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Abstract

Over 150 million individuals worldwide are affected by impaired wound healing, which can
lead to chronic wound pathologitat 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 ancomplete 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: mae®phag
and how a known regulator of macrophages in other contBR&S5, influences wound
healing, using genetic and therapeutic manipulations targeted at ERK5n haitito and in

Vivo.

Geneticin vivo hyperactivatiorof ERK5 causes a persistent inflammatgmyfile 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 trsohation 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 anvitro keratinocyte model treated with a novel compotimat
targets and degrades ERKS5, called OS1. Furthermore, using OS1 we were able to prime MO
THP-1 macrophages towards a reparative M@ phenotype. This OSthediated prenealing
wound phenotype was recapitulatedivo, where topical treatment with O@fhducing 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 tie vivo role of ERK5 in wound healing. We
discovered that ERKS5 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 gisovides evidence of the need to deviate from the
traditional approach to target ERK5 via kinase inhibitors, sincet®&diated degradation of
ERKS5, unlike ERKS5 kinase inhibitorsyas able to recapitulate the immune phenotygfes
ERKS5 genetic ablatiomocels

Overall, this work highlights the potential for OS1 to be used to treat patients with impaired
wound healing, such @kose associated with diabetes
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Graphical Abstract
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Genetic hyperactivation of ERKS5 in keratinocytes drives persistent inflammatisound
healing. Conversely, genetic inactivation of ERK5 in keratinocytes induces an initial increase
and earlier shift of inflammation, followed by earlier repair activity. This ER&Iarative
phenotype was recapitulated using the novel OS1 therap&bich targeted and degraded
ERKS5 in vitro andin vivo to generate an overall reparative phenotype in cutaneous wound

healing.
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Chapter 1: Introduction

1.1Background

Around 2% of the global population is affected by impaired wound healing, and this places
significant strain on the cost of healthcafbe estimated annual cost of addressing chronic
wounds in the US was reported at over $25 billion, aritlerJK at around £8Billion. 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; Jarbrinket al, 2016; Martinengoet al, 2019)
Moreover, with an ageing population and a rise in diabetes and glpastigularlyin Western
civilisations, these ecanorbidities tirther 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

amputationgBannonet al, 2013; Jarbrinket al, 2016)

Wound healing is a multifactorial process, where the underlying mechanism remains
incompletely understood. Recent studies have highligtitat macrophages may play an
increasingly significant roldSnyderet 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 remodglling.
potentially significant pathway in regulating macrophadpehaviourincludes extracellular
signal regulated kinase 5 (ERKS5), which is a member of the miag@rated protein kinases
(MAPK) family. The role of this kinase pathway has been well studied in cardiac development,
tumorigenesis and inflammatiofNithianandarajalioneset al, 2012) More recently, its

impact in myeloid polarisation has come to light in studies focussingnomune driven
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carcinomas and metasta¢(Siurisatoet al, 2018; Luizet 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 keya®khe 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 hypodermicyker, the vascular network is embedded in adipose tissue and

interconneted with nerve fibres (Figure 1)1 Damage to this external barrier triggers the

wound healing respongEming, Martin and Tomi€anic, 2014)

Q| o|@ |@
Epidermis —

of oj@ (@

keratinocytes
Dermis B Sebaceous

Hypodermis {

Adipose tissue

fibroblasts

Figure 1.1. Skin Architecture. The skin is composed of three layers: epidermis, dermis yatermis, all
of which are important in protection against pathogens, maintaining homeostasis and preventing we
The outermost layer, epidermis, forms a protective barrier consisting of keratinocytes. Below tha
dermis, composed of conneatitissue required for structural strength and elasticity. The hypodermis
the skin to underlying bone, muscle, vasculature and nervous systems. Multiple cell types exist in thi:

including adipocytes, nerve cells, and fibroblasts.
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Wound healing is a highly coordinated series of cellular and molecular mechanisms that are
activated to reestablish structural integrity of the skin, at the cosestiltantscar 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, ceith a neutrophilsand
monocytedrom 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 pathologi@Reinke and Sorg, 2012; Eming, Martin and
Tomic-Canic, 2014)These heterogeneous conditions are becommnig@aeasing burden for
human healthcare, with a variety of Rlbealing 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 failrésolve within the expected range of one to three

months.

