoriasis-
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like skin inflammation - the keratin 14 (K14)–VEGF-A transgenic mouse model of
induced chronic cutaneous inflammation (Kunstfeld et al., 2004), and the imiquimodinduced psoriasis-like skin inflammation mouse model (Van Belle et al., 2012; van der
Fits et al., 2009). Next, we investigated the potential anti-inflammatory effects of
blockade of CXCR4 signaling by systemic treatment with AMD3100, a specific CXCR4
antagonist (Hatse et al., 2002), in both inflammation models, and we also studied the
effects of a neutralizing anti-SDF-1 antibody. Our results reveal an important role of the
SDF-1/CXCR4 axis in skin inflammation and inflammatory angiogenesis, and they
indicate that inhibition of the SDF-1/CXCR4 axis might serve as a novel treatment
strategy for chronic inflammatory skin diseases.

4.2

Material and Methods

Ethics Statement
The collection of specimens from clinically indicated excisions for this study was
explicitly approved by the institutional review board (Kantonale Ethikkommission
Zürich). Informed consent (both written and verbal) was obtained from patients for the
use of their skin samples in this research project.

Mice and treatments
All mice used in this study were bred and housed in the animal facility of ETH Zurich.
Experiments were performed in accordance with animal protocol 149/2008 and 117/2011
approved by the local veterinary authorities (Kantonales Veterinäramt Zürich). K14-
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VEGF-A transgenic mice have been described previously (Detmar et al., 1998; Xia et al.,
2003). To induce a psoriasis-like skin inflammation in the ear skin (Kunstfeld et al., 2004)
of these mice, a 2% oxazolone solution (4-ethoxymethylene-2 phenyl-2-oxazoline-5-one;
Sigma-Aldrich) in aceton/olive oil (4:1 vol/vol) was applied topically to the shaved
abdomen (50 µl) and to each paw (5 µl) of 8-weeks old females. Five days after
sensitization (day 0), both ears were challenged by topical application of 10 µl oxazolone
(1%) on each side. Ear thickness was measured before challenge and repeatedly after
challenge using calipers. Starting on day 7, 10 mg/kg of AMD3100 octahydrochloride
hydrate

(1,1′-[1,4-Phenylenebis(methylene)]bis-1,4,8,11-

tetraazacyclotetradecaneoctahydrochloride, Sigma-Aldrich) or PBS (vehicle) was
administered subcutaneously into the loose skin over the neck of the mice for 14 days
every 12 hours (n=10 per group). The AMD3100 dose was chosen based on previous
studies (Lukacs et al., 2002). Additionally, inflamed K14-VEGF-A mice were treated
with 50 µg of a neutralizing mouse anti-mouse SDF-1 monoclonal antibody (MAB310;
R&D Systems) or control mouse IgG (MAB002; R&D Systems), administered i.v. from
day 7 to day 21, every second day (n=7 per group). On day 21, mice were injected with
300 µl PBS containing 40 mM BrdU (Sigma-Aldrich) and killed 2.5 h after the injection.
Ears and ear draining lymph nodes (LN) were embedded in optimal cutting temperature
(OCT) compound (Sakura Finetek) or used for FACS analysis and RNA isolation.
In a second model of psoriasis, C57BL/6 wild-type mice (n=5) received daily topical
applications of imiquimod, using a commercially available cream (5%) (Aldara: 3M
Pharmaceuticals), on the ear skin for 8 consecutive days. AMD3100 treatment was started
12 h before the first imiquimod treatment and repeated every 12 hours as described in the
section above. Ear thickness was measured every day, starting before the first AMD3100
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treatment. Ears and ear draining LN were embedded in OCT or used for RNA isolation.
For all mice, the weight of the ear draining LN was determined.

FACS analysis of cell suspensions from ears
Ears were split into dorsal and ventral halves using forceps and the ear halves were
transferred, dermal side down, into a plate containing RPMI-1640 media (Invitrogen)
supplemented with 10% FBS and antibiotics at 37°C. The leukocyte populations were
allowed to migrate over 12 hours from the ear halves into the media and were stained for
FACS analysis using the following antibodies: allophycocyanin (APC)-labeled antimouse CD3 (BD Biosciences), peridinin chlorophyll protein (PerCP)-labeled anti-mouse
CD4, fluorescein isothiocyanate (FITC)-labeled anti-mouse CD8, APC-labeled antimouse CD11c, PerCP-labeled anti-mouse I-A/I-E (all from BioLegend), PerCP-labeled
anti-mouse CD45 (BD Biosciences), FITC-labeled anti-mouse CD11b (Biolegend), APClabeled anti-mouse F4/80 and PE-labeled anti-mouse CXCR4 (eBioscience) or the
corresponding isotype control antibodies (BD Biosciences and BioLegend). The events
were divided into CXCR4+ and CXCR4- populations based upon a fluorescence minus one
(FMO) control(Roederer, 2001). To quantify total CD4, CD8, dendritic cell, CXCR4+
dendritic cell, macrophage and CXCR4+ macrophage numbers in ear samples, all migrated
cells were analyzed.

Immunofluorescence
Tissues were embedded in OCT, frozen on liquid nitrogen, and 7 µm cryostat sections
were cut. Specimens were placed on glass slides, air dried and fixed with aceton for 2 min
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at -20°C. After rehydration with 80% methanol at 4°C, the specimens were washed in
PBS and then in PBS with 5% donkey serum and 1% bovine serum albumin, followed by
incubation

with

the

respective

primary

antibodies.

Standard

H&E

and

immunofluorescence stainings were performed as described previously (Huggenberger et
al., 2010; Kunstfeld et al., 2004), using the following antibodies: anti-mouse LYVE-1
(AngioBio), biotin anti-MECA-32 (BD Biosciences), anti-human von Willebrand factor
(Dako), anti-mouse podoplanin (clone 8.1.1, Developmental Studies Hybridoma Bank,
University of Iowa), anti-mouse keratin 6, anti-loricrin (Covance Research Products),
anti-BrdU-Alexa Fluor 594 (Invitrogen), anti-mouse F4/80 (AbD Serotec), anti-mouse
CD68 (Abcam), anti-mouse CD8 (BD Biosciences) and anti-mouse CXCR4 (R&D
Systems). Alexa Fluor488-, Alexa Fluor594- and Alexa Fluor647-coupled secondary
antibodies and Hoechst 33342 were purchased from Invitrogen.

Immunohistochemistry
Immunohistochemistry was performed on 2 µm paraffin sections of normal human skin
(n=8) and of lesional psoriatic skin (n=8), using an anti-human CXCR4 antibody (R&D
Systems) or control mouse IgG (Sigma) followed by a biotinylated anti-mouse secondary
antibody (Vector). The Vectastain ABC and the AEC (3-amino-9-ethylcarbazole)
substrate kits (Vector) were used for chromogenic detection.

Computer-assisted morphometric analyses
Double immunofluorescence stains of ear sections for MECA-32 and LYVE-1 were
examined, and computer-assisted analysis of digital images were performed using an in-
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house designed ImageJ macro. The average number of LYVE-1+ lymphatic vessels and
MECA-32+ blood vessels per millimeter epidermal basement membrane and the average
size of vessels were determined in the area between cartilage and epidermis of one ear
half. The results are expressed as vessel number per millimeter of epidermal basement
membrane (excluding follicular structures) (Huggenberger et al., 2010) and not as vessel
number per area because the formation of inflammatory edema (increase in area) would
confound the vessel number if it were calculated per area. To quantify CD8+ and BrdU+
cell numbers per millimeter of epidermal basement membrane, images of four individual
fields of view were acquired per sample. Quantification of F4/80+, CD68+ and CXCR4+
areas was done by measuring the immunostained areas using gray-scale detection with a
fixed threshold in ImageJ (National Institutes of Health, Bethesda) and was expressed as
positive stained area per region of interest (one ear half).

Image acquisition
Stainings were examined using an Axioskop2 mot plus microscope (Carl Zeiss, Inc.),
equipped with an AxioCamMRc camera and a Plan-APOCHROMAT 10x/0.45 NA
objective (Carl Zeiss, Inc.) Images were acquired using Axio Vision Version 4.4 software
(Carl Zeiss). Confocal images were acquired with a LSM710 FCS confocal microscope
and ZEN software (Zeiss, Jena, Germany) and were processed with IMARIS software
(Version 7.1.1, Bitplane AG, Zürich, Switzerland).
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Quantitative real-time RT-PCR
Total cellular RNA was isolated from mouse ears using a TissueLyser, stainless steel
beads, and the RNeasy Mini kit (QIAGEN). 1 µg RNA was used to generate cDNA using
the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). The expression
of mouse CXCR4, SDF-1, CXCR7, CXCL3, CCL20, S100a7/8 was investigated by
SYBR Green real-time reverse-transcribed polymerase chain reaction (RT-PCR) using the
AB7900 HT Fast Real-Time PCR System (Applied Biosystems) and was quantified using
the 2-ΔΔCt method (Schmittgen et al., 2008). The primers for mouse CXCR4, SDF-1,
CXCR7, CXCL3, CCL20, S100a7/a8 were custom-made oligonucleotide primers
(Microsynth, Switzerland). Each reaction was run with β-actin as a reference gene, and all
data were normalized based on the expression levels of β-actin; n=5 per group.

Isolation of CD11b+ splenocytes and transwell migration assays
Splenic CD11b+ cells were isolated from wild-type FVB mice by positive selection using
mouse CD11b MicroBeads (Miltenyi Biotech). CXCR4 expression of CD11b+
splenocytes was analyzed by flow cytometry. A single cell suspension of CD11b+
splenocytes was stained at 4°C for 30 minutes with PE-labeled rat anti-mouse CXCR4
antibody (eBioscience) or isotype control antibody (BioLegend). FACS was performed on
a BD FACSCanto (BD Biosciences) using FACSDiva software. Data were analyzed with
FlowJo software. Transwell migration assays were performed using polycarbonate 5 µm
pore size-membrane 24-well plates (Corning Life Sciences). When AMD3100 was tested,
cells were pre-incubated for 30 minutes with the compound. 4x105 CD11b+ splenocytes
were seeded in 0.2% BSA containing medium (DMEM, Invitrogen) into the upper part of
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the transwell insert, which was coated with 10 µg/ml fibronectin (Millipore) on the lower
side and blocked with 100 µg/ml BSA as described (Senger et al., 1996). Cells were
allowed to migrate to the lower chamber containing either 0.2% BSA, additional
recombinant SDF-1 (10, 100 or 500 ng/ml; Peprotech) alone or in combination with antiSDF antibody or control IgG antibodies (10 µg/ml) for 3.5 h. After the incubation time,
non-migrated cells were mechanically removed and the migrated cells were stained with
Hoechst. Five images per insert were taken and nuclei from 3 wells per condition were
counted using ImageJ.

Detection of endothelial CXCR4 expression by FACS
Primary human dermal blood vascular endothelial cells (BEC) and lymphatic endothelial
cells (LEC) were isolated from neonatal human foreskins as previously described
(Hirakawa et al., 2003). BECs were cultured in endothelial basal medium (EBM; Lonza),
supplemented with 20% fetal bovine serum (FBS; Invitrogen), 2 mM L-glutamine,
antibiotic-antimycotic solution (Invitrogen), and 10 µg/ml hydrocortisone (Sigma). LECs
were cultured in the same medium with additional N6,2-O-dibutyryladenosine-3’,5’cyclic monophosphate (25 µg/mL; Sigma). Cells were used at passage 6. For FACS
analyses, BECs and LECs were stained with PE-labeled anti-human CXCR4
(eBioscience) or isotype control antibody (BioLegend).
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Statistical analyses
Statistical analyses were performed using Prism version 4.0 (GraphPad Software, Inc).
Data are shown as mean ±SD or ±SEM as indicated and were analyzed with a 2-tailed,
unpaired Student's t-test when two groups were compared, a one-way ANOVA with
Bonferroni post-test when more than two groups were compared, and a two-way Anova
with Bonferroni post-test for repeated measurements. Homogeneity of variances was
assessed using Levene’s test, and normalized distribution was assessed using Q-Q-plots.
Differences were considered statistically significant when P≤0.05.

4.3

Results

4.3.1

Chronic skin inflammation leads to up-regulation of CXCR4 and SDF-1 and
to accumulation of CXCR4+ cells

We first investigated whether CXCR4 might play a role in human psoriasis. To this end,
we performed immunohistochemical stains for CXCR4 on sections of normal human skin
and of psoriatic skin lesions. In normal human skin, the CXCR4 expression was largely
restricted to epidermal keratinocytes (Figure 10A). In comparison, in psoriatic lesional
skin, CXCR4 was also expressed on a large number of infiltrating single cells, mostly
represented by macrophages. No staining was observed with isotype matched control IgG.
Additionally, CXCR4 expression was also seen on some vascular endothelial structures.
The number of CXCR4+ cells in the dermis, was significantly increased (+652%,
P<0.001) in psoriatic skin compared to normal human skin (Figure 10B). Next, we
investigated whether the SDF-1/CXCR4 axis might also be involved in the experimental
skin inflammation model of hemizygous K14-VEGF-A transgenic mice. These mice
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develop a chronic, psoriasis-like skin inflammation after sensitization and challenge with
the contact sensitizer oxazolone (Kunstfeld et al., 2004). Real-time RT-PCR analyses
revealed a significantly increased expression of CXCR4 (2.0-fold, P<0.001) and SDF-1
(1.7-fold, P<0.001) in the inflamed (21 days after oxazolone challenge) ear skin of K14VEGF-A transgenic mice as compared to the uninflamed skin of wild-type mice (Figure
10C). There was also a slight upregulation of CXCR4 and SDF-1 in the non-inflamed skin
of the transgenic mice compared to wild-type mice, likely due to the reported
proinflammatory status of these mice (Detmar et al., 1998).
In contrast, no significant differences in the expression of CXCR7, another SDF-1
receptor, were found between wild-type skin, uninflamed and inflamed skin of K14VEGF-A transgenic mice, although levels were slightly lower under inflamed conditions
(Figure 10C). Immunofluorescence stainings showed that in the inflamed skin of K14VEGF-A transgenic mice, more cells expressed CXCR4 than in uninflamed skin of K14VEGF-A transgenic and of wild-type mice (Figure 10D). Quantitative image analyses
revealed that the percentage of tissue area that stained positively for CXCR4 was
significantly increased in the inflamed ear skin of K14-VEGF-A transgenic mice as
compared with wild-type mice (384%, P<0.001) and uninflamed K14-VEGF-A transgenic
mice (189%, P<0.001) (Figure 10E).
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Figure 10: Increased number of CXCR4+ cells in human psoriatic skin and up-regulation of
CXCR4 and SDF-1 in experimental chronic skin inflammation. (A-B) Immunohistochemistry
revealed, that in normal human skin, CXCR4 is mainly expressed in the epidermis. In psoriatic
skin, CXCR4 is also expressed on a big number of infiltrating cells. Quantitative image analysis
showed that significantly more CXCR4+ cells were present in the dermis of psoriatic skin lesions
(n=8) than in normal human skin (n=8). Staining with isotype matched control IgG confirmed the
specificity of the CXCR4 staining. Scale bar represents 100 µm. ***P<0.001. (C) Real-time RTPCR analysis of RNA obtained from whole ear skin extracts of inflamed K14-VEGF-A transgenic
mice (day 21 after oxazolone challenge), untreated K14-VEGF-A transgenic, and wild-type mice
(n=5 per group). The expression of CXCR4 and SDF-1 was significantly up-regulated in
uninflamed K14-VEGF-A transgenic mouse skin compared to wild-type mice and was further
increased in the inflamed skin of K14-VEGF-A transgenic mice. The expression of CXCR7 was
slightly lower in the skin of K14-VEGF-A transgenic mice. (D-E) Immunofluorescence stains for
CXCR4 revealed that inflamed K14-VEGF-A transgenic mice have a significantly increased
CXCR4+ tissue area as compared with uninflamed K14-VEGF-A transgenic mice and wild-type
mice. Scale bar represents 100 µm. Data represent mean ± SD. *P<0.05; ***P<0.001. ns, not
significant.
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4.3.2

Blockade of CXCR4 reduces chronic skin inflammation and inflammatory
angiogenesis

We next investigated the effects of AMD3100, a selective CXCR4 antagonist (Hatse et
al., 2002), on the inflammatory response. K14-VEGF-A transgenic mice were sensitized
with oxazolone (day -5) and challenged 5 days later by topical application of oxazolone
on both sides of the ears. 7 days after challenge, the mice received s.c. injections of
AMD3100 or PBS every 12 hours. On day 21, the mice were analyzed, 12 hours after
receiving the last injection (Figure 11A). AMD3100 treatment significantly reduced
edema formation in the ears already after 2 days of treatment (day 9; -31.85%; P<0.001)
as compared with control PBS-injected mice (Figure 11B). The anti-inflammatory effect
of AMD3100 was reflected by the significantly reduced weight of the ear draining LN
after 14 days of AMD3100 treatment (-29.76%; P<0.001; Figure 11C). Accordingly, ear
redness was also reduced after 3 (day 10) and 14 days (day 21) of AMD3100 treatment
(Fig.11 D-G).
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Figure 11: Inhibition of CXCR4 reduces edema formation in chronic skin
inflammation. (A) Hemizygous K14-VEGF-A transgenic mice (n=20) were sensitized
with 2% oxazolone on day -5 and challenged on day 0 by topical application of 1%
oxazolone on the ears. Starting on day 7, mice received s.c injections of AMD3100
(CXCR4-antagonist) or PBS (vehicle) (n=10 per group) every 12 hours. Two independent
experiments were performed. (B) Treatment with AMD3100 (△) reduced ear swelling, as
compared with PBS-treated controls (◼). (C) Reduced weight of ear draining LN after 14
days of AMD3100 treatment (day 21), as compared with PBS-injected mice. Data
represent mean ± SD.

***

P<0.001. (D-G) AMD3100-treated animals showed reduced ear

redness on day 10 (E) and day 21 (G) as compared to PBS-treated animals (D,F).

To study potential changes in cutaneous vascularization, we next performed
immunostains for the blood vessel marker MECA-32 and for the lymphatic vessel marker
LYVE-1 (Figure 12A-B). The number of blood vessels was significantly lower in the skin
of AMD3100-treated mice than in control mice (-19.94%; p<0.05; Figure 12C). In
contrast, there was no significant change in blood vessel size, lymphatic vessel number or
lymphatic vessel size (data not shown). These results are in agreement with our in vitro
findings, obtained by FACS analysis of cultured human cells, that CXCR4 is a blood
vessel endothelial cell specific gene that is not expressed by lymphatic endothelial cells
(Figure 12D-E). Immunofluorescence stains of inflamed ear skin revealed that CXCR4
was indeed expressed by von Willebrand factor-positive blood vessels but not by
podoplanin-positive lymphatic vessels (Figure 12F).
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Figure 12: Inflammatory angiogenesis is reduced by inhibition of CXCR4. (A-B)
Representative fluorescent images of MECA-32+ blood vessels (red) and LYVE-1+ lymphatic
vessels (green) in the inflamed ear skin of PBS (A) and AMD3100-treated (B) K14-VEGF-A
transgenic mice. One ear half is shown. Scale bar represents 100 µm. (C) Quantitative image
analysis of MECA-32+ blood vessels (BV) revealed significantly reduced numbers of blood
vessels per millimeter basement membrane (BM) in the inflamed ear skin of AMD3100-treated
mice, as compared with PBS-treated control mice. (D-E) FACS analysis of CXCR4 expression by
dermal blood vascular endothelial cells (BEC; D) and lymphatic endothelial cells (LEC; E)
revealed that CXCR4 is expressed by BEC but not by LEC in vitro. (F) Immunofluorescence
staining for CXCR4 (red), von Willebrand factor (VwF, green) and podoplanin (Podo, purple) of
inflamed ear skin (confocal image) demonstrates specific CXCR4 expression by blood vessels
(BV) but not lymphatic vessels (LV). Scale bar represents 20 µm. Data represent mean ±SD.
*

P<0.05. ns, not significant.

4.3.3

Neutralization of SDF-1 reduces chronic skin inflammation and inhibits
leukocyte migration towards SDF-1 in vitro to a similar extent as AMD3100

Because blockade of CXCR4 inhibited chronic skin inflammation, we next investigated
whether neutralization of the CXCR4 ligand SDF-1 might have comparable effects. To
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this end, we sensitized and challenged hemizygous K14-VEGF-A transgenic mice as
described above. At 7 days after challenge, the mice were treated every second day by i.v.
injection of an anti-SDF-1 antibody or of isotype-matched IgG. Mice were analyzed two
days after the last antibody injection (day 21; Figure 13A). A significant reduction of ear
swelling was observed within 2 days of anti-SDF-1 antibody treatment, as compared with
control IgG injection (day 9; -15.29%; P<0.001; Figure 13B-D). The anti-inflammatory
effect of the anti-SDF-1 antibody was reflected by the reduced weight of ear draining LNs
at day 21 (-17.81%; P<0.01; Figure 13E). Immunofluorescence analyses of inflamed ear
skin showed a significant reduction of the macrophage-positive stained area (-27.90%,
P<0.01) in anti-SDF-1-treated mice as compared to IgG-treated mice (Figure 13F-H).
SDF-1 neutralization also significantly reduced the size of blood vessels (-36.78%,
P<0.05) and slightly reduced the number of blood vessels in comparison to IgG (-19.9%,
P=0.08) (Figure 13I-L).
To further investigate the role of the SDF-1/CXCR4 axis in leukocyte migration, we next
performed an in vitro leukocyte chemotaxis assay using CD11b+ splenocytes. As shown
by FACS analysis, these cells strongly express CXCR4 (Figure 13M). We found that
SDF-1 dose-dependently induced chemotaxis of CD11b+CXCR4+ splenocytes, with a
minimal effective concentration of 100 ng/ml (Figure 13N). The number of migrated cells
was dose-dependently decreased when the cells were pre-incubated with AMD3100. At a
concentration of 10 µg/ml, AMD3100 completely blocked the chemoattractant effect of
SDF-1 (Figure 13O). Addition of the anti-SDF-1 blocking antibody also significantly
decreased the amount of migrated cells in response to SDF-1 when compared to control
IgG (-39.3%; P<0.001; Figure 13P).
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Figure 13: Inhibition of SDF-1 signaling alleviates chronic skin inflammation and inhibits
leukocyte migration towards SDF. (A) On day -5, hemizygous K14 VEGF-A transgenic mice
(n=14) were sensitized with 2% oxazolone and challenged on day 0 with 1% oxazolone on the
ears. Starting 7 days after challenge, mice received i.v injections of anti-SDF-1 antibody or
isotype-matched IgG every second day. (B) Neutralization of SDF-1 (△) significantly reduced
inflammatory ear swelling as compared with IgG-injected mice (◼). Data represent mean ±SEM.
(C-D) H&E stains of mouse ear sections at day 21 showed reduced edema and inflammatory cell
infiltration in the anti-SDF-1 treated mice (D) in comparison to the IgG control group (C). One ear
half is shown. Scale bar represents 100 µm. (E) In anti-SDF-1 treated mice, the weight of ear
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draining LNs was significantly reduced compared with controls. (F-H) Immunofluorescence
staining for CD68 revealed a significant reduction in the percentage of area covered by
macrophages in anti-SDF-1-treated animals as compared to IgG treatment. (I-L) Neutralization of
SDF-1 decreased the size and numbers of blood vessels in the inflamed ear skin. (M) FACS
analysis of CD11b+ splenocytes revealed a clear expression of CXCR4 on their surface. (N) SDF1 promoted the chemotactic migration of CD11b+ splenocytes in vitro. (O-P) The chemotactic
effect of SDF-1 was blocked by incubation with AMD3100 (O) or with an anti-SDF-1 antibody
(P), but not with control IgG. Two independent experiments were performed. Data represent mean
± SD. **P<0.01; ***P<0.001.

4.3.4

Blockade of the SDF-1/CXCR4 axis normalizes epidermal architecture and
decreases inflammatory cell infiltration in inflamed skin

Characteristic features of human psoriasis are marked thickening of the epidermis, due to
increased proliferation of keratinocytes in the interfollicular epidermis, as well as
abnormal terminal differentiation of keratinocytes (Lowes et al., 2007). At day 21 (after
14 days of treatment), control PBS-treated mice showed marked inflammatory dermal
infiltrates and epidermal thickening (Figure 14A), increased numbers of BrdU-positive
proliferating epidermal keratinocytes (Figure 14C), and increased expression of the
proliferation marker keratin 6 (K6; Figure 14E) and the terminal differentiation marker
loricrin (Figure 14G). In contrast, AMD3100 treatment resulted in a reduction of
epidermal thickness and of dermal inflammatory infiltrates (Figure 14B, O). Also, the
expression of keratin 6 and of loricrin was reduced (Figure 14F, H), and the number of
proliferating intraepidermal BrdU+ cells was significantly reduced (-36%; P<0.01; Figure
14D, P).
Human psoriatic skin is also characterized by increased numbers of CD4+ T-cells,
dendritic cells and macrophages within the dermis (Fuentes-Duculan et al., 2010; Kryczek
et al., 2008; Lowes et al., 2007). We next quantified the effect of CXCR4 blockade on the
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recruitment of macrophages into the inflamed ear skin, using two different macrophage
markers, F4/80 and CD68. The percentage of tissue area covered by macrophages was
significantly reduced after AMD3100 treatment for both macrophage markers (by 27 and
31% respectively, P<0.05; Figure 14I-L, Q-R). The infiltration of CD8+ T cells into the
epidermis is a key feature of human psoriasis and of chronic skin inflammation in K14VEGF-A transgenic mice (Kunstfeld et al., 2004; Lowes et al., 2007). We found that the
number of intraepidermal CD8+ cells was reduced by 33% (P<0.05) in the AMD3100treated mice, as compared with PBS-injected mice (Figure 14M-N, S). These results
indicate that inhibition of the CXCR4 receptor inhibits recruitment of inflammatory cells
into the inflamed skin.
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Figure 14: Inhibition of CXCR4 reduces inflammatory cell infiltration into the skin and
normalizes epidermal architecture. (A-B) H&E stains of ear skin sections at day 21 showed that
AMD3100 treatment reduced edema formation, epidermal thickening and inflammatory cell
infiltration. (C-D) CXCR4 inhibition reduced the number of intraepidermal BrdU+ proliferating
cells in the inflamed ear skin. (E-H) The hyperproliferation-associated keratin 6 and loricrin, a
marker of terminal epidermal differentiation, were less broadly expressed in the epidermis of
AMD3100-treated mice than in PBS-treated mice. (I-L) Immunofluorescence staining of the two
macrophage markers F4/80 and CD68 revealed a significant reduction in the percentage of area
covered by macrophages in AMD3100-treated mice compared to PBS treatment. (M-N) Inhibition
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of CXCR4 decreased the number of intraepidermal CD8+ T-cells in the inflamed ear skin. One ear
half is shown. (O-P) Computer-assessed quantification of epidermal thickness (O), number of
intraepidermal BrdU+ cells (P), the percentage of covered area by F4/80 (Q) and CD68 (R)
positive macrophages and the number of intraepidermal CD8+ cells (S). Scale bars represent 100
µm. Data represent mean ±SD. *P<0.05; **P<0.01; ***P<0.001.

To further corroborate these results and to study whether neutralization of SDF-1 might
also lead to comparable effects, we next performed FACS analyses of distinct leukocyte
subpopulations that were isolated from the inflamed ear skin of AMD3100 and PBStreated mice, and of anti-SDF-1 and control-IgG-treated mice. All investigated
inflammatory cell types (CD4+ and CD8+ T cells, dendritic cells, CXCR4+ dendritic cells,
macrophages and CXCR4+ macrophages) were reduced after AMD3100 treatment and
also after anti-SDF-1 treatment, compared to control treated mice (Figure 15).

Figure 15: Inhibition of the SDF-1/CXCR4 axis decreases the number of several types of
inflammatory cells in chronically inflamed skin. Single-cell suspensions from inflamed ear skin
were analyzed by FACS for the presence of different inflammatory cell populations. The number
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in each plot represents the percentage of gated cells. (A-C) Inflamed ear skin was analyzed for the
presence of CD3+/CD4+ and CD3+/CD8+ T-cells. AMD3100 and anti-SDF-1 treatment
significantly decreased the number of CD4+ cells, as compared with control mice. Compared to
PBS-treated mice, AMD3100 further significantly decreased the number of CD8+ cells in the
inflamed ear skin. Anti-SDF-1 showed the same tendency. (D-F) The number of dendritic cells
(DC) was investigated by analyzing I-A/I-E+CD11c+ cells. Inhibition of the SDF-1/CXCR4 axis
resulted in significantly reduced numbers of DC in the inflamed ear skin. Anti-SDF-1 treatment
also significantly decreased the number of CXCR4+ DC. AMD3100 treatment showed the same
trend. (G-I) Macrophages were assessed by gating live leukocytes with CD45 and then displaying
CD11b against F4/80. AMD3100 significantly reduced the number of macrophages as well as of
CXCR4+ macrophages in the inflamed ear skin. Anti-SDF-1 showed a tendency to reduce the
number of these inflammatory cell populations and significantly reduced the number of CXCR4+
macrophages in the inflamed ear skin. n = 5 per group. Two independent experiments were
performed. Data represent mean ±SD. *P<0.05; **P<0.01; ***P<0.001. ns, not significant.

4.3.5

Blockade of CXCR4 reduces psoriasis-like skin inflammation induced by
imiquimod

To investigate the role of the SDF-1/CXCR4 axis in a second mouse model of psoriasis,
we used the imiquimod-induced psoriasis-like skin inflammation model (Van Belle et al.,
2012; van der Fits et al., 2009).
Real-time RT-PCR analyses of mouse ear skin from uninflamed and from imiquimod
(IMQ)-treated mice (treatment for 8 consecutive days) revealed a significant increase in
the expression of CXCR4 (1.5-fold, P<0.05) and of SDF-1 (1.7-fold, P<0.01) in the
inflamed skin (Figure 16A-B). CXCR7 was slightly downregulated in the IMQ-inflamed
skin compared to uninflamed skin (data not shown). Immunofluorescence stainings
demonstrated a higher number of CXCR4 expressing cells in IMQ-inflamed skin than in
uninflamed skin (Figure 16C-D). Quantitative image analyses revealed that the percentage
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of tissue area that stained positively for CXCR4 was significantly increased (347%,
P<0.001) in the IMQ-inflamed ear skin as compared with uninflamed skin (Figure 16E).
Next, C57BL/6 wild-type mice were treated with s.c. injections of AMD3100 every 12
hours. At 12 hours after the first injection, an imiquimod (IMQ)-containing cream
(Aldara) was topically applied to the ear skin. IMQ was applied daily for 8 consecutive
days and the mice were analyzed at day 9 (Figure 16F). AMD3100 treatment significantly
reduced ear thickness (Figure 16G) and epidermal thickness (-47%; P<0.001; Figure 16HJ) in the ears, as compared with control PBS-injected mice. The number of proliferating
epidermal keratinocytes was significantly reduced after CXCR4 inhibition, compared to

*

uninflamed

E

uninflamed

F
days

uninflamed
wt

D

CXCR4

**

IMQ

***

CXCR4+4area/ROI

rel4expression4(wt=1)

rel4expression4(wt=1)

control treatment (-48%; P<0.01; Figure 16K).
Figure 6
B
A
C
CXCR4
SDF-1

IMQ

wt

IMQ

G

Imiquimod treatment on ears

PBS
AMD3100

0 1 2 3 4 5 6 7 8 9
AMD3100 or PBS injection
every 12 hours, 10mg/kg
Analysis

IMQ
IMQ

**

******
******

days

***

PBS AMD3100

#4intraepid.4BrdU+4cells

I

epid.4thickness4[µm]

H

K

J

**

PBS AMD3100

Figure 16: Inhibition of CXCR4 reduces imiquimod-induced skin inflammation. (A,B) Realtime RT-PCR analysis of extracts of IMQ-inflamed ear skin (8 consecutive days) and noninflamed skin (n=5 per group). The expression of CXCR4 and SDF-1 was significantly
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upregulated in IMQ-treated ear skin compared to uninflamed skin. (C-E) Immunofluorescence
stains of ear skin for CXCR4 revealed a significantly increased CXCR4+ tissue area in IMQtreated mice as compared with uninflamed skin. (F) Mice (n=5 per group) received AMD3100 or
PBS injections every 12 hours. 12 hours after the first injection, IMQ was applied topically,
followed by daily applications for 8 days. (G) Treatment with AMD3100 (△) significantly
reduced ear swelling as compared with PBS-treated controls (◼). (H-J) H&E stains of ear skin
sections showed that AMD3100 treatment (I) significantly reduced epidermal thickening
compared to PBS-treated mice (H). Scale bar represents 100 µm. (K) CXCR4 inhibition
significantly reduced the number of intraepidermal BrdU+ proliferating cells in the inflamed ear
skin, as compared with control mice. Data represent mean ± SD. **P<0.01; ***P<0.001.

