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Abstract 

Over 150 million individuals worldwide are affected by impaired wound healing, which can 

lead to chronic wound pathologies that often require lower limb amputations. Impaired wound 

healing is particularly prevalent in two growing demographics: aged and diabetic populations. 

Impaired wound healing continues to persist due to a lack of viable treatment options, 

exacerbated by an incomplete understanding of the mechanisms of wound healing. Research 

in this area has highlighted a significant role of dysregulated immune cells in impaired wound 

healing. We aimed to investigate the role of a key immune cell in wound healing: macrophages 

and how a known regulator of macrophages in other contexts, ERK5, influences wound 

healing, using genetic and therapeutic manipulations targeted at ERK5, both in vitro and in 

vivo. 

Genetic in vivo hyperactivation of ERK5 causes a persistent inflammatory profile in wounds, 

which aligned with similar observations of aberrant ERK5 signalling contributing to 

inflammation driven cancer progression. In contrast, genetic inactivation caused a brief 

increase in inflammation followed by an earlier shift to the resolution phase of wound healing 

as confirmed by flow cytometry and histology. 

This increase in reparative wound signalling in response to targeting ERK5 was also observed 

in human systems, using an in vitro keratinocyte model treated with a novel compound that 

targets and degrades ERK5, called OS1. Furthermore, using OS1 we were able to prime M0 

THP-1 macrophages towards a reparative M2-like phenotype. This OS1-mediated pro-healing 

wound phenotype was recapitulated in vivo, where topical treatment with OS1 (inducing ERK5 

loss in the entire wound) increased the rate of wound closure and was associated with an influx 

of M2-like macrophages and an earlier switch to the resolution phase of wound healing. 

This work is the first ever evaluation of the in vivo role of ERK5 in wound healing. We 

discovered that ERK5 signalling drives macrophage polarisation and immune infiltration 

during wound healing. The findings have the potential to improve diagnosis, stratification and 

treatment of chronic wounds. This study also provides evidence of the need to deviate from the 

traditional approach to target ERK5 via kinase inhibitors, since OS1-mediated degradation of 

ERK5, unlike ERK5 kinase inhibitors, was able to recapitulate the immune phenotypes of 

ERK5 genetic ablation models. 

Overall, this work highlights the potential for OS1 to be used to treat patients with impaired 

wound healing, such as those associated with diabetes.  
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Graphical Abstract 

 

Genetic hyperactivation of ERK5 in keratinocytes drives persistent inflammation in wound 

healing. Conversely, genetic inactivation of ERK5 in keratinocytes induces an initial increase 

and earlier shift of inflammation, followed by earlier repair activity. This ERK5-reparative 

phenotype was recapitulated using the novel OS1 therapeutic which targeted and degraded 

ERK5 in vitro and in vivo to generate an overall reparative phenotype in cutaneous wound 

healing.   
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Chapter 1: Introduction  

1.1 Background 

Around 2% of the global population is affected by impaired wound healing, and this places 

significant strain on the cost of healthcare. The estimated annual cost of addressing chronic 

wounds in the US was reported at over $25 billion, and in the UK at around £3 billion. These 

financial estimations are modest as they do not take into considerations the wider cost on the 

quality of life for individuals and their families, as well as the socioeconomic cost of an 

unhealthy workforce (Sen et al., 2009; Järbrink et al., 2016; Martinengo et al., 2019). 

Moreover, with an ageing population and a rise in diabetes and obesity, particularly in Western 

civilisations, these co-morbidities further complicate wound healing by altering the skin barrier 

structure, function and immune response. Consequently, it has been estimated that as many as 

25% of diabetics will suffer from diabetic foot ulcers which often lead to lower limb 

amputations (Bannon et al., 2013; Järbrink et al., 2016). 

Wound healing is a multifactorial process, where the underlying mechanism remains 

incompletely understood. Recent studies have highlighted that macrophages may play an 

increasingly significant role (Snyder et al., 2016). Effective wound healing requires the 

coordinated effort of inflammatory macrophages to clear away opportunistic infections 

followed by timely transition to repair macrophages to facilitate resolution and remodelling. A 

potentially significant pathway in regulating macrophage behaviour includes extracellular 

signal regulated kinase 5 (ERK5), which is a member of the mitogen-activated protein kinases 

(MAPK) family. The role of this kinase pathway has been well studied in cardiac development, 

tumorigenesis and inflammation (Nithianandarajah-Jones et al., 2012). More recently, its 

impact in myeloid polarisation has come to light in studies focussing on immune driven 
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carcinomas and metastasis (Giurisato et al., 2018; Luiz et al., 2020). This opens a potential 

insight into a parallel investigation in wound repair.  

1.2 The skin and wound healing 

The skin is the largest organ in vertebrates with a key role as the first line of defence against 

pathogens. The skin epidermal layer is primarily composed of keratinocytes. Underlying this 

is the two parts of the dermal layer: the cellular fibroblasts and the extracellular matrix (ECM). 

At the deepest hypodermic layer, the vascular network is embedded in adipose tissue and 

interconnected with nerve fibres (Figure 1.1.). Damage to this external barrier triggers the 

wound healing response (Eming, Martin and Tomic-Canic, 2014). 

 

 

 

Figure 1.1. Skin Architecture. The skin is composed of three layers: epidermis, dermis and hypodermis, all 

of which are important in protection against pathogens, maintaining homeostasis and preventing water loss. 

The outermost layer, epidermis, forms a protective barrier consisting of keratinocytes. Below that is the 

dermis, composed of connective tissue required for structural strength and elasticity. The hypodermis links 

the skin to underlying bone, muscle, vasculature and nervous systems. Multiple cell types exist in this region 

including adipocytes, nerve cells, and fibroblasts. Figure 0.1 
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Wound healing is a highly coordinated series of cellular and molecular mechanisms that are 

activated to re-establish structural integrity of the skin, at the cost of resultant scar formation. 

This is orchestrated by a complex combination of local signalling from damaged tissue, 

pathogenic invasion and the initiation of the inflammatory cascade by activated resident cells. 

This can be further amplified at a systemic level to recruit distal cells, such as neutrophils and 

monocytes from circulation. The process of wound healing involves three overlapping phases: 

inflammation, tissue formation and remodelling. Breakdown at any of these phases can lead to 

multiple impaired wound healing pathologies (Reinke and Sorg, 2012; Eming, Martin and 

Tomic-Canic, 2014). These heterogeneous conditions are becoming an increasing burden for 

human healthcare, with a variety of non-healing chronic ulcers as the leading concern: venous 

leg ulcer, arterial ulcer, diabetic foot ulcer, and pressure ulcers. These heterogeneous chronic 

wounds are defined as those that fail to resolve within the expected range of one to three 

months. 