1.2.1Inflammation, tissue formation and remodelling

The initial stages of wound healing associated inflammation involve haemostasis, a highly
regulated process of coagulation, involving the sedgilemtoteolytic activation of zymogens
(precursor enzymesActivation, adhesion, and aggregation of platelets initiate the clotting
cascade to produce an insoluble fibrin clot. This provides the provisional wound matrix
architecture necessary to recraiimune cells, promote proliferation and act as a regeior

growth factors (Figure 1.2). In parallel, the injured blood vessel undergoes temporary
vasoconstriction to reduce blood loss and promote clotting. This is followed by vasodilation
and increas# vascular permeability to increase blood flow and engorgement of-simaam

capillary beds for immune cell recruitmg@dams and Bird, 2009; Reinke and Sorg, 2012)

In response to this rapid vascular change and exptustiaenage associated molecular patterns

(DAMPSs), and pathogen associated molecular patterns (RAME&utrophils are recruited and
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transmigrate across the endothelial cell wélihe local capillaries tenter the wound. These

are required for the phagocytosis of infectious agents and degradation of necrotic tissue. This
involves the release of antionobial peptidefAMP), proteases and reactive oxygen species
(ROS) (Eming, Krieg and Davidson, 2007; Kovtwt al, 2018) Alongside the influx of
neutrophils, circulating monocytes proliferate and are recruited irCaMbtif Chemokine

Ligand 2 (CCL2), vascular cell adhesion protein 1 (VGAMand pSelectin dependent
manner into wounds where they can differentiate into activated macrop{i&gesand
DiPietro, 2011; Shi and Pamer, 201acrophages are essential in this inflammatory stage of
wound healing to clear cell debris, senescent cells, deaggisswd 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 forpladies

of woundhealing (Figure 1.B). This is crucial to conceal the exposed wound from the external
environment, and is characterised by increafmthation of fibrous tissyeepidermal
regeneration, wound contraction, ade novoangiogenesigDelavaryet al, 2011; Eming,

Martin and TomieCanic, 2014)Active fibroblasts produce key materialscBuas 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 stag€éReinke and Sorg, 2012; Tracy, Minasian and Caterson, 20@arallel with

this proliferative stage, fibroblastrive 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 thgeneration of a permanent structural replacement to the initial fibrin clot

(Eming, Martin and TomikCanic, 2014Cal ey , Martins.and O6Tool e,
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Angiogenesis must occur to-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), plateletderived growth factor (PDGF), and fibroblast grovidctor (FGF) to trigger

a cascade of intracellular signalling events resulting in proliferation and migration of
endothelial cells into the wound in celile structures. These newly built sprouts elongate to

form lumens which interconnect with neighbimgrvessels to expand the angiogenic network.

As they develop, these early vessel structures change their shape and gene expression to recruit
pericytes(contractile cells along capillarieehd smooth muscle cells to stabilise the vessel

wall and promotalifferentiation into arteries and veifBauer, Bauer and Velazquez, 2005;

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

The final phase of woundehling is remodelling, and can be a long process varying from
several weeks to one year after injurtneret 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 thatsissvith wound closure (Figel 1.2C).

The interaction between fibroblasts and myofibroblasts produces collagen whictirdess

with other protein molecules to strengthen the tissue architecture at the expense of scar tissue
formation(Darbyet al, 2014; Hesketket al, 2017) Interestinglyscarfreetissue 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 andttity. Pathological scarring only
becomes problematic isome surgerieand trauma, such as burns, where the scar tissue
extends beyond the margins of the original tissue darfiageng, Martin and TomiCanic,

2014)
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Figure 1.2 Normal wound healing.The process of wound healing invodviireeoverlapping phases of (A
inflammation, (B) tissue formation, and (C) remodelling) Early inflammation involves the clotting cascac
to block the initial haemorrhage, followed by an influxnelutrophils and macrophagesdear damage. (B
This highly pro-inflammatory state transitions towards a reparative phase involving angiogenesi
fibroplasia to close the exposed wound. This proliferative tissue formation stage is dominated bysfii
and M2 like macrophages. (('he final phase of wound &king is a prolonged process of remodelling. Oy
time, fibroblasts at the wound edge can differentiate to myofibroblasts and support collagen dep
overall wound closure and scar tissue formation
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1.3Macrophages 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,
cardiovasculadisease, cancer, and obegMurray et al, 2014) They are prominent immune

cells found in dltissues, either as resident cells or monodgsved cells from circulation.

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

are crucial in all stages of the process. Their pleiotropic function from host aefen
phagocytosis, and support of cell proliferation, resolution and scastiogythat these cells

exist in several phenotypic states. Although essential for appropriate wound healing, emerging
evidencaliscussed belowhow that dysfunctional macrophagshlviour is a significant factor

in chronic and diabetic woundBelavaryet al, 2011; Koh and DiPietro, 2011; Louiselkt

al., 2021)