Stainings for the macrophage markers CD68 and F4/80 revealed a significant reduction of
the positively stained skin area (-42%; P<0.01 and -36.7%; P<0.001; Figure 17A-D, I-J).
Antigen presenting cells (MHCII+) were also significantly reduced upon AMD3100
treatment (-53.7%, P<0.001; Figure 17E-F, K), whereas no significant change was
observed in neutrophil infiltration (Gr-1+) between the two groups (data not shown).
As evaluated by staining for MECA-32, the number of cutaneous blood vessels was
significantly decreased in AMD3100-treated mice, compared to control mice (-38%;
P<0.05; Figure 17G-H, L). The reduction of the cellular markers of inflammation after
CXCR4 blockade was in agreement with the strongly decreased expression of the
inflammatory markers CXCL3, CCL20, S100a7 and S100a8 (Figure 17M-P).
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Figure 17: CXCR4 inhibition reduces inflammatory cell infiltration, angiogenesis and
inflammatory marker expression in the imiquimod-induced skin inflammation. (A-H)
Representative images of immunofluorescence stains for CD68+ (A,B) and F4/80+ (C,D) stained
macrophages, MHCII+ antigen presenting cells (E, F) and MECA-32+ blood vessels (G,H) in the
IMQ-inflamed ear skin of PBS and AMD3100-treated mice. One ear half is shown. Scale bar
represents 100 µm. (I-K) Quantitative image analysis showed a significant reduction in the
percentage of area covered by macrophages (I,J) and antigen presenting cells (K) in AMD3100treated mice. (L) Inhibition of CXCR4 decreased the number of Meca-32+ blood vessels (BV).
(M-P) Real-time RT-PCR analyses of RNA from whole ear skin extracts of imiquimod-inflamed
mice showed a significant downregulation of CXCL3 (M), CCL20 (N), S100a7 (O) and S100a8
(P). Data represent mean ±SD. *P<0.05; **P<0.01; ***P<0.001.
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4.4

Discussion

In this study, we investigated the role of the SDF-1/CXCR4 axis in human psoriasis and
in experimental chronic skin inflammation. Using a VEGF-A driven mouse model of
cutaneous inflammation, we found that inhibition of CXCR4 by AMD3100, a specific
CXCR4 antagonist, as well as neutralization of its ligand SDF-1 significantly improved
the course of chronic skin inflammation. The anti-inflammatory effect of AMD3100 was
further confirmed in a second, the imiquimod-induced model of skin inflammation.
Our findings of increased numbers of CXCR4+ cells in human psoriatic skin lesions are in
line with the observed upregulation of CXCR4 and SDF-1 mRNA expression in psoriatic
skin (Suarez-Farinas et al., 2011; Zhou et al., 2003) and with the detection of SDF-1
protein in psoriatic lesions (Albanesi et al., 2009). It is of interest that increased numbers
of CXCR4+ leukocytes have also been recently detected in other chronic inflammatory
diseases, namely in the synovia of joints affected by rheumatoid arthritis and in the
colonic tissue of patients with ulcerative colitis patients (De Klerck et al., 2005; Mikami
et al., 2008). Indeed, inhibition of CXCR4 was found to exert anti-inflammatory effects in
experimental models of joint inflammation, colitis and allergic lung inflammation (Lukacs
et al., 2002; Matthys et al., 2001). Accordingly, increased expression of the CXCR4
ligand SDF-1 has also been reported in murine experimental colitis and collagen-induced
arthritis, as well as in the synovial fluid of rheumatoid arthritis patients (De Klerck et al.,
2005; Mikami et al., 2008; Nanki et al., 2000).
Importantly, in the present study, we found that both CXCR4 and SDF-1 were also
upregulated in two independent experimental mouse models of chronic, psoriasis-like skin
inflammation, namely the chronic skin inflammation induced in K14-VEGF-A transgenic
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mice (Kunstfeld et al., 2004; Xia et al., 2003) and the cutaneous inflammation induced by
topical treatment of mouse skin with imiquimod (Van Belle et al., 2012; van der Fits et
al., 2009). In the VEGF-A transgenic model, dermal endothelial cells expressed increased
levels of CXCR4, in line with the experimental upregulation of endothelial CXCR4
expression by VEGF-A in vitro (Salcedo et al., 1999). The second receptor for SDF-1,
CXCR7, has recently been described as a scavenger for SDF-1, and it has been suggested
that ligand internalization and degradation by CXCR7 limits the availability of SDF-1 and
thereby modulates the activity of CXCR4 (Wang et al., 2011). It is therefore of interest
that the CXCR7 expression was slightly decreased in the inflamed ear skin of both mouse
models, suggesting that both upregulation of CXCR4 and downregulation of CXCR7
contribute to the pro-inflammatory effect of SDF-1 in chronically inflamed skin.
In the K14-VEGF-A transgenic mouse model, VEGF-A expression is strongly increased
in the inflamed skin (Halin et al., 2007) and represents the major driver of inflammationinduced angiogenesis. VEGF-A binds to its high-affinity receptors VEGFR-1 and
VEGFR-2, and we have previously found that inhibition of these two receptors by NVPBAW2881, a VEGFR tyrosine-kinase inhibitor, exerts strong anti-inflammatory effects by
reducing the number of infiltrating leukocytes and of blood vessels in the inflamed ear
skin (Halin et al., 2008). Furthermore, anti-VEGF-A antibody treatment strongly reduced
skin inflammation, as well as the number and size of blood vessels, in a mouse model in
which epidermal-specific deletion of c-Jun and JunB leads to a psoriasis-like skin
inflammation (Schonthaler et al., 2009). These results indicate an important role of
angiogenesis in the mediation of chronic skin inflammation. It is therefore of interest that
we found CXCR4 to be specifically expressed by cultured dermal blood vascular
endothelial cells but not lymphatic endothelial cells, and that CXCR4 was expressed by
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the small cutaneous blood vessels but not by lymphatic vessels in inflamed skin in situ.
Importantly, our findings reveal, for the first time, that inhibition of CXCR4 reduces
inflammation-induced angiogenesis, as shown in two independent mouse models, and
they identify blood vessels as important targets of AMD3100. The involvement of
CXCR4 in inflammatory angiogenesis is further supported by the reported activity of
SDF-1 on in vitro tube formation, migration and sprouting of endothelial cells, all
essential steps in the formation of new blood vessels, and on the in vivo angiogenic
activity of SDF-1 in cutaneous and cornea assays (Mirshahi et al., 2000; Salcedo et al.,
1999). Even tough, inflammatory angiogenesis is likely to be an attractive target for the
treatment of chronic skin inflammation, there is some evidence, that severe psoriasis is
associated with a significant increase in cardiovascular diseases as compared to mild
psoriasis and healthy individuals (Samarasekera et al., 2013). Thus, for systemic therapies
with anti-angiogenic actions, high-risk cardiovascular patients would most likely have to
be excluded.
AMD3100 has been described as specific CXCR4 antagonist (Hatse et al., 2002). To
further investigate the potential role of the SDF-1/CXCR4 axis in inflammation, we
performed a range of in vitro and in vivo studies using a neutralizing anti-SDF-1
antibody. These studies confirmed the important role of SDF-1-mediated CXCR4
activation in promoting chronic skin inflammation interaction and therefore validate the
specific inhibition of the SDF-1/CXCR4 axis as a new therapeutic strategy to treat chronic
inflammatory skin diseases.
Our results indicate that SDF-1 attracts CD11b+ splenocytes in a dose-dependent manner
in vitro and that AMD3100 and anti-SDF-1 antibody block SDF-1 induced migration, in
agreement with the reported chemoattractive activity of SDF-1 for mononuclear cells and
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different lymphocyte subpopulations in vitro and in vivo (Bleul et al., 1996; Kerfoot et
al., 2008). Importantly, both AMD3100 and the SDF-1 blocking antibody also
significantly reduced the number of different inflammatory cell subtypes in the inflamed
ear skin in vivo. Together with the increased SDF-1 expression in the inflamed skin of
K14-VEGF-A transgenic mice and of IMQ-treated mice, these data suggest that
circulating CXCR4+ inflammatory cells are chemoattracted to the inflamed cutaneous
tissue by SDF-1 and that this chemoattraction can be blocked by inhibiting the SDF1/CXCR4 axis. Indeed, FACS analyses revealed reduced numbers of recruited CXCR4+
dendritic cells and CXCR4+ macrophages in the inflamed ear skin of K14-VEGF-A
transgenic mice after either anti-SDF-1 or AMD3100 treatment.
It is of interest that inhibition of CXCR4 largely normalized all of the major pathological
parameters of psoriatic skin lesions. Our findings indicate that blood vessels and several
types of inflammatory cells are direct targets of SDF-1/CXCR4 axis inhibition, whereas
epidermal normalization resulted most likely from the overall reduced inflammatory
response. One has to keep in mind that psoriasis is a human-specific disease which is not
naturally observed in animals, and that most experimental mouse models do not fully
recapitulate all characteristics of the human disease, indicating that it might be
advantageous to use more than just one mouse model for specific pathogenic studies of
psoriasis. The K14-VEGF-A transgenic mouse model of chronic cutaneous inflammation
shares several of the major characteristic histological features of human psoriatic skin.
These include acanthosis of the epidermis, increased epidermal proliferation and
abnormal differentiation, pathological angiogenesis and leukocyte infiltration with
preferential location of CD8+ T cells in the epidermis and of CD4+ T cells in the dermis.
Nevertheless, given the above mentioned concerns regarding mouse models of psoriasis,
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we investigated the role of the SDF-1/CXCR4 axis in a second mouse model of psoriasis,
namely the IMQ-induced skin inflammation model. Importantly, these studies confirmed
the findings of the VEGF-A transgenic mouse model, indicating that specific inhibition of
the SDF-1/CXCR4 might represent a new therapeutic strategy to treat skin inflammation.
In light of the potential adverse effects of systemic AMD3100 treatment, which include
thrombocytopenia observed in HIV-infected patients (Hendrix et al., 2004), the
development of topical anti-SDF-1/CXCR4 therapies might represent a more promising
avenue for inhibiting chronic inflammatory skin disorders such as psoriasis.

Scientific contributions
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wrote the manuscript; Reto Huggenberger. performed experiments and analyzed results,
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99 	
  

5

An important role of MMP-12 in skin inflammation

5.1

Introduction

Inflammation is the pathological outcome of a serie of events, including an increased
release of inflammatory mediators, upregulation of cellular adhesion molecules,
extravasation of different types of inflammatory cells into the tissue and increased
vascular permeability. Inflammatory cell recruitment is often associated with proteolytic
degradation of extracellular matrix (ECM) components, and several studies have indicated
a contribution of matrix metalloproteinases (MMPs) to inflammatory processes. In
particular, genetic mouse models have revealed that several MMPs such as MMP-2,
MMP-3, MMP-9 and MMP-14 play major roles in acute and chronic inflammatory
diseases, including rheumatoid arthritis, contact hypersensitivity and allergic lung
inflammation (Corry et al., 2002; Hu et al., 2007; Itoh et al., 2002; Klose et al., 2013;
Wang et al., 1999). Despite these findings, there is a lack of selective MMP inhibitors and
broad-spectrum MMP inhibitors have only shown limited efficacy in clinical studies
(Coussens et al., 2002; Overall et al., 2006).
The MMPs form a family of more than 20 structurally and functionally related members,
which are characterized by a catalytic domain that contains a Zn2+ binding motif. MMP
expression in healthy tissues is usually undetectable or rather low, but has been found to
be up-regulated in tissue repair and remodeling processes, as well as in neoplastic and
inflamed tissues (Parks et al., 2004). The expression of MMPs is regulated by a plethora
of factors, including pro-inflammatory cytokines and growth factors (Di Girolamo et al.,
2006; Feinberg et al., 2000; Sorokin, 2010). MMPs are synthesized as inactive pro-
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enzymes, which are later converted into an active form. Tissue inhibitors of MMPs (TIMP
1-4) further control their proteolytic activities (Hu et al., 2007).
MMPs are ECM- and basement membrane-degrading enzymes with distinct substrate
specificities, that can selectively cleave ECM proteins leading to the generation of
bioactive peptides. These fragments can influence the activity and/or function of
infiltrating and resident cells, e.g. they can alter immune cell activity (Hur et al., 2007)
and can act as chemoattractants for different inflammatory cells (Weathington et al.,
2006).

In recent transcriptional profiling studies of experimental skin inflammation in K14VEGF-A transgenic mice (Kunstfeld et al., 2004), we found elevated mRNA expression
levels of MMP-12 in lysates obtained from inflamed skin. MMP-12 (macrophage
metalloelastase) has previously been found to be expressed by macrophages and epithelial
cells in pathological conditions such as asthma and arteriosclerosis (Da Hora et al., 2005;
Matsumoto et al., 1998). In mice, MMP-12 is the most important elastin-degrading
enzyme, although collagen type IV, fibronectin and laminin have also been described as
substrates of MMP-12 (Gronski et al., 1997). Based on these findings, we aimed to
investigate whether MMP-12 might play a role in the mediation of skin inflammation,
using pharmacological inhibition of MMP-12 activity and genetic ablation of MMP-12.

To investigate the functional role of MMP-12 in skin inflammation, we first used the
selective MMP-12 inhibitor, RXP470.1 (Devel et al., 2006) in the established K14VEGF-A transgenic mouse model of chronic skin inflammation (Kunstfeld et al., 2004).
Next, we studied the acute inflammatory response in MMP-12 deficient mice (Shipley et
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al., 1996), and we investigated the interplay of VEGF-A, MMP-12 and macrophage
recruitment. Our findings reveal a major role of MMP-12 in skin inflammation and they
also indicate that VEGF-A-induced MMP-12 expression promotes macrophage
recruitment via the creation of chemotactic elastin fragments. Thus, specific inhibition of
MMP-12 might represent a novel strategy to treat inflammatory skin disorders.

5.2

Material and Methods

Mice models of inflammation and treatment
All mice were bred and housed in the animal facility of ETH Zurich. Experiments were
performed in accordance with animal protocols approved by the local veterinary
authorities (Kantonales Veterinäramt Zürich). A chronic skin inflammation was induced
in K14-VEGF-A transgenic mice as described previously (Detmar et al., 1998; Kunstfeld
et al., 2004; Xia et al., 2003). Briefly, on study day -5, a 2% oxazolone solution (4ethoxymethylene-2 phenyl-2-oxazoline-5-one; Sigma-Aldrich) in aceton/olive oil (4:1
vol/vol) was applied topically to the shaved abdomen (50 µl) and to each paw (5 µl) of 8weeks old female mice. Both ears were challenged, five days after sensitization (day 0),
by topical application of 10 µl oxazolone (1%) on each side. Ear thickness was measured
before challenge and repeatedly after challenge using calipers. On day 7, osmotic
minipumps (ALZET, Model 1002) were implanted subcutaneously in the interscapular
region. The reservoirs of the pumps were loaded with 200 µl of water (control, n=10) or
the selective MMP-12 inhibitor RXP470.1 (Devel et al., 2006), dissolved in water at a
concentration of 20.7 mM (n=10). 14 days after minipump implantation, ears and ear
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draining lymph nodes (LN) were embedded in optimal cutting temperature (OCT)
compound (Sakura Finetek). The weight of the ear draining LN was determined for all
mice.
For studies of acute skin inflammation, wild-type C57BL/6 mice and MMP-12 deficient
mice (Shipley et al., 1996) (Charles River Laboratories) were treated by topical
application of 2.5 µg of 12-O-tetradecanoyl-phorbol-13-acetate (TPA, Sigma Aldrich) in
20 µl aceton once to each ear side (n=8 per group). The ear thickness was measured
before TPA application and 24 h later before termination of the experiment. Ears and ear
draining LN were embedded in OCT compound or used for RNA isolation.
To further study the role in promoting MMP-12 expression, uninflamed hemizygous K14VEGF-A transgenic mice were treated for 7 days, every second day, with an i.p. injection
of 50 µg anti-VEGF-A antibody (R&D Systems, AF-493-NA) or IgG control (R&D
Systems, AB-108-C). On day 7, mice were killed and ears were embedded in OCT
compound or used for RNA isolation.

Immunofluorescence
Ear tissues were embedded in OCT and frozen on liquid nitrogen. 7-µm cryostat sections
were cut, fixed with aceton and rehydrated with 80% methanol at 4°C. The sections were
blocked with PBS containing 5% donkey serum and 1% bovine serum albumin, followed
by incubation with the respective primary antibodies. Standard H&E stains and
immunofluorescence stainings were performed as described previously (Huggenberger et
al., 2010; Kunstfeld et al., 2004), using the following antibodies: anti-mouse LYVE-1
(AngioBio), MECA-32 (BD Biosciences), anti-mouse CD68 (Abcam) and anti-mouse
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MMP-12 (Santa Cruz). Alexa Fluor488- and Alexa Fluor594-coupled secondary
antibodies and Hoechst 33342 were from Invitrogen.

Immunohistochemistry
Normal human skin and lesional psoriatic skin samples were embedded in Paraffin, and 2µm sections were cut. Immunohistochemistry was performed using an anti-human MMP12 antibody (Santa Cruz), followed by a biotinylated anti-mouse secondary antibody
(Vector). The Vectastain ABC and the AEC (3-amino-9-ethylcarbazole) substrate kits
(Vector) were used for chromogenic detection. Staining with isotype matched control IgG
confirmed the specificity of the MMP-12 staining.

Computer-assisted morphometric analyses
Immunofluorescence stains of ear sections for MECA-32 and LYVE-1 were analyzed,
using an in-house designed ImageJ (National Institutes of Health, Bethesda) macro. The
average number of LYVE-1+ lymphatic vessels and of MECA-32+ blood vessels per
millimeter epidermal basement membrane was determined in the area between cartilage
and epidermis of one ear half. We expressed the results as vessel number per millimeter of
epidermal basement membrane (Huggenberger et al., 2010) and not as vessel number per
area to prevent that the formation of inflammatory edema (increase in area) confounds the
vessel number (Huggenberger et al., 2010). Quantification of CD68+MMP-12+ doublestained areas was done by analysis of single stains using gray-scale detection with a fixed
threshold in ImageJ, followed by measuring the area of all double positive pixels. The
results were expressed as positive stained area in one ear half per length of basement
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membrane. An Axioskop2 mot plus microscope (Carl Zeiss, Inc.) equipped with an
AxioCamMRc camera and a Plan-APOCHROMAT 10x/0.45 NA objective (Carl Zeiss,
Inc.) was used to examine the stainings. Images were acquired using Axio Vision Version
4.4 software (Carl Zeiss).

Quantitative real-time RT-PCR
Total RNA was isolated from mouse skin using a TissueLyser, stainless steel beads, and
the RNeasy Mini kit (QIAGEN). cDNA was generated using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems). The expression of mouse MMP-12, IFNγ, CCL2, CXCL2, MIP-1α, VEGF-A and human MMP-12, VEGFR-1, VEGFR-2, Nrp-1
and Nrp-2 was investigated by SYBR Green real-time reverse-transcribed polymerase
chain reaction (RT-PCR) using the AB7900 HT Fast Real-Time PCR System (Applied
Biosystems) and was quantified using the 2-ΔΔCt method (Schmittgen et al., 2008). The
mean of triplicate Ct values for the target gene was subtracted from the mean of the
triplicate Ct values for the reference gene (Rplp0). The smaller the calculated ΔCt value
for one specific gene, the higher it is expressed. All primers were custom-made
oligonucleotide primers (Microsynth, Switzerland). Each reaction was run with mouse or
human Rplp0 as a reference gene, and all data were normalized based on the expression
levels of Rplp0.

Isolation and culture of human monocytes from peripheral blood
Buffy coats were obtained from Blutspende Zürich. Monocytes were isolated by Ficollhypaque gradient centrifugation, followed by a positive selection using human CD14

	
  

105 	
  

MicroBeads (Miltenyi Biotech) or a negative selection using the monocyte isolation kit II
(Miltenyi Biotech). CD14 positive monocytes were maintained over night in RPMI
medium (Invitrogen) containing 1% human serum (AB-human serum, Invitrogen)
(starvation medium). The cells were then incubated with 50 ng/ml human VEGF-A (Cell
Science) or starvation medium only for 24 hours. To obtain macrophages, CD14 positive
monocytes were plated and maintained for 6 days in starvation medium containing 100
ng/ml human M-CSF (eBioscience). Macrophages were then treated with VEGF-A and
medium as described for the monocytes above. Total RNA was isolated using TRIzol
reagent.

Transwell migration assays
Human skin elastin (elastin products) was digested with the human MMP-12 catalytic
domain (Enzo Life Sciences) as described previously (Taddese et al., 2009). Briefly,
elastin was dispersed at 1 mg/ml in 50 mM Tris, 100 mM NaCl, 5 mM CaCl2, pH 7.5 and
digested with the human MMP-12 catalytic domain for 48 h at 37°C. The enzymesubstrate ratio was 1:100 (m/m). Transwell migration assays were performed using
polycarbonate 8 µm pore size-membrane 24-well plates (Corning Life Sciences).
Monocytes (1x105) were seeded in RPMI medium containing 1% human serum into the
upper part of the transwell inserts. Cells were allowed to migrate to the lower chamber
containing either RPMI/1% human serum, additional human M-CSF (100 ng/ml) or
MMP-12-generated elastin fragments (0.1, 1, 10, 100 µg/ml) for 5 h. Then, non-migrated
cells were mechanically removed and the transmigrated cells were stained with
Hoechst33342 (Invitrogen). Five images per insert were taken and nuclei from 5 wells per
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condition were counted using ImageJ. To evaluate the inhibitory effect of RXP470.1 on
the enzymatic activity of MMP-12, the catalytic domain of MMP-12 was pre-incubated
for 1 h at room temperature with RXP470.1. The enzyme-MMP-12 inhibitor ratio during
this pre-incubation was 1:5, a ratio for which a complete inhibition of the enzymatic
activity of MMP-12 was shown for a broad-spectrum MMP inhibitor (Enzo Life
Sciences). The transwell assay was then performed as described above.

Statistical analyses
Statistical analyses were performed using Prisma version 4.0 (GraphPad Software, Inc).
Data are shown as mean ±SD or ±SEM as indicated and were analyzed with a 2-tailed,
unpaired Student's t-test (for the comparison of two groups) or a 1-way ANOVA with
Bonferroni post test (for the comparison of more than two groups). Homogeneity of
variances was assessed using Levene’s test, and normalized distribution was assessed
using Q-Q-plots. Differences were considered statistically significant when P≤0.05.

5.3

Results

5.3.1

Chronic inflammation leads to up-regulation of MMP-12 in mouse and
human skin

Based on a more than 3-fold upregulation of MMP-12 mRNA expression in microarrays
of samples obtained from hemizygous K14-VEGF-A transgenic mice that develop a
chronic skin inflammation after sensitization and challenge with the contact sensitizer
oxazolone (Kunstfeld et al., 2004), we first investigated whether MMP-12 might also be
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upregulated in human inflammatory skin diseases. Thus, we stained sections of normal
human skin and of psoriatic skin lesions for MMP-12. Besides a strong epidermal
staining, the dermal infiltrates in psoriatic skin showed an abundant MMP-12 staining
which was not found in normal human skin (Figure 18A). Real-time RT-PCR analyses of
samples obtained from the mouse skin inflammation model confirmed a significantly
increased expression of MMP-12 (9.4-fold on day 7, P<0.001, and 3.6-fold on day 21,
P<0.01) in the inflamed ear skin of K14-VEGF-A transgenic mice as compared to
uninflamed skin (Figure 18B). Immunofluorescence stainings revealed that MMP-12 was
expressed by CD68+ macrophages in the inflamed skin of K14-VEGF-A transgenic mice
(Figure 18C). Quantitative image analyses confirmed a significant increase of the
CD68+/MMP-12+ area in the inflamed skin at days 7 and 21, as compared to uninflamed
skin (Figure 18D).

Figure 18: MMP-12 is up-regulated in psoriatic skin and in experimental skin inflammation.
(A) Increased immunohistochemical staining of dermal inflammatory cells for MMP-12 in
psoriatic skin than in normal human skin. The epidermis is also stained. Scale bar = 100 µm. (B)
RT-PCR based expression analyses of MMP-12 in whole ear skin extracts from uninflamed (day
0) and inflamed hemizygous K14-VEGF-A transgenic mice (day 7 and 21 after oxazolone
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challenge) (n=5 per group). MMP-12 was significantly upregulated in inflamed skin as compared
with uninflamed skin (day 0). (C) Immunofluorescence stains of inflamed ear skin (day 7 after
challenge) for CD68 (green) and MMP-12 (red) reveals MMP-12 expression by macrophages.
Quantitative image analyses showed that MMP-12 positive macrophages are significantly more
abundant in inflamed skin (day 7 and day 21) than in uninflamed (day 0) skin of K14-VEGF-A
transgenic mice. Scale bars = 100 µm. Data represent mean ± SD. **P<0.01; ***P<0.001.

5.3.2

Blockade of MMP-12 inhibits chronic skin inflammation in mice

We next analyzed the effects of RXP470.1, a selective MMP-12 inhibitor (Devel et al.,
2006), on the cutaneous inflammatory response. Hemizygous K14-VEGF-A transgenic
mice were sensitized with oxazolone (day -5) and challenged 5 days later by topical
application of oxazolone on both sides of the ears. Seven days after challenge, osmotic
minipumps containing RXP470.1 or water were implanted, continuously releasing their
content over 2 weeks (Figure 19A). It was previously found that 100 nM RXP470.1 fully
block MMP-12 but spare all other MMPs (Devel et al., 2006). We determined the plasma
levels of RXP470.1 at study end, after 14 days of treatment. Treatment of mice with a
20.7 mM RXP470.1 solution for 2 weeks resulted in an average plasma concentration of
106 nM of RXP470.1 (data not shown). RXP470.1 treatment significantly reduced edema
formation in the ears, as compared with control animals (Figure 19B). Already 2 days
after the initiation of treatment, ear thickness was reduced by 32 ± 8.2% (P=0.005) as
compared to control-treated mice. After 14 days of treatment, ear thickness was reduced
by 61 ± 11.8% (P=0.0001) in comparison to water-treated mice. The anti-inflammatory
effect of RXP470.1 was reflected in the reduced weights of the ear draining lymph nodes
(LN) (5.3 ± 0.43 g in treated mice versus 7.42 ± 0.23 g in controls; P=0.002; Figure 19C)
and in the reduction of ear redness (Figure. 19D) after 14 days of treatment. Histological
analyses of ear sections at day 21 showed reduced edema formation and dermal
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inflammatory cell infiltration in the RXP470.1-treated mice as compared to controls
(Figure 19E). Two independent experiments were performed with comparable results. In
the second study, 2 out of 10 mice showed no significant changes in ear thickness and LN
weight after RXP470.1 treatment, although the inhibitor was present in the plasma.
Overall, the RXP470.1 treatment was well tolerated without any significant changes in
body weight and behavior.

Figure 19: Blockade of MMP-12 alleviates chronic skin inflammation. (A) Hemizygous K14VEGF-A transgenic mice (n=20) were sensitized with 2% oxazolone and challenged, 5 days later,
with topical application of a 1% oxazolone solution on the ears. On day 7, minipumps were
implanted, constantly releasing the MMP-12 inhibitor RXP470.1 or water (H2O) (n=10 per group)
for 2 weeks. Two independent experiments were performed with comparable results. (B)
RXP470.1-treated mice (Δ) showed a significantly reduced inflammatory ear swelling, as
compared with control mice (◼). Data represent mean ± SEM. (C) RXP470.1 treatment
significantly reduced the weight of ear draining LN. (D) RXP470.1 treatment for 14 days reduced
ear redness, as compared with control treated animals. (E) Representative hematoxylin and eosin
stains show reduced ear swelling and inflammatory cell infiltration in RXP470.1 treated mice.
Scale bar = 100 µm. Data represent mean ± SD. **P<0.01, ***P<0.001.
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5.3.3

Inhibition of MMP-12 reduces macrophage infiltration, inflammatory
angiogenesis and lymphangiogenesis

It was previously reported that MMP-12 plays a major role in macrophage tissue
infiltration (Johnson et al., 2011). At day 21 (after 14 days of treatment), control mice
showed a pronounced macrophage infiltration in the dermis, as investigated by CD68
immunostains (Figure 20A). In contrast, RXP470.1 treatment strongly reduced
macrophage infiltration with a significant decrease of the CD68+ stained area (P=0.0001;
Figure 20A,B). To investigate potential effects of MMP-12 inhibition on inflammatory
angiogenesis and lymphangiogenesis, skin sections were stained for the blood vessel
specific marker MECA-32 (Figure 20C) and the lymphatic vessel specific marker LYVE1 (Figure 20E). Quantitative image analyses revealed that the number of blood and
lymphatic vessels was significantly reduced upon MMP-12 inhibition (P<0.01; Figure
20D, F).

Figure 20: Inhibition of MMP-12 reduces macrophage infiltration as well as inflammatory
angiogenesis and lymphangiogenesis. (A) Representative fluorescence stains for CD68+
macrophages in the inflamed ear skin of H2O- and RXP470.1-treated mice. (B) Quantitative image
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analyses revealed a significantly reduced CD68+ positive area, normalized to the length of
epidermal basal membrane (BM) after MMP-12 inhibition with RXP470.1. (C) Representative
fluorescence stains of MECA-32+ blood vessels. (D) RXP470.1 treatment significantly reduced
the number of blood vessels as compared to control animals. (E) Representative fluorescence
stains of LYVE-1+ lymphatic vessels. (F) RXP470.1 treatment significantly reduced the number of
lymphatic vessels. Scale bars = 100 µm. Data represent mean ±SD. **P<0.01, ***P<0.001.

5.3.4

MMP-12 deficiency is associated with reduced acute skin inflammation

To investigate whether MMP-12 might also play a role in acute skin inflammation, we
induced inflammation by a single TPA application to the ear skin of C57BL/6 wild-type
mice. One day after TPA application, the mice showed a significantly increased
expression of MMP-12 (17.2-fold, P<0.001; Figure 21A) and of VEGF-A (13.8-fold,
P<0.001; Figure 21B) as compared to uninflamed wild-type mice. We next treated the ear
skin of C57BL/6 wild-type mice and MMP-12 deficient mice (Shipley et al., 1996)
topically with TPA. MMP-12 deficient mice had a significantly reduced ear thickness one
day after TPA application (-23.6 ± 10.2%; P=0.0001; Figure 21C), and a reduced weight
of the ear draining lymph nodes (-25.8 ±17.2%; P=0.005; Figure 21D), as compared with
wild-type mice. Histological analyses of ear sections showed reduced edema formation
and dermal inflammatory cell infiltration in MMP-12 deficient mice, as compared to
controls (Figure 21E). Staining for the macrophage marker CD68 revealed a reduction of
macrophage infiltration (Figure 21F), with a significant reduction of the CD68-positive
skin area in MMP-12 deficient mice (-29.5 ± 20.98%; P=0.03; Figure 21G). The
expression of the inflammatory mediators interferon-gamma ((-24 ± 18%; P=0.03; Figure
21H), CCL2 (-27 ± 11%; P=0.005; Figure 21I), CXCL2 (-29 ± 16%; P=0.02; Figure 21J),
and of the macrophage inflammatory protein MIP-1α (-25 ± 14%; P=0.05; Figure 21K))
was significantly lower in MMP-12 knockout mice as compared to wild-type mice. Both
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MIP-1α and CCL-2 (MCP-1) have been implicated in monocyte chemoattraction
(Davatelis et al., 1988; Deshmane et al., 2009). Interestingly, VEGF-A expression was
also decreased in the inflamed skin of MMP-12 deficient mice (Figure 21L).

