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SUMMARY

Endogpous el ectric yelds (EFs) are present
pathologic events, including penetrating injury to epithelial barriers. An applied
electric yeld with strength within the ph
migration of @i t hel i al cell s, e n d o timmerie i cells cell s
suggesting a potential rolm controlling cell behaviours duringround healing
Dendritic cells(DCs) and dermal fibroblasts were used to expltdre molecular
mechanisms underlie BRducedcell activities duringwo aspects of wound healing
immune responsand remodelling

In this study, we investigated the effects of applied EFseseral types dDCs in
responséo IL18. DC progenitor cells K& shows dose dependently response to EFs
stimulation to increas@éFN-o expressionMoreover, the migratin of KG-1-derived
DCs and Langerhans cellLCs) in mouse skinrshowed increased resporiselL18
with directional migration when exposed to BEf¥itro andex vivo Furthermore, the
in vivo investigation suggestechat pharmacologically increased trasysthelial
potential difference (TEPD) induced LCs to emigrate from skin to draining lymph
node. The sensitization of DCs to IL18 can be strengthened by EFs through
redistribution of IL18 receptoand phosphorylationf p38 MAPK.

We also comparatively studied the responses of human chronic wound
fibroblast (CWF) and chronic matched fibroblast (CMF) to applied EFs with addition
of platelet derived growth factor (PDGF). The results indicate thd&Fk) induce
human derral fibroblast directional migration in a voltage dependent marjer
CWF shows impaired sensitivity in response to EFs compared to CMF and)HF
Activation of PDGFR and PI3K are both required for-iB8uced directional
migration 4) PDGF attenuates ERduced migration directedness through PDGFR
ROCK other than PI3K pathway5) Optimised concentration of PDGF plus
physiological EFs enhance chronic wound healing

We propose that the BRduced redistribution of the receptom@n the cell surface
results ina shift of membrane receptors between the catfaxeg and the anode
facing membrane of the cell. There would be a higivebability to overcomehe

threshold of signal transduction at the higher density receptor side. The downstream



signalling cascad¢herefore can be ignited. Understanding the signalling pathways
underlying guidance cues (EFs, cytokines, chemokines) will help to optimise future

therapies for immunomodulation, vaccination, wound healing and regeneration.
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CHAPTER 1 INTRODUCTION




1.1 The concept of human skin

1.1.1 The construction of skin

Human skin is the largest organ of the body and is composed of two parts: a
stratified, cellular epidermis and an underlying dermis of connective tissgerd
1-1).

The epidermis is mainly composed of keratinocytes and can roughly be divided
into four layers; from the exterior inwards these are: stratum corneum, granular layer,
spinous layer and basal layer. The specific proteins of keratinocytes,nkanrati
filaggrin, build the structure of the epidermis and contribute abot8080 of the
mass of the epidermis.

The other cells of epidermis are melanocytes, Langerhans cells and Merkel cells.
Melanocytes are differentiated from neural crest cells andesponsible primarily
for skin colour by secreting the pigment protein melaiiime Langerhans cells are
professional antigepresenting cells and process antigens encountered by the skin to
local lymph nodes. They are of mesenchymal origin and origfrate bone marrow.
Merkel cells are probably derived from keratinocytes and are somatosensory receptor
cells which respond to touch.

The epidermis is attached to the dermis via a complex network consisting of
protein and glycoprotein. The epidernadisrmis ©nnection isvitally important due to
the roles it plays in cellular communication, nutrient exchange, absorption and other
functions. In I ess than 200 em of connec
macromolecules (collagens, laminins, integrins) which intera¢tivthe membrane
zone.

The dermis is made up mainly of elastic fibores and collagen floating in a
polysaccharide and protein network. In contrast to the epidermis, it is vascularised,
enabling it to not only provide energy and nutrition to the epidermislsotplay a
pivotal role in thermoregulation and wound healing. The major types of cells in the
dermis are fibroblasts, macrophages and adipocytes.

Fibroblasts mainly produce and organize the extracellular matrix and also express
cytokines (e.g. FGF) toommunicate with other cells residing in the skin. In addition,

fibroblasts are the main force of contraction during wound healing.



Macrophages have their effective function during the wound healing by
coordinaing the healing process. Their functionahegmotype is dependent on the
wound microenvironment.During the early and short inflammatory phase
macrophages exert pinflammatory functions like antigepresenting, and the
production of inflammatory cytokines and growth factors that facilitate thenevou
healing process; during the proliferative phase, macrophages stimulate proliferation of
connective, endothelial and epithelial tissue directly and indirectly.

