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Abstract
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Neutrophils and macrophages have functions beyond protection against pathogens. The overall
aim of the work presented in this thesis was to identify novel tasks for these innate immune
cells in maintaining homeostasis.  In the studies presented here, we explored macrophage roles
in tissue recovery from ischemic injury and post-natal tissue development, and the origin and
recruitment mechanisms of pro-angiogenic neutrophils (PANs) to the site of ischemic injury.

In Study I, it was shown that perivascular macrophages at sites of ischemic injury
adopt characteristics of mural cell identity.  Combining genetic heritable fate mapping of
macrophages with single-cell RNA-sequencing, we were able to demonstrate that macrophages
downregulated the expression of myeloid markers, and upregulated those of mural cells.
Depletion of macrophages during tissue healing demonstrated that macrophages also adopt
important mural cell functions that are crucial for blood vessel maturation after ischemic injury.

In Study II, it was shown that perivascular macrophages form cuff-like structures around
vessels in the ischemic muscle following ischemia. Using genetically modified mouse models,
we showed that these macrophages regulate bloodflow in an inducible NO Synthase (iNOS)-
dependent manner, and this could be therapeutically targeted to improve tissue healing through
local delivery of plasmid-encoded C-X-C Motif Chemokine Ligand 12 (CXCL12).

In Study III, it was shown that recruitment of PANs to the site of ischemic injury is dependent
on CD49d signalling, and the spleen contains a peripheral reservoir of PANs which is crucial
for achieving adequate accumulation of PANs at the site of ischemic injury. We also showed
that the release of splenic PANs in response to ischemic injury relies on sympathetic signalling
and downregulation of CXCL12α in the splenic red pulp.

In Study IV, it was shown that pancreatic tissue-resident macrophages are important for post-
natal islet development, as depletion of macrophages using clodronate liposomes led to impaired
glucose tolerance in adult mice. Further, neonatal infection with S. aureus led to reduced number
of pancreatic macrophages and interfered with normal post-natal β cell development, leading
to impaired glucose tolerance. 

In summary, the work presented here expands our understanding on the various roles of
macrophages during ischemic injury and tissue development, and significantly advances our
understanding of the origins and recruitment mechanisms of pro-angiogenic neutrophils during
ischemic injury.
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Introduction  

The immune system defends the body against invading microorganisms as 
well as tumour cells, and a coordinated well-functioning immune response is 
pivotal for maintaining health. The cells of the immune system are divided 
into two categories that work together to fight against infectious agents: the 
innate and adaptive immune system. While the former provides a broad and 
rapid response that does not require any genetic rearrangements, the latter is 
composed of highly specialized cells, including T and B lymphocytes, im-
portant for developing immunity.  

The innate immune system 
Innate immunity provides an immediate first line of defence against infec-
tions, compared to the delayed response against pathogens previously not en-
countered by the adaptive immune system. The cells of the innate immune 
system recognize certain structures on the surface of microbes, which are 
termed pathogen-associated molecular patterns (PAMPs), and are required for 
their survival and infectiousness. In addition to pathogens, the innate immune 
system also recognises damage-associated molecular patterns (DAMPs) re-
leased by damaged or necrotic host cells. The innate immune system is com-
posed of both a cellular and humoral component. The cellular component of 
the innate immune system is formed of macrophages/monocytes, neutrophils, 
eosinophils, basophils, mast cells and innate lymphoid cells. The humoral 
component includes complement proteins, LPS binding protein, C-reactive 
protein and various anti-microbial proteins (Abbas et al., 2020; Monie, 2017). 
As the studies in this thesis are focused on macrophages and neutrophils, only 
these cells will be further discussed below.  

Neutrophils, also called polymorphonuclear granulocytes, are amongst the 
first cells responding to bacterial and fungal infections, as well as to sterile 
injury, and they are by far the most numerous cell type accumulating at the 
affected site. At the injured site, neutrophils clear debris by phagocytosis, and 
they exert their anti-bacterial function through several mechanisms, including 
phagocytosis, degranulation and formation of neutrophil extracellular traps 
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(NETs). After phagocytosis of a pathogen, granules in the neutrophil cyto-
plasm fuse with the phagosomal membrane to deliver anti-microbial effector 
proteins. During neutrophil degranulation, the granules fuse with the plasma 
membrane, releasing their contents into the extracellular space (Abbas et al., 
2020; Burn et al., 2021; Hidalgo et al., 2019). Granules can be divided into 
peroxidase positive (also called azurophil granules or primary granules) and 
negative granules based on their content of myeloperoxidase. Major compo-
nents of peroxidase positive granules in addition to myeloperoxidase include 
serine proteases, defensins and cathepsin G. Peroxidase negative granules can 
be further subdivided into subtypes depending on whether they contain gelati-
nase, NGAL or lactoferrin (Cowland and Borregaard, 2016). NETs are formed 
following chromatin decondensation, whereby DNA decorated with antimi-
crobial effector proteins are released to the surroundings (Burn et al., 2021; 
Hidalgo et al., 2019). Increasing evidence also suggests that NETs are also 
involved in cancer, coagulation and autoimmunity (Papayannopoulos, 2018).  

Like neutrophils, monocytes also phagocytose pathogens in circulation and 
tissues. However, after extravasation to inflamed or injured tissues, mono-
cytes differentiate into macrophages, which form a heterogenous population 
depending on microenvironmental cues (Varol et al., 2015). When encounter-
ing a pathogen, macrophages phagocytose and lysosomally inactivate the 
pathogens, and secrete antimicrobial (e.g. defensins, nitric oxide, and reactive 
oxygen species) or immune regulatory messenger (e.g. tumor Necrosis Factor 
α (TNFα) and Interleukin 1 β (IL1β)) molecules; and serve as professional 
antigen-presenting cells to activate other immune cells. Importantly, the mes-
senger molecules induce expression of E-selectins and various integrins on 
endothelial cells, allowing for entry of more immune cells to the site of in-
flammation. (Franken et al., 2016). 
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Macrophages 
Macrophages were first described by Ilya Metchnikoff in the late 1800s. He 
observed amoeboid digestive cells, which he termed phagocytes, from phagos 
(to eat) and cyte (cell). Metchnikoff tracked this cell, its appearance and func-
tions in various organisms, from aquatic animals to mammals. By doing so, 
he discovered that phagocytes can protect the organism from invaders by ob-
serving that phagocytes attempted to devour a splinter he had introduced into 
the transparent body of a starfish larva. From this and his interest in the pa-
thology of infectious diseases, he developed the ‘phagocytosis theory’ which 
he presented in 1883. From thereon, it became his primary research focus, and 
he published various work where he described the phagocyte both fighting 
pathogens and repairing injuries in adult animals. This work earned Ilya 
Metchnikoff, along with Paul Ehrlich, a Nobel Prize in Physiology or Medi-
cine in 1908 (Tauber, 2003).  

Tissue macrophages are found in all organs of the body. While macrophages 
possess a common set of functions required for immune-surveillance and 
phagocytosis, the specific tissue environment modifies the local macrophage 
population so it has highly specialised functions. Highly specialised macro-
phages with very distinct functions encompass Kupffer cells in the liver (cho-
lesterol recycling), red pulp macrophages in the spleen (iron recycling), oste-
oclasts in the bone (bone resorption), and microglia in the brain (neuronal de-
velopment) (Gautier et al., 2012; Okabe, 2018).  

Macrophage ontogeny  
Embryonic haematopoiesis occurs in several waves during development in a 
coordinated manner in different organs. At embryonic day 7 of rodents, the 
first wave of haematopoiesis starts in the blood islands and extraembryonic 
yolk sac (termed primitive haematopoiesis). On embryonic day 10.5, a second 
wave termed definitive haematopoiesis yields enucleated erythrocytes and 
stem cells that have multi-haematopoietic lineage potential. Thereafter, hem-
atopoietic stem cells derived both from the yolk sac and definitive haemato-
poiesis colonise the fetal liver. Finally, the spleen and bone marrow are colo-
nised by fetal liver-derived hematopoietic progenitors through circulation, and 
become the primary postnatal hematopoietic organs. Primitive macrophages, 
created without monocytic intermediates, can be found in the yolk sac blood 
islands at embryonic day 8.5/9.0. Upon establishment of circulation, these 
macrophages spread throughout the mouse embryo, and are thought to be in 
charge of clearing debris (Pollard and Stanley, 1996), pruning of cellular 
structures and cells (Paolicelli et al., 2011), and chaperoning vascularization 
during development (Fantin et al., 2010; Rao et al., 2007).  Indeed, lack of 
macrophages during embryonic development leads to perinatal mortality and 
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growth retardation (Dai et al., 2002; McKercher et al., 1996; Pollard and Stan-
ley, 1996; Varol et al., 2015). Embryonic macrophages derived from the yolk 
sac and liver have been found to persist into adulthood, and rely on self-re-
newal rather than replenishment from bone-marrow derived monocytes at 
steady state (Schulz et al., 2012; Varol et al., 2015). However, the independ-
ence from monocyte-dependent maintenance of the macrophage pool seems 
to depend on age and gender (Bain et al., 2016; Liu et al., 2019), as well as 
being organ-dependent, with for example macrophages in intestinal mucosa 
and dermis continuously replenished by monocyte-derived macrophages 
(Ginhoux et al., 2016).  