Figure 21: Reduced acute skin inflammation in MMP-12 deficient mice. C57BL/6 wild-type
mice were treated topically with 2.5 µg TPA or aceton on each ear side. Tissues were obtained
after 24 h. (A,B) Real-time RT-PCR analyses of whole ear skin extracts showed a strong,
significant upregulation of MMP-12 (A) and VEGF-A (B) after TPA treatment. (C) Topical
application of TPA to the ear skin resulted in a significantly reduced ear thickness in MMP-12
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knockout mice as compared to wild-type mice (n=8 per group). The experiment was performed
twice with comparable results. (D) Reduced weights of the ear draining lymph nodes in MMP-12
knockout mice. (E) Representative hematoxylin and eosin stains showed less edema formation in
the inflamed skin of MMP-12 deficient mice than in wild-type mice. (F) Representative images of
immunofluorescence stains for CD68+ macrophages in MMP-12 deficient and wild-type mice. (G)
Quantitative image analyses revealed a significantly reduced CD68+ area, normalized to the length
of the epidermal basal membrane (BM) in the TPA-treated skin of MMP-12 deficient mice. (H-K)
Real-time RT-PCR analyses of whole ear skin extracts revealed reduced expression of the
inflammatory mediators IFN-gamma, CCL2, CXCL2 and MIP-1a in MMP-12 deficient mice. (L)
The expression levels of VEGF-A was significantly reduced in the inflamed skin of MMP-12
deficient mice as compared to wild-type mice. Scale bars = 100 µm. Data represent mean ± SD.
*

P<0.05, **P<0.01, ***P<0.001.

5.3.5

MMP-12 expression in human macrophages is regulated by VEGF-A

We next investigated whether MMP-12 might be a VEGF-A target gene. The expression
of MMP-12 was studied in human monocytes and macrophages, known to be a major
source of MMP-12, with and without VEGF-A incubation. We found that macrophages,
but not monocytes, significantly increased the expression of MMP-12 mRNA upon
VEGF-A stimulation (Figure 22A). Quantitative RT-PCR analyses revealed that cultured
monocytes and macrophages express all the receptors (VEGFR-1 and 2, Nrp-1 and -2)
important for VEGF-A responsiveness but that the expression of these receptors was not
modulated by VEGF-A (Figure 22B-E). Data are expressed as ΔCt value (difference
between CT value of gene of interest minus CT value of reference gene (Rplp0). To
investigate whether MMP-12 expression is also dependent on VEGF-A in vivo, we
treated uninflamed, hemizygous K14-VEGF-A transgenic mice with an anti-VEGF-A
antibody or IgG control every second day for 7 days. Real-time RT-PCR analyses
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revealed a significant downregulation of MMP-12 expression in the skin of anti-VEGF-A
antibody treated mice, as compared to IgG control treated mice (P=0.05; Figure 22F).

Figure 22: VEGF-A induces MMP-12 expression in human macrophages. (A) Monocytes
were isolated from peripheral blood of healthy donors. After isolation, cells were directly treated
with VEGF-A or first differentiated into macrophages, followed by VEGF-A treatment (50 ng/ml
for 24 hours). VEGF-A significantly increased MMP-12 expression in macrophages but not in
monocytes. (B-E) Quantitative RT-PCR analyses revealed that monocytes and macrophages
express comparable levels of VEGFR-1, VEGFR-2, Nrp-1 and Nrp-2. (F) MMP-12 expression
was evaluated in whole skin lysates of hemizygous K14-VEGF-A transgenic mice treated every
second day for 7 days with an anti-VEGF-A antibody or IgG control (n=5 per group). AntiVEGF-A treatment significantly reduced MMP-12 expression. Data represent mean ± SD.
**

P<0.01; ns, not significant.

5.3.6

The chemoattractant effect of MMP-12-generated elastin fragments is
reduced by the selective MMP-12 inhibitor RXP470.1

We next investigated potential mechanisms how MMP-12 might modulate inflammatory
macrophage infiltration. It has been reported that elastin fragments, generated by
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elastinolytic enzymes, might serve as potent chemoattractants for monocytes in vitro and
in vivo (Houghton et al., 2006; Hunninghake et al., 1981; Kunitomo et al., 1985). Thus,
we next investigated whether elastin fragments generated by MMP-12 might also exert
chemoattractant effects on monocytes. We found that elastin fragments, already at a
concentration of 0.1 µg/ml, promoted the chemotactic migration of human monocytes, as
compared to medium (+24 ± 14.4%; P<0.05; Figure 23A). This effect was dosedependent (Figure 23A).
Next, we tested the potential of the selective MMP-12 inhibitor RXP470.1 to inhibit this
chemoattractant effect, by inhibition of the generation of elastin fragments. Pre-incubation
of the inhibitor together with the MMP-12 catalytic domain almost completely inhibited
the chemoattractant effect of MMP-12-generated elastin fragments (Figure 23B). Elastin
alone was not acting as a chemoattractant for human monocytes (Figure 23B).

Figure 23: The selective MMP-12 inhibitor RXP470.1 inhibits monocyte chemotaxis towards
MMP-12 generated elastin fragments. (A) MMP-12-generated elastin fragments promoted the
migration of human peripheral blood monocytes in a dose-dependent manner in vitro. M-CSF
(100 ng/ml) was used as a positive control. (B) The chemotactic effect of MMP-12-generated
elastin fragments was inhibited when the MMP-12 catalytic domain was pre-incubated with the
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selective MMP-12 inhibitor RXP470.1 before addition of elastin. Undigested elastin did not exert
any significant effects on the migration of monocytes. Data represent mean ± SD. *P<0.05;
**

P<0.01; ***P<0.001. ns, not significant.

5.4

Discussion

In this study, we established an important role of MMP-12 in acute and chronic skin
inflammation, and we identified MMP-12 as a VEGF-A target gene that promotes
macrophage migration via generation of chemotactic elastin fragments. Our finding of
increased

MMP-12

expression

in

human

psoriatic

skin,

as

evaluated

by

immunohistochemical stainings, is in agreement with a recent report of increased MMP12 mRNA levels in this disease (Starodubtseva et al., 2011) and indicates keratinocytes
and macrophages as the major sources of MMP-12. Together with the increased MMP-12
expression in the inflamed skin of the transgenic K14-VEGF-A mouse model, these
findings are in line with the observed increased expression of MMP-12 mRNA in
experimental mouse models of atherosclerosis and irritative lung injury (Da Hora et al.,
2005; Matsumoto et al., 1998) and in inflammatory conditions such as asthma and
rheumatoid arthritis (Chiba et al., 2007; Liu et al., 2004), as well as the detection of
MMP-12 expression by macrophages and epithelial cells in asthma and arteriosclerosis
(Da Hora et al., 2005; Matsumoto et al., 1998).

Based on the often insufficient clinical activity of broadband MMP inhibitors,
considerable efforts have been dedicated to the development of compounds that
selectively target distinct MMPs. However, due to the highly conserved residues in the
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active site of all MMPs, this has been a rather difficult task and many of the identified
compounds showed poor selectivity (Cuniasse et al., 2005). One way to potentially
overcome this drawback is the synthesis of phosphinic peptides, which were shown to be
suitable transition state mimics and highly potent inhibitors of distinct zinc
metalloproteinases (Dive et al., 2004). By screening libraries of phosphinic peptides,
RXP470.1 was previously identified as a highly selective inhibitor for MMP-12 (Devel et
al., 2006), and it was found that treatment with RXP470.1 retarded the development of
atherosclerotic plaques in vivo (Johnson et al., 2011). Our findings are the first to reveal
that MMP-12 inhibition by RXP470-1 potently inhibits experimental skin inflammation.

With regard to potential mechanisms involved, one of our major findings was that MMP12 blockade with RXP470-1 and MMP-12 deficiency both resulted in a significant
reduction of CD68+ macrophages in the inflamed tissue. One possible explanation for this
effect is the important role of MMP-12 in facilitating proteolytic penetration of
macrophages through the basement membrane (Shipley et al., 1996). However, since
chemoattractant properties of elastase-generated elastin fragments on monocytes have
been previously reported (Senior et al., 1980), we investigated whether MMP-12
generation of such fragments might facilitate monocyte recruitment to inflamed tissues.
Indeed, we found chemoattractant effects of MMP-12-generated elastin fragments on
monocytes and these effects were inhibited by addition of RXP470.1. These findings
indicate that the reduced recruitment of CD68+ macrophages into the inflamed tissue of
RXP470.1-treated and of MMP-12 deficient animals might be due to both the reduced
penetration of macrophages through the basement membrane and the reduced chemotaxis
towards MMP-12 generated elastin fragments. The observed downregulation of MIP-1α
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and CCL2, two known chemoattractant for monocytes, in the inflamed ear skin of MMP12 deficient mice might further contribute to the reduction of macrophages.

The significantly reduced number of blood and lymphatic vessels in the skin of MMP-12
inhibitor-treated mice might be related to the reduced macrophage numbers since
macrophages represent major sources of VEGF-A, VEGF-C and VEGF-D and thus play a
major role in inflammation-associated angiogenesis and lymphangiogenesis (Cursiefen et
al., 2004; Kataru et al., 2009; Zgraggen et al., 2013). VEGF-A expression is increased in
several types of skin inflammation, including psoriasis, rosacea and atopic dermatitis
(Bhushan et al., 1999; Gomaa et al., 2007; Koczy-Baron et al., 2012). Because we
observed upregulation of VEGF-A in the transgenic K14-VEGF-A inflammation model as
well as in TPA-induced acute skin inflammation, and since MMP-12 plays a major role in
both models, we wondered whether MMP-12 might be a VEGF-A target gene. Using
isolated human peripheral blood monocytes and differentiated macrophages, we found
MMP-12 to be up-regulated by VEGF-A stimulation of macrophages that expressed the
VEGF-A (co-) receptors VEGFR-1, VEGFR-2, neuropilin (NRP)-1 and NRP-2. Further
studies are needed to investigate, why monocytes did not show MMP-12 upregulation
after VEGF-A treatment. Further support for a role of VEGF-A in mediating MMP-12
expression comes from the significant downregulation of MMP-12 that we found upon
anti-VEGF-A treatment of uninflamed hemizygous K14-VEGF-A transgenic mice, which
have an increased baseline expression of VEGF-A (Detmar et al., 1994) and of MMP-12.
Taken together, our results identify MMP-12 as a new potential target for the treatment of
inflammatory skin disorders and potentially of other VEGF-A driven inflammatory
diseases.
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6

Inflammation-site specific activation of VEGFR-3 alleviates
chronic skin inflammation

6.1

Introduction

The lymphatic vasculature is involved in different physiological processes, including
immune surveillance, maintenance of tissue fluid homeostasis and absorption of dietary
fat in the intestine (Schulte-Merker et al., 2011). Besides that, the lymphatic system is
known to play a role in several pathologies, such as cancer cell metastasis, lymphedema,
wound healing, transplant rejection and inflammatory diseases (Alitalo, 2011; Oliver et
al., 2002). In the last years, different molecular players involved in lymphangiogenesis,
the formation of new lymphatic vessels from pre-existing ones, have been identified. This
has allowed for in depth studies of the lymphatic system and thereby the analysis of its
involvement in pathological settings. In inflamed tissue, the lymphatic vasculature
undergoes remodeling and has an important role in regulating the inflammatory response
by influencing the transport of fluid, inflammatory mediators as well as extravasated
leukocytes and antigen-presenting cells from the inflamed tissue to the draining lymph
nodes (Dieterich et al., 2013). Consequently, the lymphatic system is important to
decrease inflammation-induced edema as well as to initiate a specific immune response.
In humans, inflammation-induced lymphatic vessel remodeling has been reported in
different inflammatory diseases such as rheumatoid arthritis, inflammatory bowel disease,
atherosclerosis and psoriasis (Detmar et al., 1994; Kunstfeld et al., 2004; Nakano et al.,
2005; Pedica et al., 2008; Wauke et al., 2002).
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Interstitial fluid is drained from blind-ending, initial lymphatic capillaries to precollecting and collecting lymphatic vessels. The lack of pericyte coverage and a
continuous basement membrane together with the single layer of oak leaf-shaped
endothelial cells, which are connected by discontinuous junctions, make the lymphatic
capillaries permeable for fluid and distinct leukocyte subpopulations. In comparison,
collecting lymphatic vessels have a continuous basement membrane, smooth muscle cell
coverage and valves, and the individual lymphatic endothelial cells are tightly connected,
which makes these vessels less permeable and enables an efficient fluid transport. 	
  
Vascular endothelial growth factor (VEGF)-C is one of the best-characterized
lymphangiogenic factors. VEGF-C binds and activates VEGFR-3, preferentially
expressed on lymphatic endothelial cells (Kaipainen et al., 1995). Proteolytic processing
of human VEGF-C allows additional binding to VEGFR-2, expressed on blood vascular
and lymphatic endothelial cells, although with lower affinity than to VEGFR-3 (Joukov et
al., 1997). Interestingly, a mutated form of VEGF-C, VEGF-C156Ser, was shown to
specifically activate VEGFR-3 (Joukov et al., 1998). Several groups investigated the role
of lymphatic vessels in chronic inflammation by specifically blocking VEGFR-3, which
resulted in an aggravation of skin inflammation, chronic inflammatory arthritis, airway
inflammation and inflammatory bowel disease (Baluk et al., 2005; Guo et al., 2009;
Huggenberger et al., 2010; Jurisic et al., 2013; Kajiya et al., 2006). In contrast, activation
of the VEGFR-3 pathway by transgenic or recombinant VEGF-C attenuated UVB- and
contact hypersensitivity-induced skin inflammation and also joint damage in chronic
inflammatory arthritis (Huggenberger et al., 2011b; Huggenberger et al., 2010; Kajiya et
al., 2009; Zhou et al., 2011). Together, these results indicate an important role of the
lymphatic vasculature in different inflammatory conditions and suggest that activation of
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lymphatic vessels might serve as a possible treatment strategy for chronic inflammatory
conditions. 	
  
Chronic inflammatory diseases such as psoriasis, psoriatic arthritis and rheumatoid
arthritis are often not restricted to one single location. Moreover, for disorders such as
inflammatory bowel disease, local injections of a therapeutic agent are difficult to
achieve. Thus, we aimed to develop a pro-lymphangiogenic drug which accumulates
specifically at sites of inflammation after systemic application. Previously, it has been
shown that the F8 antibody, which specifically binds to the alternatively spliced domain
of fibronectin EDA, a marker for angiogenesis, accumulates selectively at tumor neovasculature and within arthritic sites after intravenous administration (Schwager et al.,
2009; Villa et al., 2008). Angiogenesis, the formation of new blood vessels, is a hallmark
of different chronic inflammatory diseases such as psoriasis, chronic airway inflammation
and inflammatory bowel disease (Baluk et al., 2005; Braverman et al., 1986; Chidlow et
al., 2007). Therefore, we hypothesized that targeting epitopes on growing blood vessels
might represent an attractive strategy for delivering lymphangiogenic compounds to
inflamed sites.
In this study, we developed and characterized F8-VEGF-C fusion proteins and
investigated their potential anti-inflammatory effects on skin inflammation in two mouse
models of cutaneous inflammation. Our results indicate that these fusion proteins
specifically accumulate at sites of cutaneous inflammation after systemic application, and
that they exert potent anti-inflammatory effects, associated with enhanced lymphatic
clearance function in the skin. These results reveal a novel therapeutic strategy to treat
inflammatory diseases of the skin and, potentially, of other organs.
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6.2

Material and Methods

Cloning and expression of fusion proteins
Two different fusion proteins, F8-VEGF-C and F8-VEGF-C156Ser were generated.
Briefly, the F8 antibody (Villa et al., 2008) was fused to the two different VEGF-C
variants via a 15 amino-acid linker, leading to the formation of a F8 diabody. To generate
the fusion protein, the genes encoding the F8 antibody and ΔNΔCVEGF-C or
ΔNΔCVEGF-C156Ser (processed, mature forms of VEGF-C and VEGF-C156Ser) were
PCR amplified and assembled. The assembly product was ligated into the expression
vector pcDNA3.1 (+) (Invitrogen) at a HindIII/NotI restriction site (for sequences of F8VEGF-C and F8-VEGF-C156Ser see Appendix). The fusion proteins F8-VEGF-C and
F8-VEGF-C156Ser were expressed in CHO cells using transient gene expression as
described previously (Muller et al., 2007; Pasche et al., 2011) and purified by protein A
affinity chromatography. The fusion proteins were analyzed by SDS-PAGE, size
exclusion chromatography (Superdex200 10/300GL GE Healthcare) and surface plasmon
analysis (BIAcore) on an EDA antigen-coated sensor chip.

Cell proliferation, migration and sprouting assays
To investigate whether the two fusion proteins, F8-VEGF-C and F8-VEGF-C156Ser, still
exert in vitro activities, we performed different in vitro assays using human lymphatic
vascular endothelial cells (LEC) (Kajiya et al., 2005) and human porcine aortic
endothelial (PAE) cells (a kind gift of Dr. Lena Claesson-Welsh) which overexpress
human VEGFR-3 (Waltenberger et al., 1994).
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For proliferation assays, 2,500 LECs were seeded into collagen-coated 96-well plates in
EBM medium (Lonza) containing 20% FBS (Gibco), 25 µg/ml cAMP (Sigma) and 10
µg/ml hydrocortisone (Sigma). After an overnight starvation in EBM containing 0.5%
FBS, the cells were incubated with VEGF-A (20 ng/ml, Cell Sciences), VEGF-C (200
ng/ml, kind gift of Dr. Kurt Ballmer-Hofer, Villingen, Switzerland), F8-diabody (400
ng/ml), F8-VEGF-C (corresponding to 200 ng/ml VEGF-C) or F8-VEGF-C156Ser
(corresponding to 200 ng/ml VEGF-C156Ser). After 72 hours, 100 µg/ml 4methylumbelliferyl heptanoate (MUH, Sigma) were added and the fluorescence intensity,
corresponding to the number of viable cells was measured on a SpectraMax reader
(Molecular Devices) at 355 nm excitation and 460nm emission (Detmar et al., 1992). For
each condition, quintuplicates were analyzed and the assay was performed three times.

To analyze the influence of the F8-VEGF-C constructs on migration, PAE cells were
starved overnight in DMEM medium (Gibco) containing 0.5% FBS. The lower side of the
transwell (8 µm pores, Costar) was coated with fibronectin (10 µg/ml) followed by
blocking with 100 µg/ml BSA, each for one hour. 30,000 cells were seeded in starvation
medium on the transwell and 500 µl media containing VEGF-A, VEGF-C, F8-diabody,
F8-VEGF-C or F8-VEGF-C156Ser (same concentrations as used for proliferation assays)
were added into the lower well. After 3 hours, non-migrated cells on the upper side of the
transwell were removed using cotton swabs. To analyze the migrated cells, the inserts
were stained with Hoechst 33342 (Life Technologies) and five images per transwell were
taken to determine the number of migrated cells using ImageJ (http://imagej.nih.gov/ij).
For each condition, quadruplicates were analyzed and the assay was performed twice.
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The 3-dimensional sprouting assay was performed as described previously (Schulz et al.,
2012). Briefly, LEC-coated cytodextran microcarrier beads (Sigma-Aldrich) were labeled
with cell tracker green (CTG, Invitrogen) and embedded in collagen type I hydrogels (1
mg/ml, Advanced Bio-Matrix), followed by the addition of LEC medium (EBM, 20%
FBS and 40 ng/ml bFGF (R&D Systems)). VEGF-A (40 ng/ml), VEGF-C (200 ng/ml),
VEGF-C156Ser (200 ng/ml), F8-VEGF-C (corresponding to 200 ng/ml VEGF-C), F8VEGF-C156Ser (corresponding to 200 ng /ml VEGF-C156Ser) or SIP-F8 were added to
the medium. After 24 h at 37°C, imaging was conducted and sprouts were counted
manually. For each condition, quintuplicates were analyzed and the assay was performed
twice.

Serum half-life determination
After tail vein injection of 50 µg F8-VEGF-C fusion protein, serial blood samples were
taken from the saphenous vein at 2 min, 10 min, 30 min, 1 h and 4 h. After 20 min
incubation at room temperature, the blood samples were centrifuged at 1200 g for 10 min.
The serum was collected, snap frozen and stored at -80°C. The amount of F8-VEGF-C
within each serum sample was determined using the human VEGF-C Quantikine ELISA
Kit (R&D Systems) according to the manufacturer’s protocol with the help of a standard
curve, generated with dilutions of F8-VEGF-C.

Immunoprecipitation and western blot analyses
PAE cells, stably expressing VEGFR-3, were maintained in DMEM medium containing
0.25 μg/ml puromycin. PAE cells were stimulated for 20 minutes with VEGF-C (200
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ng/ml), VEGF-C156Ser (200 ng/ml), F8-VEGF-C (corresponding to 200 ng/ml VEGF-C)
and F8-VEGF-C156Ser (corresponding to 200 ng /ml VEGF-C156Ser) and then lysed in
RIPA buffer: 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% NP-40, 5 mM EDTA, 1%
Triton-X100 and 1 mM Na3VO4. VEGFR-3 was immunoprecipitated by using Dynabeads
Protein G (Invitrogen) complexed with anti-VEGFR-3 antibody (C20, Santa Cruz
Biotechnology). The immunoprecipitated samples were subjected to SDS-PAGE and
analyzed for phosphorylation by using an antiphosphotyrosine antibody (4G10, Upstate
USA, Chicago). Finally, the membrane was stripped for 30 min in stripping-buffer
containing Tris, SDS and 2-mercaptoethanol and reprobed with VEGFR-3 antibody
(Santa Cruz, C20) to analyze total VEGFR-3. To investigate VEGFR-2 phosphorylation,
human LEC were stimulated and lysed as described above. Cell lysates were subjected to
SDS-PAGE and phosphorylation was investigated using a rabbit anti-human (p1175)
VEGFR-2 antibody (Cell Signaling). Following stripping, the membrane was reprobed
with anti-human VEGFR-2 antibody (Cell Signaling).

Mouse models and treatment
The mice used in this study were bred and housed in the animal facility of ETH Zurich.
Experiments were performed in accordance with animal protocols 117/2011 and 37/2013
approved by the local veterinary authorities (Kantonales Veterinäramt Zürich). K14VEGF-A transgenic mice have been described previously (Detmar et al., 1998; Xia et al.,
2003). Briefly, sensitization by a topical application of a 2% oxazolone solution (4ethoxymethylene-2 phenyl-2-oxazoline-5-one; Sigma-Aldrich) in acetone/olive oil (4:1
vol/vol) on the shaved abdomen (50 µl) and to each paw (5 µl), followed by a topical
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application of 10 µl oxazolone (1%) on each side of both ears five days later, leads to a
chronic skin inflammation in these mice (Kunstfeld et al., 2004). Ear thickness was
measured before and repeatedly after challenge using calipers. Starting on day 7, the
following treatments were applied i.v every second day, until day 13 (2 days before
termination): PBS, SIP-F8 (Villa et al., 2008), TNFR-Fc (Doll et al., 2013), F8-VEGF-C
and F8-VEGF-C156Ser (50 µg of each construct, corresponding to 8.3 µg VEGF-C
dimer). On day 15, the mice were analyzed. The experiment was performed twice.

In a second model of chronic skin inflammation, an imiquimod-containing cream (Aldara,
3M Pharmaceuticals) was applied daily to the ear skin of C57BL/6 wild-type mice (n=5
per group) for 5 consecutive days, followed by one day without treatment and another
imiquimod dose on day 7. Starting on day 7, each mouse received every second day an
i.v. injection of either PBS, SIP-F8, TNFR-Fc, F8-VEGF-C or F8-VEGF-C156Ser, with
the last injection on day 11. Ear thickness was measured daily. The mice were analyzed
on day 13. The experiment was performed twice.

Biodistribution studies
The in vivo targeting performance of the fusion proteins was evaluated by quantitative
biodistribution analyses. Fifteen µg of radioiodinated fusion protein was injected i.v. into
the lateral tail vein of inflamed mice (for details on the labeling protocol see (Pasche et
al., 2011)). To evaluate the targeting properties in the two models of chronic cutaneous
inflammation, both K14-VEGF-A transgenic mice on day 7 after challenge and IMQtreated C57BL/6 wild-type mice after 7 days of continuous application of IMQ (no
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treatment on day 6 as indicated above) as well as uninflamed FVB and Bl6 wild-type
mice were subjected to this analysis. 24h after the injection, the organs were dissected,
weighted and the radioactivity was measured by a Packard Cobra γ counter. The
radioactivity of individual organs is expressed as percentage of injected dose per gram of
tissue (%ID/g ± SEM).

Blood vascular leakage measurements
Vascular leakage was assessed as described previously (Proulx et al., 2013a). Briefly,
mice were anesthetized with 2% isofluorane and positioned in an IVIS Spectrum imaging
system (Caliper Life Sciences, Hopkington, MA). A sequence of 3 sec exposure images
(λex: 745 nm, λem: 800 nm, binning of 4) was initiated and then paused after the first
image was acquired. A tail vein injection of a solution of P20D800 (0.05 nmol/g mouse
weight) mixed with PBS, F8-VEGF-C (50 μg) or F8-VEGF-C156Ser (50 μg) was
performed. The sequence was then initiated and images were acquired every 15 seconds
for 12 minutes. Using Living Image 4.0 software (Caliper), regions of interest over the
tissues of interest and the saphenous vein were drawn and signal intensity values in
fluorescent counts were determined at each time point. Quantifications of blood volume
fraction (BVF), tissue leakage rate (TLR) and vascular leakage rate (VLR) were
performed as previously described (Proulx et al., 2013a).

In vivo diaphragm model of lymphangiogenesis
To assess the lymphangiogenic activity of F8-VEGF-C in vivo, 2.27 μg/g body weight of
F8-VEGF-C (corresponding to 0.38 μg/g bodyweight of VEGF-C dimer) or PBS were
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injected into newborn C57BL/6 wild-type mice once daily from P0 until P4. The
diaphragms were harvested on day P5 and processed as described in the section ‘Whole
mount immunostains’ below. Rabbit anti-mouse LYVE-1 (AngioBio, 1:600) was used as
primary antibody to investigate lymphatic vessels.

Near-infrared lymphatic imaging
The polyethylene glycol (PEG)-based lymphatic tracer P20D800 (PEG amine P20
conjugated to IRDye®) was prepared as described previously (Proulx et al., 2013b). To
examine lymphatic clearance over time, inflamed K14-VEGF-A tg mice (10 days after
oxazolone challenge) were anesthetized with isoflurane (2%), and 3 μl of 3 μM tracer was
injected intradermally into the ear skin, using a 29 g insulin syringe. The mice were
positioned in an IVIS Spectrum imaging system and an image was acquired just after the
tracer injection with exposure of 2 s (λex: 745 nm, λem: 800 nm, binning of 4) and
repeatedly 1 h, 2 h, 3 h, 4 h and 6 h after the injection. Between the different imaging time
points, mice were allowed to wake up and move freely. In order to calculate tissue
enhancement values, all signal intensities were adjusted to baseline ear signals before
tracer injection. The tissue enhancement value obtained directly after the injection of the
tracer was used to normalize all values of the subsequent measurements. A one-phase
exponential decay model was used to fit the data for each mouse, with lymphatic
clearance expressed as decay constant K (expressed in h-1) or as half-life (expressed in h)
as shown in equations 1 and 2.
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Immunofluorescence
OCT embedded ear samples were frozen on liquid nitrogen and cut in 7 µm cryostat
sections. After fixation in acetone and rehydration in 80% methanol, the sections were
blocked with PBS containing 5% donkey serum and 1% bovine serum albumin, followed
by

incubation

with

the

respective

primary

antibodies.

Standard

H&E

and

immunofluorescence stainings were performed as described previously (Huggenberger et
al., 2010; Kunstfeld et al., 2004), using the following antibodies: biotinylated F8, MECA32 (BD Biosciences), anti-LYVE-1 (Angiobio), anti-CD68 (BD Biosciences) and antiCD4 (eBioscience). Alexa 488- and Alexa 594-conjugated secondary antibodies and
Hoechst 33342 were purchased from Invitrogen.

Whole mount immunostaining
Diaphragms and ears were fixed in 4% PFA in PBS for 2 h, followed by blocking in 5%
donkey serum, 0.1% Triton-X, 0.05% NaN3 and 1% BSA in PBS for 1 h. The samples
were then incubated with primary antibodies overnight at 4ºC. Primary antibodies used
were rabbit anti-mouse LYVE-1 (AngioBio, 1:600) and rat anti-mouse CD31 (BD
Pharmingen, 1:250). Alexa 488-, 594- and 647- conjugated secondary antibodies were
purchased from Invitrogen. Stained samples were flat-mounted on glass slides and Z-stack
images were acquired with a Zeiss LSM 710-FCS confocal microscope (Carl Zeiss)
equipped with a 10x 0.3NA EC Plan-Neofluar objective, using the Zeiss ZEN 2009
software. Computer-assisted quantification of lymphatic vessel parameters was performed
by tracing the lymphatic vessels in LYVE-1 and CD31 stainings of ears and diaphragms
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using Adobe Photoshop software version CS5 (Adobe). The total tissue area covered by
lymphatic vessels was then measured using ImageJ.

Statistical analyses
Statistical analyses were performed using Prism version 5.0 (GraphPad Software, Inc).
Data are shown as mean ±SD or ±SEM as indicated. To determine statistical significance,
either a 2-tailed, unpaired Student's t-test (for the comparison of two groups), a 1-way
ANOVA (for the comparison of more than two groups) or a 2-way ANOVA (for repeated
measurements) with Bonferroni post test was performed. Differences were considered
statistically significant when P≤0.05.

6.3

Results

6.3.1

F8-VEGF-C and F8-VEGF-C156Ser, two newly cloned fusion proteins with
pro-lymphangiogenic properties in vitro and in vivo

To investigate whether targeted delivery of VEGF-C to sites of inflammation has antiinflammatory effects, we first generated two fusion proteins, F8-VEGF-C and F8-VEGFC156Ser. The F8 antibody format consists of two different scFv fragments with a 5amino-acid linker between the VH and VL domains, leading to the formation of a stable
noncovalent homodimeric diabody (Figure 24A). The VEGF-C moiety was attached to
the C-terminus of F8 via a flexible 15-amino acid linker. The fusion proteins were
expressed in CHO cells using transient gene expression and the purity was analyzed by
SDS-PAGE analysis and size exclusion chromatography which revealed that most of the
protein is covalently linked under nonreducing conditions, whereas a small portion is only
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noncovalently linked (Figure 24B-E). BIAcore analysis showed that both fusion proteins
have a high affinity for the EDA antigen coated on the BIAcore chip (Figure 24F-G). The
half-life of F8-VEGF-C was determined by collecting blood at different time points after
i.v. injection of 50 µg fusion protein. The serum half-life was found to be 5.3 min (Figure
24H).

Figure 24: Cloning and expression of F8-VEGF-C and F8-VEGF-C156Ser. (A) Schematic
representation of the domain assembly for the F8-VEGF-C fusion proteins. (B-C) SDS-PAGE
analysis of purified F8-VEGF-C (B) and F8-VEGF-C156Ser (C) revealed mostly covalently
linked dimers under non-reducing conditions. M, molecular marker; N, nonreducing; R, reducing
conditions. (D,E) Size exclusion chromatography profiles of purified F8-VEGF-C (D) and F8VEGF-C156Ser (E). (F,G) BIAcore analysis using an EDA-coated chip revealed a high affinity of
F8-VEGF-C (F) and F8-VEGF-C156Ser (G) for EDA. (H) ELISA analysis revealed a serum halflife of 5.3 min for F8-VEGF-C.