1.2.1 Inflammation, tissue formation and remodelling 

The initial stages of wound healing associated inflammation involve haemostasis, a highly 

regulated process of coagulation, involving the sequential proteolytic activation of zymogens 

(precursor enzymes). Activation, adhesion, and aggregation of platelets initiate the clotting 

cascade to produce an insoluble fibrin clot. This provides the provisional wound matrix 

architecture necessary to recruit immune cells, promote proliferation and act as a reservoir for 

growth factors (Figure 1.2.A). In parallel, the injured blood vessel undergoes temporary 

vasoconstriction to reduce blood loss and promote clotting. This is followed by vasodilation 

and increased vascular permeability to increase blood flow and engorgement of down-stream 

capillary beds for immune cell recruitment (Adams and Bird, 2009; Reinke and Sorg, 2012).  

In response to this rapid vascular change and exposure to damage associated molecular patterns 

(DAMPs), and pathogen associated molecular patterns (PAMPs), neutrophils are recruited and 
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transmigrate across the endothelial cell wall of the local capillaries to enter the wound. These 

are required for the phagocytosis of infectious agents and degradation of necrotic tissue. This 

involves the release of antimicrobial peptides (AMP), proteases and reactive oxygen species 

(ROS) (Eming, Krieg and Davidson, 2007; Kovtun et al., 2018). Alongside the influx of 

neutrophils, circulating monocytes proliferate and are recruited in a C-C Motif Chemokine 

Ligand 2 (CCL2), vascular cell adhesion protein 1 (VCAM-1) and p-Selectin dependent 

manner into wounds where they can differentiate into activated macrophages (Koh and 

DiPietro, 2011; Shi and Pamer, 2011). Macrophages are essential in this inflammatory stage of 

wound healing to clear cell debris, senescent cells, dead tissues and apoptotic neutrophils. 

Macrophages are then capable of transitioning towards a reparative phenotype to support the 

resolution of inflammation.  

This functional transition of macrophages highlights a shift towards the tissue formation phase 

of wound healing (Figure 1.2.B). This is crucial to conceal the exposed wound from the external 

environment, and is characterised by increased formation of fibrous tissue, epidermal 

regeneration, wound contraction, and de novo angiogenesis (Delavary et al., 2011; Eming, 

Martin and Tomic-Canic, 2014). Active fibroblasts produce key materials such as collagen, 

elastin, proteoglycans, and fibronectins, to generate ECM. This provides the architecture to 

support increased cell growth and proliferation associated with this highly active tissue 

formation stage (Reinke and Sorg, 2012; Tracy, Minasian and Caterson, 2016). In parallel with 

this proliferative stage, fibroblasts drive matrix metalloprotease (MMP) activity to breakdown 

the provisional wound generated during the early haemostatic phase. The coordinated balance 

of ECM synthesis and MMP activity is required for appropriate angiogenesis, collagen 

deposition, and the generation of a permanent structural replacement to the initial fibrin clot 

(Eming, Martin and Tomic-Canic, 2014; Caley, Martins and OôToole, 2015).  
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Angiogenesis must occur to re-establish the supply of oxygen and nutrients to wounded tissue. 

This is initiated by a variety of growth factors, including vascular endothelial growth factor 

(VEGF), platelet-derived growth factor (PDGF), and fibroblast growth factor (FGF) to trigger 

a cascade of intracellular signalling events resulting in proliferation and migration of 

endothelial cells into the wound in cord-like structures. These newly built sprouts elongate to 

form lumens which interconnect with neighbouring vessels to expand the angiogenic network. 

As they develop, these early vessel structures change their shape and gene expression to recruit 

pericytes (contractile cells along capillaries) and smooth muscle cells to stabilise the vessel 

wall and promote differentiation into arteries and veins (Bauer, Bauer and Velazquez, 2005; 

Potente, Gerhardt and Carmeliet, 2011; Reinke and Sorg, 2012).  

The final phase of wound healing is remodelling, and can be a long process varying from 

several weeks to one year after injury (Gurtner et al., 2008). This is dependent on injury 

severity and the health of the wounded individual. Fibroblasts migrate to the wound edge and 

differentiate to myofibroblasts, a contractile cell that assists with wound closure (Figure 1.2.C). 

The interaction between fibroblasts and myofibroblasts produces collagen which cross-links 

with other protein molecules to strengthen the tissue architecture at the expense of scar tissue 

formation (Darby et al., 2014; Hesketh et al., 2017). Interestingly, scar-free tissue regeneration 

is only observed in foetal skin. Scarring remains a natural part of adult wound healing and 

differs from normal tissue in its fibrous composition and elasticity. Pathological scarring only 

becomes problematic in some surgeries and trauma, such as burns, where the scar tissue 

extends beyond the margins of the original tissue damage (Eming, Martin and Tomic-Canic, 

2014). 
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Figure 1.2. Normal wound healing. The process of wound healing involves three overlapping phases of (A) 

inflammation, (B) tissue formation, and (C) remodelling. (A) Early inflammation involves the clotting cascade 

to block the initial haemorrhage, followed by an influx of neutrophils and macrophages to clear damage. (B) 

This highly pro-inflammatory state transitions towards a reparative phase involving angiogenesis and 

fibroplasia to close the exposed wound. This proliferative tissue formation stage is dominated by fibroblasts 

and M2- like macrophages. (C) The final phase of wound healing is a prolonged process of remodelling. Over 

time, fibroblasts at the wound edge can differentiate to myofibroblasts and support collagen deposition, 

overall wound closure and scar tissue formation. Figure 0.2 
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1.3 Macrophages in wound healing 

Macrophages have been highlighted as an important cell in tissue homeostasis and immunity, 

as well as being implicated as a crucial driver of multiple pathologies including infection, 

cardiovascular disease, cancer, and obesity (Murray et al., 2014). They are prominent immune 

cells found in all tissues, either as resident cells or monocyte-derived cells from circulation. 

Their role in wound healing remains incompletely understood, though studies have found they 

are crucial in all stages of the process. Their pleiotropic function from host defence, 

phagocytosis, and support of cell proliferation, resolution and scarring, show that these cells 

exist in several phenotypic states. Although essential for appropriate wound healing, emerging 

evidence discussed below show that dysfunctional macrophage behaviour is a significant factor 

in chronic and diabetic wounds (Delavary et al., 2011; Koh and DiPietro, 2011; Louiselle et 

al., 2021).  