Postnatally, macrophages are generated from circulating monocytes in re-
sponse to demand, and complement the macrophage compartment established 
prenatally (Hettinger et al., 2013; Varol et al., 2015). Circulating monocytes 
have, similarly to circulating neutrophils, a short half-life (20 hours for Ly6C+ 
monocytes, 2.2 days for Ly6C- monocytes, 12.5 hours for neutrophils) (Pillay 
et al., 2010; Yona et al., 2013) and therefore provide a transient pool for tissue 
macrophages in inflammation, tissue remodelling and tumour development 
(Varol et al., 2015). In response to inflammation, monocytes rapidly migrate 
to the site of inflammation and differentiate to macrophages that can be highly 
heterogeneous depending on tissue-specific signals (Ginhoux et al., 2016). In 
addition, local proliferation of macrophages has been shown to provide an al-
ternative source in certain inflammatory conditions, e.g. type 2 inflammation 
(Jenkins et al., 2011) and ischemic injury (Vågesjö et al., 2021).  

Macrophage functions 
Tissue macrophages, both resident and monocyte-derived, form a critical 
component required for maintaining tissue homeostasis. Depending on envi-
ronmental cues, macrophages can be differentially activated and polarized. 
Initially, a bipolar macrophage activation program was suggested, generating 
classically activated (referred to as M1) or alternatively activated (referred to 
as M2) macrophages Further, M2 has been subdivided into three well-defined 
forms: M2a, M2b, and M2c. (Mantovani et al., 2004; Martinez and Gordon, 
2014). There are a range of stimuli inducing the M1 activation state, with the 
main ones including interferon-γ (IFN-γ), lipopolysaccharide, and granulocyte 
macrophage colony-stimulating factor. (Martinez and Gordon, 2014). The 
same applies for M2 activation, where a range of stimuli that have been de-
scribed including interleukin 4 (IL-4), interleukin 13, glucocorticoids and in-
terleukin 10 (IL-10). Importantly, the macrophage polarization induced by ei-
ther single or a combination of factors differ (Mantovani et al., 2004).   

Depending on the state of macrophage polarization, its properties differ in 
terms of cytokine production, receptor expression, chemokine repertoires and 
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effector functions. For example, M1 macrophages produce large amounts of 
pro-inflammatory cytokines (e.g. TNF-α and interleukin 6 (IL-6)), and are ef-
ficient in killing microorganisms and tumours cells. In contrast, M2 macro-
phages produce anti-inflammatory cytokines (e.g. IL-10, Transforming 
Growth Factor β (TGF-β)) which tune the inflammatory responses and adap-
tive type I immunity, and they are prone to clear debris and promote angio-
genesis, tissue repair and remodelling (Mantovani et al., 2004).  

However, the classification system described above has been challenged, as 
evidence shows a broader spectrum of functions for these cells (Martinez and 
Gordon, 2014). Macrophage classification based on activation states is chal-
lenging due to several reasons: the effect of the source and context of the stim-
uli; the fact that stimuli that induce M1 or M2 type macrophages coexist in 
tissues; and macrophages might not exist in clear-cut activation states. 
(Nahrendorf and Swirski, 2016) 

In addition to clearing tissues of debris and acting as immune sentinels, as 
discussed above, macrophages, exert a range of alternative functions that are 
currently being discovered. Being heterogeneous, highly plastic cells sensitive 
to microenvironmental cues, they have been shown to contribute to patholo-
gies (e.g. tumour development, atherosclerosis) but they are also important in 
tissue development, homeostasis and regeneration. Some of these beneficial 
roles are further discusses below.  

Tissue development 
Lack of macrophages during embryonic development leads to various devel-
opmental abnormalities in mice (Dai et al., 2002; McKercher et al., 1996; Va-
rol et al., 2015). For example, growth retardation is caused by lack of a specific 
type of macrophages called osteoclasts. The bones in these mice also lack cav-
ities required for haematopoiesis (called osteopetrosis), leading to reduced 
functional integrity of the bones, both when it comes to load bearing and 
haematopoiesis (Pollard and Stanley, 1996). In addition, deficiencies in re-
modelling can be seen in various other tissues, including kidney, pancreas, 
brain, and mammary glands. Lack of macrophages of the brain, called micro-
glia, during development leads to major structural defects, and available evi-
dence suggests that microglia are involved in the neuronal circuitry develop-
ment and maintenance of the brain structure. In the pancreas, macrophages 
affect cell fate decisions during development. Indeed, lack of macrophages in 
the pancreas during development leads to 30-50% fewer insulin-producing β 
cells at birth (Stefater et al., 2011; Wynn et al., 2013).  

As professional phagocytes, macrophage pruning of vessels by phagocytosis 
has been identified in various vascular patterning processes during develop-
ment and postnatal remodelling (Corliss et al., 2016). In the development of 
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the eye, macrophages regulate angiogenesis early in the postnatal period dur-
ing regression of the hyaloid vasculature. Macrophages identify and instruct 
vascular endothelial cells to apoptose via Wnt7b, unless they receive counter-
balancing signals from pericytes (Rao et al., 2007). In addition to their ability 
to phagocytose and thereby support vascular patterning, macrophages support 
the anastomosis of tip and stalk cells to achieve functional vessels in the de-
velopment of the hindbrain (Fantin et al., 2010). In addition to supporting an-
giogenesis during development, macrophages also play a role in lymphangio-
genesis (Stefater et al., 2011; Wynn et al., 2013).  

Tissue repair  
Macrophages are involved in tissue regeneration following injury, fulfilling a 
variety of functions at different stages of healing in a well-orchestrated man-
ner. Following skeletal muscle injury (e.g. through trauma, burn, toxins or 
disease), tissue damage triggers an immediate inflammatory response, starting 
with increased blood flow, increased vascular permeability, and formation of 
oedema at the site of injury. Subsequently, neutrophils, along with Ly6C+ 
monocytes, macrophages, T cells and eosinophils, accumulate in the injured 
area and regulate the proliferation of myoblasts derived from myogenic pre-
cursor cells (also called satellite cells) that become activated and enter an ex-
pansion phase in response to injury (Figure 1). At early stages following acute 
tissue injury, macrophages mostly secrete inflammatory molecules (e.g. TNFα 
and IL1β), and efferocytose apoptotic cells and fibre remnants. The secreted 
cytokines create an inflammatory milieu to recruit and instruct other immune 
cells, but also act as mitogens to support myogenic cell proliferation. In con-
trast, efferocytosis triggers the transition of the macrophages into the alterna-
tively activated, pro-restorative phenotype. During this transition, macro-
phages down-regulate inflammatory factors and start to produce more pro-
regenerative factors, such as TGFβ, IL-6, and IL-10, and growth factors such 
as Insulin Like Growth Factor 1 (IGF-1) to stimulate tissue repair and differ-
entiation of muscle stem cells, but also to promote angiogenesis, as discussed 
below. Most myogenic cells commit to terminal myogenic differentiation and 
form functional myofibres (Bosurgi et al., 2011; Chazaud, 2020; Theret et al., 
2019; Tidball, 2017).  