To test if F8-VEGF-C and F8-VEGF-C156Ser still have biological activities, several in
vitro assays were performed. Both constructs induced the proliferation and sprouting of
LECs to a similar extent as recombinant human VEGF-C (Figure 25A,B). However, only
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F8-VEGF-C but not F8-VEGF-C156Ser promoted the migration of PAE-VEGFR-3 cells
(Figure 25C). To investigate whether the two fusion proteins can still bind and activate
VEGFR-2 and VEGFR-3, western blot analyses were performed. F8-VEGF-C but not F8VEGF-C156Ser stimulated tyrosine phosphorylation of VEGFR-2 (Figure 25D), in
agreement with the specificity of the VEGF-C156Ser mutation for VEGFR-3. In
comparison, both fusion proteins stimulated the tyrosine phosphorylation of VEGFR-3
(Figure 25E). We confirmed these results in vivo using a vascular leakage assay in FVB
mice. After a tail vein injection of the fusion proteins mixed with near-infrared tracers, we
were able to measure blood volume fraction, tissue leakage rate, and vascular leakage rate
in the ears (Proulx et al., 2013a). While F8-VEGF-C demonstrated a highly significant
increase in tissue and vascular leakage rates over PBS control, F8-VEGF-C156Ser did not
induce any change in these parameters (Figure 25F). This demonstrates the ability of F8VEGF-C to also activate VEGFR-2 expressing blood vessels in vivo.
Finally, we investigated the effect of F8-VEGF-C on developmental lymphangiogenesis
in an in vivo model. Normally, the lymphatic vessels on the pleural side of the neonatal
diaphragm muscle show a tubular phenotype with few branches (Figure 25G, left panel).
However, intraperitoneal injections of F8-VEGF-C from P0 to P4 once daily led to a
strong lymphangiogenic response with formation of LYVE-1-positive sheets and an
almost complete coverage of the diaphragmatic muscle with lymphatic structures on the
pleural side at P5 (Figure 25G, right panel). The LYVE-1-positive area per diaphragm
segment was significantly increased in the F8-VEGF-C-treated animals as compared to
the PBS-treated mice (Figure 25H). These results indicate that the F8-VEGF-C constructs
have potent pro-lymphangiogenic properties in vitro and in vivo.
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Figure 25: F8-VEGF-C and F8-VEGF-C156Ser are active in vitro and in vivo and lead to
VEGFR-3 phosphorylation. (A) F8-VEGF-C and F8-VEGF-C156Ser (to a lesser extent)
significantly increased the proliferation of LECs as compared to control (F8-Diabody). (B)
Treatment with F8-VEGF-C and F8-VEGF-C156Ser significantly increased the number of sprouts
per microcarrier in an in vitro sprouting assay. (C) The migration of PAE-VEGFR-3 cells was
significantly increased by F8-VEGF-C. (D) F8-VEGF-C but not F8-VEGF-C156Ser led to
phosphorylation of VEGFR2. (E) Both fusion proteins, F8-VEGF-C and F8-VEGF-C156Ser,
stimulated the phosphorylation of VEGFR-3. For the studies depicted in panels A-E, recombinant
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VEGF-A, VEGF-C and/or VEGF-C156S were used as positive controls. (F) Intravenous injection
of F8-VEGF-C or F8-VEGF-C156S had no significant effect on the blood volume fraction (BVF,
left) in the ears of mice, a measure of vascularity. F8-VEGF-C treatment lead to significant
increases in both tissue leakage rate (TLR, center) and vascular leakage rate (VLR, right panel)
compared to PBS control. F8-VEGF-C156Ser had no significant effect on vascular leakage. (G,
H) Daily intraperitoneal injections of F8-VEGF-C from postnatal day 1 (P1) to P4 strongly
induced lymphangiogenesis on the diaphragm muscle at P5 (left panel) as compared to PBStreated mice (right panel). Scale bar represents 500 μm. Data represent mean ±SD. *P<0.05;
**

P<0.01; ***P<0.001. One representative in vitro experiment out of 2 or 3 is shown.

6.3.2

F8-VEGF-C and F8-VEGF-C156Ser specifically accumulate in the inflamed
skin of two different mouse models

The overall goal of this study was to specifically activate lymphatic vessels at the site of
inflammation by a systemic delivery of VEGF-C. To this end, a targeted delivery of the
fusion proteins into the inflamed skin, but not into the uninflamed skin was desired. Thus,
we first studied if EDA, the antigen to which the F8 antibody binds, is absent in
uninflamed skin but present in chronically inflamed ear skin of hemizygous K14-VEGFA tg mice. These mice develop a chronic skin inflammation upon sensitization and
challenge with the contact sensitizer oxazolone (Kunstfeld et al., 2004). Indeed, we found
a prominent EDA staining in the inflamed skin around vascular structures in the entire
dermis, with the most prominent staining in the upper part of the dermis (Figure 26A, left
panel). In contrast, no EDA staining was detected in uninflamed ear skin (Figure 26A,
right panel). Quantitative biodistribution analyses using radioiodinated F8-VEGF-C and
F8-VEGF-C156Ser revealed a selective targeting of both fusion proteins to the inflamed
skin of hemizygous K14-VEGF-A tg mice but not to the uninflamed skin of FVB mice
(Figure 26B-C). Importantly, in the inflamed mice, the fusion proteins specifically
accumulated within the inflamed ear skin but not in the uninflamed back skin. We also
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found a proportion of the fusion proteins in the spleen, kidney, intestine and lung (Figure
26B-C). The accumulation of the radioiodinated fusion proteins in the inflamed ears was
also seen by autoradiography analyses (Figure 26D-E).

Figure 26: F8-VEGF-C and F8-VEGF-C156Ser target to inflamed skin in K14-VEGF-A
transgenic mice. (A) EDA (red) is expressed on and around several CD31-positive (green)
vascular structures in chronically inflamed ear skin of hemizygous K14-VEGF-A tg mice (21 days
after challenge) but not in uninflamed ear skin. A dense EDA staining pattern was seen close to
the vessel-rich upper part of the dermis. (B,C) Quantitative biodistribution studies of
radioiodinated F8-VEGF-C (B) and F8-VEGF-C156Ser (C) revealed selective accumulation of
both fusion proteins in the inflamed ear skin of K14-VEGF-A tg mice as compared to uninflamed
skin of wild-type FVB mice. The fusion proteins selectively accumulated in the inflamed ear skin
and not in the uninflamed back skin of the same K14-VEGF-A tg mice (mean ± SEM, n=4 mice
per group). (D-E) The selective accumulation of both fusion proteins in the inflamed ears of K14VEGF-A tg mice as compared to uninflamed ear skin was confirmed by autoradiography (n=4 per
group).
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Similarly, in ears which were chronically inflamed after daily application of imiquimod
for 7 days (except on day 6), EDA was expressed around vascular structures, whereas no
staining was visible in uninflamed ear skin (Figure 27A). Quantitative biodistribution
analysis revealed a selective targeting of SIP-F8 (positive control), F8-VEGF-C and F8VEGF-C156Ser in the inflamed ear skin but not in the uninflamed back skin (Figure
27B,C). Similar to the K14-VEGF-A transgenic mice, the fusion proteins also
accumulated in the spleen, kidney and intestine (Figure 27B,C). Autoradiographies
showed accumulation of radioactivity in inflamed ears after systemic treatment with SIPF8, F8-VEGF-C or F8-VEGF-C156Ser as compared to uninflamed skin (Figure 27D,E).

Figure 27: Targeting properties of F8-VEGF-C and F8-VEGF-C156Ser in IMQ-inflamed
mice. (A) Several CD31 positive vascular structures (green) in the ears of IMQ-inflamed mice are
EDA positive (red), whereas no EDA staining was visible in uninflamed wild-type mice. (B,C)
Quantitative biodistribution studies of radioiodinated SIP-F8 (B) and F8-VEGF-C/156Ser (C)
revealed that these fusion proteins selectively accumulated in IMQ-inflamed ear skin as compared
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to uninflamed ears. No accumulation was found in the uninflamed back skin of all the mice tested.
(D,E) Autoradiography confirmed the accumulation of SIP-F8, F8-VEGF-C and F8-VEGFC156Ser in the IMQ-inflamed ears as compared to uninflamed ear skin.

6.3.3

VEGFR-3 activation significantly reduces edema formation and induces
lymphatic vessel enlargement in CHS-induced skin inflammation

We next investigated the effect of both fusion proteins on the inflammatory response in a
CHS-induced skin inflammation model. K14-VEGF-A transgenic mice were sensitized
with oxazolone (day -5) and challenged 5 days later on both sides of the ears by topical
application of oxazolone. 7 days after challenge, the mice received four i.v. injections of
either PBS, SIP-F8, TNFR-Fc, F8-VEGF-C or F8-VEGF-C156Ser every second day. The
mice were analyzed 2 days after the last injection on day 15 after challenge. PBS was
used as a control for TNFR-Fc, and SIP-F8 as a control for F8-VEGF-C and F8-VEGFC156Ser. Both VEGF-C fusion proteins as well as the positive control TNFR-Fc
significantly reduced inflammatory edema formation, as compared to the controls PBS
and SIP-F8 (Figure 28A). To investigate whether F8-VEGF-C and F8-VEGF-C156Ser
induced vascular remodeling, we performed immunofluorescence analyses for the blood
vessel specific marker MECA-32 and the lymphatic vessel specific marker LYVE-1 in the
inflamed ear skin. Quantitative image analyses showed a significant increase in the
LYVE-1-stained lymphatic area in the F8-VEGF-C- and the F8-VEGF-C156Ser-treated
mice, as compared to SIP-F8-treated mice (Figure 28B,C). Accordingly, whole mount
analyses of inflamed ears revealed a denser network of lymphatic vessels in the F8VEGF-C and F8-VEGF-C156-treated mice as compared to SIP-F8 (Figure 28D,E). No
such changes were observed after TNFR-Fc treatment (Figure 28D,E). No differences
were found between the treatment groups regarding the number and size of blood vessels

	
  

139 	
  

(data not shown). Both F8-VEGF-C constructs as well as TNFR-Fc significantly reduced
the infiltration of CD4-positive T cells into the inflamed ear skin (Figure 28F,G), whereas
the infiltration of CD68+ macrophages was only slightly reduced (not significant) in the
treatment groups as compared to the controls (data not shown).

Figure 28: Treatment with F8-VEGF-C fusion proteins inhibits inflammation in a CHSinduced skin inflammation model. (A) In hemizygous K14-VEGF-A transgenic mice, a CHSinduced skin inflammation was induced (n=5 per group). Treatment with F8-VEGF-C and F8VEGF-C156Ser from day 7 on, every second day, significantly reduced inflammatory ear swelling
as compared to SIP-F8 and had a similar effect as TNFR-Fc. Data represent mean ±SEM. (B,C)
Quantitative image analyses of immunofluorescence stains of inflamed K14-VEGF-A tg ear skin
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for LYVE-1 and MECA-32 revealed a significantly increased LYVE-1 positive lymphatic area in
the F8-VEGF-C and F8-VEGF-C156Ser treatment groups. Scale bar represents 100 μm. (D,E)
Whole mount stainings for LYVE-1 showed an increased lymphatic vessel network in F8-VEGFC-

and

F8-VEGF-C156Ser-treated

mice.

Scale

bar

represents

500

μ m.

(F,G)

Immunofluorescence stains of inflamed ear skin for CD4 revealed that F8-VEGF-C, F8-VEGFC156Ser and TNFR-Fc treatment reduced the infiltration with CD4+ T cells as compared to PBS
and SIP-F8. Scale bar represents 100 μm. Data represent mean ± SD. *P<0.05; ***P<0.001.

6.3.4

F8-VEGF-C treatment enhances lymphatic clearance in inflamed skin

To test whether the F8-VEGF-C treatment has a positive effect on lymphatic function, we
performed a recently developed quantitative lymphatic clearance assay. Inflamed K14VEGF-A transgenic mice (n=5) were treated with injections of F8-VEGF-C (50 μg) or
PBS on days 7 and 9 after oxazolone challenge. On day 10 after challenge, we tested the
lymphatic clearance in these mice after an injection of 3 μl of 3 μM P20D800 into each
ear. By acquiring a series of images after the injection (Figure 29A), we determined the
clearance rate K and the half-life of signal decay, which are estimates of the lymphatic
clearance of the tracer. Mice treated with F8-VEGF-C demonstrated a significantly higher
K rate (Figure 29B) and shorter half-life (Figure 29C) than PBS-treated mice, indicating
increased lymphatic clearance.
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Figure 29: F8-VEGF-C treatment promotes lymphatic clearance. (A-C) P20D800 (3 μl of 3
μM) was injected into the ears of CHS-induced inflamed mice treated with either PBS (n=5) or
F8-VEGF-C (n=5) and the decay of fluorescent signal was tracked over time (A). F8-VEGF-Ctreated mice had an increased clearance of the lymphatic tracer as shown by a significantly
increased clearance rate (B) and a reduction in tissue half-life (C). *P<0.05.

6.3.5 F8-VEGF-C and F8-VEGF-C156Ser accelerate the resolution of imiquimodinduced skin inflammation
To investigate the effect of F8-VEGF-C and F8-VEGF-C156Ser in a second mouse
model, we used the imiquimod-induced skin inflammation model (Van Belle et al., 2012;
van der Fits et al., 2009). An imiquimod (IMQ)- containing cream (Aldara) was topically
applied on the ear skin of C57BL/6 wild-type mice for 5 consecutive days, followed by
one day without treatment and another imiquimod dose on day 7. From day 7 on, the mice
received three i.v. injections of either PBS, SIP-F8, TNFR-Fc, F8-VEGF-C or F8-VEGFC156Ser every second day, with the last injection on day 11. Two days later, the mice
were analyzed. Treatment with TNFR-Fc, F8-VEGF-C or F8-VEGF-C156Ser
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significantly accelerated the edema resolution (Figure 30A). Analysis of H&E stained
tissue sections revealed that TNFR-Fc, F8-VEGF-C and F8-VEGF-C156Ser treatment
reduced the epidermal thickness as compared to PBS and SIP-F8 controls (Figure 30B,C).
To investigate the effects of both F8-VEGF-C constructs on the cutaneous vasculature, we
performed immunostains for LYVE-1 and MECA-32 (Figure 30D). Quantitative image
analysis revealed that the size of lymphatic vessels was significantly higher in the skin of
F8-VEGF-C-treated mice as compared to SIP-F8, whereas F8-VEGF-C156Ser treatment
led to a slight increase (Figure 30E). No significant changes were observed in the number
of lymphatic vessels, as well as the number and the size of blood vessels (data not shown).
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Figure 30: Treatment with F8-VEGF-C fusion proteins inhibits inflammation in IMQinduced skin inflammation. (A) In the IMQ-induced skin inflammation model (n=5 mice per
group), treatment with F8-VEGF-C and F8-VEGF-C156Ser from day 7 on, every second day,
significantly accelerated the resolution of edema as compared to SIP-F8 and PBS. The effect was
comparable to of TNFR-Fc. Data represent mean ± SEM. (B,C) H&E stains of ear skin sections
showed that TNFR-Fc, F8-VEGF-C and F8-VEGF-C156Ser treatment significantly reduced
epidermal thickness as compared to PBS- and SIP-F8-treated mice. (D) Representative images of
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immunofluorescence stains of IMQ-inflamed ear skin for LYVE-1 (green) and MECA-32 (red).
(E) Quantitative image analysis revealed a significant increase of the lymphatic vessel size in F8VEGF-C-treated mice. Scale bars represent 100 µm. Data represent mean ± SD. *P<0.05;
**

P<0.01; ***P<0.001.

6.4

Discussion

The occurrence of inflammation-induced lymphatic vessel remodeling has been
recognized in different pathologies. Several recent studies point to a rather active role of
the lymphatic vasculature in the resolution of inflammation. VEGFR-3 blockade in
chronic inflammatory arthritis increased the severity of inflammation and decreased the
lymphatic drainage from paws to popliteal lymph nodes (Guo et al., 2009). Lymphatic
vessel drainage function was improved in K14-VEGF-A/C double tg mice compared to
chronically inflamed K14-VEGF-A tg mice (Huggenberger et al., 2010). Activation of
VEGFR-3 signaling by VEGF-C was shown to ameliorate inflammation in mouse models
of UVB- and contact hypersensitivity induced skin inflammation and of chronic arthritis
by accelerating local lymphatic drainage (Huggenberger et al., 2010; Kajiya et al., 2009;
Zhou et al., 2011 ), indicating a beneficial role of VEGF-C in lymphatic vessel function.
While these results have high scientific impact, intradermal injections or local VEGF-C
adeno-associated virus treatments do not appear feasible for clinical use in the treatment
of chronic inflammatory diseases. The major goal of our study was to generate and
validate a clinically usable anti-inflammatory drug to functionally activate lymphatic
vessels by targeted delivery of a lymphangiogenic factor after systemic application.

In the present study, we engineered fusion proteins which enabled inflammation-site
specific delivery of VEGF-C and thereby activation of lymphatic vessels. We cloned the
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F8 antibody, which specifically binds to the alternatively spliced domain of fibronectin
EDA (Villa et al., 2008) a marker for angiogenesis, linked to VEGF-C or VEGFC156Ser. Importantly, we found that the attachment of a flexible amino acid linker to the
N-terminus of VEGF-C or VEGF-C156Ser did not alter the in vitro activity of VEGF-C,
since LEC proliferation and sprouting were not significantly different when comparing
both fusion proteins with the native proteins. Accordingly, F8-VEGF-C and F8-VEGFC156Ser phosphorylated VEGFR-3, whereas VEGFR-2 was only phosphorylated by F8VEGF-C, which is in line with the reported VEGFR-3 specificity of VEGF-C156Ser
(Joukov et al., 1996). Additionally, F8-VEGF-C strongly induced developmental
lymphangiogenesis in vivo. The observed replacement of tubular lymphatic structures,
normally seen on the pleural surface of the neonatal diaphragm, by sheets of lymphatic
vessels is in line with a recent report, in which Clara cell specific transgenic
overexpression of VEGF-C led to the formation of merged sheets of LYVE-1 positive
structures on the pleural surface of the diaphragm (Yao et al., 2014).

We found a potent reduction of inflammatory ear swelling in two separate in vivo models
of skin inflammation, after systemic treatment with either F8-VEGF-C and F8-VEGFC156Ser. Importantly, the extent of inhibition was comparable to the inhibition observed
after treatment with the TNF inhibitor, TNFR-Fc. Both F8-VEGF-C and F8-VEGFC156Ser also increased the LYVE-1 positive lymphatic area in the inflamed ear skin,
similar to previous results in K14-VEGF-C transgenic mice (Jeltsch et al., 1997),
confirming the effect on their target under disease conditions. The increased lymphatic
vascularity in the skin indeed resulted in improved lymphatic vessel function, since we
found an increased clearance rate (corresponding to a reduced tissue half-life) of a near-
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infrared lymphatic-specific tracer after injection into the tip of the ears when mice had
been treated with F8-VEGF-C. This increased lymphatic drainage may be beneficial in
cutaneous inflammation by removing inflammatory mediators and cells from the site of
inflammation.

Unexpectedly, in both in vivo studies, no significant differences were seen between F8VEGF-C and F8-VEGF-C156Ser treatment with regard to angiogenesis and blood vessel
density (data not shown). This might appear surprising, since we confirmed that the F8VEGF-C construct was able to also activate VEGFR-2, the major mitogenic receptor of
blood vascular endothelial cells (Ferrara et al., 2003), which consequently may lead to
blood vessel activation and an increased inflammatory response. Indeed, several studies
have found that VEGF-C can stimulate angiogenesis under certain conditions: In early
mouse embryos, VEGFR-3 is expressed on blood vascular and lymphatic endothelial
cells, whereas after embryonic day (E) 14.5, its expression becomes mainly restricted to
lymphatic endothelium, and angiogenic blood vessels (Kaipainen et al., 1995; Tammela et
al., 2008). Consequently, endothelial specific overexpression of VEGF-C before E16.5
led to a strong angiogenic effect in mouse embryos (Lohela et al., 2008). Using
adenoviral gene delivery of VEGF-C, an angiogenic phenotype was also seen in the skin
of adult mice, associated with dilated, tortuous blood vessels and leakiness (Saaristo et al.,
2002). While these effects might be related to the high levels of VEGF-C protein,
adenoviral capsid proteins themselves can lead to an inflammatory response and might
thus contribute to angiogenic responses. It is of interest that VEGF-C overexpression
under control of an endothelial Tie1 promoter only stimulated a robust lymphangiogenic
response in several tissues of adult mice, but that no angiogenic phenotype was observed
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when VEGF-C was overexpressed (Lohela et al., 2008). Thus, VEGF-C seems to mainly
act as a lymphangiogenic factor in adults. Given that the in vivo anti-inflammatory effects
of F8-VEGF-C were largely comparable with those of F8-VEGF-C156S, the future use of
the non-mutated form of the molecule might be preferable.

There are several open questions which will need to be addressed in future studies. For
example, the optimal treatment schedule and dose have not yet been established, and
combination therapies with drugs that target other pathogenic pathways might provide
additive efficacy. It would be of great interest to investigate if and for how long the
expanded network of lymphatic vessels in the inflamed skin persists, as persistence of
newly induced lymphatic vessels has been previously reported after adenoviral delivery of
VEGF-A to ear skin (Nagy et al., 2002) after treatment of chronic airway inflammation
and in the ear skin of double-transgenic K14-rtTA/TET-VEGF-C mice (Baluk et al.,
2005; Lohela et al., 2008). If lymphatic expansion and improved drainage function indeed
persist over extended time periods, short-time treatment with the F8-VEGF-C fusion
protein might be sufficient to obtain long-term anti-inflammatory responses. It will be of
great interest to investigate whether targeted systemic delivery of F8-VEGF-C might also
be beneficial for the treatment of chronic inflammatory diseases beyond the skin, such as
rheumatoid arthritis where impaired lymphatic vessel function has been reported (Zhou et
al., 2011). Finally, the targeting properties of F8-VEGF-C to post-surgical lymphedemas
and to chronic, non-healing skin wounds should be investigated because promotion of
lymphangiogenesis and/or lymphatic function might also be beneficial for the treatment of
these conditions (Karkkainen et al., 2001; Saaristo et al., 2006; Szuba et al., 2002).
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7

Conclusions and outlook

A large proportion of the world’s population is affected by chronic inflammatory diseases
such as rheumatoid arthritis, inflammatory bowel disease or psoriasis. Although several
effective treatments were developed in the recent years, there is still a need to identify
new targets and treatment strategies for chronic inflammatory disorders to overcome
severe side effects and to deal with non-responders. In this PhD thesis, we have identified
and characterized two new targets as well as a new treatment strategy for the therapy of
chronic cutaneous inflammation.

In order to identify novel targets for the treatment of chronic skin inflammation, we
performed microarray studies using K14-VEGF-A transgenic mice, an established mouse
model of chronic cutaneous inflammation (Kunstfeld et al., 2004). CXCR4 as well as
MMP-12 were found to be significantly upregulated among others, in the inflamed as
compared to the uninflamed skin. We also found CXCR4 to be upregulated in human
psoriasis skin as compared to healthy skin. Blocking CXCR4 significantly improved the
course of chronic skin inflammation in two different mouse models of skin inflammation.
Inhibition of CXCR4 was shown to act anti-inflammatory in experimental models of
colitis, joint inflammation and allergic lung inflammation (Lukacs et al., 2002; Matthys et
al., 2001). However, due to observed serious side effects in response to systemic CXCR4
blockade (Hendrix et al., 2004), this treatment strategy might be difficult to apply for
diseases which require a systemic treatment. Nevertheless, for chronic cutaneous skin
inflammation, it would be of interest to investigate the efficacy of a topical anti-CXCR4
therapy in the future.

	
  

150 	
  

In the second project, we investigated MMP-12 as a potential target for the treatment of
cutaneous inflammation. Selective inhibition of MMP-12 significantly reduced edema
formation and macrophage infiltration into the inflamed ear skin of hemizygous K14VEGF-A transgenic mice. There are two possible explanations for the reduction in tissue
macrophages, which have to be investigated in further details: Either blockade of MMP12 reduces the penetration of macrophages through the vascular basement membrane or it
leads to a reduction of the chemoattractant effect of elastin fragments, normally generated
by MMP-12. Importantly, we also found that MMP-12 is a VEGF-A target gene in vitro
as well as in vivo. Because VEGF-A plasma levels were found to be elevated in psoriasis
patients (Bhushan et al., 1999), blocking MMP-12 thus might influence some of the
VEGF-A downstream effects in chronic inflammatory conditions. Further studies in other
inflammatory settings will have to investigate the potential of blocking MMP-12 as an
anti-inflammatory treatment strategy.

In the third project, we investigated the development of a tool to specifically activate
lymphatic vessels at the site of inflammation after a systemic injection. The F8-VEGF-C
fusion proteins showed targeted accumulation in the inflamed ear skin of K14-VEGF-A
transgenic mice as well as in imiquimod-induced skin inflammation in comparison to
uninflamed back skin. Furthermore, we found pro-lymphangiogenic properties of F8VEGF-C and F8-VEGF-C156Ser in vitro and in vivo. Both fusion proteins significantly
reduced edema formation in the two skin inflammation mouse models. We found the antiinflammatory effect to be mediated by an increased lymphatic clearance upon F8-VEGFC treatment. In the future, we plan to investigate potential metabolic side effects of the
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fusion proteins as well as the minimal pro-lymphangiogenic dose by using Prox-GFP
mice.
To our knowledge, this is the first study that identifies a clinically applicable tool to
stimulate lymphatic vessels specifically at the site of inflammation. Thus, it will be
interesting to evaluate potential anti-inflammatory effects of F8-VEGF-C in other
pathologies which were shown to benefit from an activated lymphatic vasculature, such as
rheumatoid arthritis, inflammatory bowel disease, chronic diabetic wounds and
lymphedema.

Collectively, the three studies revealed two potential targets for anti-inflammatory therapy
of skin inflammation as well as a new strategy to activate lymphatic vessels at the site of
inflammation. Further studies in other inflammatory settings will show whether these
findings may lead to novel therapeutics for chronic inflammatory diseases.
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Abbreviations

	
  

	
  

ACR

American Collage of Rheumatology

AKT

also PKB, protein kinase B

APC

antigen presenting cell

AZ

azathioprine

Ang2

angiopoietin 2

BCR

B cell receptor

BEC

blood vascular endothelial cell

BM

basement membrane

BrdU

bromdeoxyuridine

Ca2+

calcium

CaM

calmodulin

CCBE

collagen and calcium-binding EGF domain-containing protein 1

CCL

chemokine ligand

CCR

chemokine receptor

CD

Crohn’s disease

cGMP

cyclic guanosine monophosphate

CLEC-2

C-type lectin-like receptor 2

DAG

diacylglyerol

COUP-TFII

chicken ovalbumin upstream promoter transcription factor

CXCR

C-X- chemokine receptor

DC

dendritic cell
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DMARD

disease modifying anti-rheumatic drug

EC

endothelial cell

ECM

extracellular matrix

EGF

epidermal growth factor

eNOS

endothelial nitric oxide synthase

ERK

extracellular signal regulated kinase, also MAPK

ESA

endothelial cell-selective adhesion molecule

F7/10

coagulation factor 7/10

FAK

focal adhesion kinase

FDA

Food and Drug Administration

FGF

fibroblastic growth factor

Foxc2

forkhead box protein 2

FRC

fibroblastic reticular cells

GH

growth hormone

GRB2

growth receptor bound 2

HEV

high endothelial venules

HGF

hepatocyte growth factor

HIF

hypoxia induccible factor

HPSE

heparanase

HSPG

heparan sulphate proteoglycan

ICAM-1

intercellular adhesion molecule-1

IBD

inflammatory bowel disease

IFN

interferon

IGF

insulin-like growth factor
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IL

interleukin

IMQ

imiquimod

IP3

inositol 3,4,5 triphosphate

IQGAP1

IQ motif-containing GTPase-activating protein 1

JAM

junctional adhesion molecule

JAK

janus kinase

JNK

janus N-terminal kinase

K14

keratin 14

LEC

lymphatic endothelial cell

LFA-1

lymphocyte function-associated antigen-1

LN

lymph node

LPS

lipopolysaccharide

LYVE-1

lymphatic vessel endothelial hyaluronan receptor 1

mAb

monoclonal antibody

MAC-1

macrophage receptor 1

MAP

mitogen-activated protein

MCAM

melanoma cell adhesion molecule

MEK

mitogen-activated protein kinase

MHC

major histocompatibility complex

MLCK

myosin light-chain kinase

MOA

mechanism of action

6-MP

6-mercaptopurine

MMP-12

matrix metalloproteinase 12

MTX

methotrexate
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NFATc1

nuclear factor of activated T cells, cytoplasmic 1

NF-kB

nuclear factor kappa-light-chain-enhancer of activate B cells

NK

natural killer

NO

nitric oxide

NOD

nucleotide-binding oligomerization domain

Nrp

neuropilin

NSAID

non-steroidal anti-inflammatory drug

PAMP

pathogen associated molecular patterns

PCR

polymerase chain reaction

PDGF

platelet-derived growth factor

PDK

phosphoinositide-dependent kinase 1

PECAM-1

platelet endothelial cell adhesion molecule-1

PI3K

phosphatidylinositide 3 kinase

PIP2

phosphatidyl inositol 4,5 bisphosphate

PKC/G

protein kinase C/G

PLC

phospholipase C

PlGF

placental growth factor

PROX1

prospero-related homeobox gene 1

PRR

pathogen recognition receptors

RA

rheumatoid arthritis

SDF-1

stromal derived factor 1

SelPlg

selectin P ligand

sGC

soluble guanylate cyclase

S1P

sphingosine-1-phosphate
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Slp76

adaptor protein, lymphocyte cytosolic protein 2

SMC

smooth muscle cell

SOX18

SRY (sex determining region Y) box 18

SOS

son of sevenless

Syk

spleen tyrosine kinase

TGF

transforming growth factor

TLR

toll-like receptor

TNF

tumor necrosis factor

TSAd

T cell specific adaptor protein

UC

ulcerative colitis

VCAM-1

vascular cell adhesion molecule-1

VE-cadherin

vascular endothelial cadherin

VEGF

vascular endothelial growth factor

VEGFR

vascular endothelial growth factor

VLA-4

very late antigen 4

VPF

vascular permeability factor

163 	
  

11

References

Abraham C, Cho JH (2009) Inflammatory bowel disease. N Engl J Med 361:2066-78.
Abtahian F, Guerriero A, Sebzda E, Lu MM, Zhou R, Mocsai A, Myers EE, Huang B,
Jackson DG, Ferrari VA, et al. (2003) Regulation of blood and lymphatic vascular
separation by signaling proteins SLP-76 and Syk. Science 299:247-51.
Adams RH, Wilkinson GA, Weiss C, Diella F, Gale NW, Deutsch U, Risau W, Klein R
(1999) Roles of ephrinB ligands and EphB receptors in cardiovascular development:
demarcation of arterial/venous domains, vascular morphogenesis, and sprouting
angiogenesis. Genes Dev 13:295-306.
Addison CL, Daniel TO, Burdick MD, Liu H, Ehlert JE, Xue YY, Buechi L, Walz A,
Richmond A, Strieter RM (2000) The CXC chemokine receptor 2, CXCR2, is the
putative receptor for ELR+ CXC chemokine-induced angiogenic activity. J Immunol
165:5269-77.
Albanesi C, Scarponi C, Pallotta S, Daniele R, Bosisio D, Madonna S, Fortugno P,
Gonzalvo-Feo S, Franssen JD, Parmentier M, et al. (2009) Chemerin expression
marks early psoriatic skin lesions and correlates with plasmacytoid dendritic cell
recruitment. J Exp Med 206:249-58.
Alitalo K (2011) The lymphatic vasculature in disease. Nat Med 17:1371-80.
Alon T, Hemo I, Itin A, Pe'er J, Stone J, Keshet E (1995) Vascular endothelial growth
factor acts as a survival factor for newly formed retinal vessels and has implications
for retinopathy of prematurity. Nat Med 1:1024-8.
Alvarez D, Vollmann EH, von Andrian UH (2008) Mechanisms and consequences of
dendritic cell migration. Immunity 29:325-42.
Amin MA, Rabquer BJ, Mansfield PJ, Ruth JH, Marotte H, Haas CS, Reamer EN, Koch
AE (2010) Interleukin 18 induces angiogenesis in vitro and in vivo via Src and Jnk
kinases. Ann Rheum Dis 69:2204-12.
Angiolillo AL, Kanegane H, Sgadari C, Reaman GH, Tosato G (1997) Interleukin-15
promotes angiogenesis in vivo. Biochem Bioph Res Co 233:231-7.