Immediately after injury, resident macrophages are activated by local pro-inflammatory 

mediators, DAMPs, and PAMPs. Additionally, wounds can often be hypoxic due to disrupted 

vasculature, and further contribute to activation. Activated resident macrophages subsequently 

produce a variety of factors to initiate the normal process of inflammation to combat infection 

and damage. Shortly after, bone-marrow derived monocytes are recruited to the wound bed, 

where they can differentiate into macrophages. This is facilitated by chemokines such as CCL2, 

CCL3, and CXCL2, produced by many cells including keratinocytes and macrophages 

themselves. This can be concurrently driven by platelet derived factors derived from broken 

down products from the activated complement cascade (Wetzler et al., 2000; Koh and DiPietro, 

2011).  

Macrophages in the wound environment are required to effectively remove expended 

neutrophils. They do so by inducing neutrophils to undergo apoptosis, and actively targeting 

them for phagocytosis (Meszaros, Reichner and Albina, 2000). Failure to remove excess 
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neutrophil debris contributes to persistence of chemokines (CXCL2 and CCL2), and increased 

inflammatory mediators (IL-1ɓ, TNF-Ŭ, and cyclooxygenase-2 (COX2)). Additionally these 

unresolved neutrophils cause inflammatory damage to the wound as they are an abundant 

source of proteases and ROS, which contribute to breakdown of ECM and endothelial 

dysfunction. This has been demonstrated from macrophage depletion studies in early murine 

wounds which exhibit impaired healing associated with accumulation of necrotic cells, high 

levels of inflammatory mediators and disrupted angiogenesis (Goren et al., 2009; Mirza, 

DiPietro and Koh, 2009).  

Whilst both studies demonstrate an impaired healing profile after macrophage depletion, they 

were conducted using two different models, which varied in how they targeted macrophages. 

The macrophages were specifically depleted using a transgenic mouse model that expressed 

the human diphtheria toxin receptor (DTR) under the control of CD11b in the Mirza et al study, 

while they were under the control of lysozyme M (LysM)Cre/DTR in the Goren et al study. 

Interestingly, despite CD11b being expressed on multiple immune cell types including 

neutrophils, monocytes and macrophages, it has primarily been associated with adhesion and 

migration of macrophages. Mirza et al, successfully show macrophage specific depletion from 

skin section staining with F4/80, Ly6C and Ly6G antibodies. In their analysis, only F4/80 

macrophages were significantly reduced in population after diphtheria toxin induction in the 

CD11b/DTR mice, whereas monocyte (Ly6C) and neutrophil (Ly6G) populations remained 

the same as control animals. The Goren et al study focussed on LysM which is an antibacterial 

enzyme lysozyme that is highly expressed in myeloid cells. They found that LysMCre mice 

induced by diphtheria toxin led to significant depletion of F4/80 macrophages by 

immunohistochemistry staining sections of the liver and skin. However, interestingly the Goren 

et al study was unable to alter the circulating F4/80 monocyte population from fresh bloods 

using this model. They argue this may be the result of reduced expression of Cre/DTR on the 
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cell surface of these higher turnover immature monocyte cells. And so using two similar 

techniques which target and ablate the myeloid lineage by CD11b or LysM, they highlight the 

need for macrophages to clear neutrophils, during coordinated wound healing. 

Following inflammation, it has become evident that wound macrophages are necessary for the 

progression of the repair process. Macrophages undergo a transition to exhibit a functional 

phenotype more characteristic of the M2-like spectrum (further discussed in section 1.3.1). 

This encompasses a variety of alternatively activated macrophages that are associated with 

functions such as wound healing, immune regulation and tissue repair. Multiple factors drive 

this polarisation including tissue iron, chemokines and the successful phagocytosis of 

neutrophils (Krzyszczyk et al., 2018; Wilkinson et al., 2019). In this state they are a source of 

several growth factors and cytokines including interleukin (IL)-10, transforming growth factor 

beta (TGF-ɓ), VEGF, PDGF and insulin growth factor 1 (IGF-1) required to promote cell 

proliferation, protein synthesis and angiogenesis, as well as suppressing the initial 

inflammatory phase of wound healing. Macrophages also produce various MMPs, including 

MMP-2 and MMP-9 and their respective inhibitors, tissue inhibitors of metalloproteinases 

(TIMPs) that can influence the angiogenic network and subsequent scar tissue by altering the 

ECM composition (Koh and DiPietro, 2011; Mescher, 2017). 

In the latter phases of remodelling, macrophages coordinate with fibroblasts to balance ECM 

synthesis and MMP-mediated tissue breakdown. This re-establishes an intact epidermis over 

the exposed wound and promotes scar tissue formation. Accordingly, studies depleting these 

macrophages at later phases show reduced scar formation, suggesting they are critical driver of 

pathological fibrosis and scarring (Mirza, DiPietro and Koh, 2009; Brancato and Albina, 2011; 

Hesketh et al., 2017).  
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As previously mentioned, the Mirza, et al study induced depletion of macrophages under the 

control of the CD11b promoter. Their studies found that diphtheria toxin induced depletion of 

macrophages led to reduced granulation tissue and collagen deposition from day 7 post-

wounding. Moreover, the macrophage ablation impaired levels of angiogenesis as indicated by 

reduced CD31 labelling. However, to build on the notion of spatiotemporal influences of 

macrophages, Lucas et al, designed a study to deplete macrophages at differential stages of 

wound healing, namely as pre-treatment (inflammatory stage), from day 3 onwards (tissue 

formation stage) and day 8 onwards (remodelling stage). Macrophages were depleted as 

previously described using the LysMCre/DTR model. They reiterated previous findings that 

early recruited macrophages were crucial in maintaining healthy granulation, vascularisation 

and myofibroblast differentiation. Additionally they found that early depletion of macrophages 

inhibits functional transition of M2-like macrophages, based on the decreased marker 

expression of Fizz1 and Ym1. Their novel findings of depleting macrophages during the tissue 

formation stage revealed impaired granulation, haemorrhaging and increased fibrinogen 

staining. These combination of factors contributed to impairing the epithelium from closing 

(Lucas et al., 2010). To further support this, they found reduced levels of TGF-ɓ and VEGF, 

which are known important mediators produced by M2-like macrophages in driving healthy 

wound closure.  