Immediately after injury, resident macrophages are activated by locahflanammatory
mediators, DAMPsandPAMPs.Additionally, wounds can often be hypoxic due to disrupted
vasculature, and further coifiute to activationActivatedresidenimacrophages subsequently
produce a variety of factors to initiate the normal process of inflammiaticombat infection

and damageShortly after, bonenarrow derived monocytes are recruited to the wound bed,
wherethey can differentiate into macrophages siikifacilitated 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 derivedréicen b
down products from the activated complement cas@ai@é¢zleret 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 phagocytosigMeszaros, Reichner and Albina, 200@gilure to remove excess
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neutrophil debris contributde persistence of chemokines (CXCL2 and CCL2), and increased
inflammatory mediators (H1 b, -0 ,N Feyclooxygenas® (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 imagrig

wounds which exhibit impaired healing associated withuamdation of necrotic celldigh

levels of inflammatory mediatorand disrupted angiogeneqi§orenet 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, whichadin 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 diatstudy,

while they were under the control ysazymeM (LysM)Cre/DTR in the Gorert al study.
Interestingly, despite CD11lb being expressed on multiple immune cell types including
neutrophils, monocytes and macrophages, it has primarily been associatedivésion and
migration of macrophages. Mirea 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 dffdrtheria toxin induction in the
CD11b/DTR mice, whereas monocyte (Ly6C) and neutrophil (Ly6G) populations remained
the same scontrol animals. The Goren alstudy focussed on LysMhich is an antibacterial
enzyme lysozyme that is highly expressed weloid cells. They found that Lys®re 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 theaulating F4/80 monocyte population from fresh leo

using this model. They arguleis 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 tagg 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 th repair process. Macrophages undergo a transition to exhibit a functional
phenotype more characteristic of the & spectrum(further discussed in section 1.3.1)

This encompasses a variety of alterndyivactivated macrophages that are associateld wit
functions such as wound healing, immune regulation and tissue fdpéiple factors drive

this polarisation including tissue iron, chemokines and the successful phagocytosis of
neutrophilg(Krzyszczyket al, 2018; Wilkinsoret al, 2019) In this state they are a source of
several growth factors and cytokines including interleukin-{i) transforming gneth factor

beta (TGFb ) , VEGF, PDGF and i ns€)uréquired tagpromate dell f act
proliferation, protein synthesis and angiogenesis, as well as suppressing the initial
inflammatory phase of wound healing. Macrophages also produce viMM&s, including

MMP-2 and MMR9 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 MM#ediated tissue bag&down. This reestablishes 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 filbosis and scarrinfMirza, DiPietro and Koh, 2009; Brancato and Albina, 2011;

Heskethet al, 2017)
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As previously mentioned, the Mirzat 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 nmeophage ablation impaired levels of angiogenesis as indicated by
reduced CD31 labelling. However, to build on the notion of spatiotemporal influences of
macrophages, Lucad al, designed a study to deplete macrophages at differential stages of
wound heahg, namely as prreatment (inflammatory stage), from day 3 onwards (tissue
formation stage) and day 8 onwards (remodelling stage). Macrophages were depleted as
prevously described using the LysBie/DTR model. They reiterated previous findings that
early recruited macrophages were crucial in maintaining healthy granulation, vascularisation
and myfibroblast differentiation. Additionally they found that early depletion of macrophages
inhibits functional transition of M2ike macrophages, based on the dased marker
expression of Fizz1 and YmL. Their novel findings of depleting macrophages during the tissue
formation stage revealed impaired granulation, haemorrhaging and incridaseogen
staining. These combination of factors contributed to impattegepithelium from closing
(Lucaset al, 2010) To further support this, they found reduced levels of - 6GFand VEGF,
which are kown important mediators produced by W& 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 endocytosetimphages to

an excess and the accumulation of hydrophilic clodronatates 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. Bhdund ths correlated with reduced roffbroblast
differentiation, decreased pfibbrotic factors including TG  a +SMA. Blthough these are

factors normally required for healthy wound healing, they are found in excess during
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hypertrophic scarring, as observad their control animal§Zhu et al, 2016) Using this
clodronate liposome model, depletion of macrophages similarly resulted in reduced
vascularisation and reduction of gibrotic factors: TGFb, VEGF, E@¥Hngetnd FGF

al., 2019)

These various studies outline tmatruited macrophages are significant in controlling ECM
composition and thus control the degree of scar formation. In particular, thedtwadasudy
highlights that selective temporal modulation of macrophages must be taken into consideration
for thergeutic strategylLucaset al, 2010) In addition, it should be noted that the majority of
these macrophage depletion studies octarurine skin repair, and may in fact differ from the
human system. Moreover, these macrophage depletion models indeterminately remove all
macrophages including both Mike and M2like macrophages. Thus, they were not able to
distinguish whether speatfifunctional macrophage phenotypes may have more of an impact

on the various stages of wound healing.