During muscle regeneration, macrophages also regulate fibrosis and fibro-
genic differentiation by initially clearing the fibro/adipogenic progenitors 
(FAPs) and later protecting them from apoptosis, thereby determining their 
cell numbers (Lemos et al., 2015). While quiescent in healthy muscle, FAPs 
undergo proliferation in response to injury, and deliver trophic signals for pro-
liferating myogenic precursors. Fibrogenic FAPs are the primary producers of 
connective tissue in injured muscle, and without macrophages, injured muscle 
fails to regenerate, highlighting their importance in this process (Figure 1) 
(Bosurgi et al., 2011; Tidball, 2017).  
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Figure 1. Following muscle injury, regeneration starts with activation and prolifera-
tion of otherwise quiescent satellite cells (also known as myogenic precursor cells or 
muscle stem cells) and FAP cells that are located on the surface of muscle fibres. At 
the same time, accumulation of neutrophils, eosinophils, CD8+ T cells and macro-
phages occurs, with IFN-γ also activating the M1 phenotype within the first 24 hours. 
In the beginning, macrophages mostly secrete pro-inflammatory molecules (e.g. 
TNFα and IL1β) and IGF-1, which act as mitogens to support myogenic cell prolifer-
ation. Elevation of IL-10 produced by regulatory T cells and macrophages, coincides 
with attenuation of inflammatory response, reduced proliferation of satellite cells, and 
the transition of M1-biased phenotype to M2-biased phenotype. Amphiregulin 
(AREG) release by regulatory T cells drives the later stages of muscle differentiation. 
Most of the satellite cells then form myoblasts and myotubes, followed by terminal 
differentiation and growth. In addition, FAP proliferation and differentiation to fibro-
blasts is influenced by TGFβ from macrophages and IL-4 from eosinophils, and FAPs 
are eliminated by TNFα released by M1-biased macrophages. During the first few 
days post injury, FAPs modulate satellite cell proliferation and influence muscle re-
generation. FAP activation toward the fibrogenic phenotype is regulated by TGFβ 
produced by M2-biased macrophages, leading to expansion of FAPs and their differ-
entiation into fibrogenic FAPs, the main producers of ECM, supporting muscle repair. 
Fibroblasts also release IGF-1, which promotes the growth of fully differentiated mus-
cle. Adapted from Tidball, 2017. Created with BioRender.com.  
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Vascular repair and regeneration 
Angiogenesis is initiated in poorly perfused tissues as the oxygen sensing 
mechanisms detect too low levels of oxygen, resulting in new capillaries from 
post-capillary venules. In the first step towards restoration of blood flow, an-
giogenesis is initiated as parenchymal cells (e.g. myocytes in muscle) respond 
to the low oxygen levels by secreting the angiogenic factor Vascular Endothe-
lial Growth Factor (VEGF), which induces proliferation of endothelial cells. 
Endothelial cells, neutrophils and macrophages release matrix metallopreoti-
nase-2 and -9 (MMP-9), which promotes dissolution of basement membrane 
and release extracellular matrix (ECM)-sequestered VEGF, thereby stimulat-
ing angiogenesis (Figure 2) (Corliss et al., 2016; Hong and Tian, 2020).  

 
Figure 2. Overview of the different roles of macrophages during angiogenesis. Mac-
rophages secrete high levels of angiogenic growth factors to promote vascular prolif-
eration and sprouting. Together with endothelial cells and neutrophils, macrophages 
produce matrix metalloproteinases, which degrade the basement membrane and the 
surrounding ECM to pave way for new vessel formation and release ECM-bound 
growth factors. The array of produced growth factors is highly variable between mac-
rophage subtypes. Macrophages have also been shown to be involved in phagocy-
tosing apoptotic endothelial cells in vessel pruning during wound healing. As a last 
step of angiogenesis, vessel stabilization occurs with recruitment of mural cells 
(smooth muscle cells and pericytes) to the newly formed vessels. Created with Bio-
Render.com. 

Macrophages are recruited as part of an inflammatory response to tissue hy-
poxia, and can secrete various angiogenic factors amplifying the angiogenic 
response. Depending on the macrophage polarization state, the range of 
growth factors being secreted varies. For example, M2a macrophages express 
more Fibroblast Growth Factor 2 (FGF2), C-C Motif Chemokine Ligand 2 
(CCL2) and IGF-1, while M2c express more Placental Growth Factor (Corliss 
et al., 2016; Hong and Tian, 2020). Local delivery of these macrophages has 
been shown to improve perfusion recovery in the mouse hindlimb ischemia 
(HLI) model (Jetten et al., 2013). Angiogenic growth factors are also produced 
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by proliferating myoblasts and satellite cells, as discussed in Figure 1 (Flann 
et al., 2014; Latroche et al., 2015; Renault et al., 2013). In addition to mono-
cytes and macrophages, angiogenic growth factors are being produced by sev-
eral other sources, including platelets (Kisucka et al., 2006), endothelial cells 
(Seghezzi et al., 1998), and fibroblasts (Newman et al., 2011).   

In response to high levels of angiogenic factors, vascular proliferation and 
sprouting through the basement membrane occurs, with matrix metallopro-
teinases degrading the surrounding tissue to give room for new vessels (Adair 
and Montani, 2010). Initial angiogenesis usually leads to formation of high 
numbers of new vessels, in which excess capillaries need to be removed in the 
process called vessel pruning (Du Cheyne et al., 2020). During development, 
the importance of macrophage pruning of vessels was discussed above. In 
adult tissues, pruning of vessels by macrophages has been suggested to occur 
in wound healing (Gurevich et al., 2018).  

Last, vascular stabilization needs to occur for formation of a regulated and 
functional blood flow, and is governed by recruitment of smooth muscle cells 
and pericytes to the vessel. These mural cells are recruited via Platelet Derived 
Growth Factor Subunit B:Platelet-Derived Growth Factor Receptor β (PDGF-
B-PDGFRβ), as well as angiopoietin 1 (on mural cells)-tyrosine-protein ki-
nase receptor 2 (on activated endothelial cells) signalling. Spiller et al. found 
that a sub-population of polarized human macrophages secrete high levels of 
PDGF-BB in vitro, which has been shown before to be involved in recruitment 
of pericytes around new blood vessels (Du Cheyne et al., 2020; Spiller et al., 
2014). In addition, macrophages have been shown to promote interactions be-
tween endothelial cells and pericytes in a mouse model of stroke, and thereby 
promote post-stroke tissue repair (Shibahara et al., 2020). Furthermore, a di-
rect role of macrophages in regulating vessel permeability in mature vessels 
has also been implicated by studying perivascular macrophages in the ear and 
peritoneum of otherwise healthy mice (He et al., 2016a). During development, 
Yamazaki et al. found that F4/80+ embryonic myeloid progenitors contribute 
to the development of the mural cell pool of the skin in mouse embryos 
(Yamazaki et al., 2017). In addition, another study found that macrophages 
transdifferentiated into cerebrovascular pericytes during early neurogenesis 
(Yamamoto et al., 2017). Further, using the Matrigel plug assays and a murine 
model of atherosclerotic plaque neovascularization, Kumar et al. found that 
C-X3-C Motif Chemokine Receptor 1 (CX3CR1) and C-X3-C Motif Chemo-
kine Ligand 1 signalling is important for RhoA activation which initiates 
smooth muscle cell differentiation and ECM production important for vessel 
maturation (Kumar et al., 2013). However, whether macrophages contribute 
to vessel maturation and transdifferentiate to mural cells in healing of adult 
tissues, has so far not been studied. The work presented in Study I and II aim 
to study the fate and functions of macrophages recruited to the site of ischemic 
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injury to delineate their roles in blood flow restoration following ischemic in-
jury. 

Neutrophils 
Neutrophilic granulocytes are the first immune cells recruited to the site of 
infection or injury. Neutrophils develop in the bone marrow from where they 
egress and enter circulation at a post-mitotic mature stage (Hidalgo et al., 
2019). In addition, an extramedullary pool of neutrophils and their progenitors 
have been detected in the spleen, and are suggested to be involved in main-
taining high numbers of neutrophils at sites of inflammation (Jhunjhunwala et 
al., 2016). Neutrophils circulate the body until they encounter a stimulus, i.e. 
pathogen- or damage-associated molecular patterns presented on the apical 
endothelium (Pittman and Kubes, 2013). After neutrophil adhesion to endo-
thelial cells and diapedesis, they provide a robust response to infectious and 
harmful agents, as described above. Taking into account the potent antimicro-
bial and proteolytic contents carried by neutrophils, maintaining neutrophil 
homeostasis is important and there is a fine balance between production, stor-
age and release, intravascular margination, and destruction to avoid collateral 
host damage (Summers et al., 2010). 