	
  

164 	
  

Atzeni F, Benucci M, Salli S, Bongiovanni S, Boccassini L, Sarzi-Puttini P (2013)
Different effects of biological drugs in rheumatoid arthritis. Autoimmun Rev 12:5759.
Baldwin ME, Catimel B, Nice EC, Roufail S, Hall NE, Stenvers KL, Karkkainen MJ,
Alitalo K, Stacker SA, Achen MG (2001) The specificity of receptor binding by
vascular endothelial growth factor-d is different in mouse and man. J Biol Chem
276:19166-71.
Baluk P, Fuxe J, Hashizume H, Romano T, Lashnits E, Butz S, Vestweber D, Corada M,
Molendini C, Dejana E, et al. (2007) Functionally specialized junctions between
endothelial cells of lymphatic vessels. J Exp Med 204:2349-62.
Baluk P, Tammela T, Ator E, Lyubynska N, Achen MG, Hicklin DJ, Jeltsch M, Petrova
TV, Pytowski B, Stacker SA, et al. (2005) Pathogenesis of persistent lymphatic
vessel hyperplasia in chronic airway inflammation. J Clin Invest 115:247-57.
Banziger-Tobler NE, Halin C, Kajiya K, Detmar M (2008) Growth hormone promotes
lymphangiogenesis. Am J Pathol 173:586-97.
Barleon B, Sozzani S, Zhou D, Weich HA, Mantovani A, Marme D (1996) Migration of
human monocytes in response to vascular endothelial growth factor (VEGF) is
mediated via the VEGF receptor flt-1. Blood 87:3336-43.
Basu R, O'Quinn DB, Silberger DJ, Schoeb TR, Fouser L, Ouyang W, Hatton RD,
Weaver CT (2012) Th22 cells are an important source of IL-22 for host protection
against enteropathogenic bacteria. Immunity 37:1061-75.
Bedoui S, Whitney PG, Waithman J, Eidsmo L, Wakim L, Caminschi I, Allan RS,
Wojtasiak M, Shortman K, Carbone FR, et al. (2009) Cross-presentation of viral and
self antigens by skin-derived CD103+ dendritic cells. Nat Immunol 10:488-95.
BenEzra D, Hemo I, Maftzir G (1990) In vivo angiogenic activity of interleukins. Arch
Ophthalmol 108:573-6.
Benjamin LE, Golijanin D, Itin A, Pode D, Keshet E (1999) Selective ablation of
immature blood vessels in established human tumors follows vascular endothelial
growth factor withdrawal. J Clin Invest 103:159-65.

	
  

165 	
  

Bergers G, Hanahan D (2008) Modes of resistance to anti-angiogenic therapy. Nat Rev
Cancer 8:592-603.
Berse B, Brown LF, Van de Water L, Dvorak HF, Senger DR (1992) Vascular
permeability factor (vascular endothelial growth factor) gene is expressed
differentially in normal tissues, macrophages, and tumors. Mol Biol Cell 3:211-20.
Bertozzi CC, Schmaier AA, Mericko P, Hess PR, Zou Z, Chen M, Chen CY, Xu B, Lu
MM, Zhou D, et al. (2010) Platelets regulate lymphatic vascular development
through CLEC-2-SLP-76 signaling. Blood 116:661-70.
Bhushan M, McLaughlin B, Weiss JB, Griffiths CE (1999) Levels of endothelial cell
stimulating angiogenesis factor and vascular endothelial growth factor are elevated in
psoriasis. Brit J Dermatol 141:1054-60.
Bjorndahl M, Cao R, Nissen LJ, Clasper S, Johnson LA, Xue Y, Zhou Z, Jackson D,
Hansen AJ, Cao Y (2005) Insulin-like growth factors 1 and 2 induce
lymphangiogenesis in vivo. Proc Nat Acad Sci 102:15593-8.
Bleul CC, Fuhlbrigge RC, Casasnovas JM, Aiuti A, Springer TA (1996) A highly
efficacious lymphocyte chemoattractant, stromal cell-derived factor 1 (SDF-1). J Exp
Med 184:1101-9.
Bos FL, Caunt M, Peterson-Maduro J, Planas-Paz L, Kowalski J, Karpanen T, van Impel
A, Tong R, Ernst JA, Korving J, et al. (2011) CCBE1 is essential for mammalian
lymphatic vascular development and enhances the lymphangiogenic effect of
vascular endothelial growth factor-C in vivo. Circ Res 109:486-91.
Boyton RJ, Altmann DM (2002) Is selection for TCR affinity a factor in cytokine
polarization? Trends Immunol 23:526-9.
Braverman IM, Keh-Yen A (1986) Three-dimensional reconstruction of endothelial cell
gaps in psoriatic vessels and their morphologic identity with gaps produced by the
intradermal injection of histamine. J Invest Dermatol 86:577-81.
Breese E, Braegger CP, Corrigan CJ, Walker-Smith JA, MacDonald TT (1993)
Interleukin-2- and interferon-gamma-secreting T cells in normal and diseased human
intestinal mucosa. J Immunol 78:127-31.

	
  

166 	
  

Brice G, Child AH, Evans A, Bell R, Mansour S, Burnand K, Sarfarazi M, Jeffery S,
Mortimer P (2005) Milroy disease and the VEGFR-3 mutation phenotype. J Med
Genet 42:98-102.
Brice G, Mansour S, Bell R, Collin JR, Child AH, Brady AF, Sarfarazi M, Burnand KG,
Jeffery S, Mortimer P, et al. (2002) Analysis of the phenotypic abnormalities in
lymphoedema-distichiasis syndrome in 74 patients with FOXC2 mutations or linkage
to 16q24. J Med Genet 39:478-83.
Brindle NP, Saharinen P, Alitalo K (2006) Signaling and functions of angiopoietin-1 in
vascular protection. Circ Res 98:1014-23.
Britschgi MR, Favre S, Luther SA (2010) CCL21 is sufficient to mediate DC migration,
maturation and function in the absence of CCL19. Eur J Immunol 40:1266-71.
Bromley SK, Thomas SY, Luster AD (2005) Chemokine receptor CCR7 guides T cell
exit from peripheral tissues and entry into afferent lymphatics. Nat Immunol 6:895901.
Brown LF, Harrist TJ, Yeo KT, Ståhle-Bäckdahl M, Jackman RW, Berse B, Tognazzi K,
Dvorak HF, Detmar M (1995) Increased expression of vascular permeability factor
(vascular endothelial growth factor) in bullous pemphigoid, dermatitis herpetiformis,
and erythema multiforme. J Invest Dermatol 104:744-9.
Cao R, Bjorndahl MA, Gallego MI, Chen S, Religa P, Hansen AJ, Cao Y (2006)
Hepatocyte growth factor is a lymphangiogenic factor with an indirect mechanism of
action. Blood 107:3531-6.
Cao R, Bjorndahl MA, Religa P, Clasper S, Garvin S, Galter D, Meister B, Ikomi F,
Tritsaris K, Dissing S, et al. (2004) PDGF-BB induces intratumoral
lymphangiogenesis and promotes lymphatic metastasis. Cancer Cell 6:333-45.
Cao R, Brakenhielm E, Pawliuk R, Wariaro D, Post MJ, Wahlberg E, Leboulch P, Cao Y
(2003) Angiogenic synergism, vascular stability and improvement of hind-limb
ischemia by a combination of PDGF-BB and FGF-2. Nat Med 9:604-13.
Cao R, Farnebo J, Kurimoto M, Cao Y (1999) Interleukin-18 acts as an angiogenesis and
tumor suppressor. FASEB Journal 13:2195-202.

	
  

167 	
  

Cao R, Ji H, Feng N, Zhang Y, Yang X, Andersson P, Sun Y, Tritsaris K, Hansen AJ,
Dissing S, et al. (2012) Collaborative interplay between FGF-2 and VEGF-C
promotes lymphangiogenesis and metastasis. Proc Natl Acad Sci USA 109:15894-9.
Carmeliet P (2003) Angiogenesis in health and disease. Nat Med 9:653-60.
Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein M, Fahrig M,
Vandenhoeck A, Harpal K, Eberhardt C, et al. (1996) Abnormal blood vessel
development and lethality in embryos lacking a single VEGF allele. Nature 380:4359.
Caunt M, Mak J, Liang WC, Stawicki S, Pan Q, Tong RK, Kowalski J, Ho C, Reslan HB,
Ross J, et al. (2008) Blocking neuropilin-2 function inhibits tumor cell metastasis.
Cancer Cell 13:331-42.
Chan LS (2008) Atopic dermatitis in 2008. Curr Dir Autoimmun 10:76-118.
Chang LK, Garcia-Cardena G, Farnebo F, Fannon M, Chen EJ, Butterfield C, Moses MA,
Mulligan RC, Folkman J, Kaipainen A (2004) Dose-dependent response of FGF-2 for
lymphangiogenesis. Proc Natl Acad Sci USA 101:11658-63.
Chen L, Hamrah P, Cursiefen C, Zhang Q, Pytowski B, Streilein JW, Dana MR (2004)
Vascular endothelial growth factor receptor-3 mediates induction of corneal
alloimmunity. Nat Med 10:813-5.
Chen SC, Vassileva G, Kinsley D, Holzmann S, Manfra D, Wiekowski MT, Romani N,
Lira SA (2002) Ectopic expression of the murine chemokines CCL21a and CCL21b
induces the formation of lymph node-like structures in pancreas, but not skin, of
transgenic mice. J Immunol 168:1001-8.
Chen Y, Kuchroo VK, Inobe J, Hafler DA, Weiner HL (1994) Regulatory T cell clones
induced by oral tolerance: suppression of autoimmune encephalomyelitis. Science
265:1237-40.
Chen Z, Laurence A, O'Shea JJ (2007) Signal transduction pathways and transcriptional
regulation in the control of Th17 differentiation. Semin Immunol 19:400-8.
Chiba Y, Yu Y, Sakai H, Misawa M (2007) Increase in the expression of matrix
metalloproteinase-12 in the airways of rats with allergic bronchial asthma. Biol
Pharm Bull 30:318-23.

	
  

168 	
  

Chidlow JH, Jr., Shukla D, Grisham MB, Kevil CG (2007) Pathogenic angiogenesis in
IBD and experimental colitis: new ideas and therapeutic avenues. Am J Physiol
Gastrointest Liver Physiol 293:G5-G18.
Cho JH (2008) The genetics and immunopathogenesis of inflammatory bowel disease.
Nat Rev Immunol 8:458-66.
Choy EH, Panayi GS (2001) Cytokine pathways and joint inflammation in rheumatoid
arthritis. N Engl J Med 344:907-16.
Claesson-Welsh L, Welsh M (2013) VEGFA and tumour angiogenesis. J Intern Med
273:114-27.
Clauss M, Gerlach M, Gerlach H, Brett J, Wang F, Familletti PC, Pan YC, Olander JV,
Connolly DT, Stern D (1990) Vascular permeability factor: a tumor-derived
polypeptide that induces endothelial cell and monocyte procoagulant activity, and
promotes monocyte migration. J Exp Med 172:1535-45.
Connell F, Brice G, Mortimer P (2008) Phenotypic characterization of primary
lymphedema. Ann N Y Acad Sci 1131:140-6.
Connolly DT, Olander JV, Heuvelman D, Nelson R, Monsell R, Siegel N, Haymore BL,
Leimgruber R, Feder J (1989) Human vascular permeability factor. Isolation from
U937 cells. J Biol Chem 264:20017-24.
Constant SL, Bottomly K (1997) Induction of Th1 and Th2 CD4+ T cell responses: the
alternative approaches. Annu Rev Immunol 15:297-322.
Corry DB, Rishi K, Kanellis J, Kiss A, Song Lz LZ, Xu J, Feng L, Werb Z, Kheradmand
F (2002) Decreased allergic lung inflammatory cell egression and increased
susceptibility to asphyxiation in MMP2-deficiency. Nat Immunol 3:347-53.
Coughlin CM, Salhany KE, Wysocka M, Aruga E, Kurzawa H, Chang AE, Hunter CA,
Fox JC, Trinchieri G, Lee WM (1998) Interleukin-12 and interleukin-18
synergistically induce murine tumor regression which involves inhibition of
angiogenesis. J Clin Invest 101:1441-52.
Coussens LM, Fingleton B, Matrisian LM (2002) Matrix metalloproteinase inhibitors and
cancer: trials and tribulations. Science 295:2387-92.

	
  

169 	
  

Cozzolino F, Torcia M, Aldinucci D, Ziche M, Almerigogna F, Bani D, Stern DM (1990)
Interleukin 1 is an autocrine regulator of human endothelial cell growth. Proc Natl
Acad Sci USA 87:6487-91.
Cross MJ, Claesson-Welsh L (2001) FGF and VEGF function in angiogenesis: signalling
pathways, biological responses and therapeutic inhibition. Trends Pharmacol Sci
22:201-7.
Cueni LN, Detmar M (2006) New insights into the molecular control of the lymphatic
vascular system and its role in disease. J Invest Dermatol 126:2167-77.
Cuniasse P, Devel L, Makaritis A, Beau F, Georgiadis D, Matziari M, Yiotakis A, Dive V
(2005) Future challenges facing the development of specific active-site-directed
synthetic inhibitors of MMPs. Biochimie 87:393-402.
Curotto de Lafaille MA, Lafaille JJ (2009) Natural and adaptive foxp3+ regulatory T
cells: more of the same or a division of labor? Immunity 30:626-35.
Cursiefen C, Chen L, Borges LP, Jackson D, Cao J, Radziejewski C, D'Amore PA, Dana
MR, Wiegand SJ, Streilein JW (2004) VEGF-A stimulates lymphangiogenesis and
hemangiogenesis in inflammatory neovascularization via macrophage recruitment. J
Clin Invest 113:1040-50.
Da Hora K, Valenca SS, Porto LC (2005) Immunohistochemical study of tumor necrosis
factor-alpha, matrix metalloproteinase-12, and tissue inhibitor of metalloproteinase-2
on alveolar macrophages of BALB/c mice exposed to short-term cigarette smoke.
Exp Lung Res 31:759-70.
Danese S, Sans M, de la Motte C, Graziani C, West G, Phillips MH, Pola R, Rutella S,
Willis J, Gasbarrini A, et al. (2006) Angiogenesis as a novel component of
inflammatory bowel disease pathogenesis. Am J Gastroenterol 130:2060-73.
Dardalhon V, Korn T, Kuchroo VK, Anderson AC (2008) Role of Th1 and Th17 cells in
organ-specific autoimmunity. J Autoimmun 31:252-6.
Dashkevich A, Heilmann C, Kayser G, Germann M, Beyersdorf F, Passlick B, Geissler
HJ (2010) Lymph angiogenesis after lung transplantation and relation to acute organ
rejection in humans. Ann Thorac Surg 90:406-11.

	
  

170 	
  

Davatelis G, Tekamp-Olson P, Wolpe SD, Hermsen K, Luedke C, Gallegos C, Coit D,
Merryweather J, Cerami A (1988) Cloning and characterization of a cDNA for
murine macrophage inflammatory protein (MIP), a novel monokine with
inflammatory and chemokinetic properties. J Exp Med 167:1939-44.
De Klerck B, Geboes L, Hatse S, Kelchtermans H, Meyvis Y, Vermeire K, Bridger G,
Billiau A, Schols D, Matthys P (2005) Pro-inflammatory properties of stromal cellderived factor-1 (CXCL12) in collagen-induced arthritis. Arthritis Res Ther 7:R120820.
de Vries C, Escobedo JA, Ueno H, Houck K, Ferrara N, Williams LT (1992) The fms-like
tyrosine kinase, a receptor for vascular endothelial growth factor. Science 255:98991.
Dejana E, Tournier-Lasserve E, Weinstein BM (2009) The Control of Vascular Integrity
by Endothelial Cell Junctions: Molecular Basis and Pathological Implications. Dev
Cell 16:209-21.
Deroanne CF, Hajitou A, Calberg-Bacq CM, Nusgens BV, Lapiere CM (1997)
Angiogenesis by fibroblast growth factor 4 is mediated through an autocrine upregulation of vascular endothelial growth factor expression. Cancer Res 57:5590-7.
Deshmane SL, Kremlev S, Amini S, Sawaya BE (2009) Monocyte chemoattractant
protein-1 (MCP-1): an overview. J Interferon Cytokine Res 29:313-26.
Detmar M (2000) The role of VEGF and thrombospondins in skin angiogenesis. J
Dermatol Sci 24 Suppl 1:78-84.
Detmar M, Brown LF, Claffey KP, Yeo KT, Kocher O, Jackman RW, Berse B, Dvorak
HF (1994) Overexpression of vascular permeability factor/vascular endothelial
growth factor and its receptors in psoriasis. J Exp Med 180:1141-6.
Detmar M, Brown LF, Schon MP, Elicker BM, Velasco P, Richard L, Fukumura D,
Monsky W, Claffey KP, Jain RK (1998) Increased microvascular density and
enhanced leukocyte rolling and adhesion in the skin of VEGF transgenic mice. J
Invest Dermatol 111:1-6.
Detmar M, Tenorio S, Hettmannsperger U, Ruszczak Z, Orfanos CE (1992) Cytokine
regulation of proliferation and ICAM-1 expression of human dermal microvascular
endothelial cells in vitro. J Invest Dermatol 98:147-53.

	
  

171 	
  

Devel L, Rogakos V, David A, Makaritis A, Beau F, Cuniasse P, Yiotakis A, Dive V
(2006) Development of selective inhibitors and substrate of matrix metalloproteinase12. J Biol Chem 281:11152-60.
Di Girolamo N, Indoh I, Jackson N, Wakefield D, McNeil HP, Yan W, Geczy C, Arm JP,
Tedla N (2006) Human mast cell-derived gelatinase B (matrix metalloproteinase-9) is
regulated by inflammatory cytokines: role in cell migration. J Immunol 177:2638-50.
Dieterich LC, Seidel CD, Detmar M (2013) Lymphatic vessels: new targets for the
treatment of inflammatory diseases. Angiogenesis.
Dieu-Nosjean MC, Massacrier C, Homey B, Vanbervliet B, Pin JJ, Vicari A, Lebecque S,
Dezutter-Dambuyant C, Schmitt D, Zlotnik A, et al. (2000) Macrophage
inflammatory protein 3alpha is expressed at inflamed epithelial surfaces and is the
most potent chemokine known in attracting Langerhans cell precursors. J Exp Med
192:705-18.
Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher AM (1999) Activation
of nitric oxide synthase in endothelial cells by Akt-dependent phosphorylation.
Nature 399:601-5.
DiPietro LA (1995) Wound healing: the role of the macrophage and other immune cells.
Shock 4:233-40.
Dive V, Georgiadis D, Matziari M, Makaritis A, Beau F, Cuniasse P, Yiotakis A (2004)
Phosphinic peptides as zinc metalloproteinase inhibitors. Cell Mol Life Sci 61:2010-9.
Dixelius J, Makinen T, Wirzenius M, Karkkainen MJ, Wernstedt C, Alitalo K, ClaessonWelsh L (2003) Ligand-induced vascular endothelial growth factor receptor-3
(VEGFR-3) heterodimerization with VEGFR-2 in primary lymphatic endothelial
cells regulates tyrosine phosphorylation sites. J Biol Chem 278:40973-9.
Doll F, Schwager K, Hemmerle T, Neri D (2013) Murine analogues of etanercept and of
F8-IL10 inhibit the progression of collagen-induced arthritis in the mouse. Arthritis
Res Ther 15:R138.
Duerr RH, Taylor KD, Brant SR, Rioux JD, Silverberg MS, Daly MJ, Steinhart AH,
Abraham C, Regueiro M, Griffiths A, et al. (2006) A genome-wide association study
identifies IL23R as an inflammatory bowel disease gene. Science 314:1461-3.

	
  

172 	
  

Dumont DJ, Jussila L, Taipale J, Lymboussaki A, Mustonen T, Pajusola K, Breitman M,
Alitalo K (1998) Cardiovascular failure in mouse embryos deficient in VEGF
receptor-3. Science 282:946-9.
Dvorak AM, Feng D (2001) The vesiculo-vacuolar organelle (VVO). A new endothelial
cell permeability organelle. J Histochem Cytochem 49:419-32.
Dvorak HF (2002) Vascular permeability factor/vascular endothelial growth factor: a
critical cytokine in tumor angiogenesis and a potential target for diagnosis and
therapy. J Clin Oncol 20:4368-80.
Dvorak HF, Nagy JA, Feng D, Brown LF, Dvorak AM (1999) Vascular permeability
factor/vascular endothelial growth factor and the significance of microvascular
hyperpermeability in angiogenesis. Curr Top Microbiol Immunol 237:97-132.
Ebnet K, Vestweber D (1999) Molecular mechanisms that control leukocyte
extravasation: the selectins and the chemokines. Histochem Cell Biol 112:1-23.
Economou M, Trikalinos TA, Loizou KT, Tsianos EV, Ioannidis JP (2004) Differential
effects of NOD2 variants on Crohn's disease risk and phenotype in diverse
populations: a metaanalysis. Am J Gastroenterol 99:2393-404.
Eich C, de Vries IJ, Linssen PC, de Boer A, Boezeman JB, Figdor CG, Cambi A (2011)
The lymphoid chemokine CCL21 triggers LFA-1 adhesive properties on human
dendritic cells. Immunol Cell Biol 89:458-65.
Ellis LM, Hicklin DJ (2008) Pathways mediating resistance to vascular endothelial
growth factor-targeted therapy. Clin Cancer Res 14:6371-5.
Engelhardt B, Wolburg H (2004) Mini-review: Transendothelial migration of leukocytes:
through the front door or around the side of the house? Eur J Immunol 34:2955-63.
Fajardo LF, Kwan HH, Kowalski J, Prionas SD, Allison AC (1992) Dual role of tumor
necrosis factor-alpha in angiogenesis. Am J Pathol 140:539-44.
Fan Y, Ye J, Shen F, Zhu Y, Yeghiazarians Y, Zhu W, Chen Y, Lawton MT, Young WL,
Yang GY (2008) Interleukin-6 stimulates circulating blood-derived endothelial
progenitor cell angiogenesis in vitro. J Cereb Blood Flow Metab 28:90-8.

	
  

173 	
  

Fang J, Dagenais SL, Erickson RP, Arlt MF, Glynn MW, Gorski JL, Seaver LH, Glover
TW (2000) Mutations in FOXC2 (MFH-1), a forkhead family transcription factor, are
responsible for the hereditary lymphedema-distichiasis syndrome. Am J Hum Genet
67:1382-8.
Fantini MC, Rizzo A, Fina D, Caruso R, Sarra M, Stolfi C, Becker C, Macdonald TT,
Pallone F, Neurath MF, et al. (2009) Smad7 controls resistance of colitogenic T cells
to regulatory T cell-mediated suppression. Gastroenterology 136:1308-16, e1-3.
Feinberg MW, Jain MK, Werner F, Sibinga NE, Wiesel P, Wang H, Topper JN, Perrella
MA, Lee ME (2000) Transforming growth factor-beta 1 inhibits cytokine-mediated
induction of human metalloelastase in macrophages. J Biol Chem 275:25766-73.
Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O'Shea KS, Powell-Braxton L,
Hillan KJ, Moore MW (1996) Heterozygous embryonic lethality induced by targeted
inactivation of the VEGF gene. Nature 380:439-42.
Ferrara N, Gerber H-P, LeCouter J (2003) The biology of VEGF and its receptors. Nat
Med 9:669-76.
Ferrara N, Henzel WJ (1989) Pituitary follicular cells secrete a novel heparin-binding
growth factor specific for vascular endothelial cells. Biochem Bioph Res Co 161:8518.
Finkenzeller G, Marme D, Weich HA, Hug H (1992) Platelet-derived growth factorinduced transcription of the vascular endothelial growth factor gene is mediated by
protein kinase C. Cancer Res 52:4821-3.
Firestein GS (2003) Evolving concepts of rheumatoid arthritis. Nature 423:356-61.
Folkman J (1971) Tumor angiogenesis: therapeutic implications. N Engl J Med 285:11826.
Fong GH, Rossant J, Gertsenstein M, Breitman ML (1995) Role of the Flt-1 receptor
tyrosine kinase in regulating the assembly of vascular endothelium. Nature 376:6670.
Fong GH, Zhang L, Bryce DM, Peng J (1999) Increased hemangioblast commitment, not
vascular disorganization, is the primary defect in flt-1 knock-out mice. Development
126:3015-25.

	
  

174 	
  

Forster R, Kremmer E, Schubel A, Breitfeld D, Kleinschmidt A, Nerl C, Bernhardt G,
Lipp M (1998) Intracellular and surface expression of the HIV-1 coreceptor
CXCR4/fusin on various leukocyte subsets: rapid internalization and recycling upon
activation. J Immunol 160:1522-31.
Forster R, Schubel A, Breitfeld D, Kremmer E, Renner-Muller I, Wolf E, Lipp M (1999)
CCR7 coordinates the primary immune response by establishing functional
microenvironments in secondary lymphoid organs. Cell 99:23-33.
Francois M, Caprini A, Hosking B, Orsenigo F, Wilhelm D, Browne C, Paavonen K,
Karnezis T, Shayan R, Downes M, et al. (2008) Sox18 induces development of the
lymphatic vasculature in mice. Nature 456:643-7.
Francois M, Short K, Secker GA, Combes A, Schwarz Q, Davidson TL, Smyth I, Hong
YK, Harvey NL, Koopman P (2012) Segmental territories along the cardinal veins
generate lymph sacs via a ballooning mechanism during embryonic
lymphangiogenesis in mice. Dev Biol 364:89-98.
Frater-Schroder M, Risau W, Hallmann R, Gautschi P, Bohlen P (1987) Tumor necrosis
factor type alpha, a potent inhibitor of endothelial cell growth in vitro, is angiogenic
in vivo. Proc Natl Acad Sci USA 84:5277-81.
Fritz-Six KL, Dunworth WP, Li M, Caron KM (2008) Adrenomedullin signaling is
necessary for murine lymphatic vascular development. J Clin Invest 118:40-50.
Fuentes-Duculan J, as MSar-Fn, Zaba LC, Nograles KE, Pierson KC, Mitsui H,
Pensabene CA, Kzhyshkowska J, Krueger JG, Lowes MA (2010) A Subpopulation of
CD163-Positive Macrophages Is Classically Activated in Psoriasis. In: J Invest
Dermatol (Nature Publishing Group, 2412-22.
Fukumura D, Gohongi T, Kadambi A, Izumi Y, Ang J, Yun CO, Buerk DG, Huang PL,
Jain RK (2001) Predominant role of endothelial nitric oxide synthase in vascular
endothelial growth factor-induced angiogenesis and vascular permeability. Proc Natl
Acad Sci USA 98:2604-9.
Fulton D, Gratton JP, McCabe TJ, Fontana J, Fujio Y, Walsh K, Franke TF,
Papapetropoulos A, Sessa WC (1999) Regulation of endothelium-derived nitric oxide
production by the protein kinase Akt. Nature 399:597-601.

	
  

175 	
  

Fuss IJ, Becker C, Yang Z, Groden C, Hornung RL, Heller F, Neurath MF, Strober W,
Mannon PJ (2006) Both IL-12p70 and IL-23 are synthesized during active Crohn's
disease and are down-regulated by treatment with anti-IL-12 p40 monoclonal
antibody. Inflamm Bowel Dis 12:9-15.
Fuss IJ, Neurath M, Boirivant M, Klein JS, de la Motte C, Strong SA, Fiocchi C, Strober
W (1996) Disparate CD4+ lamina propria (LP) lymphokine secretion profiles in
inflammatory bowel disease. Crohn's disease LP cells manifest increased secretion of
IFN-gamma, whereas ulcerative colitis LP cells manifest increased secretion of IL-5.
J Immunol 157:1261-70.
Galvagni F, Pennacchini S, Salameh A, Rocchigiani M, Neri F, Orlandini M, Petraglia F,
Gotta S, Sardone GL, Matteucci G, et al. (2010) Endothelial cell adhesion to the
extracellular matrix induces c-Src-dependent VEGFR-3 phosphorylation without the
activation of the receptor intrinsic kinase activity. Circ Res 106:1839-48.
Geissmann F, Jung S, Littman DR (2003) Blood monocytes consist of two principal
subsets with distinct migratory properties. Immunity 19:71-82.
Georas SN, Guo J, De Fanis U, Casolaro V (2005) T-helper cell type-2 regulation in
allergic disease. Eur Respir J 26:1119-37.
Gerber HP, McMurtrey A, Kowalski J, Yan M, Keyt BA, Dixit V, Ferrara N (1998)
Vascular endothelial growth factor regulates endothelial cell survival through the
phosphatidylinositol 3'-kinase/Akt signal transduction pathway. Requirement for Flk1/KDR activation. J Biol Chem 273:30336-43.
Geremia A, Biancheri P, Allan P, Corazza GR, Di Sabatino A (2013) Innate and adaptive
immunity in inflammatory bowel disease. Autoimmun Rev.
Ghalamkarpour A, Morlot S, Raas-Rothschild A, Utkus A, Mulliken JB, Boon LM,
Vikkula M (2006) Hereditary lymphedema type I associated with VEGFR3 mutation:
the first de novo case and atypical presentations. Clin Genet 70:330-5.
Gille H, Kowalski J, Li B, LeCouter J, Moffat B, Zioncheck TF, Pelletier N, Ferrara N
(2001) Analysis of biological effects and signaling properties of Flt-1 (VEGFR-1)
and KDR (VEGFR-2) - A reassessment using novel receptor-specific vascular
endothelial growth factor mutants. J Biol Chem 276:3222-30.

	
  

176 	
  

Gluzman-Poltorak Z, Cohen T, Herzog Y, Neufeld G (2000) Neuropilin-2 and neuropilin1 are receptors for the 165-amino acid form of vascular endothelial growth factor
(VEGF) and of placenta growth factor-2, but only neuropilin-2 functions as a receptor
for the 145-amino acid form of VEGF. J Biol Chem:18040-5.
Gomaa AH, Yaar M, Eyada MM, Bhawan J (2007) Lymphangiogenesis and angiogenesis
in non-phymatous rosacea. J Cutan Pathol 34:748-53.
Griffiths CE, Barker JN (2007) Pathogenesis and clinical features of psoriasis. Lancet
370:263-71.
Gronski TJ, Jr., Martin RL, Kobayashi DK, Walsh BC, Holman MC, Huber M, Van Wart
HE, Shapiro SD (1997) Hydrolysis of a broad spectrum of extracellular matrix
proteins by human macrophage elastase. J Biol Chem 272:12189-94.
Grosskreutz CL, Anand-Apte B, Duplaa C, Quinn TP, Terman BI, Zetter B, D'Amore PA
(1999) Vascular endothelial growth factor-induced migration of vascular smooth
muscle cells in vitro. Microvasc Res 58:128-36.
Gunn MD, Kyuwa S, Tam C, Kakiuchi T, Matsuzawa A, Williams LT, Nakano H (1999)
Mice lacking expression of secondary lymphoid organ chemokine have defects in
lymphocyte homing and dendritic cell localization. J Exp Med 189:451-60.
Gunn MD, Tangemann K, Tam C, Cyster JG, Rosen SD, Williams LT (1998) A
chemokine expressed in lymphoid high endothelial venules promotes the adhesion
and chemotaxis of naive T lymphocytes. Proc Natl Acad Sci USA 95:258-63.
Guo R, Zhou Q, Proulx ST, Wood R, Ji RC, Ritchlin CT, Pytowski B, Zhu Z, Wang YJ,
Schwarz EM, et al. (2009) Inhibition of lymphangiogenesis and lymphatic drainage
via vascular endothelial growth factor receptor 3 blockade increases the severity of
inflammation in a mouse model of chronic inflammatory arthritis. Arthritis Rheum
60:2666-76.
Hagerling R, Pollmann C, Andreas M, Schmidt C, Nurmi H, Adams RH, Alitalo K,
Andresen V, Schulte-Merker S, Kiefer F (2013) A novel multistep mechanism for
initial lymphangiogenesis in mouse embryos based on ultramicroscopy. EMBO J
32:629-44.
Haiko P, Makinen T, Keskitalo S, Taipale J, Karkkainen MJ, Baldwin ME, Stacker SA,
Achen MG, Alitalo K (2008) Deletion of vascular endothelial growth factor C

	
  

177 	
  

(VEGF-C) and VEGF-D is not equivalent to VEGF receptor 3 deletion in mouse
embryos. Mol Cell Biol 28:4843-50.
Halin C, Fahrngruber H, Meingassner JG, Bold G, Littlewood-Evans A, Stuetz A, Detmar
M (2008) Inhibition of chronic and acute skin inflammation by treatment with a
vascular endothelial growth factor receptor tyrosine kinase inhibitor. Am J Pathol
173:265-77.
Halin C, Tobler NE, Vigl B, Brown LF, Detmar M (2007) VEGF-A produced by
chronically inflamed tissue induces lymphangiogenesis in draining lymph nodes.
Blood 110:3158-67.
Hampe J, Franke A, Rosenstiel P, Till A, Teuber M, Huse K, Albrecht M, Mayr G, De La
Vega FM, Briggs J, et al. (2007) A genome-wide association scan of nonsynonymous
SNPs identifies a susceptibility variant for Crohn disease in ATG16L1. Nat Genet
39:207-11.
Hashimoto A, Miyakoda G, Hirose Y, Mori T (2006) Activation of endothelial nitric
oxide synthase by cilostazol via a cAMP/protein kinase A- and phosphatidylinositol
3-kinase/Akt-dependent mechanism. Atherosclerosis 189:350-7.
Hatse S, Princen K, Bridger G, De Clercq E, Schols D (2002) Chemokine receptor
inhibition by AMD3100 is strictly confined to CXCR4. FEBS letters 527:255-62.
He Y, Kozaki K, Karpanen T, Koshikawa K, Yla-Herttuala S, Takahashi T, Alitalo K
(2002) Suppression of tumor lymphangiogenesis and lymph node metastasis by
blocking vascular endothelial growth factor receptor 3 signaling. J Natl Cancer Inst
94:819-25.
Heller F, Florian P, Bojarski C, Richter J, Christ M, Hillenbrand B, Mankertz J, Gitter
AH, Burgel N, Fromm M, et al. (2005) Interleukin-13 is the key effector Th2
cytokine in ulcerative colitis that affects epithelial tight junctions, apoptosis, and cell
restitution. Gastroenterology 129:550-64.
Hendrix CW, Collier AC, Lederman MM, Schols D, Pollard RB, Brown S, Jackson JB,
Coombs RW, Glesby MJ, Flexner CW (2004) Safety, pharmacokinetics, and antiviral
activity of AMD3100, a selective CXCR4 receptor inhibitor, in HIV-1 infection. In: J
Acq Immun Def Synd (1253.