1.3.1Functional phenotypes of macrophagesM1/M2 axis

The pleiotropic functions associated with wound macrophages show they are a heterogeneous
populaton of cells throughout the dynamic timeline of wound healing. Macrophages have
classically been described to differentiate into activatedik&macrophages upon stimulation

ofproi nfl ammat ory factors such as i nestPB)er on g
In this phenotypic state they abundantly producd, IllL-6, IL-12, tumour necrosis factor

alpha (TNFU) and inducible nitrous oxide syntha:

scavenge debris and for host defe(igelavaryet al, 2011)

Alternatively activated M-like macrophages are also observed in the wound bed, and are
stimulated by IE4 and I-: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 tbugh signalling pathways involving410, TGFb a n d (ShyHBdE

al., 2016; Hesketlet al, 2017) Recently, the M2ike cells have been further subdivided as
M2a, M2b and M2c, with differing functions associated with type 2 immuyit2), immune
regulation, and wound healifiylartinez and Gordon, 2014; Roszer, 20M2a macrophages

are attributed to their similarity to Th2 respses to extracellular parasites and allergic
reactions. They are characterised by their production of polyamind€) #nd TGFb . M2 b
macrophages are associated with Th2 activation, immune regulation and expressitf,of 1L
TNF, IL-1 and IL:-6. Finally M2c are functionally associated with immunosuppression and
wound healing. They are recognised by their expression-#0JITGFb and vari ous

healing mediators such as VEGF and MMPs.

Current simplified models to functionally delineate macrophagesdiscrete inflammatory

M1 and reparative M2 henotypes are outdated (Figure A)3.Several attempts have been
made to specifically identify Mlike macrophages by their expression of CD38, formyl
peptide receptor (FPR2), and translocator protein ()S&@npared to Mdike macrophage
expression of early growth response 2 (EGR2Myc, Argl and macrophage mannose
receptor (MR)(Martinez et al, 2006; Jablonsket al, 2015; Roszer, 2015; Narayah al,

2017) However, macrophages do not exist irdighotomous statén 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 maghages.

These epigenetic changes typically include {@stslational modification of histones,
chromatin proteins and methylation of CpG DNA motifs. These changes to the epigenetic

landscapelter the accessibility to encode information on the DNAtaod the binding to key

transcription factors includingNe B and STATs. Some of the prev

and growth factor mediators, have been associated with inducing epigenetic changes that can
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influence macrophage polarisation. Additionalthe epigenetic landscape of developing
monocytes and macrophages may be primed in such a way to limit their pattern of gene

expression and functional outcoitieashkiv, 2013)

What may be more realistic is that, a spectrum of macrophage phenotypasatousj the
M1/M2 axis (Figure 1.B). Moreover, macrophages are inherently plastic, and their function
can change based on spatiotemporal ¢Messer and Edwards, 2008; Ginhoetxal, 2016;
Smithet al, 2017) One transcriptomic based study stimulatednhan derived macrophages
with 28 different stimuli and generated 9 clusters of macrophage phen{Xyees= al, 2014)
Moreover, it has been wedistablished that tissue resident macrophages are functionally and
spatially different. A study by Lavinet al, reiterates this by showing macrophadem
different tissues exhibit unique transcriptional and epigenetic patterns from over 12,000

macrophage specific enhancéravin 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 arodluce inflammatory cytokines TNE a n d
IL-6 (Daleyet al, 2010; Koh and DiPietro, 201L1yVhat requires further investigation is the
functional difference of macrophage populations during the wound healing phases and the

factorsthatinfluence its dysregulation in a diseased context.
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Figure 1.3. Macrophage phenotype and plasticity. Macrophages play a pivotal role in all phases of
wound healing process, and are dependent on its ability to transition betwaamfllycdistinct phenotypes.
(A) Historically speaking, macrophages have been categorised by a dichotomy of actiai¢i®batween
M1 and M2. The classical M1 activation reflects the -iiddiated immunity against intracellular pathoge!
The alternative M2 activation has recently been further subdivided to M2a, M2b, and M2c, to disti
between its different functiohactivities. These revolve around its role in fin2diated immunity agains
parasitic infections and fungi, immunoregulation, immuunppsession and wound healing.) (Bowever,
recent research on macrophages show that this outdated model was in muchraeisibn. Macrophages
are in fact highly plastic and dynamic cells that respond to extrinsic and intrinsic signals in a spatiotel
dependent manner to exhibit a spectrum of phenotypes across the M1/M2 axis. Moreover, these diffe
states ar@ot fixed, and can interchange in the context of the microenvironment.
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1.41mpaired 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 theoridseavsut
forward, including a nomesolving and persistent inflammatic@hronic wounds have been
observed with excessive neutrophil infiltratidrhis coincided with oveproduction of ROS,
neutrophil elastase and MMPs which contribute to ECM damage egrddition of growth
factors. Additionally, this can drive transcriptional activation to increase levels of inflammatory
cytokines such as HL b , -6 dndl TNFU (Eming, Krieg and Davidson, 2007; Zhab 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 TNFU was f ound t oheding paentgLmaiey ét alj2016)n o n
Additionally, they found that chronic wounds often were observed with a higher burden of
microbial biofilms derived from infections associated vBtaphylococcuandPseudomonas
Persistent microbial infections can further delay and impair wound heajingducing 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 healirgcombination of existing metabolic disordesuch as
arterial ulcers and dysregulated vasculature can result in hypoxitticoadn local tissue of
wounds and perpetuate an inflammatory cascade. Typically this is driven by DAMP signalling
to recruit neutrophils and macrophages, alongside theased expression of endothelial

adhesion molecules in hypoxic tis§u#aoet al, 2016)
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In recent decades it has become increasingly apparent that this failure to phegless

coincides with macrophages unable to effectivefke 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 healirgpitieelisation and angiogenesis