Neutrophil life cycle 
Neutrophils originate from common myeloid progenitors in the bone marrow. 
The first neutrophil-committed stage is the neutrophil promyelocyte, which 
either proliferate or differentiate into a myelocyte, the last proliferative stage 
in the lineage. Subsequent neutrophil progenitors lose their ability to divide, 
entering the post-mitotic pool as metamyelocytes (Hidalgo et al., 2019). The 
transition from a myelocyte to a mature neutrophil takes in rodents 2-3 days 
(Terashima et al., 1996) and 5-6 days in humans (Lahoz-Beneytez et al., 
2016). The release of neutrophils from the bone marrow is tightly regulated 
through chemokines binding the neutrophil receptors C-X-C Motif Chemo-
kine Receptor 2 and C-X-C motif chemokine receptor 4 (CXCR4) (Rosales, 
2018; Summers et al., 2010). In addition to the bone marrow, both lung and 
spleen have been proposed as extramedullary pools or sites of extramedullary 
haematopoiesis of neutrophils. In the lung, Yipp et al. demonstrated that lung 
capillaries provide a niche where intravascular transient and marginated neu-
trophils provide immediate detection and capture of bacteria sequestered  
(Yipp et al., 2017). Further, splenic neutrophil progenitors have been shown 
to be important for maintaining high neutrophil numbers at site of sterile in-
flammation (Jhunjhunwala et al., 2016). In addition, splenic extramedullary 
granulocyte progenitors have been shown to serve as an important source of 
tumour-associated neutrophils (Cortez-Retamozo et al., 2012).  
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Once released into circulation, neutrophils are rapidly mobilized to sites of 
infection or inflammation. This happens through the different steps of the leu-
kocyte adhesion cascade and is regulated by various adhesion molecules ex-
pressed both on neutrophils and on endothelium. Of note, the phenotype of 
circulating neutrophils gradually changes following circadian oscillations, 
which thereby influence the ability of neutrophils to migrate into tissues 
(Adrover et al., 2019; Hidalgo et al., 2019). For example, actin cytoskeleton 
is rearranged throughout the day, with murine neutrophils having reduced 
ability to roll on endothelial cell selectins during the day. In addition, circadian 
regulation of adrenergic nerves modulate expression of adhesion selectins on 
endothelial cells, thereby modifying the ability of neutrophils to enter tissues 
(Adrover et al., 2019; Scheiermann et al., 2012, 2013).  

Neutrophils are eliminated from circulation by either migrating back to bone 
marrow after upregulation of CXCR4 on aged neutrophils where they are 
cleared by resident macrophages (Furze and Rankin, 2008), or by Kupffer 
cells in the liver (Shi et al., 2001). At sites of inflammation, neutrophils are 
known to be phagocytosed by monocytes and macrophages (Peiseler and Ku-
bes, 2019), but are also reported to undergo reverse transmigration, thereby 
returning to circulation, where they accumulate in lungs and upregulate 
CXCR4 before entering the bone marrow for apoptosis (Wang et al., 2017).  

Neutrophil functions 
Tissue repair 
In addition to functioning as highly effective microbial killers, as discussed 
above, neutrophils contribute to tissue repair through various strategies, in-
cluding removal of cell debris, secretion of growth factors and proangiogenic 
factors (e.g. MMPs and VEGF) and recruitment and polarization of macro-
phages (Bouchery and Harris, 2019; Braza et al., 2018; Christoffersson and 
Phillipson, 2018; Christoffersson et al., 2012, 2017; Gong and Koh, 2010; 
Massena et al., 2015; Peiseler and Kubes, 2019; Phillipson and Kubes, 2019). 
For example, neutrophils have been shown to be a main source of colony stim-
ulating factor-1 in the mouse model of heart transplantation, which is required 
for macrophage acquisition of pro-repair phenotype and macrophage-depend-
ent organ acceptance (Braza et al., 2018). Further, depletion of neutrophils has 
been shown to inhibit angiogenesis following corneal injury in mice (Gong 
and Koh, 2010), and two distinct neutrophil subsets, pro-inflammatory N1 and 
anti-inflammatory N2 neutrophils, were recruited to the injured site following 
myocardial infarct at different time points (Ma et al., 2016). Furthermore, 
Christoffersson et al. found that re-vascularization of syngeneically trans-
planted islets did not occur in neutropenic mice (Christoffersson et al., 2012). 
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Both human and murine neutrophils have been shown to produce various pro-
angiogenic factors, including VEGF and MMP-9 (Ardi et al., 2007; Christof-
fersson et al., 2012; Jablonska et al., 2010; Massena et al., 2015). Massena et 
al. have identified and characterized VEGF-A responsive 
CD49d+VEGFR1highCXCR4high pro-angiogenic neutrophils (PANs) in the cir-
culation of humans and mice, and found that specific inhibition of the recruit-
ment of PANs to the avascular transplanted pancreatic islets in mice impaired 
vessel neoformation (Massena et al., 2015).  The work presented in Study III 
follows up on previous findings from our laboratory (Christoffersson et al., 
2012; Massena et al., 2015) and aims to characterize the origin and recruitment 
mechanisms of PANs at the site of ischemic injury.  
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Ischemic injury 
Ischemia arises as a result of reduced blood flow that leads to tissue hypoxia 
and subsequent damage. In response to ischemic injury, a strong inflammatory 
and angiogenic response is initiated (Dragneva et al., 2013; Silvestre et al., 
2013). In addition to increasing our understanding on the origins and recruit-
ment mechanisms of PANs recruited to sites of ischemic injury (Study III), 
the work presented in Studies I and II of this thesis aims to characterize the 
functions of macrophages in promoting functional blood flow restitution fol-
lowing ischemic injury. 

Ischemic injury and therapeutic avenues 
Ischemic disease represents a group of disorders, which all share a common 
phenotype: hypoperfusion of a tissue. They develop due to various causes, 
including atherosclerotic plaques, thrombosis, tissue transplantation and trau-
matic injury. Ischemic cardiovascular diseases (e.g. myocardial infarction, 
critical limb ischemia) arise as a result atherosclerotic occlusions (either in the 
major coronary arteries or main lower extremity arteries) and are a leading 
cause of mortality and morbidity in the world (Dragneva et al., 2013; Ylä-
Herttuala and Baker, 2017). Tissue transplantation is a clinical procedure in 
which the outcome depends on fast establishment of a functional vascular per-
fusion of the graft to ensure functionality in the new host. For example, fol-
lowing pancreatic islet transplantation for β cell replacement in type 1 diabetes 
(T1D), current clinical practice results in delayed and insufficient islet revas-
cularization resulting in lack of oxygen for the newly transplanted islets, and 
eventual graft failure (Komatsu et al., 2018).  

Today, there are no effective pharmaceutical strategies to promote establish-
ment of functional blood flow to ischemic tissues. After the onset of ischemia, 
a range of molecular, cellular and extracellular responses affect the recovery 
of functional blood flow in the lesion zone as well as tissue remodelling and 
eventual restoration. However, patients that present with ischemic disease of-
ten have comorbidities such as diabetes, hypercholesterolemia and hypergly-
caemia, which contribute to a deleterious microenvironment in which post-
ischemic vascularization and tissue restoration is inhibited. Various strategies 
for pro-vascularization therapies have been suggested, including administra-
tion of growth factors, pro-angiogenic proteins, stem cells and pharmacologi-
cal substances. Despite promising pre-clinical results, large-scale, random-
ized, placebo-controlled clinical trials have to date only achieved only modest 
clinical benefits (Caporali et al., 2018). Major challenges in developing suc-
cessful therapeutic pro-angiogenic drugs include the limited understanding of 
the underlying pathology, resulting in poorly chosen drug targets, as well as 
achieving sufficient delivery (concentration and time) of the drug candidate to 
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the ischemic site. Specifically, considering the variety of different macro-
phage subtypes involved in the neovascularization process, having a detailed 
understanding and control of this process may aid in achieving more effective 
re-establishment of tissue perfusion. Importantly, therapeutic targets should 
be assessed in preclinical disease models designed to mimic the clinical situ-
ation as closely as possible. Thus, instead of the classical evaluation of vascu-
larization based on number of vessels, vessel functionality should be deter-
mined to avoid promotion of unstable non-functional blood vessels. In con-
clusion, there is high demand for increased knowledge in the underlying 
mechanisms of post-ischemic angiogenesis and identifying novel therapeutic 
strategies for promoting angiogenesis following ischemic injury in relevant 
preclinical models (reviewed in (Caporali et al., 2018; Dragneva et al., 2013; 
Ylä-Herttuala and Baker, 2017)). 

Inflammatory response to ischemia 
Induction of hypoxia by blocked or reduced blood flow leads to development 
of hypoperfusion, local hypoxia and metabolic dysregulation. This is followed 
by cell death and the release of endogenous DAMPs to the extracellular space. 
An inflammatory response is subsequently initiated wherein tissue-resident 
macrophages drive recruitment of inflammatory cells to the site of injury, and 
orchestrate the restoration of homeostasis in the affected tissue as discussed 
above and in Figure 1 (Silvestre et al., 2013). Inflammation that occurs in re-
sponse to tissue injury and in the absence of infectious agents is termed sterile 
inflammation, and underlines the remarkable capability of the immune system 
to not only distinguish between self and foreign, but also between healthy and 
injured states. The sterile inflammatory response involves the rapid recruit-
ment of innate immune cells to the site of injury to promote tissue regeneration 
and remodelling (Chen and Nuñez, 2010). 

