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1.

Introduction

1.1

Cutaneous wound healing

The skin is the most important barrier to protect the body against detrimental
environmental factors and uncontrolled water loss. A compromised barrier function
following skin injury requires a rapid and exactly regulated re-establishment of
tissue integrity and homeostasis, to prevent further damage of the injured and
surrounding healthy tissue, contamination with pathogens and disturbances of
wound healing. Physiological cutaneous wound healing comprises a series of
distinct, though partly overlapping phases including clotting, inflammation,
granulation tissue formation and contraction and remodelling (Gurtner et al., 2008;
Martin, 1997; Singer and Clark, 1999; Wlaschek and Scharffetter-Kochanek, 2005)
(Figure 1). The successful outcome of the tissue repair process critically depends
on a tightly controlled interplay of different cell types, cytokines and chemokines,
growth factors and adhesion molecules.

Figure 1: The phases of physiological wound healing. Physiological wound healing comprises
a series of events involving blood clotting, inflammation, granulation tissue formation and
contraction and remodelling (from Wlaschek and Scharffetter-Kochanek, 2005, Oxidative stress in
chronic venous leg ulcers. Originally published in Wound Repair Regen.13(5):452-61. Copyright©
2005, John Wiley and Sons, with kind permission from John Wiley and Sons).

1

Clotting
Skin injury, excepting very superficial wounds, goes along with the damage of
blood vessels and thus, haemorrhage. Therefore, the first event of the wound
healing process, starting immediately after injury, is the formation of a blood clot to
re-establish haemostasis and to temporarily shield the wounded tissue from
harmful environmental factors (Gurtner et al., 2008; Martin, 1997; Singer and
Clark, 1999). Beyond these functions, the clot consisting of platelets, cross-linked
fibrin fibers, fibronectin, vitronectin and thrombospondin (TSP), serves as a
temporary scaffold for a variety of cells, which migrate to the wound site and as a
source of cytokines and growths factors released by degranulating platelets.
Among these growth factors are vascular endothelial growth factor (VEGF),
epidermal growth factor (EGF), as well as platelet-derived growth factor (PDGF)
and transforming growth factor-β (TGF-β) (Barrientos et al., 2008; Martin, 1997;
Reinke and Sorg, 2012; Werner and Grose, 2003). Especially TGF-β, as well as
PDGF, are also important chemotactic signals for inflammatory cells to enter the
wound site and, therefore, for the initiation of inflammation (Barrientos et al., 2008;
Reinke and Sorg, 2012; Werner and Grose, 2003).
Inflammation
Inflammation is initiated a few minutes after injury and may be subdivided into an
early and a late inflammatory phase. In the early inflammatory phase
polymorphonuclear neutrophils (PMN) represent the major leukocyte population at
the wound site, while the late inflammatory phase is dominated by the recruitment
of blood monocytes and their differentiation to wound macrophages (Mφ) (Gurtner
et al., 2008; Martin, 1997; Reinke and Sorg, 2012) (Figure 1).
At sites of injury, resident cells such as tissue macrophages and dendritic cells,
recognize damage-associated molecular patterns (for example extracellular DNA
in damaged skin), and pathogen-associated molecular patterns found on invading
pathogens (such as the bacterial wall lipopolysaccharide LPS). These activated
leukocytes, together with degranulating platelets, release pro-inflammatory factors
which initiate the recruitment of monocytes and PMN from the blood stream to
sites of injury (Sindrilaru and Scharffetter-Kochanek, 2013; Soehnlein and
Lindbom, 2010). PMN and monocytes are attracted to the wound site by a number
2

of different growth factors, cytokines and chemokines, including TGF-β1,
interleukin (IL)-1 and monocyte chemoattractant protein (MCP)-1 (Barrientos et al.,
2008; Werner and Grose, 2003). Leukocyte trafficking from the periphery to the
wound site further requires the activation of several adhesion molecules including
the intercellular adhesion molecules (ICAM) and vascular cell adhesion molecules
(VCAM) on endothelial cells, and their counterpart ligands, the selectins and the
integrins on leukocytes (Langer and Chavakis, 2009; Luster et al., 2005). Of these,
the β2 integrin family of leukocyte adhesion molecules are key regulators of cellcell interactions during the inflammatory phase of the wound healing process,
required for tight adhesion and subsequent transmigration of leukocytes across
the endothelium (Arnaout, 1990). Their importance is emphasized in patients
suffering from the leukocyte adhesion deficiency syndrome type 1 (LAD1) with
impaired function and expression of β2 integrins due to mutations in the CD18
gene encoding the common β chain of the β2 integrins. LAD1 patients present with
recurrent, often life threatening infections due to impaired neutrophil recruitment to
sites of infection, along with impaired wound healing (Anderson et al., 1985;
Anderson et al., 1984; Bowen et al., 1982; von Andrian et al., 1993).
Upon transmigration at the site of injury, PMN and, shortly thereafter,
macrophages phagocytose tissue debris and microbes, which are further
degraded in phagolysosomes by reactive oxygen species (ROS) and hydrolytic
enzymes (Monaco and Lawrence, 2003). ROS and proteases released into the
extracellular space additionally serve to clean wounds from damaged tissue and
pathogens (Eming et al., 2007b; Monaco and Lawrence, 2003; Reinke and Sorg,
2012). After cleaning the wound, PMN physiologically undergo apoptosis and are
subsequently removed by macrophages via phagocytosis, preventing further
damage of healthy tissue by ongoing, uncontrolled release of high amounts of
proteases and ROS from PMN (Fadok et al., 1998; Wilgus et al., 2013). The
engulfment of apoptotic PMN activates macrophages to release cytokines and
growth factors, among these IL-10, VEGF, PDGF and TGF-β1, which terminate
inflammation and allow the wound healing process to proceed to the next step
(Fadok et al., 1998; Koh and DiPietro, 2011; Soehnlein and Lindbom, 2010).

3

Granulation tissue formation and contraction
Growth factors and cytokines released by macrophages after engulfment of
apoptotic PMN initiate and further promote the next phase of the tissue repair
process, which serves to build up granulation tissue with formation of new vessels
and to finally close the wound by re-epithelialization (Martin, 1997; Reinke and
Sorg, 2012; Singer and Clark, 1999). Fibroblasts from the adjacent wound areas
are recruited to the injury site and are activated to differentiate into contractile,
alpha smooth muscle actin (αSMA) expressing myofibroblasts. Myofibroblasts
contribute to wound contraction by more effectively producing contractile collagen
fibres and other extracellular matrix (ECM) components (Hinz et al., 2001; Martin,
1997; Reinke and Sorg, 2012; Singer and Clark, 1999). The most important growth
factor inducing fibroblast to myofibroblast differentiation is TGF-β1 (Desmouliere et
al., 1993; Roberts et al., 1986).
TGF-β1, along with other growth factors like VEGF and fibroblast growth factor
(FGF) 2, is further required for neo-angiogenesis, the reconstitution of the vascular
system at the wound site (Gurtner et al., 2008; Roberts et al., 1986). A major
inducer of angiogenesis is hypoxia, which prevails at the site of injury, due to
damaged vasculature and increased cellular oxygen consumption within the
wound site (Risau, 1997; Sen et al., 2002). Hypoxia induces the secretion of
angiogenic VEGF by macrophages, keratinocytes and fibroblasts (Rodriguez et
al., 2008). Other factors which induce angiogenesis, presumably by stimulating
FGF and VEGF release from macrophages and endothelial cells, are angiogenin,
angiotropin, angiopoietin 1 and TSP (Singer and Clark, 1999). These factors
stimulate endothelial cells to release proteolytic enzymes which break-down the
vascular basal membrane, which in turn facilitates endothelial cell proliferation and
integrin-dependent migration (‘sprouting’) at the wound site (Reinke and Sorg,
2012).
Keratinocytes are the major effector cells during re-epithelialization. This is
accomplished by the proliferation of keratinocytes at the wound edge, followed by
their migration alongside the newly formed wound matrix. At least in part, these
regenerating keratinocytes derive from stem cells residing in the wound-adjacent
epidermis and hair follicles which, in response to injury, differentiate towards
keratinocytes and support the repair process (Gurtner et al., 2008; Martin, 1997).
4

Keratinocytes proliferation and migration is initiated and controlled by several
growth factors including the EGF and the insulin-like growth factor (IGF)-1
released by macrophages, fibroblasts and other cells present in the wound
(Barrientos et al., 2008; Reinke and Sorg, 2012; Werner and Grose, 2003).
Keratinocytes further release proteases, especially matrix metalloproteases
(MMP), to facilitate their migration between the fibrin clot and granulation tissue
(Martin, 1997; Reinke and Sorg, 2012). Migration occurs via lamellipodium
formation directed by actin polymerization and integrin-dependent formation of
new focal adhesion sites (Martin, 1997; Reinke and Sorg, 2012).
Remodelling
The terminating phase of the wound healing process – remodelling – may last up
to one year after injury and eventually leads to the formation of the mature scar
(Gurtner et al., 2008). The complex processes initiated after wounding are
switched off and most of the cells, which had contributed to successful healing,
undergo apoptosis. The tensile strength of the newly formed tissue is increased by
remodelling of the initially deposited collagen type III to collagen type I via MMPs
secreted by fibroblasts, macrophages and endothelial cells (Gurtner et al., 2008;
Reinke and Sorg, 2012).
Although tissue integrity is re-established during wound healing, the newly formed
tissue does not completely equate the formerly undamaged tissue. In adult
mammalian skin epidermal appendages are not regenerated, unless parts of hair
follicles or sweat glands remained in the wounded skin (Martin, 1997).
Furthermore, wounded skin does not regain its former physiological breaking
strength, with maximal levels reaching approximately 70% of uninjured skin
(Singer and Clark, 1999).
1.2

Macrophages in wound healing

During tissue repair macrophages critically control numerous processes in their
capacity as professional phagocytes and by releasing proteases and ROS, as well
as critical growth factors and cytokines, which regulate inflammation, granulation
tissue formation, contraction and remodelling (Sindrilaru and ScharffetterKochanek, 2013).
5

Origin and function of wound macrophages
Wound macrophages mainly originate from circulating blood monocytes, which are
recruited to the site of injury and differentiate into macrophages, and – to a minor
extend – from resident tissue macrophages (Brancato and Albina, 2011; Sindrilaru
and Scharffetter-Kochanek, 2013).
In a study from 1975 Leibovich and Ross for the first time convincingly showed
that macrophages are essentially required for distinct processes during
physiological

adult

wound

healing.

Depletion

of

macrophages

using

antimacrophage serum and corticosteroids resulted in delayed wound healing with
impaired wound debridement and reduced fibroblast proliferation in a model of
incisional wounds in guinea pigs (Leibovich and Ross, 1975). However, the need
for macrophages for successful tissue repair continues to be critically discussed.
The finding, that foetal wounds heal scarless and present with different kinetics of
macrophage recruitment and reduced macrophage numbers at the wound site,
critically questioned the requirement of these cells for wound repair (Cowin et al.,
1998). A study by Martin and colleagues (2003), showing that PU.1 deficient mice,
which are deficient for functional macrophages and PMN, present similar healing
kinetics of incisional and excisional wounds as wildtype (WT) control mice,
strongly supported this hypothesis. Furthermore, macrophage-free wounds of
PU.1 deficient mice heal without scarring, indicating that absence of macrophages
might result in embryo-like improved wound healing with less fibrosis (Martin et al.,
2003). It has to be taken into account, however, that the mutation in the gene
encoding the PU.1 transcription factor affects other cells as well, including PMN,
T- and B-cells, and that the study was conducted on neonatal mice, receiving daily
antibiotics injections (Martin et al., 2003; McKercher et al., 1996). Thus, the
absence of other cells, next to macrophages, might have an influence on the
wound healing phenotype and aseptic conditions may be critical for scarless
healing.
In recent years, a number of well-conducted studies linking proper macrophage
recruitment and/or function with normal wound healing support macrophage
indispensability for tissue repair (Eming et al., 2007a; Goren et al., 2009; Ishida et
al., 2008; Nagaoka et al., 2000; Peters et al., 2005). A recent study by Lucas and
colleagues (2010) allowed deeper insight into the diverse functions of
6

macrophages during specific phases of wound healing. The group made use of a
mouse model expressing a Cre-inducible diphtheria toxin receptor under the
control of the lysozyme M promoter, which is specific for cells of the myeloid
lineage, to deplete macrophages at defined time points during wound healing
(Clausen et al., 1999; Lucas et al., 2010). Depletion of macrophages during the
inflammatory phase of the wound healing process caused a delayed closure of
full-thickness wounds up to day 10 after wounding, due to reduced granulation
tissue formation with impaired vascularization, to impaired re-epithelialization and
reduced scar formation. Severe haemorrhage at wound sites and severely
impaired wound healing when depleting macrophages during the mid-stage of the
tissue repair process, revealed an essential role of macrophages for stabilizing
endothelial cell integrity and for the progression of the repair process from
granulation tissue formation to the remodelling phase. Reduced levels of TGF-β1
and VEGF in macrophage-depleted wounds were identified as causal factors
leading to wound healing defects in both phases. Absence of macrophages during
the remodelling phase, however, did not alter the wound healing response in this
mouse model (Lucas et al., 2010). Taken together, the results of this study show
that macrophages play a critical role in adult cutaneous wound healing and that
they fulfil a variety of functions in the different phases of the wound healing
process.
Phenotypic features of wound macrophages
Given the number of different functions effected by macrophages at different
stages of the wound healing process, it is quite plausible that these cells are able
to adapt their phenotype in response to different factors prevailing in their
environment. The complexity of the phenotypes displayed by wound macrophages
and their classification are currently a matter of extensive investigation and debate
(Brancato and Albina, 2011; Daley et al., 2010; Gordon and Martinez, 2010;
Mantovani et al., 2013; Mosser and Edwards, 2008). One useful classification of
macrophage phenotypes in accordance with dominant environmental cues
suggested to distinguish: (1) pro-inflammatory M1-like macrophages, (2) antiinflammatory M2-like macrophages, (3) pro-fibrotic M2-like macrophages, and (4)
fibrolytic macrophages (Weidenbusch and Anders, 2012). M1 refers to classically
activated macrophages which, in response to Th1-type cytokine interferon γ and
7

LPS, release pro-inflammatory cytokines such as tumour necrosis factor-α, IL-1β
and IL-6, as well as ROS, to exert host defence functions (Gordon and Taylor,
2005; Mantovani et al., 2013; Mosser and Edwards, 2008). M2, or alternatively
activated macrophages, are induced in vitro by stimulation with the Th2-type
cytokines IL-4 and IL-13, release anti-inflammatory cytokines and growth factors
such as IL-10, TGF-β1 and VEGF, and express IGF-1, factor XIII-A and arginase,
which all are associated with tissue remodelling (Gordon and Martinez, 2010;
Mosser and Edwards, 2008; Rodero and Khosrotehrani, 2010). However, in vivo, a
clear distinction between M1 and M2 macrophages is hardly operable, as
macrophages mostly mount more complex phenotypes during wound healing.
Therefore, the terms ‘M1-like’ and ‘M2-like’ macrophages are used, with M1-like
macrophages presenting mainly pro- and M2-like macrophages mainly antiinflammatory features (Daley et al., 2010; Sindrilaru and Scharffetter-Kochanek,
2013; Weidenbusch and Anders, 2012). Whether at all and how exactly the
transition from a pro- to an anti-inflammatory macrophage phenotype is
accomplished is not completely understood so far. However, the phagocytosis of
apoptotic PMN by macrophages seems to be at least one important stimulus for
this process (Fadok et al., 1998; Koh and DiPietro, 2011; Lucas et al., 2003;
Sindrilaru and Scharffetter-Kochanek, 2013; Soehnlein and Lindbom, 2010).
Failure of macrophages to shift to the anti-inflammatory phenotype due to impaired
engulfment of apoptotic PMN and/or sustained release of pro-inflammatory
mediators has been associated with severe wound healing defects in chronic
venous leg ulcers, diabetes and the murine LAD1 model (Khanna et al., 2010;
Mirza and Koh, 2011; Peters et al., 2005; Sindrilaru et al., 2011). The murine
LAD1 model offers an excellent and clinically relevant experimental tool for
studying the major role of macrophages and their functional regulators, the
leukocyte adhesion membrane molecules of the β2 integrin family, during wound
healing (Peters et al., 2005).
1.3

β2 integrins and their role in wound healing

Integrins are adhesion membrane molecules assembled as heterodimers on all
nucleated cells (Berton and Lowell, 1999). They consist of an α- and a β-subunit,
which are non-covalently associated. In humans, 24 integrins composed of
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different combinations of 18 α- and eight β-subunits have been reported so far
(Tan, 2012).
β2 integrins
The family of β2 integrins is exclusively expressed on leukocytes. Its four members
consist of the common β-chain CD18, which associates with one of four different
α-subunits (CD11a-d) and are designated: (1) leukocyte function-associated
antigen 1 (LFA-1, CD11a/CD18, αLβ2), (2) macrophage-1 antigen (Mac-1,
CD11b/CD18, αMβ2), (3) p150,95 (CD11c/CD18, αXβ2), and (4) αdβ2
(CD11d/CD18) (Arnaout, 1990; Gahmberg et al., 1997) (Figure 2). More than 20
β2 integrin ligands have been identified so far, including ICAM 1–5, VCAM-1 and
complement protein iC3b (Berton and Lowell, 1999; Tan, 2012).

Figure 2: Schematic illustration of the structure of β2 integrins. β2 integrins are heterodimeric
leukocyte adhesion membrane molecules, consisting of a common β-chain – CD18 – which
associates with one of the four α-subunits CD11a-d. CD: cluster of differentiation, LFA-1: leukocyte
function-associated antigen 1, Mac-1: macrophage-1 antigen.