	
  

178 	
  

Hirakawa S, Brown LF, Kodama S, Paavonen K, Alitalo K, Detmar M (2007) VEGF-Cinduced lymphangiogenesis in sentinel lymph nodes promotes tumor metastasis to
distant sites. Blood 109:1010-7.
Hirakawa S, Detmar M, Kerjaschki D, Nagamatsu S, Matsuo K, Tanemura A, Kamata N,
Higashikawa K, Okazaki H, Kameda K, et al. (2009) Nodal lymphangiogenesis and
metastasis: Role of tumor-induced lymphatic vessel activation in extramammary
Paget's disease. Am J Pathol 175:2235-48.
Hirakawa S, Hong Y, Harvey N (2003) Identification of vascular lineage-specific genes
by transcriptional profiling of isolated blood vascular and lymphatic endothelial cells.
In: Am J Pathol (
Hirakawa S, Kodama S, Kunstfeld R, Kajiya K, Brown LF, Detmar M (2005) VEGF-A
induces tumor and sentinel lymph node lymphangiogenesis and promotes lymphatic
metastasis. J Exp Med 201:1089-99.
Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M (1998) Flt-1 lacking the tyrosine
kinase domain is sufficient for normal development and angiogenesis in mice. Proc
Natl Acad Sci USA 95:9349-54.
Hogan BM, Bos FL, Bussmann J, Witte M, Chi NC, Duckers HJ, Schulte-Merker S
(2009) Ccbe1 is required for embryonic lymphangiogenesis and venous sprouting.
Nat Genet 41:396-8.
Hong YK, Harvey N, Noh YH, Schacht V, Hirakawa S, Detmar M, Oliver G (2002)
Prox1 is a master control gene in the program specifying lymphatic endothelial cell
fate. Dev Dynam 225:351-7.
Hong YK, Lange-Asschenfeldt B, Velasco P, Hirakawa S, Kunstfeld R, Brown LF,
Bohlen P, Senger DR, Detmar M (2004) VEGF-A promotes tissue repair-associated
lymphatic vessel formation via VEGFR-2 and the alpha1beta1 and alpha2beta1
integrins. FASEB J 18:1111-3.
Hood J, Granger HJ (1998) Protein kinase G mediates vascular endothelial growth factorinduced Raf-1 activation and proliferation in human endothelial cells. J Biol Chem
273:23504-8.
Hou X, Kumar A, Lee C, Wang B, Arjunan P, Dong L, Maminishkis A, Tang Z, Li Y,
Zhang F, et al. (2010) PDGF-CC blockade inhibits pathological angiogenesis by

	
  

179 	
  

acting on multiple cellular and molecular targets. Proc Natl Acad Sci USA
107:12216-21.
Houghton AM, Quintero PA, Perkins DL, Kobayashi DK, Kelley DG, Marconcini LA,
Mecham RP, Senior RM, Shapiro SD (2006) Elastin fragments drive disease
progression in a murine model of emphysema. J Clin Invest 116:753-9.
Howdieshell TR, Callaway D, Webb WL, Gaines MD, Procter CD, Jr., Sathyanarayana,
Pollock JS, Brock TL, McNeil PL (2001) Antibody neutralization of vascular
endothelial growth factor inhibits wound granulation tissue formation. J Surg Res
96:173-82.
Hu J, Van den Steen PE, Sang QX, Opdenakker G (2007) Matrix metalloproteinase
inhibitors as therapy for inflammatory and vascular diseases. Nat Rev Drug Discov
6:480-98.
Huggenberger R, Detmar M (2011a) The cutaneous vascular system in chronic skin
inflammation. J Invest Dermatol 15:24-32.
Huggenberger R, Siddiqui SS, Brander D, Ullmann S, Zimmermann K, Antsiferova M,
Werner S, Alitalo K, Detmar M (2011b) An important role of lymphatic vessel
activation in limiting acute inflammation. Blood 117:4667-78.
Huggenberger R, Ullmann S, Proulx ST, Pytowski B, Alitalo K, Detmar M (2010)
Stimulation of lymphangiogenesis via VEGFR-3 inhibits chronic skin inflammation.
J Exp Med 207:2255-69.
Hunninghake GW, Davidson JM, Rennard S, Szapiel S, Gadek JE, Crystal RG (1981)
Elastin fragments attract macrophage precursors to diseased sites in pulmonary
emphysema. Science 212:925-7.
Huntington G, McClure C (1908) The anatomy and development of the jugular lymph
sacs in the domestic cat (Felis domestica). Anat Rec:1-18.
Hur EM, Youssef S, Haws ME, Zhang SY, Sobel RA, Steinman L (2007) Osteopontininduced relapse and progression of autoimmune brain disease through enhanced
survival of activated T cells. Nat Immunol 8:74-83.
Ibrahim G, Waxman R, Helliwell PS (2009) The prevalence of psoriatic arthritis in people
with psoriasis. Arthritis Rheum 61:1373-8.

	
  

180 	
  

Ichise H, Ichise T, Ohtani O, Yoshida N (2009) Phospholipase Cgamma2 is necessary for
separation of blood and lymphatic vasculature in mice. Development 136:191-5.
Irrthum A, Karkkainen MJ, Devriendt K, Alitalo K, Vikkula M (2000) Congenital
hereditary lymphedema caused by a mutation that inactivates VEGFR3 tyrosine
kinase. Am J Humn Genet 67:295-301.
Itoh T, Matsuda H, Tanioka M, Kuwabara K, Itohara S, Suzuki R (2002) The role of
matrix metalloproteinase-2 and matrix metalloproteinase-9 in antibody-induced
arthritis. J Immunol 169:2643-7.
Jacques P, Van den Bosch F (2013) Emerging therapies for rheumatoid arthritis. Expert
Opin Emerg Drugs 18:231-44.
Jagielska J, Kapopara PR, Salguero G, Scherr M, Schutt H, Grote K, Schieffer B,
Bavendiek U (2012) Interleukin-1 assembles a proangiogenic signaling module
consisting of caveolin-1, tumor necrosis factor receptor-associated factor 6, p38mitogen-activated protein kinase (MAPK), and MAPK-activated protein kinase 2 in
endothelial cells. Arterioscl Throm Vas 32:1280-8.
Jakobsson L, Kreuger J, Holmborn K, Lundin L, Eriksson I, Kjellen L, Claesson-Welsh L
(2006) Heparan sulfate in trans potentiates VEGFR-mediated angiogenesis. Dev Cell
10:625-34.
Janeway CA, Jr., Medzhitov R (2002) Innate immune recognition. Annu Rev Immunol
20:197-216.
Jeltsch M, Kaipainen A, Joukov V, Meng X, Lakso M, Rauvala H, Swartz M, Fukumura
D, Jain RK, Alitalo K (1997) Hyperplasia of lymphatic vessels in VEGF-C transgenic
mice. Science 276:1423-5.
Jeltsch M, Tammela T, Alitalo K, Wilting J (2003) Genesis and pathogenesis of lymphatic
vessels. Cell Tissue Res 314:69-84.
Jin D, Harada K, Ohnishi S, Yamahara K, Kangawa K, Nagaya N (2008) Adrenomedullin
induces lymphangiogenesis and ameliorates secondary lymphoedema. Cardiovasc
Res 80:339-45.

	
  

181 	
  

Jin Y, Shen L, Chong EM, Hamrah P, Zhang Q, Chen L, Dana MR (2007) The chemokine
receptor CCR7 mediates corneal antigen-presenting cell trafficking. Mol Vis 13:62634.
Johnson JL, Devel L, Czarny B, George SJ, Jackson CL, Rogakos V, Beau F, Yiotakis A,
Newby AC, Dive V (2011) A selective matrix metalloproteinase-12 inhibitor retards
atherosclerotic plaque development in apolipoprotein E-knockout mice. Arterioscler
Thromb Vasc Biol 31:528-35.
Johnson LA, Clasper S, Holt AP, Lalor PF, Baban D, Jackson DG (2006) An
inflammation-induced mechanism for leukocyte transmigration across lymphatic
vessel endothelium. J Exp Med 203:2763-77.
Johnson LA, Jackson DG (2010) Inflammation-induced secretion of CCL21 in lymphatic
endothelium is a key regulator of integrin-mediated dendritic cell transmigration. Int
Immunol 22:839-49.
Josefowicz SZ, Rudensky A (2009) Control of regulatory T cell lineage commitment and
maintenance. Immunity 30:616-25.
Joukov V, Kumar V, Sorsa T, Arighi E, Weich H, Saksela O, Alitalo K (1998) A
recombinant mutant vascular endothelial growth factor-C that has lost vascular
endothelial growth factor receptor-2 binding, activation, and vascular permeability
activities. J Biol Chem 273:6599-602.
Joukov V, Pajusola K, Kaipainen A, Chilov D, Lahtinen I, Kukk E, Saksela O, Kalkkinen
N, Alitalo K (1996) A novel vascular endothelial growth factor, VEGF-C, is a ligand
for the Flt4 (VEGFR-3) and KDF (VEGFR-2) receptor tyrosine kinases. EMBO
J:290-8.
Joukov V, Sorsa T, Kumar V, Jeltsch M, Claesson-Welsh L, Cao Y, Saksela O, Kalkkinen
N, Alitalo K (1997) Proteolytic processing regulates receptor specificity and activity
of VEGF-C. EMBO J 16:3898-911.
Jurisic G, Detmar M (2009) Lymphatic endothelium in health and disease. Cell Tissue Res
335:97-108.
Jurisic G, Sundberg JP, Bleich A, Leiter EH, Broman KW, Buechler G, Alley L,
Vestweber D, Detmar M (2010) Quantitative lymphatic vessel trait analysis suggests
Vcam1 as candidate modifier gene of inflammatory bowel disease. Genes Immun
11:219-31.

	
  

182 	
  

Jurisic G, Sundberg JP, Detmar M (2013) Blockade of VEGF receptor-3 aggravates
inflammatory bowel disease and lymphatic vessel enlargement. Inflamm Bowel Dis
19:1983-9.
Kagami S, Rizzo HL, Lee JJ, Koguchi Y, Blauvelt A (2010) Circulating Th17, Th22, and
Th1 cells are increased in psoriasis. J Invest Dermatol 130:1373-83.
Kaipainen A, Korhonen J, Mustonen T, van Hinsbergh VW, Fang GH, Dumont D,
Breitman M, Alitalo K (1995) Expression of the fms-like tyrosine kinase 4 gene
becomes restricted to lymphatic endothelium during development. Proc Natl Acad
Sci USA 92:3566-70.
Kajiya K, Detmar M (2006) An important role of lymphatic vessels in the control of
UVB-induced edema formation and inflammation. J Invest Dermatol 126:920-2.
Kajiya K, Hirakawa S, Ma B, Drinnenberg I, Detmar M (2005) Hepatocyte growth factor
promotes lymphatic vessel formation and function. EMBO J 24:2885-95.
Kajiya K, Sawane M, Huggenberger R, Detmar M (2009) Activation of the VEGFR-3
pathway by VEGF-C attenuates UVB-induced edema formation and skin
inflammation by promoting lymphangiogenesis. J Invest Dermatol 129:1292-8.
Kanangat S, Blair P, Reddy R, Daheshia M, Godfrey V, Rouse BT, Wilkinson E (1996)
Disease in the scurfy (sf) mouse is associated with overexpression of cytokine genes.
Eur J Immunol 26:161-5.
Kanazawa S, Tsunoda T, Onuma E, Majima T, Kagiyama M, Kikuchi K (2001) VEGF,
basic-FGF, and TGF-beta in Crohn's disease and ulcerative colitis: a novel
mechanism of chronic intestinal inflammation. Am J Gastroenterol 96:822-8.
Kansas GS (1996) Selectins and their ligands: current concepts and controversies. Blood
88:3259-87.
Kappert K, Peters KG, Bohmer FD, Ostman A (2005) Tyrosine phosphatases in vessel
wall signaling. Cardiovasc Res 65:587-98.
Karaman S, Detmar M (2014) Mechanisms of lymphatic metastasis. J Clin Invest
124:922-8.

	
  

183 	
  

Karkkainen MJ, Ferrell RE, Lawrence EC, Kimak MA, Levinson KL, McTigue MA,
Alitalo K, Finegold DN (2000) Missense mutations interfere with VEGFR-3
signalling in primary lymphoedema. Nat Genet 25:153-9.
Karkkainen MJ, Haiko P, Sainio K, Partanen J, Taipale J, Petrova TV, Jeltsch M, Jackson
DG, Talikka M, Rauvala H, et al. (2004) Vascular endothelial growth factor C is
required for sprouting of the first lymphatic vessels from embryonic veins. Nat
Immunol 5:74-80.
Karkkainen MJ, Saaristo A, Jussila L, Karila KA, Lawrence EC, Pajusola K, Bueler H,
Eichmann A, Kauppinen R, Kettunen MI, et al. (2001) A model for gene therapy of
human hereditary lymphedema. Proc Natl Acad Sci USA 98:12677-82.
Karpanen T, Alitalo K (2008) Molecular biology and pathology of lymphangiogenesis.
Annu Rev Pathol 3:367-97.
Karpanen T, Wirzenius M, Makinen T, Veikkola T, Haisma HJ, Achen MG, Stacker SA,
Pytowski B, Yla-Herttuala S, Alitalo K (2006) Lymphangiogenic growth factor
responsiveness is modulated by postnatal lymphatic vessel maturation. Am J Pathol
169:708-18.
Kataru RP, Jung K, Jang C, Yang H, Schwendener RA, Baik JE, Han SH, Alitalo K, Koh
GY (2009) Critical role of CD11b+ macrophages and VEGF in inflammatory
lymphangiogenesis, antigen clearance, and inflammation resolution. Blood 113:56509.
Keck PJ, Hauser SD, Krivi G, Sanzo K, Warren T, Feder J, Connolly DT (1989) Vascular
permeability factor, an endothelial cell mitogen related to PDGF. Science 246:130912.
Keeley EC, Mehrad B, Strieter RM (2008) Chemokines
neovascularization. Arterioscl Throm Vas 28:1928-36.

as

mediators

of

Kendall RL, Thomas KA (1993) Inhibition of vascular endothelial cell growth factor
activity by an endogenously encoded soluble receptor. Proc Natl Acad Sci USA
90:10705-9.
Kerfoot SM, Andonegui G, Bonder CS, Liu L (2008) Exogenous stromal cell-derived
factor-1 induces modest leukocyte recruitment in vivo. Am J Physiol 294:H2524-34.

	
  

184 	
  

Kerjaschki D, Regele HM, Moosberger I, Nagy-Bojarski K, Watschinger B, Soleiman A,
Birner P, Krieger S, Hovorka A, Silberhumer G, et al. (2004) Lymphatic
neoangiogenesis in human kidney transplants is associated with immunologically
active lymphocytic infiltrates. J Am Soc Nephrol 15:603-12.
Kiefer F, Siekmann AF (2011) The role of chemokines and their receptors in
angiogenesis. J Cell Mol Life Sci 68:2811-30.
Kim JM, Rasmussen JP, Rudensky AY (2007) Regulatory T cells prevent catastrophic
autoimmunity throughout the lifespan of mice. Nat Immunol 8:191-7.
Kim KE, Koh YJ, Jeon BH, Jang C, Han J, Kataru RP, Schwendener RA, Kim JM, Koh
GY (2009) Role of CD11b+ macrophages in intraperitoneal lipopolysaccharideinduced aberrant lymphangiogenesis and lymphatic function in the diaphragm. Am J
Pathol 175:1733-45.
Kim YS, Choi SJ, Tae YM, Lee BJ, Jeon SG, Oh SY, Gho YS, Zhu Z, Kim YK (2010)
Distinct roles of vascular endothelial growth factor receptor-1- and receptor-2mediated signaling in T cell priming and Th17 polarization to lipopolysaccharidecontaining allergens in the lung. J Immunol 185:5648-55.
Kinne RW, Brauer R, Stuhlmuller B, Palombo-Kinne E, Burmester GR (2000)
Macrophages in rheumatoid arthritis. Arthritis Res 2:189-202.
Klose A, Zigrino P, Mauch C (2013) Monocyte/macrophage MMP-14 modulates cell
infiltration and T-cell attraction in contact dermatitis but not in murine wound
healing. Am J Pathol 182:755-64.
Kobayashi KS, Chamaillard M, Ogura Y, Henegariu O, Inohara N, Nunez G, Flavell RA
(2005) Nod2-dependent regulation of innate and adaptive immunity in the intestinal
tract. Science 307:731-4.
Koch AE, Polverini PJ, Kunkel SL, Harlow LA, DiPietro LA, Elner VM, Elner SG,
Strieter RM (1992) Interleukin-8 as a macrophage-derived mediator of angiogenesis.
Science 258:1798-801.
Koch S, Tugues S, Li XJ, Gualandi L, Claesson-Welsh L (2011) Signal transduction by
vascular endothelial growth factor receptors. Biochem J 437:169-83.

	
  

185 	
  

Koczy-Baron E, Jochem J, Kasperska-Zajac A (2012) Increased plasma concentration of
vascular endothelial growth factor in patients with atopic dermatitis and its relation to
disease severity and platelet activation. J Inflam Res 61:1405-9.
Konisti S, Kiriakidis S, Paleolog EM (2012) Hypoxia--a key regulator of angiogenesis
and inflammation in rheumatoid arthritis. Nat Rev Rheumatol 8:153-62.
Kryczek I, Bruce AT, Gudjonsson JE, Johnston A, Aphale A, Vatan L, Szeliga W, Wang
Y, Liu Y, Welling TH, et al. (2008) Induction of IL-17+ T cell trafficking and
development by IFN-gamma: mechanism and pathological relevance in psoriasis. J
Immunol 181:4733-41.
Kryczek I, Frydman N, Gaudin F, Krzysiek R, Fanchin R, Emilie D, Chouaib S, Zou W,
Machelon V (2005) The chemokine SDF-1/CXCL12 contributes to T lymphocyte
recruitment in human pre-ovulatory follicles and coordinates with lymphocytes to
increase granulosa cell survival and embryo quality. Am J Reprod Immunol 54:27083.
Kumar P, Banik S (2013) Pharmacotherapy options in rheumatoid arthritis. Clin Med
Insights Arthritis Musculoskelet Disord 6:35-43.
Kunitomo M, Jay M (1985) Elastin fragment-induced monocyte chemotaxis. The role of
desmosines. Inflammation 9:183-8.
Kunkel EJ, Ley K (1996) Distinct phenotype of E-selectin-deficient mice. E-selectin is
required for slow leukocyte rolling in vivo. Circ Res 79:1196-204.
Kunstfeld R, Hirakawa S, Hong Y-K, Schacht V, Lange-Asschenfeldt B, Velasco P, Lin
C, Fiebiger E, Wei X, Wu Y, et al. (2004) Induction of cutaneous delayed-type
hypersensitivity reactions in VEGF-A transgenic mice results in chronic skin
inflammation associated with persistent lymphatic hyperplasia. Blood 104:1048-57.
Lammermann T, Bader BL, Monkley SJ, Worbs T, Wedlich-Soldner R, Hirsch K, Keller
M, Forster R, Critchley DR, Fassler R, et al. (2008) Rapid leukocyte migration by
integrin-independent flowing and squeezing. Nature 453:51-5.
Le Bras B, Barallobre MJ, Homman-Ludiye J, Ny A, Wyns S, Tammela T, Haiko P,
Karkkainen MJ, Yuan L, Muriel MP, et al. (2006) VEGF-C is a trophic factor for
neural progenitors in the vertebrate embryonic brain. Nat Neurosci 9:340-8.

	
  

186 	
  

Leak LV, Burke JF (1968) Ultrastructural studies on the lymphatic anchoring filaments. J
Cell Biol 36:129-49.
Lee J, Gray A, Yuan J, Luoh SM, Avraham H, Wood WI (1996) Vascular endothelial
growth factor-related protein: a ligand and specific activator of the tyrosine kinase
receptor Flt4. Proc Natl Acad Sci USA 93:1988-92.
Leibovich SJ, Polverini PJ, Shepard HM, Wiseman DM, Shively V, Nuseir N (1987)
Macrophage-induced angiogenesis is mediated by tumour necrosis factor-alpha.
Nature 329:630-2.
Leibovich SJ, Ross R (1975) The role of the macrophage in wound repair. A study with
hydrocortisone and antimacrophage serum. Am J Pathol 78:71-100.
Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N (1989) Vascular endothelial
growth factor is a secreted angiogenic mitogen. Science 246:1306-9.
Ley K, Laudanna C, Cybulsky MI, Nourshargh S (2007) Getting to the site of
inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol 7:678-89.
Lieu C, Heymach J, Overman M, Tran H, Kopetz S (2011) Beyond VEGF: inhibition of
the fibroblast growth factor pathway and antiangiogenesis. Clin Cancer Res 17:61309.
Lin FJ, Chen X, Qin J, Hong YK, Tsai MJ, Tsai SY (2010) Direct transcriptional
regulation of neuropilin-2 by COUP-TFII modulates multiple steps in murine
lymphatic vessel development. J Clin Invest 120:1694-707.
Lin J, Lalani AS, Harding TC, Gonzalez M, Wu WW, Luan B, Tu GH, Koprivnikar K,
VanRoey MJ, He Y, et al. (2005) Inhibition of lymphogenous metastasis using
adeno-associated virus-mediated gene transfer of a soluble VEGFR-3 decoy receptor.
Cancer Res 65:6901-9.
Liu M, Sun H, Wang X, Koike T, Mishima H, Ikeda K, Watanabe T, Ochiai N, Fan J
(2004) Association of increased expression of macrophage elastase (matrix
metalloproteinase 12) with rheumatoid arthritis. Arthritis Rheum 50:3112-7.
Lohela M, Bry M, Tammela T, Alitalo K (2009) VEGFs and receptors involved in
angiogenesis versus lymphangiogenesis. Curr Opin Chem Biol 21:154-65.

	
  

187 	
  

Lohela M, Helotera H, Haiko P, Dumont DJ, Alitalo K (2008) Transgenic induction of
vascular endothelial growth factor-C is strongly angiogenic in mouse embryos but
leads to persistent lymphatic hyperplasia in adult tissues. Am J Pathol 173:1891-901.
Lohela M, Saaristo A, Veikkola T, Alitalo K (2003) Lymphangiogenic growth factors,
receptors and therapies. Thromb Haemost 90:167-84.
Lowes MA, Bowcock AM, Krueger JG (2007) Pathogenesis and therapy of psoriasis.
Nature 445:866-73.
Lukacs NW, Berlin A, Schols D, Skerlj RT, Bridger GJ (2002) AMD3100, a CxCR4
antagonist, attenuates allergic lung inflammation and airway hyperreactivity. Am J
Pathol 160:1353-60.
Luo BH, Carman CV, Springer TA (2007) Structural basis of integrin regulation and
signaling. Annu Rev Immunol 25:619-47.
Lyttle DJ, Fraser KM, Fleming SB, Mercer AA, Robinson AJ (1994) Homologs of
vascular endothelial growth factor are encoded by the poxvirus orf virus. J Virol
68:84-92.
Makinen T, Veikkola T, Mustjoki S, Karpanen T, Catimel B, Nice EC, Wise L, Mercer A,
Kowalski H, Kerjaschki D, et al. (2001) Isolated lymphatic endothelial cells
transduce growth, survival and migratory signals via the VEGF-C/D receptor
VEGFR-3. EMBO J 20:4762-73.
Mangion J, Rahman N, Mansour S, Brice G, Rosbotham J, Child AH, Murday VA,
Mortimer PS, Barfoot R, Sigurdsson A, et al. (1999) A gene for lymphedemadistichiasis maps to 16q24.3. Am J Hum Genet 65:427-32.
Marino D, Angehrn Y, Klein S, Riccardi S, Baenziger-Tobler N, Otto VI, Pittelkow M,
Detmar M (2013) Activation of the epidermal growth factor receptor promotes
lymphangiogenesis in the skin. J Dermatol Sci.
Marrelli A, Cipriani P, Liakouli V, Carubbi F, Perricone C, Perricone R, Giacomelli R
(2011) Angiogenesis in rheumatoid arthritis: a disease specific process or a common
response to chronic inflammation? Autoimmun Rev 10:595-8.
Marshall BT, Long M, Piper JW, Yago T, McEver RP, Zhu C (2003) Direct observation
of catch bonds involving cell-adhesion molecules. Nature 423:190-3.

	
  

188 	
  

Maruyama K, Ii M, Cursiefen C, Jackson DG, Keino H, Tomita M, Van Rooijen N,
Takenaka H, D'Amore PA, Stein-Streilein J, et al. (2005) Inflammation-induced
lymphangiogenesis in the cornea arises from CD11b-positive macrophages. J Clin
Invest 115:2363-72.
Matsumoto S, Kobayashi T, Katoh M, Saito S, Ikeda Y, Kobori M, Masuho Y, Watanabe
T (1998) Expression and localization of matrix metalloproteinase-12 in the aorta of
cholesterol-fed rabbits: relationship to lesion development. Am J Pathol 153:109-19.
Matsumoto T, Bohman S, Dixelius J, Berge T, Dimberg A, Magnusson P, Wang L,
Wikner C, Qi JH, Wernstedt C, et al. (2005) VEGF receptor-2 Y951 signaling and a
role for the adapter molecule TSAd in tumor angiogenesis. EMBO J 24:2342-53.
Matsumoto T, Claesson-Welsh L (2001) VEGF receptor signal transduction. Sci Signal
2001.
Matthys P, Hatse S, Vermeire K, Wuyts A, Bridger G, Henson GW, De Clercq E, Billiau
A, Schols D (2001) AMD3100, a potent and specific antagonist of the stromal cellderived factor-1 chemokine receptor CXCR4, inhibits autoimmune joint
inflammation in IFN-gamma receptor-deficient mice. J Immunol 167:4686-92.
Maul J, Loddenkemper C, Mundt P, Berg E, Giese T, Stallmach A, Zeitz M, Duchmann R
(2005) Peripheral and intestinal regulatory CD4+ CD25(high) T cells in
inflammatory bowel disease. Gastroenterology 128:1868-78.
McColl BK, Baldwin ME, Roufail S, Freeman C, Moritz RL, Simpson RJ, Alitalo K,
Stacker SA, Achen MG (2003) Plasmin activates the lymphangiogenic growth factors
VEGF-C and VEGF-D. J Exp Med 198:863-8.
McEver RP, Cummings RD (1997) Role of PSGL-1 binding to selectins in leukocyte
recruitment. J Clin Invest 100:S97-103.
McInnes IB, Schett G (2007) Cytokines in the pathogenesis of rheumatoid arthritis. Nat
Rev Immunol 7:429-42.
Mease PJ, Armstrong AW (2014) Managing patients with psoriatic disease: the diagnosis
and pharmacologic treatment of psoriatic arthritis in patients with psoriasis. Drugs
74:423-41.
Medzhitov R, Janeway C, Jr. (2000) Innate immunity. N Engl J Med 343:338-44.

	
  

189 	
  

Mellor RH, Brice G, Stanton AW, French J, Smith A, Jeffery S, Levick JR, Burnand KG,
Mortimer PS (2007) Mutations in FOXC2 are strongly associated with primary valve
failure in veins of the lower limb. Circulation 115:1912-20.
Mellor RH, Hubert CE, Stanton AW, Tate N, Akhras V, Smith A, Burnand KG, Jeffery S,
Makinen T, Levick JR, et al. (2010) Lymphatic dysfunction, not aplasia, underlies
Milroy disease. Microcirculation 17:281-96.
Melrose WD (2002) Lymphatic filariasis: new insights into an old disease. Int J Parasitol
32:947-60.
Menter A, Griffiths CE (2007) Current and future management of psoriasis. Lancet
370:272-84.
Merad M, Ginhoux F, Collin M (2008) Origin, homeostasis and function of Langerhans
cells and other langerin-expressing dendritic cells. Nat Rev Immunol 8:935-47.
Merad M, Manz MG, Karsunky H, Wagers A, Peters W, Charo I, Weissman IL, Cyster
JG, Engleman EG (2002) Langerhans cells renew in the skin throughout life under
steady-state conditions. Nat Immunol 3:1135-41.
Meyer M, Clauss M, Lepple-Wienhues A, Waltenberger J, Augustin HG, Ziche M, Lanz
C, Buttner M, Rziha HJ, Dehio C (1999) A novel vascular endothelial growth factor
encoded by Orf virus, VEGF-E, mediates angiogenesis via signalling through
VEGFR-2 (KDR) but not VEGFR-1 (Flt-1) receptor tyrosine kinases. EMBO J
18:363-74.
Mikami S, Nakase H, Yamamoto S, Takeda Y, Yoshino T, Kasahara K, Ueno S, Uza N,
Oishi S, Fujii N, et al. (2008) Blockade of CXCL12/CXCR4 axis ameliorates murine
experimental colitis. J Pharmacol Exp Ther 327:383-92.
Millan J, Hewlett L, Glyn M, Toomre D, Clark P, Ridley AJ (2006) Lymphocyte
transcellular migration occurs through recruitment of endothelial ICAM-1 to caveolaand F-actin-rich domains. Nat Cell Biol 8:113-23.
Miner JJ, Xia L, Yago T, Kappelmayer J, Liu Z, Klopocki AG, Shao B, McDaniel JM,
Setiadi H, Schmidtke DW, et al. (2008) Separable requirements for cytoplasmic
domain of PSGL-1 in leukocyte rolling and signaling under flow. Blood 112:2035-45.