(Khannaet al, 2010; Delavart al, 2011; Minutti et al, 2017)
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Figure 1.4 Healthy and Dysfunctional Macrophages In homeostatic conditions, there is croak

between the epidermis and residential macrophages to appropriately respond to wounding as the fir
defence and reuait circulating monocytes and neutrophils with chemokines. Upon arrival, these monc
respond to the local inflammatory environment and polarise towardéiksldmacrophages to promot
inflammation and phagocytose spent neutrophils. This activity acéstensition point to facilitate a shit
towards repair mechanisms. This regulatory environment promotes the recruitment and polarisation
like macrophages which play a crucial role in signalling immune regulation, repair, and remod
However,this coordinated balance can be disrupted in dysfunctional macrophages associated with
and chronic wounds. These macrophages exhibit a persistent inflammatory profile with a reduced ph
capacity. This permits neutrophils and microbes taemdate, accelerating an pathological inflammatc
environment. Taken all together, this can create a toxic and damaging microenvironment that [

transition to repair.
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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 ing\Miarld 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 produdevefiesulin. This
accounts for around 10% of diabetics, and multiple polymorphisms have been identified related
to autoreactive islet4ells or Fcells which have escaped immune tolerance. Type 2 diabetes
accounts for the other 90%, and are characteligadsulin resistance associated with aging,
obesity and inactive lifestylefsulin resistance is wheells are unable to respond adequately

to the normal levels of insulin and inappropriately release glucose into the blood. Increased fat
build up reqires increased activity to breakdown lipids in fat cells, leading to metabolic
imbalance and subsequent insulin resistance. Additionb#yptesence of excess abdominal

fat built up can act as a chronic trigger that drives mitochondrial stress anc:e|kxetls of

TNF-U a n@whithLcan hinder beta cell functi¢Baini, 2010)

Abnormal patterns of macrophage activation have been demonstrated in animal models and
diabetes patientsThis has been highlighted by persistently high-&%ociated markers
including NOS2, TNFU, -1I1bL a n d inNaM Rlifibetianurinewounds compared to the
upregulated Mzassociated expressiof Argl andmannose receptor (MR; and also known as
CD206 in nondiabetic woundgMirza and Koh, 2011; Bannoet al, 2013) Moreover,

studies tracking the saegs of these persistently inflamed diabetic macrophages have found
them to be primarily borearrow derived macrophagéglaceet al, 2009; Wicks, Torbica

and Mace, 2014)

Diabetic murine macrophages have also been shown to exhibit increasetik€oleceptor
(TLR)4 and nodike receptor protein (NLRP3 inflammasome expression due to altered

chromatin patterns, before localising to the wounda study by Wickt al, they discovered
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reduced acetylation @ebpain diabetic macrophage€ebpais a mater regulator of myeloid

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

of monocytes and leaves them prone to aipilammatory stat€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 todrive H1 b s e ¢Wickst Tlobica and Mace, 2014 the study by Mirzat

al, they observed that macrophages isolated from both obese and diabetic human subjects and
diabetic murine models extited increased levels of NLRR#lammasome, caspade IL-1 b

and IL-18. Moreover, the found that treating both human and murine bone marrow derived
macrophages with diabetic conditexh media led to this similar profile of activated

inflammasome and release oflLb  a f1&I(Milzd et al, 2014)

Studies have alsveakdthat the inflammatory and hyperglycaemic wound environment of
diabetics may in fact inhibit M2 polarisation, resulting in an ineffective and mixedptaage
phenotype. This may be in part due to phagocytic defeutisaltered glucose metabolism
associated with diabetic macrophadgdss was investigated by Khanatal, where they found

that macrophages isolated from two differeamtvivo models of diabtes had significantly
impaired phagocytic capacity and an abundant presence of apoptotic neutrophils in the wound
site. Furthermorahestudy found increased levels of grdlammatory mediators, TNE a n d
IL-6, and reduced levels of410. They were ablto specifically identify this from the isolated
diabetic macrophages, to further support their link between chronic inflammation and
metabolic disordefKhannaet al, 2010) In another study by Ayalket al, they discovered that

the hyperglycaemic environment modifies bone masdenwved macrophage metabolism.
Diabetic macrophages had increased levels of phosphorylated AMRIR-activated protein
kinase)a metabolic energyessor, increased phosphorylated MAPK proteins (SAPK/INK

stressactivated proteins kinases/Jun amteaninal kinasesand ERK2) and decreased
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expression of TLR4. This altered metabolic and signalling pathway contributed to their

inhibited phagocytic capéyg (Ayalaet al, 2019)