β2 integrin activation and signalling
β2 integrins exist in three distinct conformations, depending on their activation
state. On circulating leukocytes, β2 integrins remain in an inactive ‘bent’ form.
Stimulation of leukocytes during an immune response leads to conformational
9

changes resulting in an ‘extended’ form with intermediate affinity. Finally,
interactions of integrins with their ligands promote the ‘extended form with open
conformation’, a high-affinity integrin state which strengthens the contact between
integrin and ligand (Abram and Lowell, 2009; Evans et al., 2009). In addition to
affinity regulation through conformational changes, integrin avidity is modulated by
clustering on the cell surface (Evans et al., 2009; van Kooyk and Figdor, 2000).
The processes leading to enhanced integrin activity and avidity are called ‘insightout signalling’ and are supposed to be mediated through signalling pathways of
the GTPase Rap (Ras-related protein)1 and the recruitment of cytoskeletal
proteins including talin and cytohesin-1, which link β2 integrins to the actin
cytoskeleton (Abram and Lowell, 2009; Evans et al., 2009; Kinashi, 2005; Tan,
2012).
The intracellular signalling pathways activating functions mediated by β2 integrins,
are referred to as ‘outside-in signalling’ (Abram and Lowell, 2009).The initial step
of integrin outside-in signalling is the activation of tyrosine kinases of the Src
family, which in turn activate further kinases like the spleen tyrosine kinase (Syk)
or the focal adhesion kinase (FAK) and its homologue proline-rich tyrosine kinase
(Pyk) 2. Downstream targets of the Src/Syk-signalling pathway include SLP76
(Src-homology (SH)2-domain-containing leukocyte protein of 76 kilodaltons (kDa))
and the guanine nucleotide exchange factors (GEF) Vav1/3, which are able to
activate different RhoGTPases, including CDC42 (cell-division cycle 42) and
Rac1/2. FAK or Pyk2 phosphorylation, on the other hand, activate the c-Cbl
ubiquitin ligase which associates with phosphatidylinositide 3-kinase. These
signalling pathways regulate a variety of processes including cytoskeletal
remodelling, respiratory burst and cell survival (Abram and Lowell, 2009; Tan,
2012). Genes which are regulated by β2 integrin outside-in signalling include the
pro-inflammatory IL-8 and IL-1. The transcription of both cytokine genes has been
shown to be up-regulated upon β2 integrin activation in human and murine PMN
(Walzog et al., 1999).
β2 integrin function during wound healing
During the wound healing process β2 integrins fulfil numerous functions, which are
decisive for physiological wound healing. They control leukocyte extravasation
from the blood stream to the site of injury by promoting the firm adhesion of
10

leukocytes to endothelial cells after initial rolling (Arnaout, 1990; Evans et al.,
2009; Tan, 2012). Further, LFA-1 has been shown to play a role in the formation of
the immunological synapse between antigen presenting cells and T-cells, while
Mac-1 and p150,95 are essential for the formation of the phagocytic synapse
between macrophages and apoptotic cells and subsequent phagocytosis (Evans
et al., 2009; Mevorach et al., 1998; Peters et al., 2005; Tan, 2012). Moreover,
Mac-1 is required for the release of ROS from phagocytes and has been shown to
exert pro- as well as anti-apoptotic effects on PMN (Coxon et al., 1996; Mayadas
and Cullere, 2005; Walzog et al., 1997; Whitlock et al., 2000; Zhou and Brown,
1994).
β2 integrins in human diseases
The importance of accurate function and expression of β2 integrins and their upand downstream signalling partners is underlined by human disorder – the
leukocyte adhesion deficiencies – caused by mutations encoding for proteins
involved in β2 integrin structure, function and signalling. LAD1, discussed in more
detail in the following section, is characterized by impaired function and expression
of β2 integrins due to mutations in the gene encoding their common β-chain. LAD1
patients suffer from recurrent bacterial and fungal infections, spontaneous skin
ulcerations and impaired wound healing (Anderson et al., 1985; Arnaout, 1990;
Hogg and Bates, 2000; Kishimoto et al., 1987). While LAD1 is caused by
mutations affecting β2 integrins themselves, patients suffering from LAD2 show
normal β2 integrin expression levels and function. However, due to a defective
fucose metabolism, leading to the absence of fucosylated selectin ligands,
leukocytes of these patients are impaired in the initial rolling on endothelial cells
and consequently in firm adhesion by integrins, which eventually leads to impaired
integrin signalling (Hanna and Etzioni, 2012; Harris et al., 2013; Roos and Law,
2001; Yakubenia and Wild, 2006). Clinical manifestations of LAD2 include
recurrent infections and periodontitis, as well as severe developmental defects
(Yakubenia and Wild, 2006). Mutations in genes coding for downstream targets of
β2 integrins are causal for the pathology of LAD3. In all patients who have been
genotyped, mutations were found in the gene coding for kindlin-3, a protein
required for the stabilization of integrin binding, activity and avidity. The role of
mutations in other genes is not fully proven yet. In addition to a bleeding tendency,
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as found in Glanzmann thrombasthenia, LAD3 patients show similar key disease
features with LAD1 patients (Hanna and Etzioni, 2012; Harris et al., 2013;
Svensson et al., 2009).
Leukocyte adhesion deficiency type 1
LAD1 is a rare autosomal recessive disease for which only several hundred cases
have been reported to date. LAD1 is caused by heterogeneous mutations in the
gene encoding the common β-chain of the β2 integrins (gene name: ITGB2) (Hogg
and Bates, 2000; Kishimoto et al., 1987; Schmidt et al., 2013). Depending on the
type of mutation, leukocytes of LAD1 patients express reduced levels or are
devoid of functional β2 integrins (Hanna and Etzioni, 2012). The decreased
expression and function of β2 integrins leads to severely reduced PMN trafficking
to sites of infection and impaired phagocyte functions (Anderson et al., 1984;
Anderson et al., 1985; Bowen et al., 1982; von Andrian et al., 1993).
Typical clinical features of LAD1 are recurrent, often life-threatening bacterial and
fungal infections, leukocytosis, severe periodontitis, skin ulcerations and impaired
wound healing (Anderson et al., 1985) (Figure 3).

Figure 3: Impaired wound healing in human LAD1. LAD1 patient with a non-healing wound at
the lower leg (courtesy from Dr. Donald C. Anderson, Houston, USA). LAD1: Leukocyte adhesion
deficiency type 1.

The severity of the clinical features relates to the degree to which the expression
of β2 integrins on leukocytes is reduced compared to healthy individuals. Patients
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suffering from the severe form of LAD1 present less than 2% of β2 integrin
expression, patients with a moderate form of LAD1 express β2 integrin levels of
2% to 30% from healthy individuals (Anderson et al., 1985; Hanna and Etzioni,
2012).
In absence of therapy, the life expectancy for patients with severe LAD1 is
particularly low. So far, the only curative treatment for these patients is the early
bone marrow transplantation (Anderson and Springer, 1987; Hanna and Etzioni,
2012). However, patients with moderate LAD1 forms, may survive in adulthood
with rigorously scheduled antibiotherapy protocols (Hanna and Etzioni, 2012).
The CD18 deficient (CD18-/-) murine LAD1 model lacking functional β2 integrins on
leukocytes presents with very similar features as LAD1 patients and is a valuable
tool to investigate the pathogenesis of impaired wound healing (ScharffetterKochanek et al., 1998).
The murine CD18 deficient LAD1 model
The CD18-/- mouse model, harbouring a replacement mutation in the gene
encoding the common β-chain of the β2 integrins, was generated by ScharffetterKochanek and colleagues in 1998 by homologous recombination in embryonic
stem cells and germline transmission (Scharffetter-Kochanek et al., 1998). CD18-/mice presented with swelling of the perioral soft tissue, facial alopecia, erythema
and ulcerative dermatitis in the mechanically stressed facial and submandibular
area (Figure 4). Histological studies of the skin revealed superficial erosion and
ulcerations with reduced PMN extravasation into the tissue due to reduced firm
adhesion of PMN to vessels (Scharffetter-Kochanek et al., 1998).
First functional experiments showed that neutrophils derived from CD18-/- mice
have severe ligand-specific adhesion defects in vitro and a reduced oxidative burst
in response to opsonized zymosan particles, compared to neutrophils from WT
littermates. Furthermore, increased circulating leukocyte counts, an enhanced
susceptibility to lethal bacterial infections after intraperitoneal injection of
Streptococcus pneumonia and impaired PMN extravasation into the tissue in a
model of toxic dermatitis, compared to WT mice, were demonstrated. In parallel,
allogeneic stimulation in a mixed lymphocyte reaction, as well as stimulation with
staphylococcal enterotoxin A revealed severe defects in T-cell receptor mediated
T-cell proliferation in vitro under CD18-/- conditions.
13

-/-

-/-

Figure 4: The phenotype of CD18 mice. The phenotype of CD18 mice includes facial alopecia,
ulcerative dermatitis and swelling of the perioral soft tissue (from Scharffetter-Kochanek et al.,
1998. Originally published in J. Exp. Med. 188(1):119-31).

The characteristic clinical feature of disturbed wound healing was studied by our
laboratory at a cellular and molecular level using the model of full-thickness
excisional wounds. In this model, CD18-/- mice presented with severely delayed
wound healing compared to WT mice. This was due to the reduced recruitment of
PMN to wound sites and decreased phagocytosis of apoptotic PMN by
macrophages in vitro and in vivo due to impaired formation of the phagocytic
synapse between macrophages and PMN in the absence of β2 integrins (Peters et
al., 2005). The reduced phagocytosis of apoptotic PMN leads to the decreased
release of active TGF-β1 by macrophages at wound sites, resulting in impaired
granulation tissue formation and delayed wound contraction. In contrast to active
TGF-β concentration, the levels of total TGF-β1 in CD18-/- wound margins were not
affected and injection of recombinant TGF-β1 in CD18-/- wound margins fully
rescued the impaired wound healing phenotype. These data suggest the impaired
TGF-β1 activation at wound sites to be causal for the impaired wound healing in
CD18 deficiency (Peters et al., 2005).
1.4

TGF-β1 and its role in wound healing

TGF-β1 is a highly pleiotropic molecule, which belongs to the TGF-β superfamily.
Members of this family consisting of more than 40 structurally related proteins
include the homologous isoforms TGF-β1–3, as well as activins, inhibins and bone
morphogenetic proteins. They accomplish important functions in a large number of
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cellular processes which are of relevance for the wound healing process such as
proliferation, adhesion, motility, matrix synthesis and apoptosis (Annes et al.,
2003; Massague, 1990; Massague, 1998; Roberts, 1998; Taipale et al., 1998;
Werner and Grose, 2003).
TGF-β secretion and latency
The three homologous TGF-β isoforms TGF-β1–3 are encoded by different genes
and are synthesized as pro-proteins. Pro-TGF-β consists of a C-terminal active
TGF-β component and an N-terminal peptide, the so-called latency-associated
peptide (LAP), which form homodimeric complexes coupled by disulphide bonds
(Roberts, 1998; Wipff and Hinz, 2008; Worthington et al., 2011). In the Golgi
apparatus, pro-TGF-β is proteolytically cleaved by furin-type enzymes into LAP
and mature TGF-β, which remain non-covalently associated and form the small
latent complex (SLC). LAP is involved in proper folding and secretion of the growth
factor and renders the homodimeric mature TGF-β biologically inactive by
inhibiting interactions with its signalling receptors (Annes et al., 2003; Gray and
Mason, 1990). Prior to secretion, the SLC covalently associates with a latent-TGFβ-binding protein (LTBP) through disulphide bonds between specific cysteine
residues in the LAP molecule and LTBP (Annes et al., 2003; Wipff and Hinz,
2008). The formation of this large latent complex (LLC) has been shown to
facilitate the secretion of TGF-β (Miyazono et al., 1991). Furthermore, the fibrillinlike LTBPs are able to bind extracellular matrix proteins and, therefore, allow latent
TGF-β to be targeted to the extracellular matrix, thereby providing a pool of
inactive TGF-β which is rapidly available upon requirement (Annes et al., 2003;
Roberts, 1998; ten Dijke and Arthur, 2007; Wipff and Hinz, 2008) (Figure 5).
On the other hand, the SLC binds to the mannose 6-phosphate receptor and
several integrins expressed on cell membranes and, thus, may be localised to the
cell surface (Dennis and Rifkin, 1991; Kovacina et al., 1989; Purchio et al., 1988;
Wipff and Hinz, 2008). The dissociation process of the mature TGF-β dimer from
LAP is termed ‘TGF-β activation’ and is a prerequisite for the growth factor to exert
its biological functions (Annes et al., 2003).
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Mature TGF-β

LTBP

LAP SLC

LLC

ECM
Figure 5: Schematic illustration of the large latent TGF-β complex. TGF-β is mostly secreted
as LLC, consisting of the mature TGF-β dimer non-covalently bound to LAP, which binds to LTBP
via disulphide bonds. LTBP targets the LLC to the extracellular matrix, where latent TGF-β can be
stored and activated, by dissociation form LAP, upon requirement. ECM: extracellular matrix, LAP:
latency-associated peptide, LLC: large latent complex, LTBP: latent-TGF-β-binding protein, SLC:
small latent complex; blue lines represent disulphide bonds.

Activation of TGF-β
There are several established methods to activate TGF-β1 in vitro; in contrast to
this, the exact mechanisms of how TGF-β1 is activated in vivo in physiologic and
pathologic conditions, and particularly during wound healing, is less clear. In vitro,
latent TGF-β1 can effectively be activated by heat, extreme pH conditions,
chaotropic agents and detergents (Annes et al., 2003; Lyons et al., 1988; Munger
et al., 1997). These activation mechanisms, however, are less likely to be
reproduced under physiological conditions, although the acidification activity of
osteoclasts during bone resorption and the acidic pH in lysosomes could fulfil pH
conditions that may lead to TGF-β1 activation in vivo (Annes et al., 2003; Munger
et al., 1997).
A series of in vitro and in vivo studies showed that proteolytic cleavage by a
variety of proteases such as plasmin, cathepsin D, MMP-2 and MMP-9, as well as
by a furin-like pro-protein convertase released by platelets, activates TGF-β1
(Blakytny et al., 2004; Grainger et al., 1994; Lee et al., 2001; Lyons et al., 1988;
Lyons et al., 1990; Nunes et al., 1995; Sato and Rifkin, 1989; Taipale et al., 1992;
Yu and Stamenkovic, 2000). As proteases are abundantly present and play an
important role at wound sites, proteolytic activation might as well represent a
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mechanism of TGF-β activation during wound healing (Brunner and Blakytny,
2004; Toriseva and Kahari, 2009).
The mannose-6-phosphate receptor, as well as the extracellular matrix protein
TSP-1, activate TGF-β1 by changing the conformation of LAP and facilitating
proteolytic cleavage or by direct destabilization of the LAP-TGF-β-complex,
respectively (Dennis and Rifkin, 1991; Ribeiro et al., 1999; Schultz-Cherry and
Murphy-Ullrich, 1993). For TSP-1, in vitro as well as in vivo evidence for TGF-β
activating capacity exists (Crawford et al., 1998; Schultz-Cherry and MurphyUllrich, 1993). Interestingly, TSP-1 deficient mice show phenotypic similarities to
TGF-β deficient mice and present with impaired angiogenesis and macrophage
infiltration at wounds sites. This defect could be rescued by restitution of TSP
deficient wounds with either active TGF-β1 or the peptide required for TSP-1dependent TGF-β1 activation (Crawford et al., 1998; Murphy-Ullrich and Poczatek,
2000). These findings may indicate a role of TSP-1-mediated TGF-β1 activation
during the wound healing process (Murphy-Ullrich and Poczatek, 2000).
Further TGF-β1 activation mechanisms which have been identified and may be
effective during wound healing are the activation of latent TGF-β by ROS and by
integrins (Amarnath et al., 2007; Barcellos-Hoff and Dix, 1996; Pociask et al.,
2004; Margadant and Sonnenberg, 2010; Munger et al., 1999; Wipff and Hinz,
2008). TGF-β1 and TGF-β3 may be activated by integrins, especially by αvβ3,
αvβ5, αvβ6, αvβ8 integrins through two different mechanisms, either by
concomitant binding of proteases and TGF-β, promoting proteolytic cleavage of
LAP, or by induction of conformational changes in LAP through cell traction forces
(Margadant and Sonnenberg, 2010; Wipff and Hinz, 2008). Integrin-dependent
activation of TGF-β1 has been shown to play a critical role in different models of
fibrosis (αvβ3, αvβ5, αvβ6, αvβ8), wound healing (αvβ6) and cancer (αvβ6)
(Margadant and Sonnenberg, 2010).
ROS-dependent activation of TGF-β1 was first demonstrated in cell-free systems
by Barcellos-Hoff and Dix (1996) using metal ion-catalysed reactions (BarcellosHoff and Dix, 1996). In 2006, Jobling and colleagues could identify the molecular
mechanism underlying ROS-mediated TGF-β activation. They showed that a
specific methionine residue in the LAP molecule, which may be situated in an
‘oxidative centre’ or may directly be oxidized, is essential for this process.
Oxidation leads to conformational changes in LAP and eventually to activation of
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latent TGF-β1. Interestingly, the investigators found that this mechanism is unique
for TGF-β1, while TGF-β2 and TGF-β3 are not susceptible to redox-mediated
activation (Jobling et al., 2006). The relevance of redox-mediated TGF-β activation
in vitro and in vivo has been investigated in further studies. TGF-β was activated
by asbestos-derived ROS in a cell line of human epithelial cells, as well as by ROS
released from activated human T-cells (Amarnath et al., 2007; Pociask et al.,
2004). Moreover, redox-mediated activation was shown in vivo in murine
mammary glands after exposure to γ-radiation and in a model of rodent pulp-dentin
healing (Amarnath et al., 2007; Arany et al., 2014; Barcellos-Hoff et al., 1994;
Pociask et al., 2004).
A model of full-thickness excisional wounds in CD18-/- mice and mice lacking the
GEF Vav3 or the GTPase Rac2 further provided strong evidence that ROS,
released by wound macrophages upon phagocytosis of apoptotic PMN, are
required for TGF-β1 activation during physiological cutaneous wound healing
(Peters et al., 2005; Sindrilaru et al., 2009; Sindrilaru, unpublished findings).
TGF-β1 signalling
Once the mature TGF-β1 dimer has been activated by dissociation from LAP, the
growth factor is able to bind to its signalling receptors on cell membranes. TGF-β
receptors are ubiquitously expressed homodimeric complexes, consisting of
transmembrane glycoproteins of approximately 55 kDa and 70kDa, designated
TGF-β receptor type I and type II (TGFβ-RI/II), respectively (Massague, 1998;
Wrana et al., 1992). Both subunits possess intracellular serine/threonine kinase
signalling domains (Takumi et al., 1995; Tsuchida et al., 1993). Upon activation,
TGF-β binds to its type II receptor, which subsequently leads to the recruitment of
type I receptors and the formation of a tetrameric complex. TGFβ-RI itself is not
able to bind TGF-β in absence of the type II receptor (Massague, 1998; Wrana et
al., 1994). Wrana and colleagues (1994) showed that the constitutively
autophosphorylated TGFβ-RII phosphorylates TGFβ-RI upon complex formation. It
has been proposed that the type I receptor is subsequently responsible to
propagate signals to TGF-β downstream targets (Wrana et al., 1994). Type III
TGF-β receptors, betaglycan and endoglin, do not seem to have signalling
properties themselves but rather regulate ligand-binding to signalling type I and II
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receptor and exert modulatory effects on downstream signalling (Bernabeu et al.,
2009; Massague, 2012; Valluru et al., 2011).
Phosphorylation of TGFβ-RI further enables the binding and activation of Smad2
or Smad3 transcription factors (Derynck and Zhang, 2003; Huse et al., 2001;
Massague and Gomis, 2006). Upon activation, Smad2 and Smad3 associate with
Smad4 in a complex consisting of 2 receptor-activated Smads and Smad4 and
translocate into the nucleus (Derynck and Zhang, 2003; Lagna et al., 1996; Zhang
et al., 1996). Although Smad4 is essentially required for various downstream
effects of TGF-β signalling, Smad4-independent signalling pathways have been
demonstrated as well (Isogaya et al., 2014; Sirard et al., 2000). In the nucleus
Smad proteins associate with other transcription factors to form transcription
complexes, which regulate the expression of a large number of different target
genes, including factors that regulate cell-cycle, matrix formation and remodelling
(Derynck and Zhang, 2003; Klass et al., 2009; Massague and Gomis, 2006;
Massague, 2012). Smad6, as well as Smad7, act as inhibitors of TGF-β signalling
by a number of different mechanisms, as for example by competitive binding to
phosphorylated TGFβ-RI (Dennler et al., 2002; Massague, 1998). In addition to
Smad proteins, there are several other cell type-specific downstream signalling
mediators activated by TGF-β-receptor binding, including mitogen-activated
kinases and members of the Rho-like GTPase family (Derynck and Zhang, 2003;
Massague and Gomis, 2006; Massague, 2012).
Functions of TGF-β1 in wound healing
Platelets are the first cells to release TGF-β1 at wound sites upon degranulation
during the clotting phase of the healing process. Important cellular sources of
TGF-β1 at different stages of the tissue repair process are macrophages,
neutrophils, fibroblasts, keratinocytes, and endothelial cells (Barrientos et al.,
2008; Brunner and Blakytny, 2004). Macrophages represent the main source of
active TGF-β1 at wound sites during the inflammatory phase of wound healing
(Daley et al., 2010; Mirza et al., 2009; Rappolee et al., 1988;) TGF-β release is
one of the most important chemotactic signals which initiates the onset of the
inflammatory wound healing phase by recruiting neutrophils and monocytes to
wound sites (Ashcroft et al., 1999; Pakyari et al., 2013; Werner and Grose, 2003).
Via up-regulation of MMP expression by monocytes, TGF-β1 facilitates the
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leukocyte extravasation from the blood stream to the site of injury (Ashcroft, 1999;
Wang et al., 2006b). The importance of TGF-β for inflammatory cell recruitment to
injured tissue was demonstrated in Smad3 deficient mice, lacking one of the
downstream targets of TGF-β signalling, which present with reduced monocyte
infiltrates at sites of injury (Ashcroft et al., 1999). At wound sites, TGF-β is
released from monocytes and neutrophils through a positive feedback loop,
thereby enhancing its activity and, in parallel, the capability of macrophages to
phagocytically remove apoptotic cells from the wound site, for example by upregulation of Fc gamma receptor III expression (Ashcroft, 1999; Faler et al., 2006;
Klass et al., 2009). Upon differentiation of monocytes to wound macrophages, a
process also regulated by TGF-β1, the expression of TGF-β receptors is downregulated, rendering macrophages less sensitive to TGF-β; this mechanism may
contribute to the switch from pro-inflammatory to rather anti-inflammatory effects of
TGF-β1 (Ashcroft, 1999; Finnson et al., 2013). In vitro and in vivo studies show
that TGF-β1 is a potent inhibitor of the macrophage-specific pro-inflammatory
chemokines MCP-1 and macrophage inflammatory protein 1, thus possibly
reducing the infiltration of inflammatory cells (Feinberg et al., 2004; Kitamura,
1997; Sherry et al., 1998). Furthermore, macrophages phagocytosing apoptotic
PMN release increased amounts of TGF-β1, which in turn leads to reduced
production of pro-inflammatory cytokines (Fadok et al., 1998).
Further, TGF-β critically controls angiogenesis and granulation tissue formation at
wound sites. TGF-β1 induces proliferation of endothelial cells, their migration in the
wound (’sprouting’) by up-regulating the expression of their α5β1 integrin
receptors and promotes capillary tubule formation (Barrientos et al., 2008; Li et al.,
2003a;