Focussing on scar formation and tissue expansion, other studies have alternatively depleted 

macrophages with clodronate liposomes. These are actively endocytosed by macrophages to 

an excess and the accumulation of hydrophilic clodronate initiates apoptosis. Using this system, 

Zhu et al, found that macrophage depletion in a skin graft model led to reduced scar formation 

and improved collagen remodelling. They found this correlated with reduced myofibroblast 

differentiation, decreased pro-fibrotic factors including TGF-ɓ and Ŭ-SMA. Although these are 

factors normally required for healthy wound healing, they are found in excess during 
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hypertrophic scarring, as observed in their control animals (Zhu et al., 2016). Using this 

clodronate liposome model, depletion of macrophages similarly resulted in reduced 

vascularisation and reduction of pro-fibrotic factors: TGF-ɓ, VEGF, EGF and FGF (Ding et 

al., 2019). 

These various studies outline that recruited macrophages are significant in controlling ECM 

composition and thus control the degree of scar formation. In particular, the Lucas et al study 

highlights that selective temporal modulation of macrophages must be taken into consideration 

for therapeutic strategy (Lucas et al., 2010). In addition, it should be noted that the majority of 

these macrophage depletion studies occur in murine skin repair, and may in fact differ from the 

human system. Moreover, these macrophage depletion models indeterminately remove all 

macrophages including both M1-like and M2-like macrophages. Thus, they were not able to 

distinguish whether specific functional macrophage phenotypes may have more of an impact 

on the various stages of wound healing. 

1.3.1 Functional phenotypes of macrophages - M1/M2 axis 

The pleiotropic functions associated with wound macrophages show they are a heterogeneous 

population of cells throughout the dynamic timeline of wound healing. Macrophages have 

classically been described to differentiate into activated M1-like macrophages upon stimulation 

of pro-inflammatory factors such as interferon gamma (IFNɔ) and lipopolysaccharides (LPS). 

In this phenotypic state they abundantly produce IL-1, IL-6, IL-12, tumour necrosis factor 

alpha (TNF-Ŭ) and inducible nitrous oxide synthase (iNOS), which are all important to 

scavenge debris and for host defence (Delavary et al., 2011).  

Alternatively activated M2-like macrophages are also observed in the wound bed, and are 

stimulated by IL-4 and IL-13 (Gordon, 2003). M2-like macrophages have been implicated in 

resolving inflammation and play an important role in supporting wound healing, angiogenesis, 
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and scar formation through signalling pathways involving IL-10, TGF-ɓ and VEGF (Snyder et 

al., 2016; Hesketh et al., 2017). Recently, the M2-like cells have been further subdivided as 

M2a, M2b and M2c, with differing functions associated with type 2 immunity (Th2), immune 

regulation, and wound healing (Martinez and Gordon, 2014; Roszer, 2015). M2a macrophages 

are attributed to their similarity to Th2 responses to extracellular parasites and allergic 

reactions. They are characterised by their production of polyamines, IL-10 and TGF-ɓ. M2b 

macrophages are associated with Th2 activation, immune regulation and expression of IL-10, 

TNF, IL-1 and IL-6. Finally M2c are functionally associated with immunosuppression and 

wound healing. They are recognised by their expression of IL-10, TGF-ɓ and various wound 

healing mediators such as VEGF and MMPs.   

Current simplified models to functionally delineate macrophages into discrete inflammatory 

M1 and reparative M2 phenotypes are outdated (Figure 1.3.A). Several attempts have been 

made to specifically identify M1-like macrophages by their expression of CD38, formyl 

peptide receptor (FPR2), and translocator protein (TSPO), compared to M2-like macrophage 

expression of early growth response 2 (EGR2), c-Myc, Arg1 and macrophage mannose 

receptor (MR) (Martinez et al., 2006; Jablonski et al., 2015; Roszer, 2015; Narayan et al., 

2017). However, macrophages do not exist in a dichotomous state in vivo. Macrophage 

development and activation is influenced by diverse and complex signals. This is dependent on 

the timing, the location, and the strength of microenvironmental signals in conjunction with 

the epigenetic landscape of macrophages.  

These epigenetic changes typically include post-translational modification of histones, 

chromatin proteins and methylation of CpG DNA motifs. These changes to the epigenetic 

landscape alter the accessibility to encode information on the DNA and thus the binding to key 

transcription factors including NF-əB and STATs. Some of the previously mentioned cytokine 

and growth factor mediators, have been associated with inducing epigenetic changes that can 



28 
 

influence macrophage polarisation. Additionally, the epigenetic landscape of developing 

monocytes and macrophages may be primed in such a way to limit their pattern of gene 

expression and functional outcome (Ivashkiv, 2013). 

What may be more realistic is that, a spectrum of macrophage phenotypes exists along the 

M1/M2 axis (Figure 1.3.B). Moreover, macrophages are inherently plastic, and their function 

can change based on spatiotemporal cues (Mosser and Edwards, 2008; Ginhoux et al., 2016; 

Smith et al., 2017). One transcriptomic based study stimulated human derived macrophages 

with 28 different stimuli and generated 9 clusters of macrophage phenotypes (Xue et al., 2014). 

Moreover, it has been well-established that tissue resident macrophages are functionally and 

spatially different. A study by Lavin et al, reiterates this by showing macrophages from 

different tissues exhibit unique transcriptional and epigenetic patterns from over 12,000 

macrophage specific enhancers (Lavin et al., 2014). 

This suggests that at any single time point, the wound may contain a continuum of macrophage 

phenotypes including spectral hybrids. For example, populations of wound macrophages have 

been observed to exhibit M2 associated MR and produce inflammatory cytokines TNF-Ŭ and 

IL-6 (Daley et al., 2010; Koh and DiPietro, 2011). What requires further investigation is the 

functional difference of macrophage populations during the wound healing phases and the 

factors that influence its dysregulation in a diseased context. 

 

 

 

 



29 
 

 

 

 

Type 2 inflammation against extracellular parasites and allergy:
Polyamines, IL-10, TGF̡, IL-1ra

Th2 immunoregulation:
IL-10, TNF, IL-1, IL-6

M1

M2a

M2b

M2c

a˒Monocyte

IFNɹ + LPS

IL-4 + IL-13

IC + TLR ligands

IL-10 + TGF̡

Type 1 inflammation against intracellular pathogens and tumour resistance:
IL-1, IL-6, IL-12, TNF- ,h iNOS.

Immune suppression and wound healing:
IL-млΣ ¢DCʲΣ ƎǊƻǿǘƘ ŦŀŎǘƻǊǎ

Intrinsic
signals

Extrinsic
signals

Growth
factors

Cytokines

DAMPS
PAMPS

Other
signals

Epigenetic
landscape

Genetic
profile

M1-like

M2-like

Spectral
hybrid

Hypoxia

A

B

Figure 1.3. Macrophage phenotypes and plasticity. Macrophages play a pivotal role in all phases of the 

wound healing process, and are dependent on its ability to transition between functionally distinct phenotypes. 