	
  

190 	
  

Mirshahi F, Pourtau J, Li H, Muraine M, Trochon V, Legrand E, Vannier J, Soria J, Vasse
M, Soria C (2000) SDF-1 activity on microvascular endothelial cells: consequences
on angiogenesis in in vitro and in vivo models. Thromb Res 99:587-94.
Morisada T, Oike Y, Yamada Y, Urano T, Akao M, Kubota Y, Maekawa H, Kimura Y,
Ohmura M, Miyamoto T, et al. (2005) Angiopoietin-1 promotes LYVE-1-positive
lymphatic vessel formation. Blood 105:4649-56.
Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL (1986) Two types of
murine helper T cell clone. I. Definition according to profiles of lymphokine
activities and secreted proteins. J Immunol 136:2348-57.
Mulherin D, Fitzgerald O, Bresnihan B (1996) Synovial tissue macrophage populations
and articular damage in rheumatoid arthritis. Arthritis Rheum 39:115-24.
Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, McClanahan T, Murphy E,
Yuan W, Wagner SN, et al. (2001) Involvement of chemokine receptors in breast
cancer metastasis. Nature 410:50-6.
Muller N, Derouazi M, Van Tilborgh F, Wulhfard S, Hacker DL, Jordan M, Wurm FM
(2007) Scalable transient gene expression in Chinese hamster ovary cells in
instrumented and non-instrumented cultivation systems. Biotechnol Lett 29:703-11.
Muller YA, Li B, Christinger HW, Wells JA, Cunningham BC, de Vos AM (1997)
Vascular endothelial growth factor: crystal structure and functional mapping of the
kinase domain receptor binding site. Proc Natl Acad Sci USA 94:7192-7.
Mumprecht V, Detmar M (2009) Lymphangiogenesis and cancer metastasis. J Cell Mol
Med 13:1405-16.
Murohara T, Asahara T, Silver M, Bauters C, Masuda H, Kalka C, Kearney M, Chen D,
Symes JF, Fishman MC, et al. (1998) Nitric oxide synthase modulates angiogenesis
in response to tissue ischemia. J Clin Invest 101:2567-78.
Murphy KM, Travers P, Walport M (2007) Janeway's Immunobiology, 7th edn, vol.
Garland Science.
Nagy JA, Vasile E, Feng D, Sundberg C, Brown LF, Detmar MJ, Lawitts JA, Benjamin L,
Tan X, Manseau EJ, et al. (2002) Vascular permeability factor/vascular endothelial

	
  

191 	
  

growth factor induces lymphangiogenesis as well as angiogenesis. J Exp Med
196:1497-506.
Nair RP, Duffin KC, Helms C, Ding J, Stuart PE, Goldgar D, Gudjonsson JE, Li Y,
Tejasvi T, Feng BJ, et al. (2009) Genome-wide scan reveals association of psoriasis
with IL-23 and NF-kappaB pathways. Nat Genet 41:199-204.
Nakano T, Nakashima Y, Yonemitsu Y, Sumiyoshi S, Chen YX, Akishima Y, Ishii T,
Iida M, Sueishi K (2005) Angiogenesis and lymphangiogenesis and expression of
lymphangiogenic factors in the atherosclerotic intima of human coronary arteries.
Hum Pathol 36:330-40.
Nanki T, Hayashida K, El-Gabalawy HS, Suson S, Shi K, Girschick HJ, Yavuz S, Lipsky
PE (2000) Stromal cell-derived factor-1-CXC chemokine receptor 4 interactions play
a central role in CD4+ T cell accumulation in rheumatoid arthritis synovium. J
Immunol 165:6590-8.
Nestle FO, Kaplan DH, Barker J (2009) Psoriasis. N Engl J Med 361:496-509.
Neurath MF, Finotto S (2009) Translating inflammatory bowel disease research into
clinical medicine. Immunity 31:357-61.
Nieminen M, Henttinen T, Merinen M, Marttila-Ichihara F, Eriksson JE, Jalkanen S
(2006) Vimentin function in lymphocyte adhesion and transcellular migration. Nat
Cell Biol 8:156-62.
Nitschke M, Aebischer D, Abadier M, Haener S, Lucic M, Vigl B, Luche H, Fehling HJ,
Biehlmaier O, Lyck R, et al. (2012) Differential requirement for ROCK in dendritic
cell migration within lymphatic capillaries in steady-state and inflammation. Blood
120:2249-58.
Norrmen C, Ivanov KI, Cheng J, Zangger N, Delorenzi M, Jaquet M, Miura N,
Puolakkainen P, Horsley V, Hu J, et al. (2009) FOXC2 controls formation and
maturation of lymphatic collecting vessels through cooperation with NFATc1. J Cell
Biol 185:439-57.
Norrmen C, Tammela T, Petrova TV, Alitalo K (2011) Biological basis of therapeutic
lymphangiogenesis. Circulation 123:1335-51.

	
  

192 	
  

Numasaki M, Fukushi J, Ono M, Narula SK, Zavodny PJ, Kudo T, Robbins PD, Tahara
H, Lotze MT (2003) Interleukin-17 promotes angiogenesis and tumor growth. Blood
101:2620-7.
Nykanen AI, Sandelin H, Krebs R, Keranen MA, Tuuminen R, Karpanen T, Wu Y,
Pytowski B, Koskinen PK, Yla-Herttuala S, et al. (2010) Targeting lymphatic vessel
activation and CCL21 production by vascular endothelial growth factor receptor-3
inhibition has novel immunomodulatory and antiarteriosclerotic effects in cardiac
allografts. Circulation 121:1413-22.
O'Shea JJ, Kanno Y, Chan AC (2014) In Search of Magic Bullets: The Golden Age of
Immunotherapeutics. Cell 157:227-40.
Ohl L, Mohaupt M, Czeloth N, Hintzen G, Kiafard Z, Zwirner J, Blankenstein T, Henning
G, Forster R (2004) CCR7 governs skin dendritic cell migration under inflammatory
and steady-state conditions. Immunity 21:279-88.
Oliver G, Detmar M (2002) The rediscovery of the lymphatic system: old and new
insights into the development and biological function of the lymphatic vasculature.
Genes Dev 16:773-83.
Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L (2006) VEGF receptor signalling in control of vascular function. Nat Rev Mol Cell Biol 7:359-71.
Onishi Y, Fehervari Z, Yamaguchi T, Sakaguchi S (2008) Foxp3+ natural regulatory T
cells preferentially form aggregates on dendritic cells in vitro and actively inhibit
their maturation. Proc Natl Acad Sci USA 105:10113-8.
Overall CM, Kleifeld O (2006) Tumour microenvironment - opinion: validating matrix
metalloproteinases as drug targets and anti-targets for cancer therapy. Nat Rev
Cancer 6:227-39.
Paavonen K, Puolakkainen P, Jussila L, Jahkola T, Alitalo K (2000) Vascular endothelial
growth factor receptor-3 in lymphangiogenesis in wound healing. Am J Pathol
156:1499-504.
Pablos JL, Amara A, Bouloc A, Santiago B, Caruz A, Galindo M, Delaunay T, Virelizier
JL, Arenzana-Seisdedos F (1999) Stromal-cell derived factor is expressed by
dendritic cells and endothelium in human skin. Am J Pathol 155:1577-86.

	
  

193 	
  

Pajusola K, Aprelikova O, Korhonen J, Kaipainen A, Pertovaara L, Alitalo R, Alitalo K
(1992) FLT4 receptor tyrosine kinase contains seven immunoglobulin-like loops and
is expressed in multiple human tissues and cell lines. Cancer Res 52:5738-43.
Papapetropoulos A, Garcia-Cardena G, Madri JA, Sessa WC (1997) Nitric oxide
production contributes to the angiogenic properties of vascular endothelial growth
factor in human endothelial cells. J Clin Invest 100:3131-9.
Parenti A, Morbidelli L, Cui XL, Douglas JG, Hood JD, Granger HJ, Ledda F, Ziche M
(1998) Nitric oxide is an upstream signal of vascular endothelial growth factorinduced extracellular signal-regulated kinase1/2 activation in postcapillary
endothelium. J Biol Chem 273:4220-6.
Parisi R, Symmons DP, Griffiths CE, Ashcroft DM (2013) Global epidemiology of
psoriasis: a systematic review of incidence and prevalence. J Invest Dermatol
133:377-85.
Park CC, Morel JC, Amin MA, Connors MA, Harlow LA, Koch AE (2001) Evidence of
IL-18 as a novel angiogenic mediator. J Immunol 167:1644-53.
Park JE, Keller GA, Ferrara N (1993) The vascular endothelial growth factor (VEGF)
isoforms: differential deposition into the subepithelial extracellular matrix and
bioactivity of extracellular matrix-bound VEGF. Mol Biol Cell 4:1317-26.
Parkes M, Barrett JC, Prescott NJ, Tremelling M, Anderson CA, Fisher SA, Roberts RG,
Nimmo ER, Cummings FR, Soars D, et al. (2007) Sequence variants in the
autophagy gene IRGM and multiple other replicating loci contribute to Crohn's
disease susceptibility. Nat Genet 39:830-2.
Parks WC, Wilson CL, Lopez-Boado YS (2004) Matrix metalloproteinases as modulators
of inflammation and innate immunity. Nat Rev Immunol 4:617-29.
Pasche N, Woytschak J, Wulhfard S, Villa A, Frey K, Neri D (2011) Cloning and
characterization of novel tumor-targeting immunocytokines based on murine IL7. J
Biotechnol 154:84-92.
Pauleau AL, Murray PJ (2003) Role of nod2 in the response of macrophages to toll-like
receptor agonists. Mol Cell Biol 23:7531-9.

	
  

194 	
  

Pedica F, Ligorio C, Tonelli P, Bartolini S, Baccarini P (2008) Lymphangiogenesis in
Crohn's disease: an immunohistochemical study using monoclonal antibody D2-40.
Virchows Arch 452:57-63.
Perera GK, Di Meglio P, Nestle FO (2012) Psoriasis. Annu Rev Pathol 7:385-422.
Petit I, Jin D, Rafii S (2007) The SDF-1-CXCR4 signaling pathway: a molecular hub
modulating neo-angiogenesis. Trends Immunol 28:299-307.
Petrova TV, Karpanen T, Norrmen C, Mellor R, Tamakoshi T, Finegold D, Ferrell R,
Kerjaschki D, Mortimer P, Yla-Herttuala S, et al. (2004) Defective valves and
abnormal mural cell recruitment underlie lymphatic vascular failure in lymphedema
distichiasis. Nat Med 10:974-81.
Petrova TV, Makinen T, Makela TP, Saarela J, Virtanen I, Ferrell RE, Finegold DN,
Kerjaschki D, Yla-Herttuala S, Alitalo K (2002) Lymphatic endothelial
reprogramming of vascular endothelial cells by the Prox-1 homeobox transcription
factor. EMBO J 21:4593-9.
Pfarr KM, Debrah AY, Specht S, Hoerauf A (2009) Filariasis and lymphoedema. Parasite
Immunol 31:664-72.
Pflicke H, Sixt M (2009) Preformed portals facilitate dendritic cell entry into afferent
lymphatic vessels. J Exp Med 206:2925-35.
Phillipson M, Heit B, Colarusso P, Liu L, Ballantyne CM, Kubes P (2006) Intraluminal
crawling of neutrophils to emigration sites: a molecularly distinct process from
adhesion in the recruitment cascade. J Exp Med 203:2569-75.
Phng LK, Gerhardt H (2009) Angiogenesis: a team effort coordinated by notch. Dev Cell
16:196-208.
Pithadia AB, Jain S (2011) Treatment of inflammatory bowel disease (IBD). Pharmacol
Rep 63:629-42.
Polverini PJ, Cotran PS, Gimbrone MA, Jr., Unanue ER (1977) Activated macrophages
induce vascular proliferation. Nature 269:804-6.

	
  

195 	
  

Polzer K, Baeten D, Soleiman A, Distler J, Gerlag DM, Tak PP, Schett G, Zwerina J
(2008) Tumour necrosis factor blockade increases lymphangiogenesis in murine and
human arthritic joints. Ann Rheum Dis 67:1610-6.
Proulx ST, Luciani P, Alitalo A, Mumprecht V, Christiansen AJ, Huggenberger R, Leroux
JC, Detmar M (2013a) Non-invasive dynamic near-infrared imaging and
quantification of vascular leakage in vivo. Angiogenesis 16:525-40.
Proulx ST, Luciani P, Christiansen A, Karaman S, Blum KS, Rinderknecht M, Leroux JC,
Detmar M (2013b) Use of a PEG-conjugated bright near-infrared dye for functional
imaging of rerouting of tumor lymphatic drainage after sentinel lymph node
metastasis. Biomaterials 34:5128-37.
Pugh CW, Ratcliffe PJ (2003) Regulation of angiogenesis by hypoxia: role of the HIF
system. Nat Med 9:677-84.
Randolph GJ, Angeli V, Swartz MA (2005) Dendritic-cell trafficking to lymph nodes
through lymphatic vessels. Nat Rev Immunol 5:617-28.
Raychaudhuri SP, Sanyal M, Raychaudhuri SK, Dutt S, Farber EM (2001) Severe
combined immunodeficiency mouse–human skin chimeras: a unique animal model
for the study of psoriasis and cutaneous inflammation. Brit J Dermatol 144:931-9.
Reenaers C, Louis E, Belaiche J (2010) Current directions of biologic therapies in
inflammatory bowel disease. Therap Adv Gastroenterol 3:99-106.
Reihill JA, Ewart MA, Hardie DG, Salt IP (2007) AMP-activated protein kinase mediates
VEGF-stimulated endothelial NO production. Biochem Bioph Res Co 354:1084-8.
Ribatti D, Puxeddu I, Crivellato E, Nico B, Vacca A, Levi-Schaffer F (2009)
Angiogenesis in asthma. Clin Exp Allergy 39:1815-21.
Roberts N, Kloos B, Cassella M, Podgrabinska S, Persaud K, Wu Y, Pytowski B, Skobe
M (2006) Inhibition of VEGFR-3 activation with the antagonistic antibody more
potently suppresses lymph node and distant metastases than inactivation of VEGFR2. Cancer Res 66:2650-7.
Roederer M (2001) Spectral compensation for flow cytometry: visualization artifacts,
limitations, and caveats. Cytometry 45:194-205.

	
  

196 	
  

S.S.Parikh, Mehta HH, Desai BI (2012) Advances in development of bevacizumab, a
humanized anti-angiogenic therapeutic monoclonal antibody targeting VEGF in
cancer cells. Int J Pharm Biomed Sci:155-63.
Saaristo A, Tammela T, Farkkila A, Karkkainen M, Suominen E, Yla-Herttuala S, Alitalo
K (2006) Vascular endothelial growth factor-C accelerates diabetic wound healing.
Am J Pathol 169:1080-7.
Saaristo A, Tammela T, Timonen J, Yla-Herttuala S, Tukiainen E, Asko-Seljavaara S,
Alitalo K (2004) Vascular endothelial growth factor-C gene therapy restores
lymphatic flow across incision wounds. FASEB J 18:1707-9.
Saaristo A, Veikkola T, Enholm B, Hytonen M, Arola J, Pajusola K, Turunen P, Jeltsch
M, Karkkainen MJ, Kerjaschki D, et al. (2002) Adenoviral VEGF-C overexpression
induces blood vessel enlargement, tortuosity, and leakiness but no sprouting
angiogenesis in the skin or mucous membranes. FASEB J 16:1041-9.
Sabin FR (1902) On the origin of the lymphatic system from the veins and the
development of the lymph hearts and thoracic duct in the pig. Am J Anat:367-91.
Saeki H, Moore AM, Brown MJ, Hwang ST (1999) Cutting edge: secondary lymphoidtissue chemokine (SLC) and CC chemokine receptor 7 (CCR7) participate in the
emigration pathway of mature dendritic cells from the skin to regional lymph nodes.
J Immunol 162:2472-5.
Sakaguchi S, Fukuma K, Kuribayashi K, Masuda T (1985) Organ-specific autoimmune
diseases induced in mice by elimination of T cell subset. I. Evidence for the active
participation of T cells in natural self-tolerance; deficit of a T cell subset as a possible
cause of autoimmune disease. J Exp Med 161:72-87.
Sakurai Y, Ohgimoto K, Kataoka Y, Yoshida N, Shibuya M (2005) Essential role of Flk-1
(VEGF receptor 2) tyrosine residue 1173 in vasculogenesis in mice. Proc Natl Acad
Sci USA 102:1076-81.
Salameh A, Galvagni F, Bardelli M, Bussolino F, Oliviero S (2005) Direct recruitment of
CRK and GRB2 to VEGFR-3 induces proliferation, migration, and survival of
endothelial cells through the activation of ERK, AKT, and JNK pathways. Blood
106:3423-31.

	
  

197 	
  

Salcedo R, Ponce ML, Young HA, Wasserman K, Ward JM, Kleinman HK, Oppenheim
JJ, Murphy WJ (2000) Human endothelial cells express CCR2 and respond to MCP1: direct role of MCP-1 in angiogenesis and tumor progression. Blood 96:34-40.
Salcedo R, Wasserman K, Young HA, Grimm MC, Howard OM, Anver MR, Kleinman
HK, Murphy WJ, Oppenheim JJ (1999) Vascular endothelial growth factor and basic
fibroblast growth factor induce expression of CXCR4 on human endothelial cells: In
vivo neovascularization induced by stromal-derived factor-1alpha. Am J Pathol
154:1125-35.
Sallusto F, Schaerli P, Loetscher P, Schaniel C, Lenig D, Mackay CR, Qin S,
Lanzavecchia A (1998) Rapid and coordinated switch in chemokine receptor
expression during dendritic cell maturation. Eur J Immunol 28:2760-9.
Salvucci O, Maric D, Economopoulou M, Sakakibara S, Merlin S, Follenzi A, Tosato G
(2009) EphrinB reverse signaling contributes to endothelial and mural cell assembly
into vascular structures. Blood 114:1707-16.
Samarasekera EJ, Neilson JM, Warren RB, Parnham J, Smith CH (2013) Incidence of
cardiovascular disease in individuals with psoriasis: a systematic review and metaanalysis. J Invest Dermatol 133:2340-6.
Sawano A, Iwai S, Sakurai Y, Ito M, Shitara K, Nakahata T, Shibuya M (2001) Flt-1,
vascular endothelial growth factor receptor 1, is a novel cell surface marker for the
lineage of monocyte-macrophages in humans. Blood 97:785-91.
Schenkel AR, Mamdouh Z, Muller WA (2004) Locomotion of monocytes on endothelium
is a critical step during extravasation. Nat Immunol 5:393-400.
Schmeisser A, Christoph M, Augstein A, Marquetant R, Kasper M, Braun-Dullaeus RC,
Strasser RH (2006) Apoptosis of human macrophages by Flt-4 signaling:
implications for atherosclerotic plaque pathology. Cardiovasc Res 71:774-84.
Schmittgen TD, Livak KJ (2008) Analyzing real-time PCR data by the comparative C(T)
method. Nat Protoc 3:1101-8.
Schneider JC, El Kebir D, Chereau C, Lanone S, Huang XL, De Buys Roessingh AS,
Mercier JC, Dall'Ava-Santucci J, Dinh-Xuan AT (2003) Involvement of
Ca2+/calmodulin-dependent protein kinase II in endothelial NO production and
endothelium-dependent relaxation. Proc Natl Acad Sci USA 284:H2311-9.

	
  

198 	
  

Schonthaler HB, Huggenberger R, Wculek SK, Detmar M, Wagner EF (2009) Systemic
anti-VEGF treatment strongly reduces skin inflammation in a mouse model of
psoriasis. Proc Natl Acad Sci USA 106:21264-9.
Schoppmann SF, Birner P, Stockl J, Kalt R, Ullrich R, Caucig C, Kriehuber E, Nagy K,
Alitalo K, Kerjaschki D (2002) Tumor-associated macrophages express lymphatic
endothelial growth factors and are related to peritumoral lymphangiogenesis. Am J
Pathol 161:947-56.
Schulte-Merker S, Sabine A, Petrova TV (2011) Lymphatic vascular morphogenesis in
development, physiology, and disease. J Cell Biol 193:607-18.
Schulz MM, Reisen F, Zgraggen S, Fischer S, Yuen D, Kang GJ, Chen L, Schneider G,
Detmar M (2012) Phenotype-based high-content chemical library screening identifies
statins as inhibitors of in vivo lymphangiogenesis. Proc Natl Acad Sci USA
109:E2665-74.
Schwager K, Kaspar M, Bootz F, Marcolongo R, Paresce E, Neri D, Trachsel E (2009)
Preclinical characterization of DEKAVIL (F8-IL10), a novel clinical-stage
immunocytokine which inhibits the progression of collagen-induced arthritis.
Arthritis Res Ther 11:R142.
Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, Dvorak HF (1983) Tumor
cells secrete a vascular permeability factor that promotes accumulation of ascites
fluid. Science 219:983-5.
Senger DR, Ledbetter SR, Claffey KP, Papadopoulos-Sergiou A, Peruzzi C, Detmar M
(1996) Stimulation of endothelial cell migration by vascular permeability
factor/vascular endothelial growth factor through cooperative mechanisms involving
the alphavbeta3 integrin, osteopontin, and thrombin. In: Am J Pathol (293.
Sengupta S, Gherardi E, Sellers LA, Wood JM, Sasisekharan R, Fan TP (2003)
Hepatocyte growth factor/scatter factor can induce angiogenesis independently of
vascular endothelial growth factor. Arterioscl Throm Vas 23:69-75.
Senior RM, Griffin GL, Mecham RP (1980) Chemotactic activity of elastin-derived
peptides. J Clin Invest 66:859-62.

	
  

199 	
  

Shalaby F, Ho J, Stanford WL, Fischer KD, Schuh AC, Schwartz L, Bernstein A, Rossant
J (1997) A requirement for Flk1 in primitive and definitive hematopoiesis and
vasculogenesis. Cell 89:981-90.
Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman ML, Schuh AC
(1995) Failure of Blood-Island Formation and Vasculogenesis in Flk-1-Deficient
Mice. Nature 376:62-6.
Shen H, Clauss M, Ryan J, Schmidt AM, Tijburg P, Borden L, Connolly D, Stern D, Kao
J (1993) Characterization of vascular permeability factor/vascular endothelial growth
factor receptors on mononuclear phagocytes. Blood 81:2767-73.
Shevach EM (2009) Mechanisms of foxp3+ T regulatory cell-mediated suppression.
Immunity 30:636-45.
Shibuya M, Claesson-Welsh L (2006) Signal transduction by VEGF receptors in
regulation of angiogenesis and lymphangiogenesis. Exp Cell Res 312:549-60.
Shields JD, Emmett MS, Dunn DB, Joory KD, Sage LM, Rigby H, Mortimer PS, Orlando
A, Levick JR, Bates DO (2007) Chemokine-mediated migration of melanoma cells
towards lymphatics--a mechanism contributing to metastasis. Oncogene 26:29973005.
Shimaoka M, Springer TA (2003) Therapeutic antagonists and conformational regulation
of integrin function. Nat Rev Drug Discov 2:703-16.
Shipley JM, Wesselschmidt RL, Kobayashi DK, Ley TJ, Shapiro SD (1996)
Metalloelastase is required for macrophage-mediated proteolysis and matrix invasion
in mice. Proc Natl Acad Sci U S A 93:3942-6.
Skobe M, Hawighorst T, Jackson DG, Prevo R, Janes L, Velasco P, Riccardi L, Alitalo K,
Claffey K, Detmar M (2001) Induction of tumor lymphangiogenesis by VEGF-C
promotes breast cancer metastasis. Nat Med 7:192-8.
Sleeman JP, Thiele W (2009) Tumor metastasis and the lymphatic vasculature. Int J
Cancer 125:2747-56.
Soker S, Miao HQ, Nomi M, Takashima S, Klagsbrun M (2002) VEGF165 mediates
formation of complexes containing VEGFR-2 and neuropilin-1 that enhance
VEGF165-receptor binding. J Biol Chem 85:357-68.

	
  

200 	
  

Sorokin L (2010) The impact of the extracellular matrix on inflammation. Nat Rev
Immunol 10:712-23.
Sozzani S, Allavena P, D'Amico G, Luini W, Bianchi G, Kataura M, Imai T, Yoshie O,
Bonecchi R, Mantovani A (1998) Differential regulation of chemokine receptors
during dendritic cell maturation: a model for their trafficking properties. J Immunol
161:1083-6.
Srinivasan RS, Dillard ME, Lagutin OV, Lin FJ, Tsai S, Tsai MJ, Samokhvalov IM,
Oliver G (2007) Lineage tracing demonstrates the venous origin of the mammalian
lymphatic vasculature. Genes Dev 21:2422-32.
Srinivasan RS, Geng X, Yang Y, Wang Y, Mukatira S, Studer M, Porto MP, Lagutin O,
Oliver G (2010) The nuclear hormone receptor Coup-TFII is required for the
initiation and early maintenance of Prox1 expression in lymphatic endothelial cells.
Genes Dev 24:696-707.
Stacker SA, Baldwin ME, Achen MG (2002) The role of tumor lymphangiogenesis in
metastatic spread. FASEB J 16:922-34.
Stacker SA, Caesar C, Baldwin ME, Thornton GE, Williams RA, Prevo R, Jackson DG,
Nishikawa S, Kubo H, Achen MG (2001) VEGF-D promotes the metastatic spread of
tumor cells via the lymphatics. Nat Med 7:186-91.
Starodubtseva NL, Sobolev VV, Soboleva AG, Nikolaev AA, Bruskin SA (2011)
Expression of genes for metalloproteinases (MMP-1, MMP-2, MMP-9, and MMP12) associated with psoriasis. Genetika 47:1254-61.
Strieter RM, Polverini PJ, Kunkel SL, Arenberg DA, Burdick MD, Kasper J, Dzuiba J,
Van Damme J, Walz A, Marriott D, et al. (1995) The functional role of the ELR
motif in CXC chemokine-mediated angiogenesis. J Biol Chem 270:27348-57.
Suarez-Farinas M, Fuentes-Duculan J, Lowes MA, Krueger JG (2011) Resolved psoriasis
lesions retain expression of a subset of disease-related genes. J Invest Dermatol
131:391-400.
Sulpice E, Ding S, Muscatelli-Groux B, Berge M, Han ZC, Plouet J, Tobelem G,
Merkulova-Rainon T (2009) Cross-talk between the VEGF-A and HGF signalling
pathways in endothelial cells. Biol Cell 101:525-39.

	
  

201 	
  

Szuba A, Skobe M, Karkkainen MJ, Shin WS, Beynet DP, Rockson NB, Dakhil N,
Spilman S, Goris ML, Strauss HW, et al. (2002) Therapeutic lymphangiogenesis with
human recombinant VEGF-C. FASEB J 16:1985-7.
Taddese S, Weiss AS, Jahreis G, Neubert RH, Schmelzer CE (2009) In vitro degradation
of human tropoelastin by MMP-12 and the generation of matrikines from domain 24.
Matrix Biol 28:84-91.
Takahashi H, Hattori S, Iwamatsu A, Takizawa H, Shibuya M (2004) A novel snake
venom vascular endothelial growth factor (VEGF) predominantly induces vascular
permeability through preferential signaling via VEGF receptor-1. J Biol Chem
279:46304-14.
Takahashi T, Ueno H, Shibuya M (1999) VEGF activates protein kinase C-dependent, but
Ras-independent Raf-MEK-MAP kinase pathway for DNA synthesis in primary
endothelial cells. Oncogene 18:2221-30.
Takahashi T, Yamaguchi S, Chida K, Shibuya M (2001) A single autophosphorylation
site on KDR/Flk-1 is essential for VEGF-A-dependent activation of PLC-gamma and
DNA synthesis in vascular endothelial cells. EMBO J 20:2768-78.
Tal O, Lim HY, Gurevich I, Milo I, Shipony Z, Ng LG, Angeli V, Shakhar G (2011) DC
mobilization from the skin requires docking to immobilized CCL21 on lymphatic
endothelium and intralymphatic crawling. J Exp Med 208:2141-53.
Tammela T, Alitalo K (2010) Lymphangiogenesis: Molecular mechanisms and future
promise. Cell 140:460-76.
Tammela T, Enholm B, Alitalo K, Paavonen K (2005a) The biology of vascular
endothelial growth factors. Cardiovasc Res 65:550-63.
Tammela T, Saaristo A, Lohela M, Morisada T, Tornberg J, Norrmen C, Oike Y, Pajusola
K, Thurston G, Suda T, et al. (2005b) Angiopoietin-1 promotes lymphatic sprouting
and hyperplasia. Blood 105:4642-8.
Tammela T, Zarkada G, Nurmi H, Jakobsson L, Heinolainen K, Tvorogov D, Zheng W,
Franco CA, Murtomaki A, Aranda E, et al. (2011) VEGFR-3 controls tip to stalk
conversion at vessel fusion sites by reinforcing Notch signalling. Nat Cell Biol
13:1202-13.

	
  

202 	
  

Tammela T, Zarkada G, Wallgard E, Murtomaki A, Suchting S, Wirzenius M, Waltari M,
Hellstrom M, Schomber T, Peltonen R, et al. (2008) Blocking VEGFR-3 suppresses
angiogenic sprouting and vascular network formation. Nature 454:656-60.
Tan C, Gery I (2012) The unique features of Th9 cells and their products. Crit Rev
Immunol 32:1-10.
Thairu N, Kiriakidis S, Dawson P, Paleolog E (2011) Angiogenesis as a therapeutic target
in arthritis in 2011: learning the lessons of the colorectal cancer experience.
Angiogenesis 14:223-34.
Tinsley JH, De Lanerolle P, Wilson E, Ma W, Yuan SY (2000) Myosin light chain kinase
transference induces myosin light chain activation and endothelial hyperpermeability.
Am J Physiol-Cell Ph 279:C1285-9.
Triantafillidis JK, Merikas E, Georgopoulos F (2011) Current and emerging drugs for the
treatment of inflammatory bowel disease. Drug Des Devel Ther 5:185-210.
Tsou R, Fathke C, Wilson L, Wallace K, Gibran N, Isik F (2002) Retroviral delivery of
dominant-negative vascular endothelial growth factor receptor type 2 to murine
wounds inhibits wound angiogenesis. Wound Repair Regen 10:222-9.
Uhrin P, Zaujec J, Breuss JM, Olcaydu D, Chrenek P, Stockinger H, Fuertbauer E, Moser
M, Haiko P, Fassler R, et al. (2010) Novel function for blood platelets and
podoplanin in developmental separation of blood and lymphatic circulation. Blood
115:3997-4005.
Van Belle AB, de Heusch M, Lemaire MM, Hendrickx E, Warnier G, DunussiJoannopoulos K, Fouser LA, Renauld JC, Dumoutier L (2012) IL-22 is required for
imiquimod-induced psoriasiform skin inflammation in mice. J Immunol 188:462-9.
van der Fits L, Mourits S, Voerman JS, Kant M, Boon L, Laman JD, Cornelissen F, Mus
AM, Florencia E, Prens EP, et al. (2009) Imiquimod-induced psoriasis-like skin
inflammation in mice is mediated via the IL-23/IL-17 axis. J Immunol 182:5836-45.
Van Rooijen N, Sanders A (1994) Liposome mediated depletion of macrophages:
mechanism of action, preparation of liposomes and applications. J Immunol Methods
174:83-93.

	
  

203 	
  

Vassileva G, Soto H, Zlotnik A, Nakano H, Kakiuchi T, Hedrick JA, Lira SA (1999) The
reduced expression of 6Ckine in the plt mouse results from the deletion of one of two
6Ckine genes. J Exp Med 190:1183-8.
Veikkola T, Jussila L, Makinen T, Karpanen T, Jeltsch M, Petrova TV, Kubo H, Thurston
G, McDonald DM, Achen MG, et al. (2001) Signalling via vascular endothelial
growth factor receptor-3 is sufficient for lymphangiogenesis in transgenic mice.
EMBO J 20:1223-31.
Vigl B, Aebischer D, Nitschke M, Iolyeva M, Rothlin T, Antsiferova O, Halin C (2011)
Tissue inflammation modulates gene expression of lymphatic endothelial cells and
dendritic cell migration in a stimulus-dependent manner. Blood 118:205-15.
Villa A, Trachsel E, Kaspar M, Schliemann C, Sommavilla R, Rybak JN, Rosli C, Borsi
L, Neri D (2008) A high-affinity human monoclonal antibody specific to the
alternatively spliced EDA domain of fibronectin efficiently targets tumor neovasculature in vivo. Int J Cancer 122:2405-13.
Volin MV, Joseph L, Shockley MS, Davies PF (1998) Chemokine receptor CXCR4
expression in endothelium. Biochem Bioph Res Co 242:46-53.
Volin MV, Woods JM, Amin MA, Connors MA, Harlow LA, Koch AE (2001)
Fractalkine: a novel angiogenic chemokine in rheumatoid arthritis. Am J Pathol
159:1521-30.
Wagner EF, Schonthaler HB, Guinea-Viniegra J, Tschachler E (2010) Psoriasis: what we
have learned from mouse models. Nat Rev Rheumatol 6:704-14.
Waltenberger J, Claesson-Welsh L, Siegbahn A, Shibuya M, Heldin CH (1994) Different
signal transduction properties of KDR and Flt1, two receptors for vascular
endothelial growth factor. J Biol Chem 269:26988-95.
Wang H, Beaty N, Chen S, Qi CF, Masiuk M, Shin DM, Morse HC, 3rd (2011) The
CXCR7 chemokine receptor promotes B-cell retention in the splenic marginal zone
and serves as a sink for CXCL12. Blood:465-8.
Wang HU, Chen ZF, Anderson DJ (1998) Molecular distinction and angiogenic
interaction between embryonic arteries and veins revealed by ephrin-B2 and its
receptor Eph-B4. Cell 93:741-53.