Roberts,

1998).

In fibroblasts TGF-β1 induces proliferation

and

differentiation to contractile αSMA-expressing myofibroblasts, which more
effectively produce extracellular matrix components, especially collagen, thus
promoting granulation tissue formation and wound contraction (Desmouliere et al.,
1993; Desmouliere et al., 2005; Faler et al., 2006). Furthermore, TGF-β1 regulates
the expression of MMPs and their inhibitors, thereby actively contributing to tissue
remodelling (Barrientos et al., 2008; Pakyari et al., 2013). The role of TGF-β1 for
re-epithelialization has not been fully deciphered so far; published in vitro and in
vivo data are rather contradictory showing both inhibitory, as well as stimulatory
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effects of the growth factor on keratinocytes (Barrientos et al., 2008; Faler et al.,
2006).
The importance of TGF-β1-signalling for multiple processes during wound healing
has been proven in studies using immunodeficient TGF-β1 deficient mice. These
mice lack T- and B-cells and are therefore protected from early death due to
severe multifocal inflammation, which occurs in immunocompetent TGF-β1
deficient mice (Kulkarni et al., 1993; Shull et al., 1992), allowing investigating
wound healing in adult mice (aged 8–10 weeks). Immunodeficient TGF-β1 deficient
mice revealed a significantly delayed healing of full-thickness excisional wounds
as compared to WT control mice, due to delayed infiltration of inflammatory cells to
wound sites, delayed resolution of the inflammatory response, as well as impaired
angiogenesis and granulation tissue formation (Crowe et al., 2000). Furthermore,
apoptosis at wound sites was delayed, decreased and, in terms of the localization
of the apoptotic cells, disorganized in TGF-β deficient mice (Crowe et al., 2000).
These results are contradictory to earlier studies using immunocompetent TGF-β1
deficient mice, which showed that only later phases of the wound healing process
are affected in the absence of the growth factor (Brown et al., 1995). However, the
experimental settings are not comparable, as the study by Brown and colleagues
(1995) was conducted with 10 days old mice, due to excessive inflammation
occurring in immunocompetent TGF-β1 deficient mice, which results in their early
death (Brown et al., 1995; Kulkarni et al., 1993; Shull et al., 1992). Furthermore, as
wound healing defects became evident at the time of weaning, restitution of
TGF-β1 levels in the pups, in utero and by transfer with breast milk before weaning
most probably accounted for the delayed onset of the phenotype in these mice
(Brown et al., 1995; Letterio et al., 1994). In this line, my group could show that the
severely impaired wound healing of CD18-/- mice, with impaired granulation tissue
formation, was due to insufficient levels of active TGF-β1 at wound sites and that
recombinant TGF-β1 injected around wound margins completely rescued this
wound healing phenotype (Peters et al., 2005).
Thus, TGF-β1 is a major regulator of physiological wound healing. However,
TGF-β1 has also been shown to drive fibrosis if excessively expressed at wound
sites, leading to persistent activation of fibroblasts to differentiate into
myofibroblast and thereby to increased deposition of extracellular matrix
components (Wynn, 2008; Wynn and Ramalingam, 2012). A major enhancer of
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the pro-fibrotic activity of TGF-β1 is an elevated ROS level in the tissue due to high
expression of ROS-generating enzymes, low expression of antioxidants and other,
so far insufficiently cleared mechanisms (Samarakoon et al., 2013; Sampson et
al., 2014).
1.5

ROS in wound healing

While, for a long time ROS had been considered to be harmful by-products of
biological processes, nowadays, next to their microbicidal function, the regulatory
and signalling properties of ROS are widely recognized (Bedard and Krause,
2007; Droege, 2002; Thannickal and Fanburg, 2000).
Reactive oxygen species
The term ROS refers to different oxygen-derived, relatively short-lived molecules,
which are released during most cellular processes and play important roles in
pathogen killing and have been also identified to regulate several physiological
processes, including signal transduction during tissue repair. However, when
produced in high concentrations, ROS readily oxidize and may damage lipids,
DNA and proteins, with deleterious functional implications (Halliwell and
Whiteman, 2004; Sen and Roy, 2008; Thannickal and Fanburg, 2000). ‘ROS’
comprise the oxygen radicals superoxide anion (O2-.), hydroxyl-, peroxyl- and
alkoxylradicals, as well as non-radical species like hydrogen peroxide (H2O2) and
hypochlorous acid (Bedard and Krause, 2007; Circu and Aw, 2010). Main cellular
sources of ROS are the mitochondrial electron transport chain complexes I and III,
monooxygenases in the endoplasmic reticulum, H2O2-generating peroxisomal
enzymes, as well as xanthine oxidase and aldehyde oxidase (Circu and Aw, 2010;
Thannickal and Fanburg, 2000). Another important source of ROS are the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOX), of which
the phagocyte NADPH oxidase NOX2 was the first enzyme discovered to have
ROS generation as its main function (Bedard and Krause, 2007). NADPH
oxidases assemble either at phagolysosomal or at cell membranes where they
generate O2-. by transferring electrons from NADPH to molecular oxygen.
Superoxide anions are then dismutated to H2O2 by the superoxide dismutase
(SOD) (Sheppard et al., 2005; Thannickal and Fanburg, 2000). H2O2 may directly
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function as signalling molecule or may further react with O2-. to form the highly
reactive, microbicidal hydroxyl-radical in presence of metal ions, or hypochlorous
acid in presence of myeloperoxidase (Cross and Segal, 2004; Thannickal and
Fanburg, 2000). Too high concentrations of ROS may result in substantial damage
of cellular and extracellular molecules; therefore, cells are provided with several
different antioxidant mechanisms to prevent ROS-dependent toxicity. The main
antioxidant enzymes include superoxide dismutase, which detoxifies O2-. to H2O2;
H2O2 may then be converted to water and molecular oxygen by catalase. Another
H2O2 scavenger is glutathione peroxidase, which, in the presence of glutathione,
reduces H2O2 to water (Brieger et al., 2012). Deregulation of the oxidantantioxidant system may have severe consequences for physiological processes
and therefore for health. Vascular and lung diseases, Alzheimer’s disease, cystic
fibrosis, ischemic stroke and the chronic granulomatous disease (CGD) are just a
few examples of major diseases associated with elevated or reduced ROS levels
and, most interestingly, with malfunction of NOX2 (Diebold et al., 2014).
The phagocyte NADPH oxidase NOX2
The NADPH oxidase NOX2 belongs to the family of NADPH-dependent oxygen
reductases which consists of seven members designated NOX1-5 and dual
oxidases 1 and 2 (Altenhoefer et al., 2012; Diebold et al., 2014). Although NOX2 is
also expressed on other cells, such as cardiomyocytes and endothelial cells, it is
usually referred to as the phagocyte NADPH oxidase, as it was first described and
is highly expressed in neutrophils and macrophages (Bedard and Krause, 2007;
Diebold et al., 2014). NOX2 consists of the two membrane bound proteins Nox2
(also known as gp91phox, where phox stands for phagocyte oxidase) and p22phox,
which together form the cytochrome b558, and of the cytosolic subunits p47phox,
p40phox, p67phox and the small GTPases Rac1 or 2. Along with other membrane
receptors like Fcγ receptor and toll like receptors, β2 integrins have been shown to
be involved in pathogen-induced NOX2 activation in neutrophils (Anderson et al.,
2008). Upon activation, p47phox, p40phox, p67phox are phosphorylated, while Rac is
being converted from its guanosine diphosphate-bound, inactive form, to the
guanine triphosphate (GTP)-bound, active form. The activated cytosolic subunits
translocate to the membrane to form the activated NOX2 complex by binding to
cytochrome b558 (Sheppard et al., 2005) (Figure 6). Phosphorylation of the
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cytosolic subunits involves kinases like protein kinase C or phosphatidylinositol 3-kinase, while the GEFs of the Vav-family have been implicated in Rac
activation (Graham et al., 2007; Sheppard et al., 2005; Utomo et al., 2006).

Figure 6: Schematic illustration of the phagocyte NADPH oxidase NOX2. Upon activation of
phox
phox
phox
NOX2 the cytosolic subunits p47 , p40 , p67
and the small GTPase Rac1 or 2 translocate
phox
phox
and bind to the membrane subunits gp91
and p22
(cytochrome b558).The activated NOX2
-.
+
complex generates O2 which is rapidly detoxified by SOD to H2O2. e : electron, H : hydrogen ion.

A series of studies have been conducted to decipher the distinct functions of the
six NOX2 subunits during oxidase assembly, activation and function. gp91phox and
p22phox are associated with a flavin adenine dinucleotide (FAD) and two heme
prosthetic groups, which constitute the pathway for the electron transport across
membranes. FAD accepts two electrons from NADPH, these electrons are further
transported across the membrane by consecutive transfer to the heme groups.
Oxygen, bound to the second heme group, accepts an electron and is reduced to
O2-.. In addition, p22phox is required to stabilize the cytochrome b558 complex and
the NADPH binding gp91phox was proposed to be an ion channel, which allows
charge compensation at the membrane during electron transport (Bedard and
Krause, 2007; Sheppard et al., 2005). p67phox, also called NOX activator, contains
a NADPH binding site as well and is required, together with Rac2, for the induction
and progression of the electron transport process (Diebold and Bokoch, 2001;
Dinauer, 2003; Sheppard et al., 2005). p47phox belongs to the NOX organizer
proteins, its major function is considered to be the organization of the translocation
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and correct positioning of the NOX2 subunits, as well as the stabilization of the
NADPH oxidase complex (Bedard and Krause, 2007; Cross and Segal, 2004;
Dinauer, 2003; Sheppard et al., 2005). The role of p40phox is so far not well
understood, but it is thought to facilitate p67phox translocation to the membrane and
to interact with the cytoskeleton. There is also evidence that p40phox and p67phox
interdependently regulate their expression in their resting state (Cross and Segal,
2004; Ellson et al., 2006; Matute et al., 2005). Physiological roles of ROS
generated by NOX2 in phagocytes include host defence, ROS-dependent
signalling and cytokine production (Diebold et al., 2014). Mutations in one of the
subunits of NOX2 result in severely impaired oxidase function and ROS release by
phagocytes, as well as in significant changes in expression levels of proinflammatory, anti-inflammatory and apoptosis-associated genes, chemotactic and
phagocytic properties, polarization and azurophilic granule release by phagocytes
(Ambruso et al., 2000; Diebold et al., 2014; Dinauer, 2005; Gu et al., 2001;
Heyworth et al., 2003; Rosenzweig, 2008; Williams et al., 2000).
Chronic granulomatous disease and Rac2 deficiency
In humans, impaired NOX2 function due to mutations in one of the NOX2 subunits
leads to the chronic granulomatous disease (CGD) or, in case of mutations in the
gene encoding Rac2, to the non-classical LAD, also known as LAD4 (Ambruso et
al., 2000; Diebold et al., 2014; Pai et al., 2010). CGD patients suffer from recurrent
fungal and bacterial infections due to impaired ROS-dependent microbicidal
function of phagocytes, granuloma formation due to an excessive and persisting
inflammatory response and impaired wound healing, clinical features strongly
reminding of the pathology of LAD1 patients (Figure 7 A). In addition, CGD
patients have been suggested to have an increased incidence of autoimmune
diseases, among them rheumatoid arthritis and the Guillain-Barré syndrome (De
Ugarte et al., 2002; Diebold et al., 2014; Dinauer, 2005; Rosenzweig, 2008).
Currently, therapeutic management of CGD patients includes prophylactic and
acute treatment with antibiotics and/or interferon-γ, anti-inflammatory treatment
with corticosteroids, transfusion of healthy, functional granulocytes and bone
marrow transplantation as ultima ratio (Dinauer, 2005; Segal et al., 2000).
Furthermore, granulocyte- and granulocyte-macrophage colony stimulating factor
have been proposed to be a promising therapeutic tool for colitis in CGD patients
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(Myrup et al., 1998; Rosenzweig, 2008). De Ugarte and colleagues (2002)
reported

that

subcutaneous

injection

of

granulocyte-macrophage

colony-

stimulating factor (GM-CSF) for a period of two month after initial granulocyte
transfusion resulted in the resolution of Aspergillus pneumonia in an 18-years old
CGD patient. A chronic wound on the same patient’s foot fully healed after seven
days of topical administration of GM-CSF (De Ugarte et al., 2002) (Figure 7 A, B).

A

B

C

Figure 7: Impaired wound healing in CGD patients and patients deficient for the small
GTPase Rac2. (A) Abrasive ulcer on the foot of a CGD patient, which did not heal for 6 weeks
before treatment with granulocyte-macrophage colony-stimulating factor (GM-CSF). (B) The same
wound after seven days of GM-CSF treatment (Both reprinted from De Ugarte et al., 2002,
Treatment of chronic wounds by local delivery of granulocyte-macrophage colony-stimulating factor
in patients with neutrophil dysfunction. Originally published in Pediatr Surg Int 18: 517–520, figure
1. Copyright© Springer-Verlag 2002. With kind permission from Springer Science and Business
Media.). (C) Perirectal wound of a Rac2 deficient patient with severe healing disturbances, massive
skin necrosis and poor granulation tissue formation. The wound eventually healed after eight
months with repeated antibiotherapy, healthy granulocyte transfusion and wound debridement
(Reprinted from Kurkchubasche et al., 2001, Clinical features of a human Rac2 mutation: A
complex neutrophil dysfunction disease. Originally published in J Pediatr. 139:141-147. Copyright©
2001 by Mosby, Inc. with kind permission from Elsevier).