Adipocytes make up the subcutaneous fat which is an active part of the endocrine
system, sectig the hormones leptin and resistin.

The interaction between different kinds of cells, structures, cytokines, growth
factors and other large and small molecules in the skin is an extremely complex, and

largely unknown part of the physiology and pathglo§human skin.
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Figure 1-1 The skin and its appendages

The schematic illustrates the structure of the §Rimok and Burns, 2010Yhe skin is
composed of two layers: epidermis and dermis. The epideamide divided into 4
layers: stratum corneum granular layer, spinous layer, basal layer and basement
membraneThe dermis consists of connective tissues and is divided into two layers:
papillary region and reticular dermis



1.1.2 The function of skin

The key role of the skin is to provide a bartethe external environmenkeeping
certain elements either in or out of the body (e.g. keeping water in and bacteria out),
whilst also @ting aschannelfor environmenal stimuli andfor keepng the body in
balancee.g. thermoregulation)

Water is the mostmportant factor for all cell activity, and the cornified cell
envelope and the stratum corneum prevemter lossthrough the skin. Inthe
epidermis, there also are about 2XIGngerhans cells, whictes/e as sentinel cells
whose primary function is to survey the epidermal environment and to initiate an
immune response against microbial threats.

Another important function of skin is thmoregulation. Thenetworks ofblood
vessels in the deep or supedic plexuses help regulate heat loss through
vasodilatationand vasoconstriction, aretcrine sweat glandsxcrete sweat to lower
body temperatureia evaporation.

Subcutaneous fahas two main functionstrauma cushioning and calorigs
resernes In nonobbese subjects, about 80% of t he
subcutaneous tissue. Fat also has an endocrine function to regulate hunger and energy

metabolism.
1.2 The process of wound healing

Wound healing is a complex and precisely controlled process whei@iya
intracellular and extracellular pathways are activated and coordinated to restore tissue
integrity and homeostasis. Wound healing involves a complex interaction between
epithelial and dermal cells, the extracellular matrix, and controlled angiogearesi
plasma derived proteins, which are coordinated by endogenous and exogenous stimuli.
This dynamic process has been divided into three separate phases: inflammation,
proliferation and maturation/remodellinfHarding et al., 2002) These different
phase are not distinguished temporally as they overlap in time and therefore are
distinguished by their separate functions. The entire process is summarised below in

Figurel-2.

When tissue is first wounded, blood comes in contadh willagen, triggering

blood platelets to begin eeeting inflammatory factors; this is the start of the

5



inflammatory phasePlatelets also express glycoproteins on their cell membranes that
allow them to stick to one another and to aggregate, formingsa(Malwood et al.,
2004) Fibrin and fibronectin crosknk together and form a plug that traps proteins
and particles and prevents further blood Ifsandeman et al., 2000).dditionally,

these activated platelets release a number of cytokines andhgfaetors which
activate an inflammatory responggerner and Grose, 2003Neutrophils and
macrophages respond to these chemicals by migrating to the wound site. Once there,
they actively cleanse the wound of debris and bacteria by phagodqf@esidhar ad
Rana, 1997) Macrophages also secrete a number of grovactors and other
cytokines, whichattract cells involved in the proliferation stage of healing to the area
(Werner and Grose, 2003)

The beginning steps of proliferation are the migration of tkevaytes over the
damaged dermis and the formation of new blood vessels. Angiogenesis isithease
supply of oxygen and nutrients to the wound site, meeting the metabolic requirements
of cells thatareinvolved in wound repair. The sprouts of capillaressociated with
fibroblasts and macrophages forms a new substrate for keratinocytes migration at later
stages of repair process. The keratinocgtesbehind the leading edge proliferate and
mature and, finally, restore the barrier function of epitheli@multaneously with
angiogenesis, fibroblasts begwecumulating in the wound siteater,they become
the main cell typ¢hat lays down the collagen matrix in the wound g&adelmann et
al., 1998) Some parts of fibroblasts differentiate into myoflilest which contract
aroundcells that bring thedges of wound together andrfogranulation tissue which
actually begins to appear in the wound already during the inflammatory phase, and
continues growing until the wound bed is covered.