Angiogenic response to ischemia 
Following ischemic injury, collateral growth, arteriogenesis, angiogenesis, 
and vasculogenesis occur in order to maintain tissue function (Caporali et al., 
2018; Silvestre et al., 2013). Arteriogenesis involves an appearance of new 
arteriolar structures from capillaries, while collateral growth entails an en-
largement of pre-existing collateral arterioles by shear stress against the vessel 
wall. Therefore, arteriogenesis and collateral growth occur outside the hy-
poxic zone and independently of the hypoxic signals. Angiogenesis is the for-
mation of new vessels from pre-existing ones, and hypoxia is the key driver 
for this process. Vasculogenesis involves formation of new blood vessels from 
circulating endothelial progenitor cells. While arteriogenesis and collateral 
growth provide prompt large blood flow recovery to maintain tissue function 
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in the general lesion zone, angiogenesis and vasculogenesis prevent tissue de-
struction in the hypoxic zone. As there are many anatomic and functional dif-
ferences in vascular architectures between different organs, the relative con-
tributions of these various processes in healing ischemic injuries differ be-
tween tissues. 

After the formation of new blood vessels, vessel maturation needs to take 
place. This is critical for restoration of functional blood flow and depends on 
recruitment of perivascular mural cells (MC; pericytes and vascular smooth 
muscle cells) that share the basement membrane with endothelial cells. MC 
recruitment to the vessels depends on PDGF-B (secreted by endothelial cells) 
and PDGFRβ (on the surface of MCs). MCs are known to mature immature 
blood vessels, in addition to regulate vessel permeability and blood flow. Loss 
of MCs results in haemorrhagic and dilated vessels leading to lethality before 
birth (Levéen et al., 1994). MCs also influence endothelial cell sprouting and 
microvessel architecture by regulating endothelial cell proliferation (Hell-
ström et al., 2001; Orlidge and D’Amore, 1987).  
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The pancreas 
The pancreas is an organ of the digestive system and endocrine system divided 
into exocrine and endocrine fractions, where the vast majority is made up by 
the former. The exocrine function entails production of digestive enzymes 
(e.g. trypsin, lipase and amylase) by acinar cells, which along with sodium 
bicarbonate are secreted into the duodenum via the pancreatic duct. Scattered 
in between clusters of acinar cells are cells of the endocrine fraction organised 
in islets of Langerhans. Unlike the exocrine glands that release their secretions 
through ducts, pancreatic islets are highly vascularized and deliver secreted 
hormones directly into circulation to optimize blood glucose levels. Islets are 
made up of β cells (secreting insulin), α cells (secreting glucagon), δ cells (se-
creting somatostatin), PP cells (secreting pancreatic polypeptide) and ε cells 
(secreting ghrelin). The proportion of each cell type within the islet varies with 
islet size, age and location within the pancreas (Atkinson 2020).  

Development of the endocrine pancreas  
There are three major periods in mouse pancreas development: primary tran-
sition (from E9.5 to E12.5), secondary transition (from E12.5 to birth), and 
postnatal period (from birth to weaning). During primary transition, budding 
and proliferation of epithelial cells leads to the formation of microlumens, 
which eventually fuse, forming continuous tubular structures. The process is 
supported by a variety of growth and differentiation factors secreted by mes-
enchymal cells. With the formation of tubules, the tip and trunk domains are 
established, where the tip progenitor cells derive acinar, duct and endocrine 
cells, and the trunk progenitors derive duct and endocrine cells. In secondary 
transition, pancreatic branching, cell differentiation, islet formation and acinar 
cell expansion occur. During this stage, the tip domain gives rise to acinar 
cells, while the trunk domain derives duct and endocrine cells. (Benitez et al., 
2012) 

Endocrine cells are derived from progenitor cells expressing transcription fac-
tor Neurogenin3. Further formation of distinct endocrine cell lineages is or-
chestrated by expression of different transcription factors reviewed by Benitez 
et al. (2012). Development of α cells is dependent on a range of transcription 
factors, including Paired Box 6, Aristaless Related Homeobox and MAF BZIP 
Transcription Factor B (MafB), while development of β cells is dependent on 
MafB, Pancreatic and Duodenal Homeobox 1 and ISL LIM Homeobox 1, 
among others. However, β cells from the secondary transition are immature 
and display a depolarized resting membrane potential, increased basal insulin 
secretion, high lactate production, and monophasic and reduced glucose-stim-
ulated insulin secretion (GSIS). (Benitez et al., 2012) 
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From birth, the immature β cells undergo a maturation process by increasing 
insulin production and enhancing GSIS. This process is orchestrated by a va-
riety of different transcription factors, including MAF BZIP Transcription 
Factor A (MafA), MafB, Pancreatic and Duodenal Homeobox 1, NK6 Home-
obox 1 and Neurogenic differentiation 1. While MafB is expressed during sec-
ondary transition (E14.5-E18.5) by almost all insulin-expressing cell, the 
MafA+ insulin producing cell fraction is still increasing at that stage. After 
birth, the proportion of β cells expressing MafB drops dramatically until it 
disappears by 4 weeks. At the same time, proportion of β cells expressing 
MafA increases steadily through birth and first weeks of life (Artner et al., 
2010). This indicates that MafA and MafB play a role at distinct stages of β 
cell development, with MafB affecting islet cell development and MafA only 
affecting adult islet architecture and β-cell activity (Artner et al., 2010). MafA 
binds to the Maf responsive element in the insulin promoter region and acti-
vates insulin expression, but also regulates a range of other important β cell 
genes, including Glut2, PC-1/3 and GLP-1R (Wang et al., 2007) 

During postnatal period, MafA expression pattern closely follows that of in-
sulin (El Khattabi and Sharma, 2015). Studying MafA deficient mice, Zhang 
et al. found that while embryonic development of pancreatic islets is unaf-
fected, abnormal islet architecture developed with age (Zhang et al., 2005). 
Furthermore, MafA is a key regulatory of GSIS in vivo, and MafA-deficient 
mice have reduced islet insulin content (Hang et al., 2014), reduced proportion 
of β cells in islets (Zhang et al., 2005) and subsequently develop impaired 
glucose tolerance and diabetes mellitus (Zhang et al., 2005). In addition, while 
several other transcription factors reach adult levels before islets have ac-
quired maximal GSIS, MafA and insulin reach their adult levels at the same 
time as maximal GSIS is reached. This indicates that in addition to its role in 
regulating β cell function, MafA has a critical role in regulating β cell matu-
ration (El Khattabi and Sharma, 2015). Furthermore, decreased MafA expres-
sion has been found in islets from humans with type 2 diabetes (T2D) (Butler 
et al., 2012; Guo et al., 2013). Following β cell maturation, β cell proliferation 
occurs in order to increase the β cell mass. Similarly to mice, β cell replication 
is the major mechanism for expansion of islet mass postnatally in humans 
(Meier et al., 2008).  

Pancreatic macrophages 
In a healthy mouse, macrophages in the endocrine fraction of the pancreas are 
classically activated, with an inflammatory (M1) phenotype (Calderon et al., 
2015; Parv et al., 2021) and a high capacity to phagocytose and efferocytose 
(Parv et al., 2021). In contrast, exocrine macrophages are mostly alternatively 
activated with an anti-inflammatory (M2) phenotype. Importantly, pancreatic 
macrophages undergo a differentiation process postnatally, with macrophages 
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resembling that of an adult by 4 weeks of age. (Calderon et al., 2015; Parv et 
al., 2021) 

Reflecting their distinct profiles in the adult pancreas, endocrine and exocrine 
macrophages also have different ontogeny. While islet macrophages are de-
rived from definitive haematopoiesis (hematopoietic stem cell-derived), exo-
crine macrophages have two different origins: primitive and definitive haem-
atopoiesis (Calderon et al., 2015). Under steady state, islet macrophages are 
long-lived and not replaced by blood monocytes. In contrast, the exocrine 
macrophages lacking expression of CD206/CD301 markers derived from de-
finitive haematopoiesis are replaceable by circulating monocytes, while the 
primitive haematopoiesis derived macrophages expressing CD206/CD301 are 
long-lived and not replaced by circulating monocytes (Calderon et al., 2015).  

While inflammatory macrophages are detrimental for β cell function and sur-
vival in both type 1 and type 2 diabetes (Jensen et al., 2020), recent studies 
have found that pancreatic macrophages also play an important role in β cell 
regeneration after various injuries (Criscimanna et al., 2014; Xiao et al., 2014), 
through secretion of both growth factors (e.g. TGFβ1, epidermal growth fac-
tor, hepatocyte growth factor) and chemokines (e.g. IL-10). In addition to di-
rectly affecting β cells during islet expansion, macrophages also support re-
modelling of the islet vasculature and ECM (Jensen et al., 2020). In Study IV, 
we investigated the role of macrophages in supporting postnatal islet develop-
ment, and explored whether neonatal infections interfere with the maturation 
of β cells and development of normal GSIS. 