Also, patients with a functional deficiency for the small GTPase Rac2 show clinical
and pathological features shared by LAD1 and CGD patients, including impaired
wound healing (Figure 7 C), leukocytosis, neutrophilia and recurrent infections due
to defective ROS-dependent bacterial killing. However, specific molecular and
functional features such as the normal expression of CD11b and c, as well as a
less severe defect of NADPH function led to the designation of LAD4 for these
patients, to be clearly distinguished from LAD1 or CGD patients (Ambruso et al.,
2000; Kurkchubasche et al., 2001; Pai et al., 2010; Williams et al., 2000,
Wintergerst et al., 2008). Treatment options for Rac2 deficient patients are similar
with those for CGD patients, with antibiotics, healthy granulocyte transfusion or
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bone marrow transplantation as main therapeutic tools (Kurkchubasche et al.,
2001; Pai et al., 2010; Wintergerst et al., 2008).
The Role of ROS in wound healing
For a long time the role of ROS for the wound healing process was thought to be
limited to their pathogen killing capacity, however, the discovery of their signalling
and regulatory properties changed this view dramatically. Currently, the
requirement of ROS-signalling for successful tissue repair is commonly accepted.
ROS, especially H2O2, play a major role in all phases of wound healing beginning
with the clotting phase and the restoration of haemostasis, in inflammation,
granulation tissue formation with angiogenesis and in re-epithelialization (Schaefer
and Werner, 2008; Sen and Roy, 2008; van der Vliet and Janssen-Heininger,
2014). Of these, the regulation of adhesion molecules expression and thereby
leukocyte recruitment, as well as the secretion and function of growth factors like
PDGF, TGF-β1 and VEGF are co-regulated by redox-dependent signalling
pathways (Fraticelli et al., 1996; Gauron et al., 2013; Goerlach, 2005; Maulik and
Das, 2002; Niethammer et al., 2009; Roy et al., 2003; Roy et al., 2006;
Sundaresan et al., 1995; Yoo et al., 2012). The balance between the generation of
ROS and their detoxification by antioxidant enzymes at wound sites must be tightly
regulated, as too high, as well as insufficient levels of ROS may lead to severely
impaired wound healing. Such dysregulations of ROS concentrations are
frequently found and drive the pathogenesis of wound healing disturbances in
patients suffering from CGD, diabetes or chronic venous leg ulcers (De Ugarte et
al., 2002; Sindrilaru et al., 2011, Bitar and Al-Mulla, 2012).
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1.6

Aim

The number of patients suffering from chronic wounds in developed countries has
been continuously increasing in recent years. Difficult-to-heal or non-healing
wounds significantly affect the quality of life of affected patients and account for
substantial costs for the health care systems (Carter, 2014). Therefore, a better
understanding of cellular and molecular mechanisms underlying physiological and
impaired wound healing is essential to develop efficient therapeutic strategies, for
patients who suffer from chronic wounds.
The human immunodeficiency syndromes LAD1, LAD4 and CGD share the
pathogenic feature of severe phagocyte dysfunctions and the clinical characteristic
of impaired wound healing along with increased susceptibility to infections and
other immune dysregulations (Anderson et al., 1985; De Ugarte et al., 2002;
Kurkchubasche et al., 2001; Pai et al., 2010). They may serve as excellent
‘models’ to decipher at least phagocyte-dependent wound healing mechanisms in
more detail.
Using full-thickness wound healing as experimental tool in the CD18-/- mouse
model of LAD1, lacking functional β2 integrins on leukocytes, my group has
previously identified that β2 integrins essentially control the tight adherence to and
phagocytosis of apoptotic PMN by macrophages and the subsequent release of
active TGF-β1 and ROS at wound sites. These mechanisms are severely affected
in absence of functional β2 integrins or their downstream targets the spleen
tyrosine kinase Syk, the guanine nucleotide exchange factor Vav3, and the
GTPase Rac2. As a consequence, CD18-, Syk-, Vav3- and Rac2-deficient mice
present strikingly similar wound healing disturbances with poor granulation tissue
formation and angiogenesis and severely delayed wound closure. Moreover, in the
studied models, insufficient active TGF-β1 release by macrophages at wound sites
was causal for the wound healing defect, as supplementation of wounds from
deficient mice with TGF-β1 fully rescued their wound healing phenotype (Peters et
al., 2005; Schymeinsky et al., 2006; Schymeinsky et al., 2007; Sindrilaru et al.,
2009; Sindrilaru, unpublished findings). However, the molecular mechanism of β2
integrin-dependent activation of TGF-β1 by macrophages during wound healing
has not been deciphered so far.
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Based on these data and the findings that (1) the phagocyte NADPH oxidase
NOX2, with the GTPase Rac2 being one of its cytosolic subunits, is the main
source of ROS in phagocytes (Bustamante et al., 2011; Deffert et al., 2012;
Pizzolla et al., 2012), (2) that TGF-β1 was already demonstrated to be activated by
ROS in various experimental settings (Arany et al., 2014; Barcellos-Hoff et al.,
1994; Barcellos-Hoff and Dix, 1996; Jobling et al., 2006), and (3) that CGD
patients with impaired function of the NADPH oxidase NOX2 show an impaired
wound healing phenotype similar to LAD1 patients (De Ugarte et al., 2002;
Kurkchubasche et al., 2001), I hypothesized that:
The β2 integrin-Syk-Vav3-Rac2-dependent activation of the phagocyte NADPH
oxidase NOX2 in macrophages upon phagocytosis of apoptotic PMN with
subsequent generation of ROS may lead to redox-mediated activation of TGF-β1
by macrophages at wound sites and, thus, may control physiological wound
healing. Therefore, the aims of my study were to investigate whether:
1.

proper β2 integrin function and signalling is required for the release of

physiological ROS levels at wound sites,
2.

the β2 integrin-dependent activation of TGF-β1 by macrophages during the

wound healing process is redox-mediated, and whether
3.

the phagocyte NADPH oxidase NOX2 is signalling downstream of β2

integrins in macrophages, thus representing one missing link between β2 integrindependent signalling and redox-mediated TGF-β1 activation during wound healing.
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2.

Materials and methods

2.1

Solutions and media

Tris-buffered saline (TBS) (10x)
NaCL (5M) (Sigma-Aldrich)

150mM

+ Tris (pH=8.0, 1M)

10mM

In aqua dest.
Tris-buffered saline + Tween 20 (TBST)
TBS (10x)

100ml

+ aqua dest.

900ml

+ Tween 20 (AppliChem)

0.5ml

Running buffer (10x)
Tris base

250mM

+ Glycine (AppliChem)

2.5M

+ Sodium dodecyl sulfate (SDS) (Merck) 1%
In aqua dest.
Transfer buffer (10x) – semi dry
Tris base

2.4M

+ Glycine

1.9M

+ SDS

1.85%

In aqua dest.
Transfer buffer (1x) – semi dry
Transfer Buffer (10x)

100ml

+ Methanol (Sigma-Aldrich)

200ml

Aqua dest. ad 1l
Blocking solutions
5% Bovine serum albumin (BSA) (PAA Laboratories) in TBST
5% non-fat dry milk (BioRad) in TBST
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Ammonium-chloride-potassium (ACK) lysis buffer
NH4Cl (Sigma-Aldrich)

0.15M

+ KHCO3 (Merck)

10mM

+ Na2EDTA (AppliChem)

0.1mM

pH 7.2 – 7.4
Complete macrophage medium
Dulbecco's modified eagle's medium
(DMEM) (Lonza)
+ heat inactivated (hi) fetal bovine
serum (FBS) (Biochrom)

10%

+ L929 cells conditioned medium

10%

+ L-Glutamine (Biochrom)

2%

+ Penicillin/Streptomycin (Biochrom)

1%

+ Non-essential amino acids (NEAA)

1%

Hank's Balanced Salt Solution (HBSS) 10x prep
HBSS (10x) without (w/o) CaCL2 and
MgCl2 (GIBCO)
+ BSA (fatty acid free (faf))

0.1%

+ HEPES (1M) (Biochrom)

20mM

HBSS 1x prep
HBSS (10x) w/o CaCl2 and MgCl2

10%

+ BSA (faf)

0.1%

+ HEPES (1M)

20mM

In aqua dest. (endotoxin free)
Percoll gradient solutions
Percoll (Sigma-Aldrich)

81%, 62%, 55% or 50%

+ HBSS 10x prep

10%

In aqua dest. (endotoxin free)
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Adhesion buffer
HBSS 1x prep
+ MgCl2 (AppliChem)

2mM

+ CaCl2 (Merck)

1mM

+ D-Glucose (Sigma-Aldrich)

1mM

Master mix for CD18-PCR (for 1 sample)
Go Taq® green (Promega)

12,5µl

+ Nuclease-free water (Promega)

7,1µl

+ Primer 1 (CD18.1 or CD18.2)
(Thermo Fisher)

0,2µl

+ Primer 2 (CD18.3) (Thermo Fisher)

0,2µl

2.2

Mice

CD18-/- and p40phox-/- mice were previously described (Ellson et al., 2006;
Scharffetter-Kochanek et al., 1998). For wound healing experiments cohorts of 8–
12 weeks old gender matched mice were used. All experiments were carried out in
compliance with the German Act for Welfare of Laboratory Animals, after approval
of the authorities and under agreement of the Regierungspräsidium Tübingen
(reference number 1057).
Genotyping
Genotypes of CD18-/- and CD18+/+ mice were regularly verified by polymerase
chain reaction (PCR). For this, DNA was isolated out of tail tips with the Easy-DNA
Kit (Invitrogen) as described in the manufacturer’s manual. PCR was performed
using primers with the following sequences:
CD18.1: 5´-AGG ACA GCA AGG GGG AGG ATT- 3´
CD18.2: 5´-GCC CAC ACT CAC TGC TGC TTG- 3´
CD18.3: 5´-CCC GGC AAC TGC TGA CTT TGT- 3´.
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Two master mixes consisting of Go Taq® green, nuclease-free water and two
different primer combinations (CD18.1 with CD18.3 for the mutant gene product,
CD18.2 with CD18.3 for the WT gene product) were prepared. For both primer
pairs the PCR was performed separately for each sample, using 20ng/µl DNA. The
following PCR-program was run in a S1000TM thermal cycler (BioRad):

Table 1: CD18-PCR program.
Step

Temperature (°C)

Time

Number of cycles

Denaturation

94

3min

1

Denaturation

94

45sec

Annealing

56

50sec

Elongation

72

50sec

Elongation

72

5min

Storage

10

∞

34
1

The amplified products of the respective samples were pooled and 20µl of the
mixed products were subjected to gel-electrophoresis on a 1.5% agarose gel. A
1kilobase (kb) ladder (Invitrogen) was loaded as size standard in parallel with the
samples and electrophoresis was run at 120V for approximately 30min. Separated
DNA-bands were detected under UV-light (GenoSmart gel documentation system,
VWR) and analyzed. Expected sizes of amplified PCR-products are 150 base
pairs (bp) for the mutant and 450bp for the WT gene, which are interpreted as
described in Table 2.

Table 2: Interpretation of PCR results.
150bp band

450bp band

Genotype

+

-

CD18

-

+

CD18

+

+

CD18

-/-

+/+
+/-

Further, figure 8 A shows the WT genomic region, the targeting vector which was
used to introduce the replacement mutation as well as the mutated allele, as
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described by Scharffetter-Kochanek et al. (1998), and indicates the binding sites of
the different primers used for the CD18-PCR (Scharffetter-Kochanek et al., 1998).

A

B

Figure 8: Genotyping via CD18-PCR. (A) Genomic region of WT mice (top) which was targeted
with the targeting vector (middle) to obtain the mutated allele (bottom) by replacement mutation.
Black rectangles: exons, hatched boxes indicate the position of the 3′ and 5′ flanking probes,
arrows indicate the binding sites of the different primers used for the CD18-PCR, E: EcoRI
restriction site, H: HindIII restriction site, K: KpnI restriction site, P: PstI restriction site, NEO:
neomycin cassette (adapted from Scharffetter-Kochanek et al., 1998. Originally published in J. Exp.
Med. 188(1):119-31). (B) The numbers on the left side indicate the size of the bands displayed by
the standard 1kb ladder. First and sixth lane: 1kb ladder used as size standard; second lane: PCR
+/+
product of DNA isolated from a WT mouse (CD18 ), lane 3 to 5: PCR product of DNA isolated
+/from heterozygous mice (CD18 ); lane 7 to 9: PCR product of DNA isolated from CD18 deficient
-/mice (CD18 ). bp: base pairs.
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Figure 8 B shows an example of a result obtained by DNA-isolation out of tail tips,
PCR and subsequent gel electrophoresis.
2.3

Wound healing experiments

Wound healing experiments were performed as described previously (Peters et
al., 2005; Sindrilaru et al., 2009). Before the induction of full-thickness excisional
wounds (including panniculus carnosus), mice were narcotized by intraperitoneal
injection of an esketaminhydrochlorid (10g/l) (Pfizer) and xylazinhydrochlorid (1g/l)
(Bayer) solution (10µl/g bodyweight). The backs of the mice were shaved and
disinfected with a 70% alcohol solution. Four wounds were induced on the back of
each mouse using 6mm biopsy punches (Stiefel). On day 0, 3, 5, 7 and 10 after
wounding the eschar was carefully removed with sterile tweezers before taking
pictures of the wounds with a digital camera (DMC-LX3, Panasonic). The wound
size at each time point was analysed with Adobe Photoshop 7.0.1 (Adobe
Systems). Wound areas were expressed as the percentage of the initial wound
area at day 0 which is considered 100%.
In selected experiments the oxidative burst inducer rotenone (1.5mg/kg), the
glutathione peroxidase mimetic ebselen (10mg/kg) and the superoxide anion
dismutation enzyme SOD (10kU/kg) (all Sigma-Aldrich) were injected intradermally
at three sites around each wound in a volume of 100µl in phosphate buffered
saline (PBS) (Biochrom). Injections were performed on anesthetized mice at days
2 to 6 after wounding. To specifically target wound macrophages rotenone and
ebselen were enclosed in liposomes and SOD was loaded into polyelectrolyte
capsules (PEC) as previously described (De Geest et al., 2006; Dierendonck et
al., 2011; Dierendonck et al., 2012). For control injections empty PEC or
liposomes were used.
In another set of experiments, 1x106 bone marrow derived WT or p40phox-/macrophages in 100µl PBS were injected around wound margins of WT and
CD18 -/- mice, one day after wounding.
Generation of liposomes and PEC
Rotenone- or ebselen-loaded and empty liposomes, as well as SOD-PEC and
control PEC were prepared at the Department of Pharmaceutics of the University
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of Ghent and generously provided by Prof. Bruno De Geest. Briefly, liposomes
were prepared from DOPG (1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol))
and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) (both Avanti Polar Lipids).
Lipids were suspended in chloroform (2mg/ml) at a DOPG:DOPC ratio of 1:9 and
rotenone or ebselen were subsequently added at a 1:10 ratio relative to the total
amount of lipids. Chloroform was removed by evaporation and the remaining lipid
film was rehydrated with PBS. Finally, sonication resulted in a liposome dispersion
of 1mg/ml, on lipid base (De Geest et al., 2006; De Geest, personal
communication 2013).
For PEC preparation 200mg mannitol, 25mg dextran sulfate and 25mg poly-Larginine hydrochloride salt together with 5mg SOD (all Sigma-Aldrich) were
dissolved in 25ml deionized water. Capsules were generated by spray drying the
solution with a Büch B290 spray drier (Büchi Labortechnik) and stored as dry
powder. Just before using the capsules, the powder was resuspended in PBS.
Detection of PEC-uptake by macrophages
Liposomes are specifically and selectively taken up by phagocytes and therefore a
valuable tool to specifically target macrophages (Sindrilaru et al., 2011; Van
Rooijen and Sanders, 1994; Wang et al., 2006a). To study whether PEC are
efficiently taken up by macrophages as well and if this process is β2 integrindependent, WT and CD18-/- bone marrow-derived macrophages were coincubated for 3hrs with Rhodamine-labeled poly-L-arginine-containing PEC in a
ratio of 1:10. After co-incubation, macrophages were stained with an eFluor®450
(pacific blue)-conjugated antibody against the macrophage specific marker F4/80
and the uptake of the capsules was assessed by flow cytometry analysis of
F4/80+Rhodamine+ cells.
Quantification of the oxidative burst in vivo
To measure the oxidative burst in wounds, the redox sensitive chemiluminescent
probe L-012 (8-Amino-5-chloro-7-phenylpyrido [3,4-d] pyridazine-1,4-(2H,3H)
dione Sodium-Salt) (Wako Chemicals) was injected intraperitoneally into WT,
CD18-/- and p40phox-/- mice 3 days after wounding (25mg/kg (Kielland et al., 2009),
100µl/mouse in physiological saline (Braun)). The mice were anesthetized 20min
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after injection and luminescence at the wound area was measured using the IVIS®
200 imaging system (Xenogen) with an exposure time of 30sec. The average
radiance at wound sites was determined with the software Living Image 4.2
(Caliper Life Sciences) by defining regions of interest (ROI) around wound margins
(Figure 9).

Figure 9: In vivo imaging - defining regions of interest (ROI) around wound margins. To
exactly measure the average radiance at wound sites, ROI were set using the plain digital picture
of the mice (left). An overlay picture of photograph and measured luminescence allowed to
determine the average radiance exactly at the defined regions (right).