The third stagesiremodellingwhich normally lasts for a binore time than the
first two stages. During this stage all the process activated before gradually slow
down and cease. Most of the macrophages, endothelial cells and myofibroblast move
away from the wound or uedgo apoptosisThe structure change of matrix from type
Il collagen to Type | is prevail at proliferation stageovvorn et al., 1999)
Metalloproteinases secreted by fibroblast, macrophages and endothelial cells is the
main force of this process. Thisocess strengths the repair tissue but the tissue never

regains the properties of uninjured skurtner et al., 2008)
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Figure 1-2 Phases of Wound Healing

There are three classic stages of wound healinfjannmation (A), new tissue
formation(B) and remodelling (CjGurtner et al., 2008)A. Inflammation. This stage
starts immediately after injury and lasts about 2 days. The wound is characterised by a
hypoxic environment in which a fibrin clot has formdskacteria, neutrophil and
platelet appear in the wound. BeW tissue formation. This stage starts about 2days
after injury and lasts one to two weeks. An eschar has formed on the surface of the
wound; the new blood vessels populate the area. The immllsstaet to migrate out

from the skin and epithelia cells gtéo migrate into the wound. ®Remodelling. This

stage lasts for a year or longer. Disorganized collagen has been laid down by
fibroblasts that have migrated into the wound. The wound hasacted and the re
epithelialized wound is slightly higher than the surrounding surface.

1.3 The inflammatory response

The inflammatory responss the first of a number of events that constitute wound
healing and commences almost immediately after woundingkiinrepair, it begins
with thepassive leakage of circulating leukocyf{eEsgely neutrophils) from damaged



blood vessels. They have multiple functions, not only defending against invading
pathogens but also playing roles in tissue degradation and tssua&tion. As such,

the infiltration of leukocytesnigratinginto wound site may have profound effects on
downstream cell migration, proliferation, differentiation, and ultimately the quality of
healing proces¢Eming et al., 2007)The other types of imume cells which are
already resident within the ti dsanscellssuch as
also become activatezhd in turn release a rapid pulse of chemokines and cytokines.
Those cytokines, together with foreign epitopes such as lipsgodharides (LPS),
actively recruit neutrophils and macrophages from nearby blood vessels into the
wound site. Together, these activities promote local endothelial cell expression of
selectins which induce leukocyte rolling and crossing of the endotheliger. This

is enhanced by vessel dilation, which in turn is triggered by inflammeadssociated

nitric oxide, mast cell derived histamine, tissue plasminogen activator and other
factors(Shaw and Martin, 2009)
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Figure 1-3 Inflammatory response of skin wound

The inflammatory response to woung starts immediately with the leakage of
circulating leukocytes. The resident immune cells also are activated and release a
rapid pulseof cytokines and chemokines. Thus the neutrophils and macrophages are
attracted by chemotaxis and migrate into woued(8haw and Martin, 2009)



1.4 The role of immune cells

In various experimental animal and human skin wounding models it has been
demonstrated that the leukocyte subsets orchestrate the process spatially and
temporally. The understanding of the interactibeswveen the cells and walkfined

chronology of the process is essential for artificial promotion of optimal wound repair.

1.4.1 Neutrophil

Neutrophils are immediately activated and recruited to a wound site by ¢hemo

attractant released from coagulation of bf@od clot. Within a few hours after injury,

the woundreleased cytokines such as1lb, t umour -De¢ AUYFiasndf act a

interferono (b FNTtTrigger t he activity o f neutr

transmigrate across the endothelial cell wall of blgoagillaries. In addition, those
cytokines increase neutrophil expression of adhesion molecules, including endothelial
P- and Eselectins and ICAML,-2. The adhesion molecules are crucial for neutrophil
diapedesis because they interact with integrins ptestethe neutrophil cell surface

and induce cell morphology transformati@ming et al., 2007)The main function of
neutrophils is to cleanse the wound site and kill invading microorganisms through
several stratiges, including the release of proteobmizymes and bursts of reactive
oxygen species (ROSPovi et al., 2004; Shaw and Martin, 2009ther studies
suggest that these cells also influence many other aspects of repair, such as resolution
of the fibrin clot and provisional ECM, promotion of amgenesis, and e
epithelialisationKim et al., 2008; Li et al., 2003b; Theilgaawbnch et al., 2004)