This reduced phagocytosis and capacity to degrade apoptoticsaelisas spent neutrophils

can also inhibithe production of TG# that is typically produed during this macrophage
phenotype transitianThe loss of this key immune regulatory mediator contribtwethe
uncontrolled expression of inflammatory mediators in the microenvironfieaicombination

of aberrant macrophage recruitment and inabilby them to transition to reparative
phenotypes exacerbates damage in diabetic wountte form of increased necrotic material,
uncontrolled inflammatory destruction and inability to transition to the healing phltase
remains unclear, but likely thatmbination 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 Mlike to M2-like phenotypgKhannaet 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 diabeti¢gg€ming, Martin and Tomi€anic, 2014)A thorough patient history
assessment is necessary to enssifelban 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 msx Some use hydrocolloids and hydrogels to remove

exudate but maintain moisture. Others incorporate collagen products which fadllitate
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microenvironment that is favourable at attracting wound healing associated cells and limit
protease activityCullen et al, 2002) Some developments have focussed on the addition of
antimicrobial compounds such as silvdrich 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 factazk 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 lim#gedito

subset of patientyMowbrayet 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 significa
difference(Wieman, 1998) This may be in part due to the heterogeneous and diverse pool of
chronic wound patients. In a study by Cledml, they used topical application of Regranex on
wounds of diabetic mice and this was observed to increase the amount of granisistien
(Chanet al, 2006) Recently, this drg has primarily been used in conjunction with other

wound care therapies for diabetic neuropathic ulfeaag and Galiano, 2008)

Topically applied recombinant granulocyte macrophage colony stimulating factoiC&mW
and granulocy colony stimulating factor (&SF) have been successfully trialled in those
with venous leg ulcers and diabetic foot ulogarques da Costet al, 1999) Moreover in
vivo knockout models reveal that loss of GB&F delays wound healing, reduces

vascularisation and decreases the expression-6f @XCL2 and CCLZAFanget al, 2007).
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This remains one of the few immutergeted 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 fadtas,T<BE

b . Despite persistent i nfl ammati on being su

remains elusive as a successful therapeutic target.

The diversity of patients and the wound pathologies also needs to be considered, as their
remains a ned 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 Linddewl, this remains an opefield. A

range of potenti al bi omar ker s -datanmemicobid@ n pr e
biofilms, MMPsand inflammatory cytokines, 6 and TNFU . These can be ide
wound fluids, swabs, and tissue specimens in attempts to delbetateen nofhealing and

healing phenotypes. However, our current diagnostic and prognostic tools in the form of protein
identification, cell cultureRT-gPCR and histopathology are currently unable to objectively

stratify these patient subsets with confide. Nonetheless, there are major advances in various
Aomi cso and i maging technol ogy -spebifec treatment | hel

plans(Eming, Martin and Tomi€Canic, 2014)

1.5ERK signalling i a novel therapeutic target for wound healing

A potentially interesting pathway in regulating m@mnages in wound healing includes ERKS,
which is a member of the MAPK familKey studies by Giurisatet aland Luizet al, have

demonstratethat genetic inactivation of ERKin the myeloid lineage shifted their phenotypic
state towards an arttimour and Milike phenotype. They report that ERK5 mediated
signalling can activate STAT3 andMyc transcription signalling to modify macrophage

polarisation(Giurisato, Vermi and Tournier, 2016; Lwet al, 2020)
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Other members of this family include extracellular signal regulated kinases (ERK) 1@nd 2
Jun Nterminal protein kinases (JNK) and the p38 MAPK. ERKS5 is the largest of these MAPK
with a molecular weight of 115kD@igure 1.5) The Nterminal region contains a kinase
domain with binding sites to its upstream activator, MAPK/ERKS5 kinase (MEEBRK5
differs from its family due to its uniquely larget€rminal tail containing two prolingch (PR)
domains, a myocyte enhandanding factor 2 (MEF2) domain, a nuclear localisation signal
(NLS) and a transactivating domain (TA[Nithianandarajatdoneset al, 2012; Stecca and

Rovida, 2019)

MEKS

phosphorylation MEF2interacting Transcriptional activation
MEKS5 binding sites domain domain
' I || ~ I |

Figure 1.5. ERKS5 structure. On the Nterminus of the ERKS5, there is a kinase domain with specific binc
regions for MEKS5, including two amino acid residues for phosphorylation, threonine and tyrosine- 1
terminus is uniquely larger than its MAPK family, and contains two prelafedomains, MEF2nteracting
domain, nuclear localisation signal domain and transactivating dom=r.