2.4

Preparation of murine bone marrow-derived macrophages and

apoptotic PMN
Isolation of bone marrow cells
Murine macrophages and PMN were prepared as previously described (Peters et
al., 2005; Sindrilaru et al., 2009; Sindrilaru et al., 2011). Mice were narcotized and
sacrificed by cervical dislocation, femur and tibia of both hind legs were freed from
muscle tissue and bone marrow cells were flushed out of the bones with ice-cold
PBS (5ml/bone). After centrifugation at 1400 revolutions per minute (rpm) and 4°C
for 10min, red blood cells were lysed by resuspending the pellet in ACK-lysis
buffer and 3min incubation on ice. Cell lysis was stopped by addition of ice-cold
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PBS. After another centrifugation step the cells were further used for macrophage
or PMN preparation.
Preparation of bone marrow-derived macrophages preparation and culture
For macrophage maturation, bone marrow cells were resuspended in DMEM
complete macrophage medium, supplemented with L929 cells conditioned
medium as source of the colony stimulating factor M-CSF (macrophage colonystimulating factor). Due to differences in adherence capacity WT cells were plated
onto uncoated petri dishes (2 dishes of 10ml/mouse), while coated tissue culture
dishes were used for CD18-/- and p40phox-/- cells (both Nunc/Thermo Fisher).
Mature macrophages were harvested after 5 days of culture in a 5%CO2
humidified atmosphere at 37°C. For this, the medium was exchanged with ice-cold
PBS and the dishes were kept at 4°C for 20min to allow detachment of the cells.
Detached cells were scraped from the dishes with cell lifters (Corning
Incorporated) and were then further used for in vitro or wound healing
experiments. The purity of macrophage populations was regularly assessed by
staining for the macrophage marker F4/80 and flow cytometry analysis.
Preparation of L929 cell conditioned medium
L929 cells (Earle et al., 1943) derive from a murine fibrosarcoma cell line and
release high amounts of M-CSF into their culture medium (Stanley and Heard,
1977; Stanley et al., 1978). The cell culture supernatant of L929 cells is a wellestablished crude source of M-CSF for macrophage maturation from whole bone
marrow cells. L929 cells were cultured in DMEM containing 10% FBS (hi), 2%
L-Glutamine, 1% Penicillin/Streptomycin and 1% NEAA at 37°C, 5% CO2 until they
reached 70-80% confluence. After adding additional 10% FBS, L929 cells were
cultured for another 24hrs before the conditioned medium was collected and
stored at -20°C. For further cultivation the cells were split 1:10.
PMN purification and induction of apoptosis
PMN were purified form bone marrow cells by Percoll density gradient
centrifugation with minor adjustments to the method described by Peters et al.
(2005) and Sindrilaru et al. (2009). Gradients (1 gradient/4 bones) were prepared
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with solutions containing 81%, 62%, 55%, and 50% Percoll. These solutions were
carefully distributed on top of each other in a 15ml tube (Sarstedt), starting with
3ml 81% Percoll-solution at the bottom of the tube, followed by 2ml of 62%, 55%,
and 50% solutions. All solutions were used at room temperature. Bone marrow
cells were resuspended in HBSS 1x prep (3ml/4 bones), carefully layered on top of
the column and the gradients were centrifuged for 30min at 23°C, 2700rpm
(acceleration set to 4, deceleration to 0). After centrifugation the mononuclear cells
at the interface of the 81% and 62% and of the 62% and 55% layers were carefully
harvested with a pipette, washed, counted and resuspended in PBS at a cell
density of 20x107 cells/ml. To render WT and CD18-/- PMN apoptotic by ageing
they were incubated for 18hrs at 37°C, 5% CO2 in a humidified atmosphere. PMN
derived form p40phox-/- mice were incubated for 24hrs under the same conditions,
as they have been shown to have an increased resistance to apoptosis (Sanmun
et al., 2009). For all co-culture experiments PMN were resuspended in adhesion
buffer.
The purity of the population as well as the rates of vital, apoptotic, and necrotic
cells were assessed by staining with an phycoerythrin (PE)-labeled antibody for
the neutrophil marker Gr-1 and an AnnexinV (fluorescein isothiocyanate (FITC)labeled) and propidium iodide (PI) staining, respectively, and subsequent flow
cytometry analysis (Table 3).
2.5

Flow cytometry analysis

To assess the purity of cell populations, apoptosis rates and PEC uptake by
macrophages, macrophages and PMN were analysed by flow cytometry. For this,
the cells were incubated for 15min in PBS (100µl/106 cells) containing 10% FcR
blocking reagent (mouse) (Miltenyi Biotec) at room temperature to block unspecific
binding of the antibodies. Then fluorophore labelled antibodies were directly added
to the cells in concentrations listed in Table 3 and incubated for another 15min at
room temperature, protected from light. If cells were not directly analysed they
were resuspended in a 3% paraformaldehyde (PFA) (Sigma-Aldrich) solution and
stored at 4°C, protected from light. For immediate analysis cells were resuspended
in FACSFlow Sheath Fluid (BD Biosciences). All experiments were carried out with
a BD FACSCanto II flow cytometer or a LSR Fortessa cell analyzer (both BD
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Biosciences). The results were further processed with the FlowJo software,
version 7.6.5 (Tree Star).
Table 3: Antibodies for flow cytometry analyses.
Primary antibody
Label

Company

raised against
F4/80
Anti-GR-1-PE
Annexin V: FITC
apoptosis detection kit I

2.6

Catalogue
number

Concentration
6

(per 1x10 cells)

eFluor®450

eBioscience

48-4801

0,5µg

PE

Miltenyi Biotec

130-091-932

0,5µg
according to

FITC

BD Biosciences

556547

manufacturer’s
protocol

NADPH-based fluorescence lifetime imaging (FLIM)

For NADPH-based FLIM mature macrophages were seeded in complete
macrophage medium onto glass bottom dishes (1x106 cells/dish, diameter of the
dishes 35mm) (MatTek) and kept at 37°C, 5%CO2 for 1hr to allow the cells to
adhere to the dish. Just before measurement the macrophage medium was
exchanged with preheated HBSS containing Ca2+ and Mg2+.
A tunable Titanium:Sapphire laser (Mai Tai AX HPDS, Spectra Physics) coupled to
a laser scanning microscope (LSM710, Zeiss) was set to a wavelength of 720nm
to excite NADPH and fluorescence lifetimes were detected using a narrow band
pass filter at 436nm (BP 436±10nm) (both AHF Analysentechnik) and a two
channel time-correlated single-photon-counting system (Becker&Hickl) (Rueck et
al., 2014). The fluorescence lifetime in untreated macrophages was measured
first, subsequently apoptotic PMN were added to the macrophages at a
PMN:macrophage ratio of 2:1. Fluorescence lifetimes were further measured
every 2min for a total period of 25min. As a positive control, the fluorescence
lifetime was measured in macrophages treated with 20ng/ml PMA (phorbol 12myristate 13-acetate) (Sigma-Aldrich). Data was acquired using the program ZEN
(Zeiss) and SPCM (Becker & Hickl), analysis of the fluorescence lifetime of
enzyme bound NADPH (τ2) was done with SPC-image software (Becker & Hickl).
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2.7

Immunoblotting

Preparation of tissue lysates
Tissue lysates were prepared from wounds harvested on day 5 and 7 after
wounding. If wounds were injected on the same day, the tissue was harvested
2hrs after injection. Mice were sacrificed and the wound tissue was carefully cut
out of the back skin and immediately deep-frozen in liquid nitrogen. Frozen tissue
was ground in lysing matrix tubes containing 1,4mm ceramic spheres (MP) using a
FastPrep-24 homogenizer (MP). For this, ice-cold RIPA lysis buffer (SigmaAldrich), containing phosphatase and protease inhibitors (HaltTM Protease and
Phosphatase Inhibitor Single-Use Cocktail) (Thermo Fisher) was added to the
tissue. The tissue lysates were cleared by centrifugation for 20min at 4°C and
13200rpm, protein concentrations were determined by the colorimetric Bradford
assay (BioRad Protein Assay, BioRad). Lysates were snap-frozen in liquid
nitrogen and kept at -80°C until subjected to SDS-PAGE (SDS-polyacrylamidgelelektrophorese) or ELISA (enzyme-linked immunosorbent assay).
Preparation of cell lysates
As complimentary experiment, to further verify the results obtained by FLIM,
phosphorylation of p40phox in macrophages upon phagocytosis of apoptotic PMN
was analysed by Western blot. For this WT and CD18-/- macrophages were
harvested after 5 days of culture, counted and seeded onto tissue culture plates in
10ml DMEM containing 2% L-glutamine, 1% pen/strep, 1% NEAA and 0.5% FBS
(hi). The next day macrophages were either treated for 15min with the receptorindependent NOX2 activator PMA (100ng/ml) as a positive control, with rotenoneliposomes (10nM) for 45min or co-incubated with WT or CD18-/- apoptotic PMN for
45min at a macrophage:PMN ratio of 1:10 according to a protocol previously
described by my group (Peters et al., 2005). Untreated macrophages served as
negative controls. After incubation the medium was discarded, macrophages were
harvested, shortly centrifuged and the cell pellets were immediately frozen in liquid
nitrogen. To test for interfering signals from apoptotic PMN in lysates of cocultures, an aliquot of apoptotic PMN was kept and further processed as described
for macrophages. Cell lysates were prepared in LDS sample buffer (CBS
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Scientific) by sonication. For this 1x LDS sample buffer (30µl/1x106 cells) was
added to deep frozen cell pellets before they were sonicated 6x for 10sec at 30%
on ice with a SONOPULS HD 2070 sonicator (Bandelin). Lysates were cleared by
centrifugation for 15min at 4°C and 13200rpm and immediately subjected to SDSPAGE.
Western blot
For each sample the same amount of protein (50–100µg) or cell lysates from
1x106 cells (30µl) were used for separation by SDS-PAGE. After electrophoresis a
semi-dry transfer was performed to blot proteins onto nitrocellulose membranes
(GE Healthcare). The membranes were then incubated with blocking solution for
1hr at room temperature on a shaker to prevent non-specific binding of the
antibodies. Primary antibodies (Table 4) were diluted in the respective blocking
solution and incubated with the membranes overnight at 4°C.
Table 4: Primary antibodies for Western blots.
Primary antibody

Catalogue

Host

Label

Company

αSMA

Mouse

-

Progen

61001

1:200

TGFβ-RII

Rabbit

-

Santa Cruz

sc-400

1:100

p40phox

Rabbit

-

07-501

1:1000

p-p40phox

Mouse

-

Santa Cruz

sc-377550

1:100

Goat

HRP

Santa Cruz

sc-1615

1:10000

raised against

β-actin

Upstate/ Merck
Millipore

number

Dilution

HRP: horseradish peroxidase
Table 5: Secondary antibodies for Western blots.
Catalogue

Secondary antibody

Label

Company

Goat anti-rat IgG

HRP

Jackson Immuno Research

112-035-175

1:10000

Goat anti-mouse IgG

HRP

Jackson Immuno Research

115-035-174

1:10000

Mouse anti-rabbit IgG

HRP

Jackson Immuno Research

211-032-171

1:10000

number

Dilution

HRP: horseradish peroxidase
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Following a washing step (3x10min in TBST or 6x10min in blocking solution for
p40phox and phospho-p40phox antibodies) the membranes were incubated with
respective horseradish peroxidase (HRP)-conjugated secondary antibodies (Table
5) for 2hrs at room temperature. Immunoreactions were visualized by a luminolbased reaction (LumiGLO, Cell Signaling) and digitized with the Fusion FX7
imaging system and the corresponding software (Fusion 15.11, Vilber Lourmat).
Membranes were further incubated for 2hrs at room temperature with a HRPconjugated antibody against β-actin as loading control. Relative protein expression
was calculated by semi-quantitative densitometric analysis (Bio1D 12.12, Vilber
Lourmat).
2.8

Immunofluorescence histology

Immunofluorescence stainings were performed on wounds harvested at day 3, 5
and 7 after wounding. Immediately after harvesting, the wounds were embedded
in Tissue-Tek O.C.T. compound (Sakura) and snap-frozen in liquid nitrogen.
Wound sections with a thickness of 5µm were prepared with a cryomicrotom (HM
560, Thermo Fisher) and transferred onto Polysine Adhesion Slides (Thermo
Fisher). The sections were fixed in 4% ice-cold PFA for 10min at 4°C and
unspecific binding was blocked by incubating the sections with 5% BSA for 30min
at room temperature. The further staining steps were performed in wet chambers.
Washing between the incubation steps was done in PBS. Antibodies were diluted
in a background reducing antibody diluent (Dako).The primary antibody was added
onto the sections and incubated for 2hrs at room temperature or overnight at 4°C.
For each antibody control stainings with the appropriate IgG isotype were
performed at equivalent concentrations. Wound infiltrating PMN and macrophages
were detected with antibodies against GR-1 and F4/80, respectively. To detect
endothelial cells and myofibroblasts antibodies against CD31 and αSMA were
used. TGF-β staining was done with a TGF-β1 polyclonal antibody (Table 6). As
secondary antibodies Alexa Fluor®488 and Alexa Fluor®555-coupled antibodies
from Invitrogen were used, as specified in Table 7. The sections were incubated
with secondary antibodies for 1hr at room temperature. Cell nuclei were
counterstained with 4',6-Diamidino-2-phenylindole (DAPI) (Fluka/Sigma-Aldrich) at
a final concentration of 1µg/ml in PBS. Finally, the sections were covered with
Dako fluorescent mounting medium and a cover slip (Thermo Fisher). Slides were
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stored protected from light at 4°C until analysis was performed. Image acquisition
was done using an AxioImager M1 microscope, an AxiCam MRc digital camera
and the corresponding software (AxioVision version 4.74., all Zeiss).
Table 6: Primary antibodies for immunofluorescence staining.
Primary antibody

Catalogue

Host

Company

Ly-6G and Ly-6C (Gr-1)

Rat

BD Biosciences

553122

1:200

F4/80 (BM8)

Rat

eBioscience

14-4801-85

1:200

CD31

Rat

BD Biosciences

557355

1:200

αSMA

Mouse

Progen

61001

1:200

Rabbit

Acris

AP06350PU-N

1:100

Rat

Caltag

R100

Mouse

BD Biosciences

557273

Rabbit

BD Biosciences

550875

raised against

Polyclonal Antibody to TGFbeta-1 (TGFB1) - Aff- Purified
Rat IgG1, (Purified)
Purified Mouse IgG1, κ
Isotype Control
Purified Rabbit IgG Isotype
Standard

number

Dilution

According to
primary ab
According to
primary ab
According to
primary ab

ab: antibody
Table 7: Secondary antibodies for immunofluorescence staining.
Secondary antibody

Catalogue

Label

Company

Goat anti-mouse IgG

Alexa Fluor®488

Invitrogen

A-11001

1:200

Goat anti-rat IgG

Alexa Fluor®555

Invitrogen

A-21434

1:200

Goat anti-rat IgG

Alexa Fluor®488

Invitrogen

A-11006

1:200

Goat anti-rabbit IgG

Alexa Fluor®555

Invitrogen

A-21430

1:200

2.9

number

Dilution

Detection of ROS in situ

To study ROS levels in tissue of WT and CD18-/- wounds and CD18-/- wounds after
injection of rotenone-liposomes, the tissue was harvested and processed as
described in sections 2.7 and 2.8. Freshly cut serial wound cryosections (10µm)
were incubated with the redox-sensitive dye hydroethidine (DHE) (Invitrogen)
(5µM in PBS), DHE together with the O2-.-scavenger SOD (500U/ml in PBS) or
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DHE together with the H2O2-scavenger catalase (1000U/ml in PBS) for 20min at
37°C, thereafter cell nuclei were stained with DAPI. Microscopic analysis was
done immediately after staining.
2.10 ELISA
Levels of active TGF-β1 in cell and wound tissue lysates, as well as in cell culture
supernatants, were assessed by specific ELISA (R&D Systems/Biotechne).
Wound tissue lysates were prepared as described above. For cell lysates, in vitro
co-culture experiments of WT and CD18-/- macrophages with WT or CD18-/apoptotic PMN were performed. Mature macrophages were seeded onto 24-well
plates at 5x105 cells/500µl/well in serum-free medium and co-cultured with 5x106
PMN/500µl/well for 24hrs. To investigate the modulation of active TGF-β1 release
by ROS, co-cultures were treated with rotenone (final concentration 0.5µM) 8hrs,
11hrs and 21hrs after adding apoptotic PMN. Additionally, at time point 0 the
H2O2-scavenger

catalase

(5000U/ml)

was

added

to

co-cultures

of WT

macrophages and WT apoptotic PMN. After 24hrs of co-incubation at 37°C,
5%CO2 cell culture supernatants were collected and cell lysates were prepared.
For this, the cells were incubated with ice cold RIPA lysis buffer, containing
phosphatase and protease inhibitors, for 10min on ice. Lysates were cleared by
centrifugation and the protein content of lysates and supernatants was determined
by Bradford assay before the samples were subjected to ELISA.
Cell lysates and supernatants were used undiluted. To measure active TGF-β1 in
tissue lysates protein concentrations of 6µg/µl were used. ELISAs were further
performed as described in the manufacturer’s protocol.
2.11 Quantification of the oxidative burst in vitro
To determine whether rotenone induces the release of ROS by macrophages in
vitro, bone marrow derived WT macrophages were loaded with the redox-sensitive
dye CM-H2DCFDA (5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetat, acetyl ester, DCF) (Invitrogen). Macrophages were incubated in preheated
RPMI (Lonza) containing 20µM DCF for 30min at 37°C, 5% CO2. Thereafter the
cells were washed with preheated PBS, resuspended in HBSS containing Ca2+
and Mg2+ and seeded on black 96-well plates (Nunc/Thermo Fisher) at a density of
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105cells/100µl/well. After incubating the cells for 20min at 37°C to allow
adherence, the baseline fluorescence was measured. Subsequently rotenone was
added to the macrophages in a final concentration of 0.5µM and the fluorescence
intensity was measured after 10min and afterwards every 20min, for a period of
90min. To quantify the increase in fluorescence intensity, the baseline values
served as reference. The fluorescence signal was measured using a Mithras
LB940 microplate reader (Berthold Technologies) with an excitation filter of 485nm
and an emission filter of 535nm, data was acquired using MicroWin 2000 software
(version 4.34, Mikrotek).
2.12 Statistics
Statistical analyses were done using GraphPad Prism software version 6.02
(GraphPad Software). Statistical significance was determined by two-tailed
Student’s t-test. P values less than 0.05 were considered statistically significant.
*P<0.05, ** P<0.01, *** P<0.001.
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3.