	
  

204 	
  

Wang L, Zeng H, Wang P, Soker S, Mukhopadhyay D (2003) Neuropilin-1-mediated
vascular permeability factor/vascular endothelial growth factor-dependent endothelial
cell migration. J Biol Chem 278:48848-60.
Wang M, Qin X, Mudgett JS, Ferguson TA, Senior RM, Welgus HG (1999) Matrix
metalloproteinase deficiencies affect contact hypersensitivity: stromelysin-1
deficiency prevents the response and gelatinase B deficiency prolongs the response.
Proc Natl Acad Sci U S A 96:6885-9.
Wang Y, Oliver G (2010) Current views on the function of the lymphatic vasculature in
health and disease. Genes Dev 24:2115-26.
Warren RB, Griffiths CE (2008) Systemic therapies for psoriasis: methotrexate, retinoids,
and cyclosporine. Clin Dermatol 26:438-47.
Warren RS, Yuan H, Matli MR, Ferrara N, Donner DB (1996) Induction of vascular
endothelial growth factor by insulin-like growth factor 1 in colorectal carcinoma. J
Biol Chem 271:29483-8.
Wauke K, Nagashima M, Ishiwata T, Asano G, Yoshino S (2002) Expression and
localization of vascular endothelial growth factor-C in rheumatoid arthritis synovial
tissue. J Rheumatol 29:34-8.
Weathington NM, van Houwelingen AH, Noerager BD, Jackson PL, Kraneveld AD,
Galin FS, Folkerts G, Nijkamp FP, Blalock JE (2006) A novel peptide CXCR ligand
derived from extracellular matrix degradation during airway inflammation. Nat Med
12:317-23.
Weger W (2010) Current status and new developments in the treatment of psoriasis and
psoriatic arthritis with biological agents. Br J Pharmacol 160:810-20.
Weinblatt ME, Keystone EC, Furst DE, Moreland LW, Weisman MH, Birbara CA, Teoh
LA, Fischkoff SA, Chartash EK (2003) Adalimumab, a fully human anti-tumor
necrosis factor alpha monoclonal antibody, for the treatment of rheumatoid arthritis
in patients taking concomitant methotrexate: the ARMADA trial. Arthritis Rheum
48:35-45.
Weinblatt ME, Kremer JM, Bankhurst AD, Bulpitt KJ, Fleischmann RM, Fox RI, Jackson
CG, Lange M, Burge DJ (1999) A trial of etanercept, a recombinant tumor necrosis

	
  

205 	
  

factor receptor:Fc fusion protein, in patients with rheumatoid arthritis receiving
methotrexate. N Engl J Med 340:253-9.
Whitaker GB, Limberg BJ, Rosenbaum JS (2001) Vascular endothelial growth factor
receptor-2 and neuropilin-1 form a receptor complex that is responsible for the
differential signaling potency of VEGF(165) and VEGF(121). J Biol Chem
276:25520-31.
Wigle JT, Oliver G (1999) Prox1 function is required for the development of the murine
lymphatic system. Cell 98:769-78.
Wu MH, Yuan SY, Granger HJ (2005) The protein kinase MEK1/2 mediate vascular
endothelial growth factor- and histamine-induced hyperpermeability in porcine
coronary venules. J Physiol 563:95-104.
Wyble CW, Hynes KL, Kuchibhotla J, Marcus BC, Hallahan D, Gewertz BL (1997) TNFalpha and IL-1 upregulate membrane-bound and soluble E-selectin through a
common pathway. J Surg Res 73:107-12.
Xavier RJ, Podolsky DK (2007) Unravelling the pathogenesis of inflammatory bowel
disease. Nature 448:427-34.
Xia P, Aiello LP, Ishii H, Jiang ZY, Park DJ, Robinson GS, Takagi H, Newsome WP,
Jirousek MR, King GL (1996) Characterization of vascular endothelial growth
factor's effect on the activation of protein kinase C, its isoforms, and endothelial cell
growth. J Clin Invest 98:2018-26.
Xia YP, Li B, Hylton D, Detmar M, Yancopoulos GD, Rudge JS (2003) Transgenic
delivery of VEGF to mouse skin leads to an inflammatory condition resembling
human psoriasis. Blood 102:161-8.
Xu Y, Yuan L, Mak J, Pardanaud L, Caunt M, Kasman I, Larrivee B, Del Toro R,
Suchting S, Medvinsky A, et al. (2010) Neuropilin-2 mediates VEGF-C-induced
lymphatic sprouting together with VEGFR3. J Cell Biol 188:115-30.
Yamagami S, Hamrah P, Miyamoto K, Miyazaki D, Dekaris I, Dawson T, Lu B, Gerard
C, Dana MR (2005) CCR5 chemokine receptor mediates recruitment of MHC class
II-positive Langerhans cells in the mouse corneal epithelium. Invest Ophthalmol Vis
Sci 46:1201-7.

	
  

206 	
  

Yamazaki T, Yoshimatsu Y, Morishita Y, Miyazono K, Watabe T (2009) COUP-TFII
regulates the functions of Prox1 in lymphatic endothelial cells through direct
interaction. Genes Cells 14:425-34.
Yamazaki Y, Takani K, Atoda H, Morita T (2003) Snake venom vascular endothelial
growth factors (VEGFs) exhibit potent activity through their specific recognition of
KDR (VEGF receptor 2). J Biol Chem 278:51985-8.
Yang L, Guan H, He J, Zeng L, Yuan Z, Xu M, Zhang W, Wu X, Guan J (2012) VEGF
increases the proliferative capacity and eNOS/NO levels of endothelial progenitor
cells through the calcineurin/NFAT signalling pathway. Cell Biol Int 36:21-7.
Yano K, Oura H, Detmar M (2002) Targeted overexpression of the angiogenesis inhibitor
thrombospondin-1 in the epidermis of transgenic mice prevents ultraviolet-B-induced
angiogenesis and cutaneous photo-damage. J Invest Dermatol 118:800-5.
Yao LC, Testini C, Tvorogov D, Anisimov A, Vargas SO, Baluk P, Pytowski B,
Claesson-Welsh L, Alitalo K, McDonald DM (2014) Pulmonary Lymphangiectasia
Resulting from Vegf-C Overexpression During a Critical Period. Circ Res.
Yen D, Cheung J, Scheerens H, Poulet F, McClanahan T, McKenzie B, Kleinschek MA,
Owyang A, Mattson J, Blumenschein W, et al. (2006) IL-23 is essential for T cellmediated colitis and promotes inflammation via IL-17 and IL-6. J Clin Invest
116:1310-6.
Yen L, Benlimame N, Nie ZR, Xiao D, Wang T, Al Moustafa AE, Esumi H, Milanini J,
Hynes NE, Pages G, et al. (2002) Differential regulation of tumor angiogenesis by
distinct ErbB homo- and heterodimers. Mol Biol Cell 13:4029-44.
Yin N, Zhang N, Xu J, Shi Q, Ding Y, Bromberg JS (2011) Targeting lymphangiogenesis
after islet transplantation prolongs islet allograft survival. Transplantation 92:25-30.
Yoon CM, Hong BS, Moon HG, Lim S, Suh PG, Kim YK, Chae CB, Gho YS (2008)
Sphingosine-1-phosphate
promotes
lymphangiogenesis
by
stimulating
S1P1/Gi/PLC/Ca2+ signaling pathways. Blood 112:1129-38.
Young HS, Summers AM, Bhushan M, Brenchley PE, Griffiths CE (2004) Singlenucleotide polymorphisms of vascular endothelial growth factor in psoriasis of early
onset. J invest Dermatol 122:209-15.

	
  

207 	
  

Yuan F, Chen Y, Dellian M, Safabakhsh N, Ferrara N, Jain RK (1996) Time-dependent
vascular regression and permeability changes in established human tumor xenografts
induced by an anti-vascular endothelial growth factor/vascular permeability factor
antibody. Proc Natl Acad Sci USA 93:14765-70.
Yuan SY (2002) Protein kinase signaling in the modulation of microvascular
permeability. Vascul Pharmacol 39:213-23.
Yuan SY (2006) New insights into eNOS signaling in microvascular permeability. Am J
Physiol-Heart C 291:H1029-31.
Zarbock A, Abram CL, Hundt M, Altman A, Lowell CA, Ley K (2008) PSGL-1
engagement by E-selectin signals through Src kinase Fgr and ITAM adapters DAP12
and FcR gamma to induce slow leukocyte rolling. J Exp Med 205:2339-47.
Zenz R, Eferl R, Kenner L, Florin L, Hummerich L, Mehic D, Scheuch H, Angel P,
Tschachler E, Wagner EF (2005) Psoriasis-like skin disease and arthritis caused by
inducible epidermal deletion of Jun proteins. Nature 437:369-75.
Zgraggen S, Ochsenbein AM, Detmar M (2013) An important role of blood and
lymphatic vessels in inflammation and allergy. J Allergy 2013:672381.
Zhang J, Cao R, Zhang Y, Jia T, Cao Y, Wahlberg E (2009) Differential roles of PDGFRalpha and PDGFR-beta in angiogenesis and vessel stability. FASEB J 23:153-63.
Zhang L, Zhou F, Han W, Shen B, Luo J, Shibuya M, He Y (2010) VEGFR-3 ligandbinding and kinase activity are required for lymphangiogenesis but not for
angiogenesis. Cell Res 20:1319-31.
Zhang Q, Lu Y, Proulx ST, Guo R, Yao Z, Schwarz EM, Boyce BF, Xing L (2007)
Increased lymphangiogenesis in joints of mice with inflammatory arthritis. Arthritis
Res Ther 9:R118.
Zhang Y, Matsuo H, Morita E (2006) Increased production of vascular endothelial growth
factor in the lesions of atopic dermatitis. Arch Dermatol Res 297:425-9.
Zhang YW, Su Y, Volpert OV, Vande Woude GF (2003) Hepatocyte growth
factor/scatter factor mediates angiogenesis through positive VEGF and negative
thrombospondin 1 regulation. Proc Natl Acad Sci USA 100:12718-23.

	
  

208 	
  

Zhou L, Chong MM, Littman DR (2009) Plasticity of CD4+ T cell lineage differentiation.
Immunity 30:646-55.
Zhou Q, Guo R, Wood R, Boyce BF, Liang Q, Wang YJ, Schwarz EM, Xing L (2011)
Vascular endothelial growth factor C attenuates joint damage in chronic
inflammatory arthritis by accelerating local lymphatic drainage in mice. Arthritis
Rheum 63:2318-28.
Zhou X, Krueger JG, Kao MC, Lee E, Du F, Menter A, Wong WH, Bowcock AM (2003)
Novel mechanisms of T-cell and dendritic cell activation revealed by profiling of
psoriasis on the 63,100-element oligonucleotide array. Physiol genomics 13:69-78.
Ziche M, Morbidelli L, Choudhuri R, Zhang HT, Donnini S, Granger HJ, Bicknell R
(1997) Nitric oxide synthase lies downstream from vascular endothelial growth
factor-induced but not basic fibroblast growth factor-induced angiogenesis. J Clin
Invest 99:2625-34.
Zou W, Restifo NP (2010) T(H)17 cells in tumour immunity and immunotherapy. Nat
Rev Immunol 10:248-56.
	
  

	
  

209 	
  

12

Appendix

Supplementary Table 1. Top 200 significantly upregulated genes in inflamed ears (day 7)
compared to uninflamed ear skin.
Fold change

p-value

Log2 signal
uninflamed

Log2 signal
inflamed day 7

T-cell receptor alpha J gene
segment

4.51

0.0033

5.36

7.53

Olfr433

Olfactory-receptor 433

4.22

0.0005

5.05

7.13

Ccl8

Chemokine ligand 8

3.87

0.0125

8.2

10.15

Itgax

Integrin alpha X

3.71

0.0001

6.18

8.07

3.67

0.0014

7.61

9.49

Gene symbol

Gene name

T030634.44

RP23-130J1.2
MMP-12

Matrix metalloproteinase 12

3.65

0.0009

7.06

8.93

Cd74

Invariant chain of MHC II

3.62

0.0001

9.45

11.3

3.32

0.0073

4.69

6.42

AC158589.1

	
  

Tcra

T cell receptor alpha

3.06

0.0076

7.15

8.76

Myct1

Myc target protein 1

3.01

0.0002

6.12

7.71

Dsg1c

Desmoglein 1 gamma

3.01

0.0006

6.51

8.1

Reg1

Regenerating isloet-derived 1

2.99

0.0012

5.49

7.08

Pltp

Phospholipid-transferprotein

2.98

0.0001

7.97

9.55

Olfr558

Olfactory receptor 558

2.93

0.0001

6.7

8.25

H2-DMa

Histocompatiibility 2, class II,
locus Dma

2.92

0.0002

8.3

9.84

Asprv1

Aspartic peptidase, retroviral
like 1

2.91

0.0005

8.95

10.49

Krt73

Keratin 73

2.9

0.0023

6.98

8.52

Mgl1

Macrophage galactose-type Ctype lectin1

2.9

0.0001

7.35

8.88

Cysltr2

Cysteinyl leukotriene receptor 2

2.89

0.0001

5.52

7.05

Igk-C

Immunoglobulin kappa constant

2.89

0.0048

7.4

8.93

RP23-406N5.1

Ribosomal protein S19,
pseudogene 3

2.87

0.0008

6.77

8.29

Pld4

Phospholipase D family,
member 4

2.76

0.0001

6.92

8.39
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Myo1f

Myosin type 1 f

RP23-458D19.1

0.0001

6.59

8.05

2.75

0.0001

5.12

6.58

Krt6b

Keratin 6b

2.75

0.0241

9.44

10.9

Esm1

Endocan

2.73

0.0001

6.64

8.08

Tm7sf4

Transmembrane 7 superfamily 4

2.69

0.0005

5.37

6.79

Selplg

Selectin P ligand

2.68

0.0001

7.21

8.63

CT030634.32

2.66

0.0057

3.31

4.72

RP24-291I7.6

2.66

0.0018

6.23

7.64

Tmem176a

Transmembrane protein 176A

2.66

0.0001

7.53

8.94

Acta2

Alpha-actin-2

2.64

0.0001

8.69

10.09

Rpl13-ps3

Ribosomal protein L13,
pseudogene 3

2.62

0.0116

5.28

6.67

Tnip3

Tnfaip3 interacting protein 3

2.6

0.0006

6.21

7.59

Sfn

Stratifin

2.6

0.0001

8.22

6.6

C3ar1

Complement component 3a
receptor 1

2.59

0.0114

8.34

9.72

Cpxm1

Carboxypeptidas X, member 1

2.57

0.0001

7.23

8.59

Ly86

Lymphocyte antigen 86

2.57

0.0039

7.54

8.9

Cyba

Cytochrome-b-245, alpha
polypeptide

2.55

0.0001

7.44

8.79

Ifi204

Interferon inducible gene 204

2.53

0.0055

5.48

6.81

CT030634.42

T-cell receptor alpha J gene
segment

2.52

0.0455

4.32

5.65

RP23-354G20.2

Ribosomal protein L29
pseudogene

2.52

0.0004

6.28

7.61

2.51

0.0009

5.99

7.31

CT030634.58
Krt25

Keratin 25

2.5

0.0071

7.65

8.97

Ifi30

Interferon gamma inducible
gene 30

2.5

0.0001

9.4

10.73

Eosinophil-associated,
ribonuclease A family, 11

2.5

0.0271

5.69

7.01

Ear11

	
  

2.76
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Clec4b1

C-type lectin domain family 4,
member b1

2.5

0.0027

5.65

6.97

Krt28

Keratin28

2.48

0.007

4.8

6.11

Tpsab1

Tryptase alpha-1

2.47

0.0008

6.7

8.01

Tmem173

Transmembrane protein 173

2.46

0.0001

7.23

8.53

Pecam1

Platelet/endothelial cell adhesion
molecule 1

2.45

0.0001

8.83

10.13

2.45

0.0019

8.82

10.12

CT030634.40

	
  

Cd300ld

CD300 antigen like family member
D

2.44

0.0035

6.37

7.65

Irgm2

Immunity-related GTPase family
M member 2

2.44

0.0062

6.99

8.27

Klrc1

Killer cell lectin-like receptor
subfamily C, member 1

2.43

0.0033

4.53

5.81

H3f3a-ps1

H3 histone, family 3a,
pseudogene 1

2.41

0.0276

4.22

5.49

Psap

Prosaposin

2.41

0.0001

9.22

10.49

RP23-85A17.3

2.39

0.0037

9.72

10.98

RP23-268P6.1

2.39

0.002

6.64

7.9

RP23-358I19.1

2.39

0.0037

6.69

7.95

Gimap4

GTPase, IMAP family member 4

2.38

0.0012

7.07

8.32

Mmp13

Matrix metalloproteinase 13

2.37

0.0001

5.39

6.64

Olfr33

Olfactory-receptor 33

2.37

0.0033

4.6

5.84

Mcam

Melanoma cell adhesion molecule

2.36

0.0001

8.65

9.89

Emr1

EGF-like module containing
mucin-like hormone receptor-like-1

2.36

0.0042

7.49

8.73

Cma1

Chymase 1

2.36

0.0003

7.22

8.46

Cd24a

CD24 antigen

2.36

0.0077

8.38

9.62

Gjb2

Gap junction protein beta 2

2.36

0.002

8.08

9.31

Csf2rb2

Colony stimulating factor 2
receptor beta 2

2.36

0.0001

6.87

8.11

Ctse

Cathepsin E

2.36

0.0004

7.02

8.26
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Il2rg

Il-2 receptor gamma

2.35

0.0001

8.12

9.36

Ccl3

Chemokine ligand 3

2.35

0.0021

6.75

7.98

F10

Coagulation factor X

2.34

0.0005

6.6

7.83

Pdgfrb

Platelet-derived growth factor
receptor, beta polypeptide

2.33

0.0001

6.99

8.01

Akr1b8

Aldo-keto reductase family 1,
member B8

2.33

0.0001

6.74

7.96

Stat1

Signal transducer and activator of
transcription 1

2.33

0.0003

7.69

8.91

Rfc2

Replication factor C subunit 2

2.33

0.0015

6.86

8.08

Gm2a

Ganglioside activator

2.31

0.0001

7.85

9.06

Krt27

Keratin 27

2.31

0.019

7.36

8.57

2.31

0.0031

6.32

7.52

8430408G22Rik

Tmem176b

Transmembrane protein 176b

2.3

0.0001

9.06

10.27

Lgmn

Legumain

2.3

0.0001

8.61

9.82

Cox6b2

Cytochrome c oxidase 6b2

2.3

0.0001

6.24

7.44

Fyb

Fyn binding protein

2.29

0.0006

7.59

8.79

Man2b1

Mannosidase alpha, class 2b,
member 1

2.29

0.0001

7.98

9.17

Ctsz

Cathepsin Z

2.29

0.0002

8.11

9.31

Gsdmc

Gasdermin C

2.29

0.0201

8.03

9.23

Cdh5

Cadherin 5, VE cadherin

2.29

0.0001

8.2

9.39

Myl9

Myosin, light chain 9

2.29

0.0001

8.34

9.54

Kcne3

Potassium voltage-gated channel
subfamily E member 3

2.28

0.0001

6.36

7.55

Ms4a7

Membrane-spanning 4-domains
subfamily A member 7

2.28

0.0031

6.62

7.81

H2-DMb1

Histocompatibility 2, class II, locus
Mb1

2.27

0.0069

8.41

9.59

2.27

0.0008

6.7

7.88

Cd52

	
  

Clec4a3

C-type lectin domain family 4,
member A3

2.25

0.0359

7.97

9.14

Itgb2

Integrin beta 2

2.25

0.0002

6.39

7.56

213	
  

Rassf4

Ras association domain family
member 4

2.24

0.0001

7.29

8.46

Naga

N-acetylgalactosaminidase

2.24

0.0001

6.66

7.83

Grn

Granulin

2.24

0.0001

8.75

9.91

Lilrb4

Leukocyte immunoglobulin-like
receptor subfamily B member 4

2.24

0.0173

9.08

10.24

Transient receptor potential
cation channel, subfamily C,
member 6

2.24

0.0001

7.14

8.31

Tnfrsf21

Tumor necrosis factor receptor
superfamily, member 21

2.23

0.0001

7.5

8.66

Hexa

Hexosaminidase A

2.22

0.0001

7.58

8.74

Apobec1

Apolipoprotein B

2.22

0.0001

6.29

7.44

P4ha3

Prolyl 4-hydroxylase, alpha
polypeptide III

2.22

0.0001

6.42

7.57

Tpsb2

Tryptase beta 2

2.22

0.0003

6.76

7.91

Clec7a

C-type lectin domain family 7

2.21

0.0125

6.85

7.99

Scpep1

Serine carboxypeptidase 1

2.2

0.0005

8.35

9.49

Esyt1

Extended synaptotagmin-like
protein 1

2.2

0.0001

7.09

8.23

Timp1

Tissue inhibitor of
metalloproteinase I

2.2

0.0007

6.89

8.02

Cybb

Cytochrome b

2.19

0.0058

7.29

8.42

2.19

0.0001

7.6

8.73

Trpc6

Cd300a
Slc14a1

Solute carrier family 14

2.19

0.0001

8.65

9.78

Plxnd1

Plexin D1

2.18

0.0001

7.09

8.22

Serpine2

Serpin peptidase inhibitor,
clade E

2.17

0.0001

7.96

9.08

Csf2rb

Colony stimulating factor 2
receptor, beta

2.17

0.0006

6.87

8.11

2.17

0.0012

10.29

11.41

Gm5921

	
  

Krt71

Keratin 71

2.17

0.0206

7.52

8.64

Adam12

Adam metallopeptidase domain
12

2.16

0.0001

6.06

7.17
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Kcnmb1

Potassium large conductance
calcium activatedchannel, beta
member 1

2.16

0.0002

6.23

7.35

Kdr

Kinase insert domain receptor

2.16

0.0001

7.19

8.31

Clec4a1

C-type lectin domain family 4,
member A1

2.16

0.003

7.73

8.84

2.15

0.0297

4.43

5.54

2.15

0.0057

6.01

7.11

2.15

0.0004

8.29

9.39

2.14

0.0056

4.01

5.11

2.14

0.0001

7.34

8.44

2.14

0.0145

11.24

12.33

AC117678.17
AC119212.1
Csf1r

Colony stimulating factor 1
receptor

Gm6096
Igh-6

Immunoglobulin heavy chain 6

RP23-180P4.1
Ccl2

Monocyte chemotactic protein-1

2.13

0.0059

7.55

8.64

Cxcr6

Chemokine receptor 6

2.13

0.0034

7.43

8.51

2.12

0.0392

6.48

7.56

AC073553.5
Fam70a

Family with sequence similarity
70, member A

2.12

0.0003

6.51

7.6

Mcpt4

Mast cell protease 4

2.12

0.0074

10.02

11.11

2.11

0.0207

6.24

7.32

AI504432
Plac8

Placenta specific 8

2.11

0.0059

6.39

7.46

Atf3

Activating transcription factor 3

2.1

0.01

6.81

7.89

Mfap1a

Microfibrillar-associated protein
1A

2.1

0.0107

6.48

7.55

Mmp14

Matrix metalloproeinase 14

2.1

0.0001

7.97

9.04

Ndst2

N-deacetylase/N-sulfotransferase
(heparin glucosaminyl) 2

2.08

0.0001

7.06

8.12

2.08

0.0008

6.95

8.01

RP23-465A17.4

	
  

B4galt5

Beta-1,4-galactosyltransferase 5

2.07

0.0001

6.82

7.87

Slc7a7

Solute carrier family 7

2.07

0.0001

7.08

8.13

Prelid1

Preli domain containing 1

2.06

0.0003

9.57

10.61

Cd68

2.05

0.0011

9.08

10.12

AC118698.1

2.05

0.0282

3.23

4.27
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Igtp

Interferon gamma induced
GTPase

2.05

0.0029

7.17

8.2

Tnc

Tenascin c

2.05

0.0001

9.29

10.32

2.05

0.0105

6.38

7.42

Angiotensin converting enzyme

2.05

0.0001

7.36

8.39

Macrophage expressed gene 1

2.05

0.0024

6.42

7.45

Nckap1l

NCK-associated protein 1-like

2.05

0.0005

7.79

8.82

C1qb

Complement component 1, q
subcomponent, B chain

2.04

0.0002

7.54

8.57

Ptprc

Protein tyrosine phosphatase,
receptor type, C

2.04

0.0044

9.06

10.09

Cyth4

Cytohesin-4

2.04

0.0001

6.71

7.74

Nid2

Nidogen-2

2.04

0.0001

7.31

8.34

Tcfec

Transcription factor EC

2.04

0.0067

6.76

7.79

2.04

0.0001

7.15

8.18

9930032O22Rik
Ace
Mpeg1

Gja4

Gap junction protein 4

Arhgap25

Rho GTGase activating protein
25

2.03

0.0001

6.87

7.89

Aplnr

Apelin receptor

2.03

0.0019

6.96

7.98

Cxcl16

Chemokine ligand 16

2.03

0.0006

7.23

8.26

Laptm5

Lysosomal protein transmembrane 5

2.03

0.0002

7.59

8.61

Pyy

Peptid YY, darmhormon

2.03

0.0033

7.02

8.03

Gbp2

Interferon-induced guanylatebinding protein 2

2.02

0.0034

7.67

8.69

Krt16

Keratin 16

2.02

0.0187

10.09

11.11

Fcer1g

Fc receptor, IgE, high affinity I,
gamma polypeptide

2.02

0.0019

8.47

9.49

2.02

0.0001

5.81

6.82

Cd4
Lyn

Tyrosine-protein kinase Lyn

2.02

0.0001

8.25

9.26

Dpysl2

Dihydropyrimidinase-like 2

2.01

0.0001

7.7

8.71

Anxa6

Annexin A6

2.01

0.0001

9.37

10.37

2.01

0.0005

6.68

7.69

2.01

0.0304

7.56

8.57

CT030634.59
Retnla

	
  

Resistin-like molecule alpha
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Clec4a2

C-type lectin domain family 4
T-cell receptor alpha J gene
segment

2.00

0.025

6.72

7.72

2.00

0.077

6.38

7.38

Fgr

Feline gardner-rasheed

2.00

0.0001

6.2

7.2

Lamc1

Laminin gamma 1

2.00

0.0001

8.55

9.55

Adap2

ArfGAP with dual Ph domains 2

2.00

0.0001

6.8

7.8

2.00

0.0277

7.25

8.25

CT030634.22

Gm1966
Tlr1

Toll like receptor 1

2.00

0.0129

7.25

8.25

Mill1

MHC I like leukocyte 1

1.99

0.0018

6.72

7.71

1.99

0.0004

6.72

7.72

RP23-29H5.3
Ctsb

Cathepsin B

1.99

0.0001

10.3

11.29

Alox12e

Arachidonate 12-lipoxygenase,
epidermal

1.98

0.0004

8.04

9.03

S1pr3

Sphingosine-1-phosphate
receptor

1.98

0.0001

6.48

7.46

BC013712

Themis2 thymocyte selection
associated family member 2

1.98

0.0004

6.69

7.67

Rasgrp3

RAS guanyl releasing protein 3

1.97

0.0002

7.96

8.94

Mad2l1bp

Binding protein of the MAD2
mitotic arrest deficient-like 1

1.97

0.0021

6.27

7.25

1.97

0.0014

4.23

5.2

A530064D06Rik
Higd1b

HIG1 hypoxia inducible domain
family, member 1B

1.97

0.0019

6.17

7.15

Mgl2

Macrophage galactose N-acetylgalactosamine (GalNAc) specific
Lectin

1.96

0.0002

7.68

8.65

1.96

0.0015

9.41

10.38

1.96

0.0009

9.13

10.1

Rgs5

Signal sequence receptor
Regulator of G-protein signaling
5

1.96

0.0002

8.38

9.35

Ptafr

Platelet-activating factor receptor

1.96

0.0001

5.97

6.93

1.96

0.0001

6.92

7.88

RP23-180N22.1
Ssr2

Cd300d

	
  

Abcc9

ATP-binding cassette, sub-family
C member 9

1.96

0.0001

7.78

8.74

Epas1

Endothelial PAS domaincontaining protein-1

1.95

0.0001

7.95

8.92
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CXCR2

Chemokine receptor 2

1.95

0.0028

7.81

8.78

Plekho2

Pleckstrin homology domain
containing, family O member 2

1.95

0.0002

6.57

7.53

Alox15

Arachidonate 15-lipoxygenase

1.94

0.0001

6.29

7.25
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Sequences of F8-VEGF-C and F8-VEGF-C156Ser
F8-VEGF-C sequence:
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGCC
AGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCA
CATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGA
ACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACT
GTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCAC
CGTCTCGAGTTCAGGCGGATCTGGCGAAATTGTGTTGACGCAGTCTCCAGGCACCCTG
TCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTTAGC
ATGCCGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCT
ATGGTGCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGGTCTG
GGACAGACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATTTTGCAGTGTATTA
CTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTGGAAAT
CAAATCTTCCTCATCGGGTAGTAGCTCTTCCGGCTCATCGTCCAGCGGCGCACATTAT
AATACAGAGATCTTGAAAAGTATTGATAATGAGTGGAGAAAGACTCAATGCATGCCA
CGGGAGGTGTGTATAGATGTGGGGAAGGAGTTTGGAGTCGCGACAAACACCTTCTTT
AAACCTCCATGTGTGTCCGTCTACAGATGTGGGGGTTGCTGCAATAGTGAGGGGCTG
CAGTGCATGAACACCAGCACGAGCTACCTCAGCAAGACGTTATTTGAAATTACAGTG
CCTCTCTCTCAAGGCCCCAAACCAGTAACAATCAGTTTTGCCAATCACACTTCCTGCC
GATGCATGTCTAAACTGGATGTTTACAGACAAGTTCATTCCATTATTAGACGT
F8-VEGF-C156Ser sequence:
GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA
CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCTGTTTACGATGAGCTGGGTCCGCC
AGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCA
CATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGA
ACACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACT
GTGCGAAAAGTACTCATTTGTATCTTTTTGACTACTGGGGCCAGGGAACCCTGGTCAC
CGTCTCGAGTTCAGGCGGATCTGGCGAAATTGTGTTGACGCAGTCTCCAGGCACCCTG
TCTTTGTCTCCAGGGGAAAGAGCCACCCTCTCCTGCAGGGCCAGTCAGAGTGTTAGC
ATGCCGTTTTTAGCCTGGTACCAGCAGAAACCTGGCCAGGCTCCCAGGCTCCTCATCT
ATGGTGCATCCAGCAGGGCCACTGGCATCCCAGACAGGTTCAGTGGCAGTGGGTCTG
GGACAGACTTCACTCTCACCATCAGCAGACTGGAGCCTGAAGATTTTGCAGTGTATTA
CTGTCAGCAGATGCGTGGTCGGCCGCCGACGTTCGGCCAAGGGACCAAGGTGGAAAT
CAAATCTTCCTCATCGGGTAGTAGCTCTTCCGGCTCATCGTCCAGCGGCGCACATTAT
AATACAGAGATCTTGAAAAGTATTGATAATGAGTGGAGAAAGACTCAATGCATGCCA
CGGGAGGTGTGTATAGATGTGGGGAAGGAGTTTGGAGTCGCGACAAACACCTTCTTT
AAACCTCCATCTGTGTCCGTCTACAGATGTGGGGGTTGCTGCAATAGTGAGGGGCTG
CAGTGCATGAACACCAGCACGAGCTACCTCAGCAAGACGTTATTTGAAATTACAGTG
CCTCTCTCTCAAGGCCCCAAACCAGTAACAATCAGTTTTGCCAATCACACTTCCTGCC
GATGCATGTCTAAACTGGATGTTTACAGACAAGTTCATTCCATTATTAGACGT
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