Under basal conditions, ERK5 remains in a closed folded conformational state where the N
andC- 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 ttexminus ofERKS and induces

a conformational change to an open st&igure 1.§. This exposes the NLS, to promote
localisation into the nucleus to facilitate ERKS5 associated transcriptional actAaty
additionally unique element of ERKS5 is its capacityatdophosphorylate in the-t€rminus
region, permitting direct regulation of gene transcrip{idithianandarajatdoneset al, 2012;

Pearsoret al, 2020)
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Figure 1.6 ERKS5 signalling and localisation In a quiescent state, unphosphorylated ERK5S usdioin a
closed conformational state bound together by intermolecular forces betweeratieGterminal tails. Due
to the reduced activity of NLS in this closed state, the protein is predominantly found in the cyto
Phosphorylation activity by MEKBpens the conformational structure of ERK5 and enables more sites
C-terminal tail to be phosphorylated. This increased activity of the NLS, promotes its translocation
nucleus and the subsequent downstream signalling associated with ERi¥GTahd domain.
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This relatively recently identified MAPKERK5responds to mediators including-@, VEGF,

EGF, PDGF, and physiological conditions such as ischemia, hypoxia, and osmotic and laminar
shearstress(Nithianandarajatdoneset al, 2012) Its activation regulates a diverse range of
processes including cellular proliferation, migration,vatal and angiogenesig-igure 1.7.

Early genetian vivostudies revealethat ERK5 deficiencyby genetic ablation of both alleles

of the genewas embryonic lethal due to its crucial roldhgalthy cardiac development. These
studies revealed immature vasculature and defective endothelial organisation and morphology
(Kato et al, 1998; Hayashi and Lee, 200An additional study was conducted utilising
conditional loss of ERK5 under éhcontrol of an inducible MxCre transgene, permitting
studies of ERK5 ablation in adult mice. This study by Hayesshl further supported that loss

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

to resultanteath by haemorrhagir{glayashiet al, 2004)

Embryonic development:
Erythroid development, cardiac

. function, and neurogenesis
Environmental stresss

Oxidative and osmotic

T ) .
stress Carcinogenesis

Growth factors: Cellular proliferation) Tumour growth, celtycle progression,
ro actors: 1 mlgratlo.n, survwgl, inflammation, cellular invasion, and
VEGF, EGF, PDGF and angiogenesis. metastasis

Cytokines:

-6 Wound healing:

Inflammation, tissue formation, and
remodelling? Macrophages?

Figure 1.7. ERKS5 signalling summary. Extracellular stimuli in the form of environmental stress, grov
factors, and cytokines act upon their respective receptors to activate a cascade of kinase event:
initiated by the phosphorylation of an apical MAPKK (MARIfase, also known as MEKKMAPK/ERK
kinase), which sequentially phosphorylates MEKS5, and subsequently ERKS5. Phosphorylated ERKS ¢
translocate to the nucleus to trigger a range of cellular processes from proliferation, migratio
angiogenesisThese physiological responses have been found to influence embryonic developme
carcinogenesis. What remains to be determined is the potential role ERK5 signalling may play in
healing.
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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 proliferéerezMadrigalet al,

2012; Finegart al, 2015) They have established ERK5 as an impurtagulator of the IL
1-COX2 inflammatory signalling pathway which drives skin tumorigenesis. They further
demonstrate the potential of aERK5 therapy using XMD®2, a first generation ERK5
kinase inhibitor, to reduce epidermal proliferation, neutrdogril macrophage infiltration and
tumour growth(Fineganet al, 2015) Additionally, increased ERK5 expression has been
correlated with invasive and metastatic potential in human colon cancer progression through
nuclear factoe B NFa B signalling (Simbeset al, 2015) ERK5 inhibition has also been
found to decrease inflammatory agonists such #&adhd I-8. Furthermore, ERKS5 signalling

was needed to promote adhesion of neutrophils in lung endothelialeiltsting ERK5S was

able to limit LPSinduced inflammatory mortality, similar to septic sh@@kilhelmsenet al,

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

chronic inflammation associated with impaired wound healing.

However, afurther study into thespecific relationship with myeloid cells revealed that
inhibiting ERKS5 can polarise tumour associateacrophages towards an atutmourand M1

like phenotype and render melanoma cells more vulnerable to cancer théGipresatoet

al., 2018) Studies have similarly shown that pharmacological inhibition of MEK5, upstream
of ERKS5, results in reduced expression of-Mk& markers and associated mediators, such as
Argl ard Ym1. Additional, they found that ERK5 deficient unpolarised macrophages were
deficient in these M2ike associated genes, and were primed towards atikeélphenotype

(Luiz et al, 2020.