Results

3.1

Purity of macrophages and PMN populations and apoptosis rates

Bone marrow derived macrophages typically yielded a population purity of more
than 93% after 5 days of culture, as assessed by F4/80 staining and flow
cytometry (Figure 10 A). The purity of isolated PMN reached up to 99% and
typically more than 70% of Gr-1+ PMN were early (AnnexinV+PI-) or late
(AnnexinV+PI+) apoptotic after ageing (Figure 10 B).
3.2

Impaired wound healing in CD18-/- mice is due to insufficient amounts

of ROS at wound sites
Using the redox-sensitive chemiluminescent probe L-012 (Kielland et al., 2009;
Pizzolla et al., 2012), ROS levels in 3 days old wounds of WT and CD18-/- mice
were studied by in vivo imaging. As shown by the representative pictures in Figure
11 A and by the quantitative analysis of the mean radiance of defined regions of
interest of 12 different wounds (Figure 11 B), CD18-/- mice revealed a significantly
reduced oxidative burst at wound sites during inflammation, as compared to WT
control mice. This was further confirmed by DHE staining of cryosections from 3
days old WT and CD18-/- wounds. The intensity of the red fluorescence, which
reflects ROS levels at wound sites, was severely reduced in CD18-/- wounds, as
compared to WT wounds. The O2-. scavenger SOD, as well as the H2O2 scavenger
catalase co-incubated with DHE were able to strongly quench the redoxdependent fluorescence of WT wounds, confirming that the signal was specifically
induced by O2-. and H2O2 at wound sites (Figure 11 C). These results indicate that
functional β2 integrins are essential for physiological ROS levels at wound sites
during the inflammatory phase of the wound healing process.
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A

B

Figure 10: Flow cytometry analysis of the population purity of bone marrow derived
macrophages and PMN and apoptosis rates. (A) Representative results for flow cytometry
analysis of WT bone marrow derived macrophages (Mφ), stained for the macrophage-specific
marker F4/80. After 5 days of culture macrophage populations typically yielded a purity of more
than 93%. (B) Representative results for flow cytometry analysis of WT bone marrow derived PMN,
stained for the PMN-specific marker Gr-1. PMN populations yielded a purity of up to 99%. After
+
+ rendering PMN apoptotic by ageing, 70% of Gr-1 cells were early (AnnexinV PI ) and late
+ +
(AnnexinV PI ) apoptotic. FSC: forward scatter, SSC: side scatter.
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-/-

Figure 11: CD18 mice present strongly reduced levels of ROS at wound sites, as compared
to WT mice. (A) Oxidative burst levels assessed by in vivo imaging using the redox sensitive
-/substrate L-012 in WT and CD18 wounds 3 days after wounding. Pseudo colours, as specified by
the colour legend, show the mean radiance in photons/s/cm²/steradian. (B) Quantification of the
-/L-012 mean radiance at wound sites of WT and CD18 mice. Data is given as mean ± SD (n=12).
***P<0.001 by Student’s t-test. (C) Representative micrographs of DHE stainings of WT (upper
-/panel) and CD18 (lower panel) wound cryosections 3 days after wounding. The intensity of the
red DHE fluorescence reflects ROS levels in the tissue. The specificity of the signal was confirmed
.by co-incubation with DHE and the O2 scavenger SOD and the H2O2 scavenger catalase. Nuclei
were counterstained with DAPI (blue). Dashed lines represent the border between epidermis and
dermis. Original magnification 10x; scale bars indicate 100µm. es: eschar.
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To further elucidate whether reduced generation of ROS at wound sites was
causal for the impaired wound healing in CD18-/- mice, I injected the oxidative
burst inducer rotenone encapsulated in liposomes – which are preferentially taken
up by phagocytes – around full-thickness excisional wounds of CD18-/- and WT
mice to increase ROS release from wound macrophages. Rotenone inhibits the
mitochondrial electron transport chain in complex I and, most importantly, has
recently been shown to activate the phagocyte NADPH oxidase NOX2, the main
source of ROS in macrophages (Li et al., 2003b; Lindahl and Oberg, 1961; Zhou
et al., 2012). Liposomal rotenone targeted to wound macrophages significantly
accelerated wound healing of CD18-/- mice as compared to CD18-/- control mice,
and rescued their impaired wound healing phenotype (Peters et al., 2005;
Sindrilaru et al., 2009) to WT levels by day 10 after wounding. Physiological
wound healing of WT mice was affected neither by control- nor by rotenoneliposomes injected around wound margins (Figure 12 A, B). Furthermore, injection
of rotenone-liposomes strongly increased ROS levels in CD18-/- wounds, when
compared to wounds injected with control-liposomes, as shown by the strong
fluorescence signal in DHE stained wound cryosections (Figure 12 C). Taken
together, these results indicate that the beneficial effect of rotenone on CD18-/impaired wound healing is due to increased ROS release at wound sites and that
insufficient amounts of ROS are causal for the severe delay of wound closure
presented by CD18-/- mice.
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C

-/-

Figure 12: Increased release of ROS induced by rotenone at wound sites rescues CD18
-/impaired wound healing. (A) Representative photographs of WT and CD18 wounds injected
with control- or rotenone-containing liposomes at days 0, 5, 7 and 10 after wounding. (B) Statistical
-/analysis of 20 areas of WT and CD18 wounds injected with control (square symbols) or rotenonecontaining liposomes (round symbols) assessed at days 0, 3, 5, 7 and 10 after wounding. Wound
areas are expressed as percentage of the initial wound area (day 0), which is considered 100%.
Results, shown as scatter plots, are representative for three independent experiments; bars
indicate the mean values of each cohort. *P<0.05, **P<0.01, ***P<0.001 by Student’s t-test. (C)
-/Representative micrographs of DHE stainings of CD18 wound cryosections 5 days after wounding
with injection of control- (left) or rotenone-liposomes (right). The intensity of the red DHE
fluorescence signal reflects ROS levels in the tissue. Nuclei were counterstained with DAPI (blue).
Dashed lines mark the junction between epidermis and the dermal compartment. Original
magnification 10x; scale bars indicate 100µm. es: eschar.

3.3

Rotenone improves CD18-/- impaired wound healing through increased

release of superoxide anions and hydrogen peroxide
Co-injections of rotenone-liposomes together with liposomes containing the H2O2scavenging glutathione peroxidase mimetic (Müller et al., 1984) and NOX2
inhibitor (Smith et al., 2012) ebselen or together with PEC containing the O2-.
scavenger SOD around wound margins of CD18-/- and WT mice were performed
to further analyse the effect of specific ROS on wound healing under CD18-/conditions. Most interestingly, co-injection of ebselen significantly diminished the
favourable effect of rotenone on CD18-/- wound healing already at day 3 and
completely abolished this effect by day 10 after wounding. However, scavenging
O2-. by co-injecting SOD only slightly reduced the effect of rotenone at day 7 and
day 10 after wounding (Figure 13 A and B) These results suggest the increased
release of H2O2, most probably preceded by increased O2-. release, by wound
macrophages to mechanistically underlie the improved CD18-/- wound healing
upon rotenone-injection.
52

A

B
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Figure 13: Rotenone-induced increased release of ROS at wound sites rescues impaired
-/-/CD18 wound healing. (A) Representative photographs of WT and CD18 wounds injected with
-/control-liposomes as well as CD18 wounds injected with rotenone-liposomes alone or in
combination with ebselen-liposomes or SOD-PEC at day 0, 5, 7, and 10 after wounding. (B)
-/Quantitative analysis of 20 WT and CD18 wounds injected with control liposomes (square
symbols), rotenone-containing liposomes (round symbols), rotenone- and ebselen-liposomes
(triangles) or rotenone-liposomes and SOD-PEC (diamonds) assessed at indicated time points.
Wound areas are expressed as percentage of the initial wound area (day 0). Data, given as scatter
plots, reflect 1 of 3 independent experiments; bars indicate the mean values of each cohort.
*P<0.05, **P<0.01, ***P<0.001 by Student’s t-test. (C) Flow cytometry analysis of the in vitro uptake
+
-/of Rhodamine-labeled PEC by F4/80-eFluor®450 WT (upper panel) and CD18 (lower panel)
macrophages (Mφ) before and after 3hrs of co-incubation.

Flow cytometry analysis of WT and CD18-/- macrophages co-incubated with
Rhodamine-coupled poly-L-arginine containing PEC confirmed that PEC are
efficiently taken up by macrophages of both genotypes (Figure 13 C) in a β2
integrin-independent manner.
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3.4

Reduction of ROS levels in WT mice significantly delays normal

wound healing
To provide further evidence for the essential role of ROS, released by wound
infiltrating macrophages, for the physiological healing process, I next injected
ebselen-liposomes or SOD-PEC around wound margins of WT mice. As shown in
Figure 14, scavenging macrophage derived ROS by either ebselen (A, B top) or
SOD (A, B bottom) injection significantly delayed wound healing under WT
conditions, with the effect being most significant between day 5 and day 7 after
wounding. As expected, injection of control-particles around wound margins did
not influence wound healing in WT mice (Figure 14 A, B). Reduced levels of active
TGF-β1 and impaired granulation tissue formation under CD18-/- conditions are
due to reduced generation of ROS at wound sites

A

B

Figure 14: Normal wound healing essentially requires physiological levels of ROS. (A)
Representative photographs of WT wounds injected with control carriers, ebselen-containing
liposomes or SOD-PEC at indicated time points. (B) Statistical analysis of 20 wound areas of WT
mice injected with control carriers (closed symbols), ebselen-liposomes (open symbols, top) or
SOD-loaded PEC (open symbols, bottom) as assessed on days 0, 3, 5, 7 and 10 after wounding.
Wound areas are presented as percentage of the initial wound area (day 0), which is considered
100%. Data are presented as scatter plots and represent one of three independent experiments;
bars indicate mean values of each. *P<0.05, **P<0.01, ***P<0.001 by Student’s t-test.
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In previous studies our group could demonstrate that impaired wound healing in
CD18-/- mice is due to reduced phagocytosis of apoptotic PMN by macrophages,
because of an impaired formation of the phagocytic synapse between
macrophages and PMN. Furthermore, we showed that this leads to insufficient β2
integrin-dependent activation of TGF-β1 from its latent complex by macrophages
and, consequently, to impaired TGF-β1-dependent granulation tissue formation
and delayed wound healing (Peters et al., 2005; Sindrilaru et al., 2009). To further
study the exact mechanism underlying the rotenone-improved CD18-/- wound
healing, granulation tissue formation and levels of active TGF-β1 were investigated
by immunostainings of wound cryosections. Double stainings with antibodies
against macrophage-specific F4/80 (green) and active TGF-β1 (red) (Figure 15 A),
as well as quantification of F4/80+TGF-β1+ double positive macrophages (yellow
overlay) at wound sites, revealed significantly increased numbers of TGF-β1+
macrophages in CD18-/- rotenone-injected wounds, compared to CD18-/- wounds
injected with control-liposomes (Figure 15 B). There was no difference in numbers
of TGF-β1+ macrophages between CD18-/- rotenone-injected wounds and WT
control wounds, suggesting rotenone-induced ROS release at wound sites to fully
rescue active TGF-β1 release form CD18-/- wound macrophages. These findings
were further strengthened by measuring active TGF-β1 in wound lysates using
specific ELISA. As shown in Figure 15 C active TGF-β1 levels were significantly
increased in lysates of rotenone-treated as compared to PBS-liposomes-injected
CD18-/- wounds on day 5 and day 7 after wounding.
In line with increased TGF-β1 release, which is one of the main growth factors
inducing granulation tissue formation during wound healing (Desmouliere et al.,
1993; Roberts et al., 1986; Sankar et al., 1996), I found that CD18-/- rotenonetreated wounds showed increased expression of the myofibroblast specific marker
αSMA (green), as well as increased endothelial cell-specific CD31 (red) when
compared to CD18-/- control wounds on day 5 and 7 after wounding (Figure 15 D
and E). Western blot for αSMA and TGFβ-RII, another myofibroblast marker, with
wound tissue lysates and subsequent semiquantitative densitometric analysis
revealed a significantly increased expression of both granulation tissue markers in
CD18-/- wounds upon rotenone treatment at day 5 after wounding. For TGFβ-RII
this was also true at day 7 after wounding, however for αSMA a trend (P=0.0976)
was observed at this time point (Figure 15 F and G). These findings indicate that
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physiological levels of ROS at wound sites are essential for TGF-β1 activation by
macrophages at wound sites, which is required for granulation tissue formation
and normal tissue repair.

A

B
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Figure 15: Rotenone rescues impaired TGF-β1 activation and thereby granulation tissue
-/formation in CD18 wounds. (A) Representative micrographs of immunofluorescence stainings
-/for active TGF-β1 (red) and the macrophage-specific marker F4/80 (green) of WT and CD18
wound cryosections injected with control liposomes or rotenone-containing liposomes at day 5 and
7 after wounding. Nuclei were counterstained with DAPI (blue). Original magnification 10x; scale
bars indicate 100µm (20µm for inserts). Dashed lines mark the junction between epidermis and
dermis. es: eschar, he: hyperproliferative epidermis, wm: wound margin, gt: granulation tissue. (B)
+
+
Quantitative analysis of TGF-β1 F4/80 macrophages (Mφ) (yellow overlay in A) as percentage of
+
all F4/80 macrophages per high power field (HPF). Results are presented as mean ± SD (n=5).
**P<0.01, ***P<0.001 by Student’s t-test. (C) Quantitative evaluation of active TGF-β1 in tissue
-/lysates of 5 and 7 days old CD18 wounds injected with control- or rotenone-liposomes, assessed
by specific ELISA. Data expressed as mean ± SD (n=5) are representative for three independent
experiments. **P<0.01 by Student’s t-test. (D) Representative photomicrographs for
-/immunostainings of WT and CD18 wounds at day 5 and 7 after wounding after injection of
rotenone-liposomes or control-liposomes, with antibodies against the myofibroblast-specific αSMA
(green) and the endothelial cell–specific CD31 (red). Cell nuclei were counterstained with DAPI
(blue). Dashed lines indicate the junction between the epidermal and dermal compartment. Original
magnification 10x; scale bars indicate 100µm. es: eschar, he: hyperproliferative epidermis, wm:
+
wound margin, gt: granulation tissue. (E) Quantitative analysis of CD31 cells in 5 and 7 days WT
-/and CD18 wounds after injection of control- or rotenone-liposomes. Results represent the mean
cell number per high power field (HPF) ± SD (n=5). *P<0.05, ***P<0.001 by Student’s t-test. (F)
Immunoblot and (G) semiquantitative densitometric analysis of expression levels of αSMA and
-/TGFβ-RII in WT and CD18 wound tissue after injection of control- or rotenone-liposomes at day 5
and 7 after wounding. Expression levels were normalized to expression levels of house-keeping βactin. Data given as mean ± SD. *P<0.05, **P<0.01, by Student’s t-test (n=5).
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3.5

Activation of TGF-β1 by macrophages upon phagocytosis of apoptotic

PMN in vitro depends on the release of ROS by macrophages
The phagocytosis of apoptotic PMN by macrophages during wound healing is
severely impaired under CD18-/- conditions and this defect is causal for the
reduced release of active TGF-β1 at wound sites (Peters et al., 2005; Sindrilaru et
al., 2009). Therefore, to further provide evidence that rotenone induces ROSdependent TGF-β1 activation by macrophages, in vitro co-culture experiments with
WT and CD18-/- macrophages and apoptotic PMN were performed. First,
rotenone-dependent generation of ROS was studied in macrophages stained with
the redox-sensitive dye DCF. The DCF fluorescence intensity, which reflects
tissue ROS levels, was significantly increased in macrophages co-incubated with
rotenone, as compared to control macrophages, showing that rotenone
considerably induces ROS in macrophages in vitro (Figure 16 A). Next, I
investigated the activation of TGF-β1 in macrophages upon phagocytosis of
apoptotic PMN and the modulation thereof upon treatment with rotenone and the
H2O2 scavenger catalase. The release of active TGF-β1 from CD18-/- macrophages
co-cultured with CD18-/- apoptotic PMN was significantly increased by rotenone, as
compared to untreated co-cultures. Interestingly, rotenone also induced an
increase of active TGF-β1 release by WT macrophages co-cultured with WT
apoptotic (Figure 16 B). On the other hand, scavenging H2O2 in co-cultures of WT
macrophages with WT apoptotic PMN by co-incubation with catalase significantly
reduced the release of active TGF-β from WT macrophages in vitro (Figure 16 C),
indicating that the release of ROS, especially H2O2, from macrophages upon
phagocytosis of apoptotic PMN is essential for the activation of TGF-β1. The
enzyme mainly responsible for ROS generation in phagocytes is the NADPH
oxidase NOX2 (Bustamante et al., 2011; Deffert et al., 2012; Pizzolla et al., 2012).
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Figure 16: Activation of TGF-β1 by macrophages upon phagocytosis of apoptotic PMN in
vitro depends on the release of ROS from macrophages. (A) Quantitative analysis of ROS
generation in WT macrophages (Mφ) in vitro upon co-incubation with rotenone. Macrophages were
stained with the redox-sensitive dye DCF and the fluorescence intensity, reflecting the amount of
ROS generation, was assessed over a time span of 90min in presence (diamonds) or absence
(square symbols) of the oxidative burst inducer rotenone. Results, expressed as mean relative
fluorescence units (RFU) ± SD, reflect one of three independent experiments (n=3). *P<0.05,
**P<0.01, ***P<0.001 by Student’s t-test. (B) Levels of active TGF-β1 in cell lysates of WT and
-/-/CD18 macrophages (Mφ) and co-cultures of WT and CD18 macrophages with apoptotic PMN
with and without rotenone. TGF-β1 concentrations were assessed by specific ELISA. Data
expressed as mean ± SD (n=3) reflect one of three independent experiments. ***P<0.001 by
Student’s t-test. (C) Quantitative analysis of TGF-β1 levels in cell-culture supernatants of WT
macrophages, WT apoptotic PMN and co-cultures of WT macrophages and WT apoptotic PMN in
presence or absence of the hydrogen peroxide scavenger catalase. TGF-β1 concentrations were
assessed by specific ELISA. Data expressed as mean ± SD (n=3) reflect one of three independent
experiments. **P<0.01 by Student’s t-test.

3.6

The NADPH oxidase NOX2 is activated in a β2 integrin-dependent

manner in macrophages upon phagocytosis of apoptotic PMN
To investigate whether an impaired β2 integrin-dependent activation of NOX2 may
be the cause for insufficient ROS levels in CD18-/- wounds and delayed wound
healing, NOX2 activation in macrophages upon phagocytosis of apoptotic PMN
was analysed. The phosphorylation of p40phox, as a marker for NOX2 activation
(Bouin et al., 1998; Chessa et al., 2010; Fuchs et al., 1997), was assessed in
lysates of WT and CD18-/- macrophages by immunoblotting. The expression of
phosphorylated p40phox was highly increased in WT macrophages upon
phagocytosis of WT apoptotic PMN as compared to unstimulated WT
macrophages, but not in CD18-/- macrophages co-cultured with CD18-/- apoptotic
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PMN. The functionality of the NOX2-complex in WT as well as in CD18-/macrophages could be shown with lysates of macrophages incubated with the
receptor-independent NOX2-activators PMA or rotenone. Macrophages of both
genotypes revealed a similar level of p40phox phosphorylation upon PMA- and
rotenone-treatment, suggesting that exclusively β2 integrin-dependent activation of
NOX2 was impaired under CD18-/- conditions (Figure 17 A, B). In a
complementary approach, the activation of NOX2 in macrophages upon
engulfment of apoptotic PMN was studied by means of NADPH-based
fluorescence lifetime imaging (Blacker et al., 2014; Niesner et al., 2008).
Confirming my previous results, I found that NOX2 was clearly activated in WT
macrophages co-cultured with apoptotic PMN, as determined by the activated
NOX2 specific fluorescence lifetime (Blacker et al., 2014; Niesner et al., 2008).
Most interestingly, this signal was mainly detectable at the phagocytic synapse
between macrophages and apoptotic PMN. In sharp contrast to this, the activated
NOX2 specific fluorescence lifetime was virtually not detectable in CD18-/macrophages co-cultured with WT or CD18-/- apoptotic PMN and was completely
absent in co-cultures of p40phox-/- macrophages and apoptotic PMN (Figure 17 C).