1.4.2 Monocyte

Monocytes appear at the wound site from the circulation soon after neutrophils and
their numbers peak at a day or so after inj¢8haw and Mdin, 2009) The
immigration of monocytes into the wound is regulated by the interacticdatef
antig;m-4( U4 b1 i nt egr iwvadculaaceltadhesiod mdlebids Emirg bt
al.,, 2007) These cells mature into macrophages due to stimuli in the wound
environment such as growth factors, cytokines and MCPhus their function can be
separated into twghases during the wound healing process according to the

concentration gradient of various chemotactic factors. In the earlier phase the



monocytes are recruited and play a major role in phagocytosis and clearance of
infection (M1 preinflammatory). In thdater phase, the monocytes mainly take part

in repair and angiogenesis (M2 amflammatory and pr@angiogenesis). These
transformations imply major changes in the active phenotype of macrophages caused
by significant alterations in gene expression. Themrane receptors of
macrophages are thought sense environmentalhange and therefore direct the
transformation. Those receptors include itk receptor, complement receptor and

Fc receptor; however, the details of mutual interplay and the mechambtms
interaction between receptors and outside stimuli still remain undéfeaddition to

their immunological function as phagocytes, macrophages possess other functions to
facilitate wound repair by the synthesisnumerougpotent growth factors, inclirg

TGFbD TGF basic fibr obl aserivedy gramvitfactor farmdc t o r
vascular endothelial growth factor, which promote cell proliferation and the synthesis
of extracellular matrix molecules by resident skin cglisiing et al., 2007; Lai .,

2009)

1.4.3 Mast cell

Mast cells arise from pluripotent hematopoietic progenitor cells present in bone
marrow, and these progenitor cells are delivered to various tissues where they reside
and terminally differentiate. Over the years, mast cells have &le@nwn to be an
important source of a variety of proinflammatory mediators and cytokklles et al.,

2007; Bienenstock et al., 1987)hus it has been widely accegthat they play an
important role not only in wound repair but also in autoimmune déersuch as
arthritis. In the immune response, mast cells release ROS and reactive nitrogen oxide
species (RNOS), both of which are used at high levels to kill phagocytosed organisms.
Low levels RNOS may diffuse outside cells to impact the vascular ansuse
system. However, some studies of mast cell deficient mice have shown contradictory
results concerning their function. Egozi reported that mast cell deficiency had no
significant effect on epithelialisation, collagen synthesis or angiogenesis, biiades

in decreased number of neutrophils at a wound(Edezi et al., 2003this has been
challenged by a report that mast cell deficiency led to a significant reduction in

vascular permeability, neutrophil influx and wound clos(Eening et al., 2007)
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However, further investigations are needed to better understand the impact of mast

cells on the wound healing process.
144 ou T cell s

The o0 T cells are a unique T cell popul a
from foetal thymic precursor cells and exp
These cells have a dendritic morphology and are strictly limited in trstiitdition to
the epidermis, where they are thought to play an important role in mediating wound
healing. Upon wounding, they recognize an unknown antigen expressed by damaged
keratinocytes and then produce epithelial growth factors and inflammatoryrmgoki
The study -def iodli eilntcenilce reveals that t he
delayed wound healin(Eming et al., 2007)Similar findings in the clinic revealed
that ou T cell s fr omwgreadtivadandsecveiing growthe al i n g
factor s, and conversely, O U -fealiogepéitienss had ar
(Havran and Jameson, 2010) addition, this population of T cells has recently been
shown to participate in EMC deposition and macrophage infiltration. Taken together,
these results demonstrate a novel function

of T cells on skin wound healing.

Table 1-1 Inflammatory cells, their functions and mediators(Eming et al., 2007)

Cell type Funciton mediators
Phagocytosis of infectious
PMN agent ROS, cationic peptides, proteases

Macrophage activation

through phagocytosis

Amplify inflammatory

response TNFalpha IL-1beta, and It6

Stimulate repair response

Phagocytosisf PMN and

fragments of
Macrophages tissuedegradation

Amplify inflammatory

response TNFalphg IL-1beta, and 6

Anti-inflammatory function  IL-10, TGHetal

Stimulate repair response:

angiogenesis, fibroplasia

fibrolysis t-PA,UPA U-PAR, and PAV-2
monocytes Control vascular Histamine
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permeability
control influx of PMN Chymase, tryptase
regulate tissugemodelling
T cell; Th1/Th2 regulate tissugemodelling  Cd40I ligand; 2, TNFalphaIL-4,-5,-10
Keratinocyte proliferation,
differentiation, hyaluronan
11 ¢ OSft f Zsynthesisin Keratinocytes FGF7,-10 and IGA

bGFG, basic fibroblast growth factor; FGF, fibroblast growth factor;PDGF, plate
derived groth factor; PMN, polymorphonuclear leukocyte; ROS, reactive oxyger
species; TGF, transforming guth factor; TNF, tumor necrosis factor, uPA,

urokinasetype plasminogen activator; VEGF, vascular endothelial growth factor

1.5 The roles of growth factors

Plateletderived growth factor (PDGF) is a major mitogen for a number of different
cells, including fibroblasts and vascular smooth muscle cells. It has a crucial role in
development and is involved in the initiation of wound healing events. The main
cellular effects of PDGF are to promote growth and reorganisation of the actin
cytoskeleton, initiatehemotaxisand prevent apoptosis.