In the context of atherosclerotic models, they found that inactivation of ERK5 in macrophages
led to increase in Miike and inflammatory associated genes. However, these macrophages
were compromised in their phagocytic ability with reduced levied@sonins and complement
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markersThese factors including C1ga, C1gb, and C1qc, are required to facilitate macrophages
in successfully targeting cells for phagocytosi®gether, this loss of ERK5 led to
inflammatory induced atherosclerotic lesions aratéased necrotic cor¢leoet al, 2014)

ERKS5 has also been found to inhibit vomocytosis, thelgon expulsion process to expel live
organism engulfed by phagytes. Here they found that ERK5 inhibition led stimulated
vomocytosis, reduced infection, increased inflammatory mediators and reducéileM?2
signalling(Gilbertet 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 trigg(5 activitywhich can limitfunctionssuch

as endothelial migration. Thus, studies have found that ERKS5 inhibition led to downregulated
KrippeHike factors(KLF)2/4 and increased endothelial migrat{gtomaravoluet al, 2015)
However, in contrast, ERK5 inactivated keratinocytes exhibited altered morphology and
disrupted motility, which led to reduced epithelial migration and reduceaaékhdherence
(Arnoux et al, 2008) Moreover, studies have also reported that ERK&migortant in
regulating angiogenesis to support tumour expansion and invasion by prduitiogrswith

the necessary network for nutrients and growth fadi@dottaet al, 2009; Rovidaet 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 emghd nuancech

wound repair

Additionally, it should be noted that recent research using ERKS5 kinase inhibitors have found
that they often fail to recapitulate the phenotypes observed with genetic inactivation. These
studies reiterate that many ERK5 @sated functions are independent of kinase activity, and
moreover, kinase inhibition itself can trigger other factors to activate ERKS5 through its large
C-terminal extensior{Lochheadet al, 2020) Someof the first generation ERK5 kinase
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inhibitors, function through offarget activity on bromodomains, and again show that selective
ERKS5 kinase inhibition has no biological effect comparable to whole prabéation(Lin et

al., 2016)

In order to replicate the immuireediated inhibition observed in tfERKS genetic ablation
models, we require a therapeutic system which removes or degrades the whole ERKS protein
from cells, rather than inhibits catalytic kinase function. This PhD will explore this by
assessing a compound developedhanse by our collaborators in the Butterworth Laia

CRUK Drug Discovery fundingThis compound named, OS1, made by Dr Olly Smith, is a
heterobifurctional smd molecule compoundomposed of two active regions bound by a

l inker domain. One arm is specific to ERKS5,
machinery to degrade the target protein. Palredlsearch within the Finegaal. (unpublished)

has shown its effective pharmacologitadockdown of ERKS in triple negative breast cancer,
inducing an immunological phenotype not observed with ERik&se inhibition alone. These
compounds are currently being patented and as a result further detaals &xetct mechanisms

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

Cancers have often been described as fAthe w
dysregulated inflammatigncellular proliferation and migratiorthat promotes tumau
development and genetic instabil{tpganahan and Weinberg, 201YYith this notion, there is

no doubt that similarities exist between the chronic inflammation associated with cancer and
impaired wounds such as thasgsociated with diabete®n that basis, eariy vitro studies

have shown ERKS5 activation can inhibitigration of endothelial cells required for
angiogenesis and influence the activity of keratinocytes during wound héatmgux et al,

2008; Spieringet 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
woundhealing.
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1.6 Precursor Research

The Finegan and Mace Lalhave previously demonstrated that genetic loss of ERKS5 in the
keratinocyte resulted in earlier woundahieg and reduced inflammation in both healthy and
diabetic mice (Db)From the wound closumata, hey found that by day 8, ERK5KO wounds
werealmost at full closure when compared to control mice which were only 50% ¢kigade

1.8A). A similar pattern of wound closure was also observed in the diseased context of diabetic
wounds. Here they ocapared woud closure between diabett2K5 wild type(WT) mice and
diabeticERK5KO mice. The woundsf Db/ERK5KO closed & 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% closedFigure 1.8A).

Furthermore, our initial histological analysis of this study suggested that genetic inactivation
of ERKS5 in the skin led to delayed and reduced infiltradmmacrophages, and increased
neutrophil influx at earlier tim@oints Figure 1.8.B andC). With this basis, it could be that
depleting ERKS5 signalling in keratinocytes, manipulates the immune environment to improve
wound healing. This similar pattern wabserved 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, andne@dn cancer studies
highlighting the relationship between ERKS5 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 ERK5inactivation improves wound healing in both wild type and diabetic models
Precursor work by the Finegan and Mace Labs utilised inducible ERK5 epidermis knockout mice, «
with Lepre®® mice. (A) Wounds were imaged and the area calculated on Imagadaritfy wound closure.
Data points plotted represent the mean of multiple different mice £SEM. Representative images of (B)
(C) F4/80, and (D) NIMAR14 in wildtype, ERK5KO/WT, WT/db, ERK5KO/db mice over selected tir
pointsofday 2, 4and 7pestoundi ng. Bl ack bhars = 100¢m.
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