(A) Historically speaking, macrophages have been categorised by a dichotomy of activation states between 

M1 and M2. The classical M1 activation reflects the Th1-mediated immunity against intracellular pathogens. 

The alternative M2 activation has recently been further subdivided to M2a, M2b, and M2c, to distinguish 

between its different functional activities. These revolve around its role in Th2-mediated immunity against 

parasitic infections and fungi, immunoregulation, immune suppression and wound healing. (B) However, 

recent research on macrophages show that this outdated model was in much need of revision. Macrophages 

are in fact highly plastic and dynamic cells that respond to extrinsic and intrinsic signals in a spatiotemporal-

dependent manner to exhibit a spectrum of phenotypes across the M1/M2 axis. Moreover, these differentiated 

states are not fixed, and can interchange in the context of the microenvironment. Figure 0.3 
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1.4 Impaired wound healing 

As previously mentioned, breakdown at any stage of the wound healing process: inflammation, 

tissue formation or remodelling, leads to chronic wound pathologies. The molecular 

mechanisms underlying these conditions remain unclear, but several theories have been put 

forward, including a non-resolving and persistent inflammation. Chronic wounds have been 

observed with excessive neutrophil infiltration. This coincided with over-production of ROS, 

neutrophil elastase and MMPs which contribute to ECM damage and degradation of growth 

factors. Additionally, this can drive transcriptional activation to increase levels of inflammatory 

cytokines such as IL-1ɓ, IL-6 and TNF-Ŭ (Eming, Krieg and Davidson, 2007; Zhao et al., 

2016). 

In a systemic review of patient biomarkers in wound healing, various key factors that contribute 

to inflammation were found. Wound fluid biomarkers in the form of increased levels of MMPs, 

IL-1, IL-6 and TNF-Ŭ was found to be present in non-healing patients (Lindley et al., 2016). 

Additionally, they found that chronic wounds often were observed with a higher burden of 

microbial biofilms derived from infections associated with Staphylococcus and Pseudomonas. 

Persistent microbial infections can further delay and impair wound healing by inducing a 

prolonged inflammatory state and sustain recruitment of immune cells.  

This overtly inflamed microenvironment results in hypoxia, tissue damage, and blocks the 

progression of normal wound healing. A combination of existing metabolic disorders such as 

arterial ulcers and dysregulated vasculature can result in hypoxic conditions in local tissue of 

wounds and perpetuate an inflammatory cascade. Typically this is driven by DAMP signalling 

to recruit neutrophils and macrophages, alongside the increased expression of endothelial 

adhesion molecules in hypoxic tissue (Zhao et al., 2016). 
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In recent decades it has become increasingly apparent that this failure to progress healing 

coincides with macrophages unable to effectively make a functional switch and remaining in a 

pro-inflammatory state (Figure 1.4). Several studies have demonstrated that impaired 

macrophage populations result in delayed wound healing, re-epithelisation and angiogenesis 

(Khanna et al., 2010; Delavary et al., 2011; Minutti et al., 2017).  
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Figure 1.4. Healthy and Dysfunctional Macrophages. In homeostatic conditions, there is cross-talk 

between the epidermis and residential macrophages to appropriately respond to wounding as the first line of 

defence and recruit circulating monocytes and neutrophils with chemokines. Upon arrival, these monocytes 

respond to the local inflammatory environment and polarise towards M1-like macrophages to promote 

inflammation and phagocytose spent neutrophils. This activity acts as a transition point to facilitate a shift 

towards repair mechanisms. This regulatory environment promotes the recruitment and polarisation of M2-

like macrophages which play a crucial role in signalling immune regulation, repair, and remodelling. 

However, this coordinated balance can be disrupted in dysfunctional macrophages associated with diabetic 

and chronic wounds. These macrophages exhibit a persistent inflammatory profile with a reduced phagocytic 

capacity. This permits neutrophils and microbes to accumulate, accelerating an pathological inflammatory 

environment. Taken all together, this can create a toxic and damaging microenvironment that prevents 

transition to repair. Figure 0.4 
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This chronic inflammatory state of macrophages has also been observed in diabetics. This is a 

condition characterised by chronic hyperglycaemia due to the loss of function of pancreatic 

beta cells resulting in an inability to produce or use insulin (World Health Organization, 2016). 

Type 1 diabetes is an autoimmune condition where the immune system inappropriately targets 

pancreatic beta cells for destruction, rendering them unable to produce effective insulin. This 

accounts for around 10% of diabetics, and multiple polymorphisms have been identified related 

to autoreactive islet B-cells or T-cells which have escaped immune tolerance. Type 2 diabetes 

accounts for the other 90%, and are characterised by insulin resistance associated with aging, 

obesity and inactive lifestyles. Insulin resistance is when cells are unable to respond adequately 

to the normal levels of insulin and inappropriately release glucose into the blood. Increased fat 

build up requires increased activity to breakdown lipids in fat cells, leading to metabolic 

imbalance and subsequent insulin resistance. Additionally, the presence of excess abdominal 

fat built up can act as a chronic trigger that drives mitochondrial stress and elevated levels of 

TNF-Ŭ and IL-6 which can hinder beta cell function (Saini, 2010). 

Abnormal patterns of macrophage activation have been demonstrated in animal models and 

diabetes patients. This has been highlighted by persistently high M1-associated markers 

including NOS2, TNF-Ŭ, IL-1ɓ and MMP9 in late diabetic murine wounds compared to the 

upregulated M2-associated expression of Arg1 and mannose receptor (MR; and also known as 

CD206) in non-diabetic wounds (Mirza and Koh, 2011; Bannon et al., 2013). Moreover, 

studies tracking the sources of these persistently inflamed diabetic macrophages have found 

them to be primarily bone-marrow derived macrophages (Mace et al., 2009; Wicks, Torbica 

and Mace, 2014) 

Diabetic murine macrophages have also been shown to exhibit increased Toll-like receptor 

(TLR)4 and nod-like receptor protein (NLRP)-3 inflammasome expression due to altered 

chromatin patterns, before localising to the wound. In a study by Wicks et al, they discovered 
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reduced acetylation of Cebpa in diabetic macrophages. Cebpa is a master regulator of myeloid 

cell differentiation, and its deficiency from the diabetic environment inhibits proper maturation 

of monocytes and leaves them prone to a pro-inflammatory state (Wicks et al., 2015). These 

epigenetic changes were triggered by soluble factors present in the diabetic wound environment 

and may occur early in the bone marrow stem niches to prime them towards an inflammatory 

phenotype to drive IL-1ɓ secretion (Wicks, Torbica and Mace, 2014). In the study by Mirza et 

al, they observed that macrophages isolated from both obese and diabetic human subjects and 

diabetic murine models exhibited increased levels of NLRP3 inflammasome, caspase-1, IL-1ɓ 

and IL-18. Moreover, they found that treating both human and murine bone marrow derived 

macrophages with diabetic conditioned media led to this similar profile of activated 

inflammasome and release of IL-1ɓ and IL-18 (Mirza et al., 2014).  