Diabetes mellitus 
Diabetes mellitus is a disorder characterised by hyperglycaemia, where the 
body is unable to either produce sufficient amounts of insulin or to respond 
appropriately due to impaired insulin uptake. The prevalence of diabetes 
mellitus is growing, with currently 463 million affected rising to 700 million 
by 2045 (Saeedi et al., 2019).  Diabetes mellitus is a heterogeneous group of 
disorders, where T1D, T2D, and gestational diabetes (GD) are the three main 
subtypes of the disease. The other forms of diabetes include maturity-onset 
diabetes of the young, mitochondrial diabetes and neonatal diabetes, which 
are monogenic disorders. In T1D, islet beta cells are selectively destroyed 
through an autoimmune reaction, thus necessitating life-long use of exoge-
nous insulin therapy. GD is the most common complication of pregnancy, re-
sulting from the inability of the β-cell function to cope with increasing insulin 
resistance that occurs in normal pregnancy (McIntyre et al., 2019).  

T2D is the most common type of diabetes, making up over 90% of the diabetes 
mellitus cases. Combination of both genetic elements and the environment are 
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involved in the pathogenesis of T2D. T2D occurs mainly as a result of two 
factors: insufficient insulin secretion, and inability of insulin-sensitive tissues 
to respond to insulin. In normoglycaemia, insulin action and insulin secretion 
are carefully balanced, with a decrease in insulin action met with upregulation 
of insulin secretion and vice versa. In T2D, β cell function is not upregulated 
enough to meet the level of insulin resistance in the body (DeFronzo et al., 
2015). Insulin resistance occurs when the effect of insulin is reduced for skel-
etal muscle glucose disposal and suppression of glucose production in the 
liver. With the latter being dysregulated in patients with T2D, endogenous 
glucose production is accelerated (Meyer et al., 1998), driving hyperglycae-
mia in the initial and intermediate stages of T2D. Insulin resistance is also 
strongly associated with obesity and the concurrent increases in circulating 
inflammatory cytokines, hormones and non-esterified fatty acids (Boden, 
1997; Stumvoll et al., 2005). The resulting hyperglycaemia and hyperlipidae-
mia lead to β cell dysfunction (Robertson et al., 2003, 2004). However, abnor-
malities in insulin secretion may also occur concurrently with development of 
insulin resistance before overt hyperglycaemia occurs. (Stumvoll et al., 2005) 
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Aims 

The overall aim of the work presented in this thesis was to identify novel tasks 
for innate immune cells macrophages and neutrophils in maintaining homeo-
stasis.  
 
More specifically, we aimed to: 

 
 Study I: Investigate the fate of macrophages recruited to ischemic 

muscle, as well as their role in maturation of newly formed vessels 
at the ischemic site. 

 Study II: Investigate the role of macrophages in regulating blood 
flow at sites of ischemic injury, and whether this can be targeted to 
improve tissue restoration.  

 Study III: Investigate the kinetics, origin and recruitment mecha-
nisms of PANs accumulating in the ischemic muscle. 

 Study IV: Investigate the role of macrophages in post-natal devel-
opment of the pancreatic β cells, and how neonatal infections in-
terfere with this process.  
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Results and discussion 

The work presented in Studies I-II in this thesis uncovered new functions of 
macrophages during recovery from ischemic injury. The experimental mouse 
model of HLI was used, where ligation and excision of the femoral artery re-
sults in acute ischemia in the limb. In addition, results obtained from the HLI 
model in Study I were confirmed in an in-house developed model of local 
ischemia that enables intravital imaging, namely intra-muscular implantation 
of isolated pancreatic islets from genetically identical donors (Christoffersson 
et al., 2010).  

Study I. Macrophages adopt mural cell function and 
marker expression for vascular support following 
ischemia. 
An angiogenic and inflammatory response is promptly initiated in response to 
ischemic injury to restore tissue perfusion and facilitate tissue repair. Macro-
phages that accumulate in the ischemic muscle as part of an inflammatory re-
sponse have been demonstrated to be of high importance for initiating the an-
giogenic response (Corliss et al., 2016; Hong and Tian, 2020; Jetten et al., 
2013). However, for regaining a functional and regulated blood flow post-
ischemia, vessel maturation also needs to take place, which involves recruit-
ment of MCs. Despite their importance, the origin of these perivascular cells 
following ischemic injury is unknown. 

In Study I, we observed that macrophages recruited to the gastrocnemius mus-
cle in the mouse HLI model located at perivascular positions and had an elon-
gated phenotype mimicking mural cell morphology (Figure 3) 7 days post-
HLI. In addition, we found that these perivascular macrophages expressed 
PDGFRβ and Neural/glial antigen 2 (NG2), which are established markers for 
MCs. These results were confirmed in pancreatic islets syngeneically trans-
planted intra-muscularly, as intravital imaging revealed perivascular 
CX3CR1+ and NG2+ macrophages around the re-established intra-islet capil-
lary network.  
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To investigate whether macrophages upregulated MC markers or if our obser-
vations were due to MCs upregulating macrophage markers, we crossed 
Cx3cr1-CreERT2 mice with R26-tdTomato mice, enabling lineage tracing of 
macrophages by tamoxifen-inducible heritable expression of tdTomato fluo-
rescence in CX3CR1-expressing myeloid cells. To simultaneously detect 
PDGFRβ expression, the lineage traced mice were crossed with PdgfrβeGFP 
reporter mouse. By this means, we found that 3 weeks after HLI induction, 
tdTomato+ cells were located perivascularly within the collagen IV+ endothe-
lial basement membrane, previously reported being the vascular nice of peri-
cytes (Armulik et al., 2011). Further, we detected a loss of myeloid marker 
(CD45, CX3CR1, CD11b) expression in a population PDFGRβ-expressing 
lineage-traced macrophages. This data demonstrate that ischemia triggers a 
macrophage-to-MC phenotype shift, as macrophages do not only attain MC 
morphology and accumulate at mural cell positions but also start expressing 
MC markers.  

To assess the extent of macrophage phenotype shift following ischemia, we 
performed single-cell RNA sequencing (scRNA-seq) of tdTomato+ (predom-
inantly of macrophage origin) and tdtomato-PDGFRβ+ (predominantly mural 
cells and fibroblasts) using healthy and ischemic (day 21 post-ischemia) gas-
trocnemius muscle from the lineage traced Cx3cr1-CreERT2 x R26-tdTomato 
mice. We identified a subpopulation of lineage-traced macrophages that had 
upregulated genes associated with MCs (e.g. Ano1, Pdgfrβ, Sema5a, Adamts2, 
Myh11 and Cacna1c) (He et al., 2016b; Heinze et al., 2014; Kumar et al., 
2017), and downregulated genes associated with macrophage function 
(Cx3cr1, Mrc1, Tlr2 and Tlr7). Pathway analysis of genes upregulated in this 
macrophage subpopulation revealed several GO terms associated with MC 
functions, including sprouting angiogenesis, blood circulation, blood vessel 
development, cell junction assembly, anatomical structure morphogenesis and 
positive regulation of vessel diameter. Pathway analysis with genes downreg-
ulated in this macrophage subpopulation revealed various GO terms associ-
ated with immune cell function, including immune response, immune system 
process, cytokine secretion and myeloid cell activation in immune response. 
In summary, scRNA-seq data confirm that following HLI, a subpopulation of 
macrophages lose their gene expression profile associated with macrophages, 
and acquire a profile characteristic of MCs.  
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To study whether macrophages also adopt hallmark functions assigned to 
MCs, vessel perfusion and leakiness was studied following depletion of mac-
rophages from day 3 to 7 after HLI induction. It is important to note that the 
depletion protocol used did not affect the initial angiogenic response and ves-
sel density. Instead, we found that the macrophage-depletion strategy im-
paired vessel maturation of the newly formed vessels, as demonstrated by de-
creased number of perfused vessels (shown as reduced lectin:CD31 ratio). In 
addition, increased vessel permeability was observed, which together resulted 
in reduced basal tissue perfusion. In addition, in the islet transplantation 
model, we found that while depletion of macrophages resulted in formation of 
dilated vessels. This data shows that macrophages indeed take on MC func-
tions at sites of ischemia.  