A

B

62

C

D

63

E

Figure 17: The activation of the phagocyte NADPH oxidase NOX2 in macrophages upon
phagocytosis of apoptotic PMN depends on functional β2 integrin signalling. (A) Pictures of
phox
phox
Western blots for p40
and phospho-(p-)p40
as indicator for NOX2 activity with cell lysates of
-/-/WT and CD18 macrophages (Mφ), WT and CD18 macrophages co-cultured with apoptotic PMN,
and lysates of macrophages of either genotypes incubated with PMA or rotenone-liposomes. The
shown blots are representative for one of three independent experiments. (B) Semiquantitative
phox
-/analysis of p-p40phox expression relative to total p40
in WT (left) and CD18 (right)
macrophages. Results represent one of three independent experiments. (C) NOX2 activation in WT
-/and CD18 macrophages, assessed by NADPH-based fluorescence lifetime imaging (FLIM) before
-/and upon co-incubation with WT (upper panels) or CD18 (lower panels) apoptotic PMN (left) and
phox-/phox-/in p40
macrophages before and upon co-incubation with p40
apoptotic PMN (right).
Pseudocolours, as defined by the colour legend below, represent the fluorescence lifetime of
enzyme bound NADPH (τ2 in ps). Squares on the representative pictures mark the phagocytic
synapse between macrophages and apoptotic PMN. Original magnification 63x. (D) Representative
-/pictures of NOX2 activation in WT (upper panels) and CD18 (lower panels) macrophages upon
incubation with PMA, assessed over a period of 25min by NADPH-based FLIM. Pseudocolours,
defined by the colour legend below, represent the fluorescence lifetime of enzyme bound NADPH
(τ2 in ps). Squares mark areas of increased τ2. Original magnification 63x. (E) Statistical analysis of
-/τ2 for at least 50 areas of WT and CD18 macrophages in close contact to apoptotic PMN as well
as areas of increased τ2 after treatment with the receptor-independent NOX2 activator PMA.
Results are shown as scatter plots; bars indicate mean values of each cohort. ***P<0.001
###
-/compared to untreated WT macrophages,
P<0.001 compared to co-cultures with CD18
macrophages by Student’s t-test.
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As positive control, both WT and CD18-/- macrophages were co-incubated with the
receptor-independent NADPH oxidase activator PMA. PMA induced the same
fluorescence lifetime in macrophages of both genotypes, as detected in cocultures of WT macrophages and apoptotic PMN, supporting the measured
lifetime to be specific for activated NOX2 (Figure 17 D, E). The quantitative
analysis of 50 cells per experimental setting, shown in Figure 17 E, confirmed that
the fluorescence lifetime at the phagocytic synapse of WT macrophages and in
WT and CD18-/- macrophages incubated with PMA was significantly increased
when compared to untreated macrophages or to co-cultures of WT or CD18-/- PMN
with CD18-/- macrophages. These findings strongly support my hypothesis that
NOX2 is activated downstream of β2 integrins in macrophages upon phagocytosis
of apoptotic PMN during cutaneous wound healing. Therefore, I further
investigated whether impaired NOX2 function would affect ROS levels at wound
sites and the closure of full-thickness excisional wounds. For this, I used p40phox-/mice, with substantial defects in NOX2 function (Ellson et al., 2006).
3.7

P40phox-/- mice present with a significantly reduced oxidative burst at

wound sites and severely delayed wound healing
As shown in Figure 18 A and B, p40phox-/- mice presented with significantly lower
levels of ROS at wound sites at day 3 after wounding, as compared to WT control
mice. Moreover, full-thickness excisional wounds of p40phox-/- mice healed with a
significant delay from day 3 to day 10 after wounding, as compared to WT control
wounds (Figure 18 C, D). These data demonstrate that functional NOX2 is critical
for ROS release at wound sites and, consequently, for normal wound healing.
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Figure 18: NOX2 activity is essential for the release of ROS at wound sites and for proper
phox-/healing of full-thickness excisional wounds. (A) Oxidative burst levels in WT and p40
wounds at day 3 after wounding assessed by in vivo imaging with injection of the redox-sensitive
chemiluminescent probe L-012. Pseudo colours, as defined by the colour legend, reflect the
average radiance in photons/s/cm²/steradian. (B) Quantification of the L-012 mean radiance at 20
phox-/wound sites of WT and p40
mice. Data is given as mean ± SD. ***P<0.001 by Student’s t-test.
phox-/(C) Representative pictures of WT and p40
wounds at different stages of the healing process.
phox-/(D) Statistical analysis of 24 wound areas of WT and p40
mice assessed on day 0, 3, 5, 7, and
10 after wounding. Wound areas are expressed as percentage of the initial (day 0) wound size.
Data are presented as scatter plots, bars indicate the mean values of each cohort. *P<0.05,
***P<0.001 by Student’s t-test. Results are representative for one of two independent experiments.

3.8

Impaired activation of NOX2 during wound healing results in reduced

release of active TGF-β1 and impaired granulation tissue formation
To investigate the wound healing defect of p40phox-/- mice in more detail,
immunofluorescence double stainings of 5 and 7 days old p40phox-/- and WT
wounds for active TGF-β1 and the macrophage-specific marker F4/80 were
performed. Very similar to CD18-/- mice, p40phox-/- mice revealed severely reduced
numbers of TGF-β+F4/80+ macrophages (yellow overlay) at wound sites at both
time points, when compared to wounds taken from WT control mice (Figure 19 A).
The recruitment of phagocytes to wound sites was not impaired in p40phox-/- mice,
as revealed by stainings for F4/80 and the granulocyte-specific marker Gr-1
(Figure 19 B). These results suggest that functional NOX2 is not essentially
required for proper phagocyte recruitment and that the wound healing defect in
p40phox-/- mice is not due to reduced numbers of macrophages or PMN at wound
sites. To validate the results obtained by histology, active TGF-β1 levels in lysates
of WT and p40phox-/- wounds harvested at day 5 and day 7 after wounding were
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measured by ELISA. At both time points active TGF-β1 levels were significantly
reduced in p40phox-/- wound lysates compared to WT wounds (Figure 19 C).
Indicating that, similar to CD18-/- conditions, reduced levels of active TGF-β1 may
be causal for the p40phox-/- impaired wound healing. Under CD18-/- conditions the
reduced levels of active TGF-β1 at wound sites are causal for impaired granulation
tissue formation and delayed wound healing (Peters et al., 2005). Therefore, I next
studied

granulation

tissue

formation

in

p40phox-/-

and

WT

wounds

by

immunofluorescence staining (Figure 19 D) and immunoblotting (Figure 19 E, F). I
found that the expression of the myofibroblast-specific markers αSMA and TGFβRII, as well as the endothelial cell marker CD31, were significantly reduced in 5
and 7 days old p40phox-/- wounds, as compared to WT control wounds. Taken
together, the impaired wound healing phenotype presented by p40phox-/- mice
closely resembles the phenotype earlier described for CD18-/-, Vav3-/-, and Rac2-/mice (Peters et al., 2005; Sindrilaru et al., 2009; Sindrilaru, unpublished findings).
NOX2 deficiency results in a delay in wound healing due to reduced levels of
active TGF-β1 at wound sites, which eventually lead to reduced granulation tissue
formation and, thus, to impaired wound healing.
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Figure 19: NOX2 function is required for the release of active TGF-β1 by macrophages at
wound sites and granulation tissue formation. (A) Representative micrographs of
immunofluorescence stainings for active TGF-β1 (red) and macrophage-specific F4/80 (green) of
phox-/WT and p40
wound cryosections, 5 and 7 days after wounding. Nuclei were counterstained
with DAPI (blue). Original magnification 10x; scale bars indicate 100µm. Dashed lines indicate the
border between epidermis and dermis. es: eschar, he: hyperproliferative epidermis, wm: wound
margin, gt: granulation tissue. (B) Representative photomicrographs of immunostainings of WT and
phox-/p40
wound cryosections with antibodies against the macrophage-specific marker F4/80 (left)
and the PMN-specific Gr-1 (right, both green) 3 and 5 days after wounding. Nuclei were
counterstained with DAPI (blue). Original magnification 10x, scale bars indicate 100µm. Dashed
lines indicate the border between epidermis and dermis. es: eschar, he: hyperproliferative
epidermis, wm: wound margin, gt: granulation tissue. (C) Levels of active TGF-β1 in lysates of 5
phox-/and 7 days old WT and p40
wounds. Concentrations of TGF-β1 were assessed by specific
ELISA. Results are given as mean ± SD (n=3) and reflect one of two independent experiments.
*P<0.05, **P<0.01 by Student’s t-test. (D) Granulation tissue formation in 5 and 7 days old WT and
phox-/p40
wounds as assessed by immunostaining with antibodies against the endothelial cellspecific marker CD31 (red) and the myofibroblasts-specific marker αSMA (green). Cell nuclei were
counterstained with DAPI (blue). Original magnification 10x, scale bars indicate 100µm. Dashed
lines mark the border between epidermal and dermal compartment. es: eschar, he:
hyperproliferative epidermis, wm: wound margin, gt: granulation tissue. (E) Expression levels of
phox-/αSMA and TGFβ-RII in lysates of WT and p40
wound tissue at day 5 and day 7 after
wounding detected by Western blot. (F) Semiquantitative densitometric analysis of αSMA and
phox-/TGF-βRII expression in WT and p40
wounds, normalized to house-keeping β-actin. Data is
given as mean ± SD. *P<0.05, ***P<0.001 by Student’s t-test (n=3).
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3.9

NOX2 is a downstream target of β2 integrin signalling in macrophages

during wound healing
Finally, I set up to investigate whether NOX2 relays downstream signals from β2
integrins in macrophages during wound healing. For this, WT or p40phox-/macrophages were injected around full-thickness excisional wounds of WT and
CD18-/- mice. If NOX2 was a downstream target of β2 integrins, then p40phox-/macrophages should not be able to compensate for CD18 deficiency on wound
infiltrating macrophages and should not be able to improve CD18-/- impaired
wound healing. I found that injection of WT macrophages completely rescued the
CD18-/- impaired wound healing phenotype, while p40phox-/- macrophages, as
previously shown for Vav3-/- macrophages (Sindrilaru et al., 2009), failed to
improve CD18-/- wound healing at any time point. Furthermore, physiological
wound healing of WT mice was not affected by injection of macrophages of either
genotype (Figure 20). In summary, these data strongly suggest NOX2 to be
activated in wound macrophages in a β2 integrin-dependent manner and NOX2
activity to be essentially required for physiological wound healing.
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Figure 20: NOX2 is a downstream target of β2 integrin signalling in macrophages during
-/wound healing. (A) Macroscopic aspects of WT and CD18 control wounds injected with PBS as
-/phox-/well as CD18 wounds injected with WT or p40
macrophages (Mφ) at days 0, 5, 7, and 10
-/after wounding. (B) Quantitative analysis of 20 wound areas of WT and CD18 mice injected with
phox-/PBS (square symbols), WT (round symbols) or p40
macrophages (diamonds) assessed at
days 0, 3, 5, 7, and 10 after wounding. Results are expressed as percentage of the initial wound
area at day 0, which is considered 100%, and presented as scatter plots; bars indicate the mean
values of each cohort. Results are representative for two independent experiments. *P<0.05,
**P<0.01, ***P<0.001 by Student’s t-test.
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4.

Discussion

Cutaneous wound healing is a complex process, evolving in several functionally
distinct and temporally partially overlapping phases, which need to be tightly
regulated. Chronic wounds, as well as excessive scarring with hypertrophic or
keloid scar formation represent the common clinical consequences of a high
diversity of deregulated wound healing mechanisms.
The inflammatory phase of wound healing, with phagocytes playing the central
role, is probably the most controversial event during tissue repair, especially in the
light of embryonic non-inflammatory and scarless healing (Cowin et al., 1998;
Martin et al., 2003). For a long period of time phagocytes, and especially
macrophages, recruited and activated at wound sites, were considered as driving
forces for fibrosis and scarring and, thus, detrimental for physiologic wound
healing (Duffield, 2003; Martin and Leibovich, 2005). However, several recent
studies, by carefully dissecting macrophage functions in different phases of the
healing process, enforced the essential requirement of macrophages for normal
tissue repair (Cowin et al., 1998; Cowin et al., 2001; Goren et al., 2009; Lucas et
al., 2010; Martin et al., 2003). In this line, previous studies of my group on wound
healing disturbances in the immunodeficiency syndrome LAD1, caused by
leukocyte adhesion defects, highlighted the causal role of proper phagocyte
recruitment and function in wound tissues, and the importance of β2 integrin
adhesion molecules herein, for normal adult wound healing (Peters et al., 2005;
Peters et al., 2006; Sindrilaru and Scharffetter-Kochanek, 2013).
Using CD18 deficient mice, which lack functional β2 integrins on leukocytes and
present with severely impaired wound healing, as a model for wound healing
disturbances in LAD1 patients, my group previously showed that β2 integrindependent macrophage functions critically control normal wound healing. So far,
β2 integrins and their downstream signalling targets Syk, Vav3 and Rac2 have
been identified to be essential for the phagocytosis of apoptotic PMN by
macrophages with subsequent release of ROS and active TGF-β1 at wound sites
and, consequently, for physiological tissue repair (Peters et al., 2005; Peters et al.,
2006; Sindrilaru and Scharffetter-Kochanek, 2013; Schymeinsky et al., 2007;
Sindrilaru et al., 2009; Sindrilaru, unpublished findings). The present thesis adds to
these findings, showing that reduced levels of active TGF-β1, impaired granulation
72

tissue formation and severely delayed wound healing in CD18 deficiency are due
to insufficient levels of ROS at wound sites. Furthermore, this work provides
evidence for the phagocyte NADPH oxidase NOX2 to act as molecular link
between β2 integrin signalling, oxidative burst and TGF-β1 activation by
macrophages during wound healing.
4.1

Insufficient release of ROS by macrophages at wound sites is causal

for the impaired wound healing phenotype in CD18-/- mice
Detection of the oxidative burst at wound sites on inflammatory day 3 revealed that
CD18-/- mice mount significantly reduced levels of ROS, when compared to WT
control mice. As during the inflammatory phase of the wound healing process,
wound infiltrating phagocytes are the main effector cells and the primary source of
ROS (Martin, 1997; Schaefer and Werner, 2008; Sindrilaru et al., 2011; Singer and
Clark, 1999), this finding suggested that β2 integrin deficiency on PMN and/or
macrophages resulted in impaired oxidative burst at wound sites. However,
CD18-/- PMN have been shown to be strongly impaired in their capacity to
extravasate from the blood stream and consequently are almost completely absent
from sites of injury (Peters et al., 2005), therefore, I sought to investigate whether
reconstitution of ROS levels released by macrophages would rescue the impaired
wound healing in CD18-/- conditions. In this model, targeting the oxidative burst
inducer rotenone to wound macrophages by liposomal formulation resulted in
markedly increased ROS concentrations at CD18-/- wound sites and in the
complete rescue of the CD18-/- delayed wound healing phenotype. This finding
indicates that the reduced oxidative burst at wound sites and the delayed wound
healing in CD18-/- mice was mainly due to macrophages, which were not capable
to release sufficient amounts of ROS in the wound margins. Enhancing ROS
levels at wound sites by rotenone-injection did not alter normal wound healing in
WT mice, suggesting that under physiological conditions the endogenous
antioxidant system is able to compensate acute increases of ROS concentrations.
This prevents the damage of healthy tissue by to high amounts of ROS at wound
sites and allows normal healing.
In fact, the in vivo effects of rotenone have extensively been studied in context of
the rotenone-induced model of Parkinson’s disease. In this model, chronic
treatment of mice or rats with rotenone induces characteristic features of this
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neurodegenerative

disease,

especially

the

degeneration

of

nigrostriatal

dopaminergic neurons through oxidative stress (Betarbet et al., 2000; Caboni et
al., 2004; Pan-Montojo et al., 2010). Interestingly, the increased release of O2-.
upon rotenone-treatment seems to be mainly due to the activation of NOX2 in
microglia, rather than to rotenone-mediated complex I inhibition (Gao et al., 2003;
Pan-Montojo et al., 2010; Zhou et al., 2012).
The complete or partial abolishment of the rotenone-induced improved wound
healing in CD18-/- mice by co-injection of ebselen-containing liposomes or SODcontaining PEC, respectively, showed that O2-. and H2O2 most probably were the
central effectors in this model. Thus, rotenone-dependent generation of O2-. and
H2O2 by wound macrophages specifically rescued the impaired wound healing
phenotype in β2 integrin deficiency. Remarkably, ebselen has recently been shown
to have inhibitory effects on NOX2 activation, by interfering with the binding of the
cytosolic subunits p22phox and p47phox and thereby inhibiting the translocation of
p47phox and p67phox to the membrane (Smith et al., 2012). Therefore, in addition to
its glutathione peroxidase mimetic function (Schewe, 1995), inhibition of NOX2
represents a second putative mechanism of ebselen to reduce H2O2 levels at
wound sites. The requirement of O2-. and H2O2 for normal tissue repair was further
supported by the finding that specifically targeting their release by wound
macrophages in WT mice, by injection of ebselen-containing liposomes or
encapsulated SOD, significantly delayed their physiological wound healing.
4.2