Studies have also revealed that the inflammatory and hyperglycaemic wound environment of 

diabetics may in fact inhibit M2 polarisation, resulting in an ineffective and mixed macrophage 

phenotype. This may be in part due to phagocytic defects and altered glucose metabolism 

associated with diabetic macrophages. This was investigated by Khanna et al, where they found 

that macrophages isolated from two different in vivo models of diabetes had significantly 

impaired phagocytic capacity and an abundant presence of apoptotic neutrophils in the wound 

site. Furthermore, the study found increased levels of pro-inflammatory mediators, TNF-Ŭ and 

IL-6, and reduced levels of IL-10. They were able to specifically identify this from the isolated 

diabetic macrophages, to further support their link between chronic inflammation and 

metabolic disorder (Khanna et al., 2010). In another study by Ayala et al, they discovered that 

the hyperglycaemic environment modifies bone marrow-derived macrophage metabolism. 

Diabetic macrophages had increased levels of phosphorylated AMPK, (AMP-activated protein 

kinase) a metabolic energy sensor, increased phosphorylated MAPK proteins (SAPK/JNK, 

stress-activated proteins kinases/Jun amino-terminal kinases; and ERK2) and decreased 
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expression of TLR4. This altered metabolic and signalling pathway contributed to their 

inhibited phagocytic capacity (Ayala et al., 2019). 

This reduced phagocytosis and capacity to degrade apoptotic cells such as spent neutrophils 

can also inhibit the production of TGF-ɓ that is typically produced during this macrophage 

phenotype transition. The loss of this key immune regulatory mediator contributes to the 

uncontrolled expression of inflammatory mediators in the microenvironment. The combination 

of aberrant macrophage recruitment and inability for them to transition to reparative 

phenotypes exacerbates damage in diabetic wounds, in the form of increased necrotic material, 

uncontrolled inflammatory destruction and inability to transition to the healing phase. It 

remains unclear, but likely that a combination of these extrinsic factors of the inflammatory 

diabetic wound and predetermined intrinsic programs in macrophages that lead to an inability 

to functionally switch from an M1-like to M2-like phenotype (Khanna et al., 2010; Mirza and 

Koh, 2011). 

1.4.1 Current landscape of treatments for impaired wound healing 

As previously mentioned, chronic wound pathologies are heterogonous in their causes, 

development and clinical characteristics. Some of the most common conditions include: venous 

leg ulcers, arterial ulcers and diabetic foot ulcers. These three are primarily associated with 

lower leg extremities, persistent inflammation, reduced blood flow and commonly observed in 

the elderly and diabetics (Eming, Martin and Tomic-Canic, 2014). A thorough patient history 

assessment is necessary to ensure as full an understanding is possible to the comorbidities and 

contributing factors that will guide the treatment options.   

Current topical wound therapies and dressings have been developed that physically protect the 

wound site and promote the healing process. Some use hydrocolloids and hydrogels to remove 

exudate but maintain moisture. Others incorporate collagen products which facilitate a 
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microenvironment that is favourable at attracting wound healing associated cells and limit 

protease activity (Cullen et al., 2002). Some developments have focussed on the addition of 

antimicrobial compounds such as silver which can limit the spread of opportunistic infections 

(Han and Ceilley, 2017). 

More advanced developments have been made which incorporate recombinant growth factors 

that are typically hampered in chronic wounds. These ensure geographical induction, protection 

and additional biological complexity to promote healing. Growth factors such as PDGF and 

FGF have been shown to effectively stimulate the healing process in trials with patients with 

diabetic foot ulcers and pressure ulcers. However, many of these are partially limited to certain 

subsets of patients (Mowbray et al., 2008; Han and Ceilley, 2017). 

Only a few of these advanced biologics have been approved with Regranex (recombinant 

PDGF) being a lone drug success. In a wide, randomised, placebo controlled study, they found 

Regranex to be successful in improving incidence of healing when compared to the 

standardised regime of ulcer care. Only one out of the four studies showed no significant 

difference (Wieman, 1998). This may be in part due to the heterogeneous and diverse pool of 

chronic wound patients. In a study by Chan et al, they used topical application of Regranex on 

wounds of diabetic mice and this was observed to increase the amount of granulation tissue 

(Chan et al., 2006). Recently, this drug has primarily been used in conjunction with other 

wound care therapies for diabetic neuropathic ulcers (Fang and Galiano, 2008).  

Topically applied recombinant granulocyte macrophage colony stimulating factor (GM-CSF) 

and granulocyte colony stimulating factor (G-CSF) have been successfully trialled in those 

with venous leg ulcers and diabetic foot ulcers (Marques da Costa et al., 1999). Moreover, in 

vivo knockout models reveal that loss of GM-CSF delays wound healing, reduces 

vascularisation and decreases the expression of IL-6, CXCL2 and CCL2 (Fang et al., 2007). 
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This remains one of the few immune-targeted therapies in wound healing, but the activity of 

GM-CSF to promote wound healing may in fact derive from the promotion of repair 

mechanism such as increased ECM components and associated growth factors, such as TGF-

ɓ. Despite persistent inflammation being such a crucial factor in chronic wound healing, it 

remains elusive as a successful therapeutic target.  

The diversity of patients and the wound pathologies also needs to be considered, as their 

remains a need for a system to stratify patients. This will require a robust methodology to 

identify a subset or even individual patients by single or multiple biomarker signatures. As 

previously mentioned in the systematic review by Lindley et al, this remains an open field. A 

range of potential biomarkers have been previously suggested such as ɓ-catenin, microbial 

biofilms, MMPs and inflammatory cytokines, IL-6 and TNF-Ŭ. These can be identified from 

wound fluids, swabs, and tissue specimens in attempts to delineate between non-healing and 

healing phenotypes. However, our current diagnostic and prognostic tools in the form of protein 

identification, cell culture, RT-qPCR and histopathology are currently unable to objectively 

stratify these patient subsets with confidence. Nonetheless, there are major advances in various 

ñomicsò and imaging technology that will help progress this goal of patient-specific treatment 

plans (Eming, Martin and Tomic-Canic, 2014). 