Next, we investigated whether perivascular positioning of macrophages is de-
pendent on the signalling mechanism known to regulate MC recruitment. 
Pharmacological inhibition of PDGFRβ was carried out after induction of HLI 
(from day 2 to day 6 after HLI induction, intramuscular injections), followed 
by in vivo imaging of the CX3CR1+ macrophages in the ischemic gastrocnem-
ius muscle 7 days post-ischemia. Inhibition of PDGFRβ signalling resulted in 
that the distinct elongated macrophage shape observed in untreated ischemic 
muscle was lost, as well as reduced macrophage vessel coverage. To more 
specifically study the functional role of macrophage PDGFRβ, we generated 
macrophage-specific PDGFRβ knockout mice (Cx3cr1-CreERT2 x Pdgfrbflx/flx 
mice, referred to as PDGFRβ cKO mice), in which tamoxifen administration 
leads to a deletion of PDGFRβ in myeloid cells and tissue resident macro-
phages. In agreement with previous studies where disrupted PDGF-B-PDG-
FRβ led to vascular abnormalities, vessel density and permeability was in-
creased in PDGFRβ cKO mice, along with reduced recovery of limb function. 

Figure 3. Intravital confocal image of CX3CR1+ cells /cyan) in the Day
7 ischemic muscle along the CD31+ vasculature (white), next to PDG-
FRβ+ and NG2+ cells in the healthy gastrocnemius muscle. 
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These results demonstrate that deletion of PDGFRβ specifically in macro-
phages but not in MCs at the site of ischemia impairs functional recovery of 
the affected limb and leads to formation of immature vasculature in the is-
chemic muscle.  

In conclusion, Study I reveals a macrophage-to-MC phenotype switch in re-
sponse to ischemia, and that macrophages play an important role in vascular 
maturation and function following ischemic muscle injury.  
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Study II. Perivascular macrophages regulate blood flow 
following tissue damage.  
In a healthy muscle, blood flow is regulated on the arteriolar level, with nitric 
oxide from endothelial cells (eNOS) being critical for maintenance of vaso-
motor tone by inducing vasodilation through smooth muscle actin-containing 
mural cells (Förstermann and Sessa, 2012; Minson et al., 2001). During is-
chemic injury, blood flow regulation is impaired as newly formed or chal-
lenged vessels respond poorly to signals from the microenvironment. 

In Study II, we found that macrophages accumulated at perivascular sites and 
formed cuff-like structures around arteriolar branches in the ischemic muscle 
following HLI. Flow cytometric characterization of macrophages revealed 
that macrophages expressed high levels of both Macrophage Mannose Recep-
tor 1 (MMR) and inducible NO Synthase (iNOS), forming a population with 
both restorative and inflammatory features.  

We found that while complete iNOS knockout or pharmacological inhibition 
did not affect heat-induced blood flow regulation in the healthy muscle, up-
regulation of blood flow in response to heat was iNOS-dependent 7 days post-
ischemia. To study whether macrophage-iNOS was responsible for vascular 
function in the ischemic hindlimb, we crossed floxed iNOS mice (Cowburn et 
al., 2017) with Cx3cr1-CreERT2 mice (Yona et al., 2013), allowing for condi-
tional tamoxifen-induced macrophage-specific iNOS-deficiency. Macro-
phage-specific iNOS-depletion abolished the ability of ischemic muscles to 
increase blood flow, and led to increased ischemic damage in hindlimbs as 
assessed by using the modified ischemia score described previously (Westvik 
et al., 2009). These results reveal that in the ischemic muscle, perivascular 
macrophages expressing iNOS regulate blood flow required for recovery from 
ischemic injury, which is a completely new role for immune cells.   

Next we set out to investigate whether this macrophage-mediated recovery of 
blood flow regulation during ischemia can be augmented to restore limb func-
tion. We found that macrophages in the ischemic gastrocnemius muscle ex-
pressed high levels of both C-C Motif Chemokine Receptor 2 and CXCR4, 
which bind the chemokines CCL2 and C-X-C Motif Chemokine Ligand 12 
(CXCL12), respectively. Furthermore, the majority of CXCR4+ macrophages 
expressed iNOS 7 days post-ischemia. Intramuscular injection of DNA plas-
mids encoding murine CCL2 or CXCL12 during induction of HLI led to in-
creased number of macrophages in the ischemic muscle 3 days post-HLI. 
However, only CXCL12-plasmid treated muscles showed increased number 
of perivascular macrophages expressing MMR and iNOS. Injection of 
CXCL12-expresing plasmids also resulted in increased number of perfused 
vessels 3 days post-HLI, while total number of vessels was not affected. In 
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addition, overexpression of CXCL12 in the ischemic muscle resulted in in-
creased hyperaemic response along with increased arteriolar dilation in re-
sponse to heat. Importantly, CXCL12 overexpression did not improve blood 
flow in mice with conditional tamoxifen-induced macrophage-specific iNOS-
deficiency. 

In conclusion, in Study II we delineate a novel macrophage function follow-
ing ischemic injury as a regulator of blood flow through iNOS-dependent NO 
production. Furthermore, we show that this effector function can be therapeu-
tically targeted with local delivery of plasmid-encoded CXCL12.  
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Study III. Tissue ischemia induces mobilization of pro-
angiogenic neutrophils from the spleen. 
The work presented in Study III in this thesis delineated the kinetics, origins 
and recruitment mechanisms of PANs in the murine model of peripheral artery 
disease. 

In response to ischemic injury, neutrophils are rapidly recruited to the injury 
site as part of the inflammatory response. Our group has described a subset of 
neutrophils, termed PANs, which are identifiable by membrane expression of 
Integrin alpha 4 (CD49d), Vascular endothelial growth factor receptor 1 
(VEGFR1) and CXCR4, and are recruited to tissue in a VEGF-A-dependent 
manner. It has previously been shown that PANs are important for initiating 
angiogenesis at sites of localized ischemia through MMP-9 secretion, as spe-
cific inhibition of their recruitment to hypoxic sites in a transplantation-in-
duced angiogenesis model led to impaired neovessel formation (Christof-
fersson et al., 2012; Massena et al., 2015). Whether PANs are also involved 
in blood flow recovery following larger ischemic events, as well as their origin 
and mechanisms of recruitment has hitherto not been studied. 

We found that while neutrophils were rare in healthy muscles, they accumu-
lated in the ischemic gastrocnemius muscle. More specifically, we found that 
while the numbers of classic neutrophils (CD45+Ly6G+CD49d-VEGFR1-) and 
PANs (CD45+Ly6G+CD49d+VEGFR1hi) per gram of muscle were increased 
by day 1 post-HLI and normalized 3 days post-HLI, proportion of PANs in-
creased over time, indicating preferential accumulation of PANs in the is-
chemic gastrocnemius muscle. Furthermore, we found that the recruitment of 
PANs to ischemic muscle was, in contrast to that of classic neutrophils, 
CD49d-dependent.  

Next we set out to investigate the origin of PANs recruited to the ischemic 
muscle. In addition to bone marrow being the classic source of neutrophils 
(Hidalgo et al., 2019), lung (Aulakh, 2018) and spleen (Jhunjhunwala et al., 
2016) have been proposed as extramedullary sources of neutrophils. We found 
high numbers and proportions of PANs in the spleen, in contrast to bone mar-
row, lungs and circulation. In response to ischemia (day 1), percentage of 
PANs was reduced in the spleen, whereas no reductions were observed in the 
other tissues studied. Furthermore, removal of the spleen a week prior to HLI 
induction led to reduced accumulation of PANs in the ischemic muscle. These 
results highlight the spleen as a source of PANs recruited to the ischemic gas-
trocnemius muscle. However, there was still a significant number of PANs 
recruited to the ischemic muscle in splenectomised mice, along with a reduced 
proportion of PANs in the bone marrow, indicating that the bone marrow is 
an additional source of PANs.  
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We next set out to investigate the recruitment mechanisms involved in PAN 
mobilization and accumulation in the ischemic muscle. In contrast to mature 
classic neutrophils in circulation, PANs express high levels of CXCR4 (Mas-
sena et al., 2015). The CXCR4:CXCL12α axis is involved in the mobilization 
of mature neutrophils from the bone marrow to circulation  (De Filippo and 
Rankin, 2018; Pillay et al., 2020; Semerad et al., 2002), and we therefore in-
vestigated whether changes in splenic CXCL12α in response to ischemia 
could explain the rapid mobilization of PANs. We found that in response to 
HLI, there was a diminished expression of CXCL12α in the splenic red pulp, 
which is where neutrophils reside within the spleen. Furthermore, we deter-
mined that this downregulation of CXCL12α was abolished in mice that were 
systemically sympathectomised. These results reveal a possible mechanism of 
mobilization of PANs from the spleen in response to HLI through sympathetic 
signalling-dependent regulation of CXCL12α expression in the splenic red 
pulp. 