ROS released by macrophages are crucial for TGF-β1 activation and

granulation tissue formation during the wound healing process
During physiological tissue repair ROS are released at wound sites by different
cell types to clean wounds from microbes and to regulate a variety of other critical
processes such as coagulation, leukocyte recruitment, neo-angiogenesis and reepithelialization (Gauron et al., 2013; Niethammer et al., 2009; Roy et al., 2006;
Schaefer and Werner, 2008; Sen and Roy, 2008; van der Vliet and JanssenHeininger, 2014; Yoo et al., 2012). In line with this, I found that the experimental
rotenone-induced increase of O2-. and H2O2 in wound macrophages could fully
rescue the impaired granulation tissue formation previously reported in CD18-/mice (Peters et al., 2005), as the expression of the myofibroblast specific markers
αSMA and TGFβ-RII, as well as the number of newly formed CD31+ vessels were
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increased in β2 integrin deficient mice after rotenone-treatment. A very similar
rescue phenotype could be previously reproduced by injection of recombinant
TGF-β1 in wound margins of CD18-/- mice (Peters et al., 2005), suggesting that
increased ROS levels directly increased TGF-β1 availability at CD18-/- wound sites.
In fact, active TGF-β1 levels were strongly increased in rotenone- compared to
control treated CD18-/- wounds, specifically in wound infiltrating macrophages, at
levels comparable with WT wounds. TGF-β1 is one of the major growth factors
inducing the differentiation of fibroblast to myofibroblasts and angiogenesis during
wound healing through TGFβ-RII-dependent signalling in fibroblasts and
endothelial cells (Cowin et al., 2001; Desmouliere et al., 1993; Roberts et al.,
1986; Sankar et al., 1996) and is mainly released by macrophages after
phagocytosis of apoptotic PMN (Fadok et al., 1998; Lucas et al., 2003). As
concentrations of total TGF-β1 were not reduced at CD18-/- wound sites and
injection of the recombinant growth factor fully rescued the wound healing
phenotype in CD18-/- mice, the reduced activation of latent TGF-β1 by
macrophages was identified to be causal for impaired granulation tissue formation
and delayed wound healing (Peters et al., 2005). Therefore, these data propose
that injection of the oxidative burst inducer rotenone resulted in an enhanced
redox-mediated activation of latent TGF-β1 by wound macrophages at CD18-/wound sites, and thereby restored physiological granulation tissue formation and
wound healing. This hypothesis was also supported by the finding that rotenone
significantly enhanced active TGF-β1 release in vitro in CD18-/- and even in WT
macrophages upon phagocytosis of co-cultured apoptotic PMN. In vitro, as well as
in vivo evidence suggests that the activation of TGF-β1 was mainly mediated by
H2O2, implicating that O2-., released by macrophages after rotenone-treatment
(Zhou et al., 2012), were further dismutated by endogenous antioxidant enzymes.
The exact mechanism of rotenone-induced ROS-dependent activation of the latent
TGF-β-LAP complex, the prerequisite for TGF-β to be biologically active, during
wound healing remains to be further investigated. Possible scenarios could be (1)
the direct activation by oxidation of a specific methionine residue residing in the
LAP molecule, leading to a destabilization of the interaction between LAP and the
active TGF-β1 dimer (Jobling et al., 2006), or (2) an indirect activation, for example
through oxidative activation of proteases, which then activate TGF-β1 by
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proteolytic cleavage of LAP (Annes et al., 2003; Liu and Gaston Pravia, 2010;
Yoon et al., 2002).
4.3

β2

integrin-dependent

signalling

is

critically

required

for

the

phagocytic activation of the NADPH oxidase NOX2 in macrophages
Previous work of our laboratory provided first evidence, that an impaired function
of oxidative mechanisms under β2 integrin deficient conditions, with reduced
generation of ROS by macrophages after phagocytosis of apoptotic PMN in vitro
and at wound sites, might be the mechanism underlying impaired TGF-β1
activation and delayed wound healing in CD18-/- mice (Peters et al., 2005;
Schymeinsky et al., 2007; Sindrilaru et al., 2009; Sindrilaru, unpublished findings).
In addition, β2 integrin signalling has previously been shown to be important for the
phosphorylation of the p40phox cytosolic subunit of NOX2 in neutrophils and,
therefore, for the activation of the NADPH oxidase, during phagocytosis of
Staphylococcus aureus (Anderson et al., 2008; Chessa et al., 2010; Ellson et al.,
2006). The data provided in the present thesis confirms and extends these
findings, showing that CD18-/- macrophages co-cultured with apoptotic PMN
present markedly reduced phosphorylation of p40phox at threonine 154, a hallmark
of NOX2 activation (Chessa et al., 2010), compared to WT macrophages. Notably,
rotenone-liposomes induced p40phox phosphorylation to a similar extend in CD18-/and WT macrophages, suggesting a receptor-independent activation of NOX2 by
rotenone, as previously reported by Zhou and colleagues (Zhou et al., 2012).
Rotenone has been known for a long time as a potent inhibitor of the mitochondrial
electron transport chain complex I, inducing O2-. accumulation in mitochondria (Li
et al., 2003b; Lindahl and Oberg, 1961). However, recently, NOX2 activation by
rotenone, through direct interaction with the NOX2 membrane subunit gp91phox,
has been shown. This interaction was suggested to result in conformational
changes in the membrane subunit, which facilitate the binding of p67phox to
gp91phox and thereby lead to NOX2 activation (Gao et al., 2003; Zhou et al., 2012).
NADPH-based fluorescence lifetime imaging in co-cultures of macrophages and
apoptotic PMN brought further evidence that phagocytic NOX2 activation critically
depends on CD18 expression on macrophages. The signal for activated NOX2
(Blacker et al., 2014; Niesner et al., 2008) was found to be strongly induced in WT
macrophages upon phagocytosis of WT or CD18-/- apoptotic PMN, while CD18-/76

macrophages almost completely failed to activate NOX2 after co-incubation with
apoptotic PMN of either genotype. Collectively, these results strongly support the
hypothesis that the reduced phagocytic activation of NOX2 in macrophages is
causal for the reduced oxidative burst at wound sites of β2 integrin deficient mice.
Rotenone directly targeted to wound infiltrating macrophages may therefore
rescue the impaired wound healing phenotype by receptor-independent activation
of NOX2, most probably resulting in redox-mediated activation of TGF-β1 at wound
sites. Interestingly, NOX4, another member of the NADPH oxidase family has
been proposed to drive fibrotic effects of TGF-β1 via a positive feedback loop. The
expression and activity of NOX4 on fibroblasts is increased by TGF-β1, while
NOX4-generated ROS in turn further activate TGF-β1 and enhance Smaddependent TGF-β1 signalling. In vitro evidence suggests that deregulation of this
circuit, for example by overexpression of NOX4 with increased NOX4 protein
levels, may lead to excessive myofibroblast activation and fibrosis (Amara et al.,
2010; Jiang et al., 2014; Liu and Gaston Pravia, 2010). Whether TGF-β1 signalling
is required for the expression and activity of NOX2 in phagocytes is less clear;
however, an increase of both has been shown in rat kidney fibroblasts in vitro
(Bondi et al., 2010). Furthermore, humans suffering from CGD, with impaired
NOX2 function, present with chronic unrestrained granulomatous inflammation,
which is considered to be due to the reduced capability of CGD macrophages to
release anti-inflammatory factors including TGF-β1, to delayed apoptosis of PMN
as well as a defective clearance of apoptotic cells by macrophages (Brown et al.,
2003; Sanmun et al., 2009). My results showed that β2 integrin deficient
macrophages, very much resembling CGD macrophages, were unable to activate
NOX2, most probably because of their failure in adhering to and phagocytosing
apoptotic PMN in the absence of β2 integrins. In vivo, the impaired activation of
NOX2 in wound macrophages may result in a reduced ROS-dependent activation
of TGF-β1 and severe wound healing disturbances. Assuming a TGF-β1-NOX2
positive feedback loop in phagocytes, as proposed for NOX4 in fibroblasts, the
effect of impaired TGF-β1-activation on wound healing might be additionally
amplified by subsequent decreased expression and activation of NOX2. The same
would apply to NOX2 deficient conditions. However, to further substantiate this
hypothesis, additional studies of TGF-β1-NOX2 interactions are needed.
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4.4

β2 integrin-dependent activation of NOX2 controls physiological

wound healing
Strongly supporting the hypothesis that functional NOX2 is critical for wound
healing, p40phox-/- mice, with severely impaired NOX2 function (Ellson et al., 2006),
presented with significantly delayed healing of full-thickness excisional wounds,
when compared to WT mice. Thorough investigation of the mechanism underlying
this wound healing defect revealed that p40phox-/- mice closely recapitulated the
wound healing phenotype of CD18-/-, Syk-/-, Vav3-/- and Rac2-/- mice (Peters et al.,
2005; Schymeinsky et al., 2007; Sindrilaru et al., 2009; Sindrilaru, unpublished
findings). As found before for wounds of CD18-/- mice, p40phox-/- mice presented
significantly lower levels of ROS at wound sites on inflammatory day 3 of the
wound healing process, as compared to WT control mice. This confirms that
functional NOX2 is essentially required to mount physiological levels of ROS at
wound sites. Furthermore, p40phox-/- wounds revealed markedly reduced
granulation tissue formation with reduced αSMA and TGFβ-RII expressing
myofibroblasts and CD31+ neo-vessels. In line with this, I found that the
expression of active TGF-β1 from wound infiltrating p40phox-/- macrophages was
significantly reduced in comparison to WT wound macrophages. These results
suggest that, identical to CD18-/- mice, p40phox-/- mice are not able to release
sufficient levels of active TGF-β1 at wound sites, which in turn leads to a reduced
granulation tissue formation and delayed wound healing. As mentioned earlier, the
molecular mechanism of TGF-β1 activation during wound healing is so far not well
understood. However, the herein presented results provide strong evidence, that
wound macrophages activate latent TGF-β1 in a redox-mediated manner, which
essentially requires β2 integrin dependent downstream activation of the phagocyte
NADPH oxidase NOX2. Oxidative activation of TGF-β1 in vitro has been well
characterized (Barcellos-Hoff and Dix, 1996; Jobling et al., 2006) and has been
shown in vivo in murine mammary glands after γ-irradiation and in dental tissue
regeneration after treatment with a non-ionizing, low-power laser (Arany et al.,
2014; Barcellos-Hoff et al., 1994). However, whether ROS directly activate TGF-β1
in our model or indirectly via other mediators, such as proteases, remains to be
further elucidated.
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Furthermore, my data suggests that NOX2 is a downstream target of β2 integrins
in macrophages during wound healing, as earlier shown in neutrophils upon
phagocytosis of Staphylococcus aureus (Anderson et al., 2008; Chessa et al.,
2010; Ellson et al., 2006). Identical to Vav3-/- macrophages (Sindrilaru et al.,
2009), p40phox-/- macrophages injected around wound margins of CD18-/- mice
failed to improve CD18-/- impaired wound healing at any time point. In contrast, the
CD18-/- wound healing defect was completely rescued by injection of WT
macrophages at same numbers, demonstrating that WT, but not p40phox-/macrophages, were able to compensate for the CD18 deficiency on wound
macrophages. These findings demonstrate NOX2 to be a downstream target of β2
integrin signalling in macrophages during tissue repair.
Taken together, the results presented in this thesis, enable to propose that β2
integrin signalling activated in macrophages, upon adhesion to and phagocytosis
of apoptotic PMN, induces the assembly and activation of the downstream NOX2
at the plasma or phagosomal membrane and subsequent ROS generation. NOX2generated ROS directly or indirectly activate TGF-β1 by destabilizing the TGF-β1LAP complex and release of the mature TGF-β1 dimer. Active TGF-β1 causes
inflammation to cease and further promotes granulation tissue formation and
physiological wound healing.
Further work will need to address the detailed molecular mechanism of the β2
integrin signalling-dependent NOX2 assembly and activation in macrophages
upon phagocytosis of apoptotic PMN. So far, we and others could show that, upon
ligand binding, β2 integrins control several functions of PMN and macrophages via
signalling pathways including the spleen tyrosine kinase Syk, the GEF Vav3 and
the small GTPase Rac2. The activation of this pathway was required for the β2
integrin-dependent formation of the phagocytic synapse between macrophages
and apoptotic PMN with subsequent release of ROS and active TGF-β1 during
wound healing (Mocsai et al., 2006; Schymeinsky et al., 2006; Schymeinsky et al.,
2007;

Sindrilaru

et

al.,

2009;

Sindrilaru,

unpublished

findings).

Upon

phosphorylation of their SH2 domain by tyrosine kinases like Syk, the GEFs of the
Vav family are able to directly transduce signals from activated cell-surface
receptors to Rho-GTPases in numerous different cell types, including neutrophils
and macrophages (Bustelo, 2000; Graham et al., 2007; Hall et al., 2006; Turner
and Billadeau, 2002). Importantly, Fcγ receptor and integrin downstream signalling
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have been demonstrated to activate Rho-GTPases in the context of phagocytosis
and NOX2-dependent oxidative burst (Caron and Hall, 1998; Diebold and Bokoch,
2001; Park, 2003). Consequently, CD18-/- phagocytes present with severe
disturbances in both processes (Anderson et al., 2008; Peters et al., 2005;
Scharffetter-Kochanek et al., 1998). In addition, patients suffering from LADIV with
inhibitory mutations in the small GTPase Rac2 gene share key disease features
with LAD1 and CGD patients, with strongly impaired phagocyte functions due to β2
integrin or NOX2 deficiency (Pai et al., 2010). All LAD1, CGD, as well as Rac2
deficient patients share the common clinical features of wound healing
disturbances and chronic inflammation (Ambruso et al., 2000; Anderson et al.,
1985; Anderson and Springer, 1987; Segal et al., 2000). Taken together, this and
the herein presented results provide strong evidence for a critical role for the β2
integrin-dependent activation of the Syk-Vav3-Rac2-NOX2 signalling pathway in
macrophages for the phagocytosis of apoptotic PMN during wound healing and for
the regulation of the inflammatory response. Targeting the phagocyte NADPH
oxidase in macrophages and modulating the generation of ROS by NOX2 at
wound sites or sites of inflammation may emerge as a promising therapeutic tool
for macrophage-promoted inflammatory disorders. In fact, several small molecule
inhibitors targeting NADPH oxidases have been developed and validated in animal
models of diseases associated with oxidative stress such as neurodegenerative
diseases including Alzheimer’s and Parkinson’s disease, stroke or chronic
inflammatory pulmonary disease. However, these new inhibitors have only
moderate NOX isoform selectivity. The main future challenge will, most likely, be
the development of isoform-specific inhibitors or activators with minimal side
effects, especially severe immunosuppression due to excessive oxidase inhibition,
or autoimmunity and inflammation due to activation, respectively (Diebold et al.,
2014).
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5.

Summary

The members of the β2 integrin family of leukocyte adhesion membrane molecules
are key regulators of cell-cell and cell-matrix interactions during the inflammatory
phase of cutaneous wound healing. Their importance becomes apparent in
patients suffering from the leukocyte adhesion deficiency syndrome type 1 (LAD1)
with spontaneous skin ulcerations and severe wound healing disturbances due to
mutations in the CD18 gene encoding the common β-chain of the β2 integrins.
CD18-/- mice closely mimic the impaired wound healing phenotype of human
LAD1. Previous studies on this mouse model, performed by our laboratory,
revealed β2 integrins and their downstream signalling targets Syk, Vav3 and Rac2
to critically control the phagocytosis of apoptotic neutrophils (PMN) by
macrophages with subsequent release of reactive oxygen species (ROS) and
active transforming growth factor (TGF)-β1 at wound sites and thus, normal wound
healing. However, the molecular mechanism linking insufficient ROS release from
macrophages and reduced activation of TGF-β1 at wound sites in CD18 deficiency
has not been deciphered so far. My PhD thesis addresses the question whether β2
integrins on macrophages control ROS-dependent TGF-β1 activation at wound
sites and, if so, whether the NADPH oxidase NOX2, as the major source of ROS
in phagocytes, is the downstream target of β2 integrin signalling for the redoxmediated TGF-β1 activation in wound healing.
Using the experimental model of full-thickness excisional wounds, my data
convincingly show that impaired β2 integrin-dependent phagocytic activation of
macrophages leads to a reduced activation of NOX2 and reduced ROS levels at
CD18-/- wound sites. As a consequence, CD18-/- macrophages failed to oxidatively
activate latent TGF-β1 which resulted in defective granulation tissue formation and
delayed wound healing. In vivo imaging experiments using a chemiluminescent
probe, as well as in situ detection of ROS in wound margins with redox-sensitive
fluorescent dyes, revealed that CD18-/- mice mount a significantly reduced
oxidative burst at wound sites, compared to wildtype (WT) mice, confirming that
physiological ROS levels at wound sites depend on functional β2 integrins.
Reconstitution of physiological ROS levels at wound sites by targeting the
oxidative burst inducer rotenone to wound macrophages rescued the impaired
wound healing of CD18-/- mice to WT levels, while scavenging hydrogen peroxide
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with ebselen or superoxide anions with superoxide dismutase in wound
macrophages significantly delayed wound healing of WT mice, demonstrating that
macrophage-derived ROS are essential for physiological tissue repair.
Interestingly, rotenone-injection rescued TGF-β1 activation and the impaired
granulation

tissue

formation

in

CD18-/-

wounds

as

demonstrated

by

immunofluorescence stainings of wound sections, as well as Western blot and
specific ELISA analyses of wound tissue lysates. In co-cultures of macrophages
with apoptotic PMN, the release of active TGF-β1 from WT and CD18-/macrophages was significantly increased in presence of rotenone, showing that
ROS released by phagocytically activated macrophages play an essential role for
TGF-β1 activation, granulation tissue formation and normal wound healing.
By NADPH-based fluorescence lifetime imaging (FLIM) and Western blot analysis
I could further demonstrate that NOX2 itself is fully functional, but only impaired in
its β2 integrin-dependent activation in CD18-/- macrophages upon engagement with
apoptotic PMN. Remarkably, mice lacking the p40phox cytosolic subunit of NOX2,
with substantial defects in NADPH oxidase function, presented severely impaired
wound healing with reduced oxidative burst and active TGF-β1 levels at wound
sites and delayed granulation tissue formation, closely resembling the defective
wound healing phenotype of CD18-/- mice. Of importance, injection of WT, but not
p40phox-/- macrophages around wound margins of CD18-/- mice could compensate
CD18 deficiency on wound macrophages and rescue the impaired wound healing
of CD18-/- mice, demonstrating NOX2 to be a downstream signalling target of β2
integrins in macrophages during wound healing.
In the discussion part the findings of this thesis are discussed within the context of
most recent reports on leukocyte function, oxidative burst and TGF-β1 activation
during wound healing. Interesting pathophysiologic parallels are highlighted
between the studied murine LAD1 model and several human immunodeficiency
syndromes sharing impaired wound healing as a common feature.
Collectively, I was able to demonstrate that β2 integrin-dependent NOX2 activation
with generation of ROS is critical for the activation of TGF-β1 by macrophages at
wound sites and therefore for physiological cutaneous wound healing. My results
identify a previously unreported function of NOX2 to relay downstream signals
from β2 integrins in macrophages during inflammation, thus suggesting NOX2 as a
promising therapeutic target in macrophage-driven inflammatory disorders.
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