1.5 ERK signalling ï a novel therapeutic target for wound healing 

A potentially interesting pathway in regulating macrophages in wound healing includes ERK5, 

which is a member of the MAPK family. Key studies by Giurisato et al and Luiz et al, have 

demonstrated that genetic inactivation of ERK5 in the myeloid lineage shifted their phenotypic 

state towards an anti-tumour and M1-like phenotype. They report that ERK5 mediated 

signalling can activate STAT3 and c-Myc transcription signalling to modify macrophage 

polarisation (Giurisato, Vermi and Tournier, 2016; Luiz et al., 2020). 
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Other members of this family include extracellular signal regulated kinases (ERK) 1 and 2, c-

Jun N-terminal protein kinases (JNK) and the p38 MAPK. ERK5 is the largest of these MAPK 

with a molecular weight of 115kDa (Figure 1.5). The N-terminal region contains a kinase 

domain with binding sites to its upstream activator, MAPK/ERK5 kinase (MEK5). ERK5 

differs from its family due to its uniquely large C-terminal tail containing two proline-rich (PR) 

domains, a myocyte enhancer-binding factor 2 (MEF2) domain, a nuclear localisation signal 

(NLS) and a transactivating domain (TAD) (Nithianandarajah-Jones et al., 2012; Stecca and 

Rovida, 2019).  

 

 

 

Under basal conditions, ERK5 remains in a closed folded conformational state where the N- 

and C- terminal halves are bound to one another. Due to the reduced NLS activity, ERK5 tends 

to be localised in the cytoplasm in this conformation. Upon stimulation, MEK5 phosphorylates 

specific threonine and tyrosine on the kinase domain of the N-terminus of ERK5 and induces 

a conformational change to an open state (Figure 1.6). This exposes the NLS, to promote 

localisation into the nucleus to facilitate ERK5 associated transcriptional activity. An 

additionally unique element of ERK5 is its capacity to autophosphorylate in the C-terminus 

region, permitting direct regulation of gene transcription (Nithianandarajah-Jones et al., 2012; 

Pearson et al., 2020).  
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Figure 1.5. ERK5 structure. On the N-terminus of the ERK5, there is a kinase domain with specific binding 

regions for MEK5, including two amino acid residues for phosphorylation, threonine and tyrosine. The C-

terminus is uniquely larger than its MAPK family, and contains two proline rich domains, MEF2-interacting 

domain, nuclear localisation signal domain and transactivating domain. Figure 0.5 
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Figure 1.6. ERK5 signalling and localisation. In a quiescent state, unphosphorylated ERK5 is found in a 

closed conformational state bound together by intermolecular forces between the N- and C-terminal tails. Due 

to the reduced activity of NLS in this closed state, the protein is predominantly found in the cytoplasm. 

Phosphorylation activity by MEK5 opens the conformational structure of ERK5 and enables more sites of the 

C-terminal tail to be phosphorylated. This increased activity of the NLS, promotes its translocation to the 

nucleus and the subsequent downstream signalling associated with ERK5 and its TAD domain. Figure 0.6 
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This relatively recently identified MAPK, ERK5 responds to mediators including IL-6, VEGF, 

EGF, PDGF, and physiological conditions such as ischemia, hypoxia, and osmotic and laminar 

shear-stress (Nithianandarajah-Jones et al., 2012). Its activation regulates a diverse range of 

processes including cellular proliferation, migration, survival and angiogenesis (Figure 1.7). 

Early genetic in vivo studies revealed that ERK5 deficiency, by genetic ablation of both alleles 

of the gene, was embryonic lethal due to its crucial role in healthy cardiac development. These 

studies revealed immature vasculature and defective endothelial organisation and morphology 

(Kato et al., 1998; Hayashi and Lee, 2004). An additional study was conducted utilising 

conditional loss of ERK5 under the control of an inducible Mx1-Cre transgene, permitting 

studies of ERK5 ablation in adult mice. This study by Hayashi et al, further supported that loss 

of ERK5 caused abnormal vasculature and rounded and apoptotic endothelial cells which led 

to resultant death by haemorrhaging (Hayashi et al., 2004). 
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Figure 1.7. ERK5 signalling summary. Extracellular stimuli in the form of environmental stress, growth 

factors, and cytokines act upon their respective receptors to activate a cascade of kinase events. This is 

initiated by the phosphorylation of an apical MAPKK (MAPK kinase, also known as MEKK ï MAPK/ERK 

kinase), which sequentially phosphorylates MEK5, and subsequently ERK5. Phosphorylated ERK5 can then 

translocate to the nucleus to trigger a range of cellular processes from proliferation, migration, and 

angiogenesis. These physiological responses have been found to influence embryonic development and 

carcinogenesis. What remains to be determined is the potential role ERK5 signalling may play in wound 

healing. Figure 0.7 
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Recently, there has been attention drawn to the role ERK5 may have in cancer development, 

with a focus on its role as a mediator of inflammation and proliferation (Perez-Madrigal et al., 

2012; Finegan et al., 2015). They have established ERK5 as an important regulator of the IL-

1-COX2 inflammatory signalling pathway which drives skin tumorigenesis. They further 

demonstrate the potential of anti-ERK5 therapy using XMD8-92, a first generation ERK5 

kinase inhibitor, to reduce epidermal proliferation, neutrophil and macrophage infiltration and 

tumour growth (Finegan et al., 2015). Additionally, increased ERK5 expression has been 

correlated with invasive and metastatic potential in human colon cancer progression through 

nuclear factor-əB (NF-əB) signalling (Simões et al., 2015). ERK5 inhibition has also been 

found to decrease inflammatory agonists such as IL-6 and IL-8. Furthermore, ERK5 signalling 

was needed to promote adhesion of neutrophils in lung endothelial cells. Inhibiting ERK5 was 

able to limit LPS-induced inflammatory mortality, similar to septic shock (Wilhelmsen et al., 

2015). These studies highlight the potential of targeting ERK5 therapeutically to curb the 

chronic inflammation associated with impaired wound healing. 

However, a further study into the specific relationship with myeloid cells revealed that 

inhibiting ERK5 can polarise tumour associated macrophages towards an anti-tumour and M1-

like phenotype and render melanoma cells more vulnerable to cancer therapies (Giurisato et 

al., 2018). Studies have similarly shown that pharmacological inhibition of MEK5, upstream 

of ERK5, results in reduced expression of M2-like markers and associated mediators, such as 

Arg1 and Ym1. Additional, they found that ERK5 deficient unpolarised macrophages were 

deficient in these M2-like associated genes, and were primed towards an M1-like phenotype 

(Luiz et al., 2020).  