 
In conclusion, in Study III we advance our understanding of the origin and 
recruitment mechanisms of PANs accumulating at sites of ischemic injury. 
We show that the spleen is an extramedullary source of PANs and highlight 
the importance of the neuro-immune axis in the recruitment of PANs from the 
spleen to the site of ischemic injury.  
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Study IV. Pancreatic macrophages contribute to 
neonatal islet maturation and long-term glucose 
homeostasis in mice.  
In Study IV, the role of tissue macrophages in supporting the post-natal de-
velopment of the pancreatic β cells was investigated, along with whether post-
natal infections interfere with this process.  

We found very high densities of macrophages in the pancreases of neonatal 
mice (2 days old) compared to when post-natal development of the pancreas 
is finalised (6 weeks old). The same was observed in humans, with neonatal 
children found to have higher densities of macrophages compared to adult 
pancreatic tissue. Functional characterization of pancreatic macrophages of 
neonatal and adult mice revealed high densities of phagocytosis-prone macro-
phages in the neonatal pancreas compared to adult pancreas. In addition, we 
found that neonatal pancreatic macrophages serve as a source of various 
growth factors, including IGF-1 and TGFβ.  

To study the role of neonatal macrophages in islet development, we transiently 
depleted macrophages during the first week of life in mice using clodronate 
liposomes. This resulted in reduced pancreas weight and body weight in adult 
mice, along with reduced β-cell proliferation and altered islet composition. In 
parallel, mice that underwent transient neonatal macrophage depletion had im-
paired glucose tolerance at 3 and 6 weeks of age.  
 
To study whether a systemic infection during the neonatal period interferes 
with post-natal islet maturation and thereby affect long-term glucose handling, 
we administered S. aureus to neonatal mice during their first week of life. This 
resulted in transient bacteraemia in blood, with mice fully recovered by 6 
weeks of age. Using flow cytometry, we found reduced number of pancreatic 
macrophages in the pancreas of 1-week-old mice with neonatal infections, and 
that the remaining macrophages had a reduced phagocytic activity. At 6 weeks 
of age, macrophage levels were restored, but the transient neonatal infection 
had led to decreased pancreas weight, β-cell proliferation and intra-islet insu-
lin content. Interestingly, a reduction in percentage of β-cell expressing MafA 
was also reduced in 6-week-old mice infected neonatally, indicative of defec-
tive β-cell maturation (El Khattabi and Sharma, 2015). As a result, S. aureus 
infected mice also had impaired glucose tolerance at 6 weeks of age, similarly 
to the clodronate-depleted mice. 

In conclusion, in Study IV we delineate the important function of macro-
phages in supporting post-natal islet maturation. Furthermore, we highlight 
how neonatal infections interfere with normal post-natal development of the 
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islets, revealing new potential explanations to inter-individual susceptibility 
to diabetes.  
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Concluding Remarks and Future Perspectives 

This thesis uncovers the important alternative immune cell functions im-
portant for maintaining homeostasis. We discovered that macrophages have 
several roles crucial for blood flow restoration following ischemic injury, and 
that they are also important in supporting postnatal development of islet func-
tions. In addition, this thesis expands our knowledge of PANs, their origins 
and recruitment mechanisms. However, these studies have also raised several 
questions that prompt further investigation. Some of these are discussed be-
low.  

The work presented in Studies I-II in this thesis uncovered new functions of 
macrophages during recovery from ischemic injury. In Study I, we demon-
strate a macrophage-to-MC phenotype switch in response to ischemia, and 
that macrophages play an important role in vascular maturation and function 
following ischemic muscle injury. Both macrophages and MCs have been 
shown to display a high capacity to change their phenotype according to the 
microenvironment and demands. However, few studies have looked into the 
extent of the conversion using transcriptomic methods. For assessing the ex-
tent of the macrophage-to-MC phenotype switch in the setting of ischemic 
injury, we carried out scRNA-seq of lineage-traced macrophages 3 weeks 
post-HLI induction. We found that a subpopulation of macrophages in the is-
chemic muscle only partially acquire a gene profile characteristic of pericytes. 
In order to determine whether a complete phenotype switch would occur by 
later time points, we will perform further analysis using scRNA-seq at two 
months following induction of HLI.  

In addition, it would be of major interest to investigate the molecular effectors 
that control the macrophage-to-mural cell phenotype switch. In Study II, we 
found that a CXCL12-delivering plasmid can be used to increase the number 
of perivascular macrophages expressing MMR and iNOS, and improve blood 
flow regulation in the ischemic muscle. In Study I we found that PDGFRβ-
mediated signalling instructs macrophages to acquire perivascular positions in 
the ischemic muscle, and is critical for functional recovery of the blood flow. 
We propose that while CXCL12 is important for recruiting macrophages to 
perivascular positions, signalling through PDGFRβ is required for proper ad-
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hesion and organization of macrophages on the vessel. However, further stud-
ies are needed to investigate whether the conversion of macrophage-to-mural 
cell requires perivascular positions, and which signals initiate this conversion. 
Therapeutic targeting of vascular maturation has been proposed in order to 
overcome limitations observed in clinical trials with VEGF or other growth 
factors, to target the observed vascular leakage and aberrant angiogenesis 
(Banfi et al., 2005, 2012; Gianni-Barrera et al., 2016; Hammes et al., 2002; 
Ozawa et al., 2004; Reginato et al., 2011; Thurston et al., 2000). Targeting 
vascular maturation through macrophages might therefore overcome these 
limitations. 

It is also very important to consider the challenges in modelling ischemic dis-
ease. In Studies I-III, we used a mouse model of peripheral artery disease that 
involves an acute ligation of the femoral artery, which leads to ischemia in the 
downstream tissues including the gastrocnemius muscle. In other aspects, the 
mice used were completely healthy and genetically similar. However, in a 
clinical setting, each patient is unique. Patients with peripheral artery disease 
have various comorbidities that affect the endogenous recovery programs for 
ischemic injury (Dragneva et al., 2013). For example, it has been found that 
hyperglycaemia and hyperlipidaemia cause epigenetic changes in promoters 
of pro-inflammatory M1 genes and pro-angiogenic M2 genes, which might 
contribute to impaired vascular repair (Babu et al., 2015). Whether the novel 
macrophage effector functions observed in Studies I-II are affected by hyper-
glycaemia or hyperlipidaemia needs to be investigated in future studies.   

In Study III, we show that the spleen is a source of PANs and highlight the 
importance of the neuro-immune axis in the recruitment of PANs from the 
spleen to the site of ischemic injury. We also show that recruitment of PANs 
to the ischemic gastrocnemius muscle can be targeted using an inhibitor of 
CD49d, leading to reduced recovery of bloodflow regulation. However, this 
inhibition also inhibited accumulation of macrophages in the ischemic muscle, 
which makes it difficult to delineate the contribution of PAN on bloodflow 
recovery in the HLI model. In future studies, we are aiming to uncover more 
specific strategies to target PAN accumulation in the ischemic muscle, without 
affecting macrophages or classic neutrophils. In addition, in Study III we 
used systemic sympathectomy in order to study the role of sympathetic sig-
nalling in recruitment of PANs to the ischemic muscle. In future studies, we 
are aiming to carry out localised splenic sympathectomy to more specifically 
investigate the role of sympathetic signalling within the spleen in the effects 
observed with systemic sympathectomy. In addition, we are aiming to study 
whether PANs recruited from the bone marrow in splenectomised mice differ 
from splenic PANs recruited to the site of ischemic injury. It is tempting to 
speculate that the hypoxic regions of the spleen allow for education of these 
neutrophils to attain their specific pro-angiogenic functions. For this we will 



 

 43

be carrying out scRNA-seq of PANs from the bone marrow, spleen and is-
chemic muscle, to investigate if and how the microenvironment affects PAN 
phenotype, as well as spatial transcriptomics to map the cellular interactions 
and the microenvironment of the splenic red pulp.  

In Study IV, we investigated the important function of macrophages in sup-
porting post-natal islet maturation, and highlighted how neonatal infections 
interfere with normal post-natal development of the islets. We propose that 
neonatal infections might partly explain the inter-individual susceptibility to 
develop type 2 diabetes. In order to investigate this, we will challenge the 
postnatally infected mice with a high fat regiment to reveal whether they are 
more susceptible to develop hyperglycaemia. Further, we will utilize national 
health registries to identify individuals that had been hospitalized for neonatal 
sepsis. We will thereafter investigate whether diabetes onset in these individ-
uals differs from that of the control group. If an association is found, it may 
reveal new therapeutic strategies to prevent development of diabetes 
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