In the context of atherosclerotic models, they found that inactivation of ERK5 in macrophages 

led to increase in M1-like and inflammatory associated genes. However, these macrophages 

were compromised in their phagocytic ability with reduced levels of opsonins and complement 
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markers. These factors including C1qa, C1qb, and C1qc, are required to facilitate macrophages 

in successfully targeting cells for phagocytosis. Together, this loss of ERK5 led to 

inflammatory induced atherosclerotic lesions and increased necrotic cores (Heo et al., 2014). 

ERK5 has also been found to inhibit vomocytosis, the non-lytic expulsion process to expel live 

organism engulfed by phagocytes. Here they found that ERK5 inhibition led stimulated 

vomocytosis, reduced infection, increased inflammatory mediators and reduced M2-like 

signalling (Gilbert et al., 2017). Together, these studies suggests that ERK5 inactivation could 

reduce overall inflammation, but still polarise macrophages to remain inflammatory, adding to 

the complexity of ERK5 signalling in immunity.  

As previously mentioned, shear stress can trigger ERK5 activity which can limit functions such 

as endothelial migration. Thus, studies have found that ERK5 inhibition led to downregulated 

Krüppel-like factors (KLF)2/4 and increased endothelial migration (Komaravolu et al., 2015).  

However, in contrast, ERK5 inactivated keratinocytes exhibited altered morphology and 

disrupted motility, which led to reduced epithelial migration and reduced cell-cell adherence 

(Arnoux et al., 2008). Moreover, studies have also reported that ERK5 is important in 

regulating angiogenesis to support tumour expansion and invasion by providing tumours with 

the necessary network for nutrients and growth factors (Colotta et al., 2009; Rovida et al., 

2015). These range of incongruous functional outcomes highlights the breadth of the role of 

ERK5 and how targeting this protein pathway can be incredibly complex and nuanced in 

wound repair. 

Additionally, it should be noted that recent research using ERK5 kinase inhibitors have found 

that they often fail to recapitulate the phenotypes observed with genetic inactivation. These 

studies reiterate that many ERK5 associated functions are independent of kinase activity, and 

moreover, kinase inhibition itself can trigger other factors to activate ERK5 through its large 

C-terminal extension (Lochhead et al., 2020). Some of the first generation ERK5 kinase 
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inhibitors, function through off-target activity on bromodomains, and again show that selective 

ERK5 kinase inhibition has no biological effect comparable to whole protein ablation (Lin et 

al., 2016).  

In order to replicate the immune-mediated inhibition observed in the ERK5 genetic ablation 

models, we require a therapeutic system which removes or degrades the whole ERK5 protein 

from cells, rather than inhibit its catalytic kinase function. This PhD will explore this by 

assessing a compound developed in-house by our collaborators in the Butterworth Lab, via 

CRUK Drug Discovery funding. This compound named, OS1, made by Dr Olly Smith, is a 

heterobifunctional small molecule compound composed of two active regions bound by a 

linker domain. One arm is specific to ERK5, and the other arm engages with the cellôs internal 

machinery to degrade the target protein. Parallel research within the Finegan Lab (unpublished) 

has shown its effective pharmacological-knockdown of ERK5 in triple negative breast cancer, 

inducing an immunological phenotype not observed with ERK5-kinase inhibition alone. These 

compounds are currently being patented and as a result further detail, such as exact mechanisms 

of action and structure, cannot be provided in this thesis. 

Cancers have often been described as ñthe wound that never healsò, due to the characteristic 

dysregulated inflammation, cellular proliferation and migration that promotes tumour 

development and genetic instability (Hanahan and Weinberg, 2011). With this notion, there is 

no doubt that similarities exist between the chronic inflammation associated with cancer and 

impaired wounds such as those associated with diabetes. On that basis, early in vitro studies 

have shown ERK5 activation can inhibit migration of endothelial cells required for 

angiogenesis and influence the activity of keratinocytes during wound healing (Arnoux et al., 

2008; Spiering et al., 2009). However, what remains unanswered is the potential role ERK5 

signalling may play in influencing the behaviour of macrophages in the context of impaired 

wound healing. 
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1.6 Precursor Research 

The Finegan and Mace Labs have previously demonstrated that genetic loss of ERK5 in the 

keratinocyte resulted in earlier wound healing and reduced inflammation in both healthy and 

diabetic mice (Db). From the wound closure data, they found that by day 8, ERK5KO wounds 

were almost at full closure when compared to control mice which were only 50% closed (Figure 

1.8.A). A similar pattern of wound closure was also observed in the diseased context of diabetic 

wounds. Here they compared wound closure between diabetic/ERK5 wild type (WT) mice and 

diabetic/ERK5KO mice. The wounds of Db/ERK5KO closed at a slightly faster rate compared 

to their wild type counterparts. The starkest difference was observed on day 12, where the 

Db/ERK5KO wounds were almost completely closed, while the Db/WT wounds were only 

50% closed (Figure 1.8.A).  

Furthermore, our initial histological analysis of this study suggested that genetic inactivation 

of ERK5 in the skin led to delayed and reduced infiltration of macrophages, and increased 

neutrophil influx at earlier time-points (Figure 1.8.B and C). With this basis, it could be that 

depleting ERK5 signalling in keratinocytes, manipulates the immune environment to improve 

wound healing. This similar pattern was observed in the diabetic context, when comparing 

between Db/WT and Db/ERK5KO, but shifted to a later time. This was as expected due to the 

chronic inflammatory nature of diabetic wounds.  

Given the importance of macrophages role in wound healing, and evidence in cancer studies 

highlighting the relationship between ERK5 and macrophages, we hypothesise that 

macrophages can be beneficially manipulated to improve wound healing by targeting the ERK5 

signalling pathway. 
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Figure 1.8. Genetic ERK5 inactivation improves wound healing in both wild type and diabetic models. 

Precursor work by the Finegan and Mace Labs utilised inducible ERK5 epidermis knockout mice, crossed 

with Leprdb/db mice. (A) Wounds were imaged and the area calculated on ImageJ to quantify wound closure. 

Data points plotted represent the mean of multiple different mice ±SEM. Representative images of (B) ERK5, 

(C) F4/80, and (D) NIMP-R14 in wild-type, ERK5KO/WT, WT/db, ERK5KO/db mice over selected time 

points of day 2, 4 and 7 post-wounding. Black bars = 100ɛm. Figure 0.8 






















































































































































































































































































































