The main signal transducers that bind to activated PDGF receptors include
phosphat i dknase (I8 phosphblipaB&@-o2, tyrosine -phosphat
2 and activating proteins for the Rho family of small GTPas&K Rlable to interact
with a number of different downstream effectors to promote actin reorganisation,
chemotaxis, growth and protection against apoptosisspgplodipase i nduces
mobilisation of intracellular calcium stores and contributes to proliferation and
motility of some cell types. Dephosphorylation of tyrosine residues by PDGF
activated SHR2 serves as a negative feedback mechanism of receptor iactividie
mitogenactivated protein kinase (MAPK) cascade can be initiated by a number of
PDGFR signal transducers to result in the transcription of genes that are required for
cell proliferation, differentiation and migratiofAndrae et al., 2008)There § a
significant degree of crogalk between the different transduction mechanisms which
can help to amplify signals. For example, PI3K products can serve to increase
phospholipase®@ acti vi ty.

Hepatocyte growth factor (HGFjhrough binding to its recemt (Met), exerts
important function in reepithelialization. Met gene knockdown mice showed strongly
delayed reepithelialization in response to skin woumgl(Chmielowiec et al., 2007)
Though it was thought that other growth factors are invoiweldis process, it is clear
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that they cannot compensate for the abseariddGF signdling. HGF/cMet trans
activates epidermal growth factor receptor (EGFR) and then erthacditeation of
downstream kinasePI3K and ERK. The crosslk between EFGF and HGFMet
may play a key role in regulating retinal pigment epithelial cell migration,
proliferation, and wound healingu and Yu, 2007) Mesenchymal stem csltan
enhancehe quality ofwound heahg, and may generatge novointact skin. Ithas
beenrepored that HGF @n induce human MSC migration and pdagn important
role in hMSC recruitmertb wound sitg(Neuss et al., 2004)

Ligands for the zb variamth) pf | RGPparecenp
contribute to wound repair. This was shown in a transgenic mouse experiment in
which keratinocytes expressing a dominraegative mutant of FGFRZ b s howed a
strong inactivation in e-epithelialization. The mutant receptor binds to FGF but
cannot transduce the sigr(@Verner et al., 1994FGF7 and FGF 10 are likely to be
the most efficient FGFR2z b | i ¢Baaondet al., 2004)The mice that lack
dendritic epidermal T cells, whichreaa potent source of FGF7 and FGF10, show
decreased keratinocyte proliferation and wound closure after iQjaryjeson et al.,
2002)

Epidermal growth factor (EGF) is believed to play an important role in normal
wound healing in tissues such as skirrnea and gastrointestinal tradh addition
heparinbinding EGF has been shown to haadunctional role in keratinocyte
migration and acceleraavound healing(Shirakata et al., 2009)hose positive re
epithelialization growth factersuch as FGFs, HGEJEGFs are ligands of receptor
tyrosine kinase, the activation of which will stimulate fibroblastl keratinocyte
migration and proliferation and lead to wound clos@eme of those processes are
mediated by Signal Transducer and Activator of Trapton 3 (STAT3) which
responds to a number of growth factors and cytokines. STAT3 is phosphorylated by
receptor associated kinases and then forms handeterodimers that translocate
into the cell nucleus, where they stimulate gene expression. Ano#msctiption
activator, Activator Protein 1 (AP1), is thought to play a similar role to STAT3 in
response to cytokines and increases wound cldkues al., 2003a)

In contrast to these mitogenic growth factors, &S a negative regulator of-re
epithelalization. It was demonstrated that loss of FBsignalling leads to an

accelerated repithelialization and an increased proliferation of keratinocytes at the
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wound edge(Amendt et al., 2002)This finding is supported by studies in mice
lacking transaptional regulator SMAD3, one of the main targetsST&fFb mediated
signalling. Smad3 null mice show accelerated cutaneous wound healing, characterized

by an increased rate of-epithelialization(Ashcroft et al., 1999)

1.6 Chronic wounds

Chronic wounds ar@ major global health problem resulting not omydistress
and disability to patients but also enormous economic burden to health care providers
(Nwomeh et al., 1998)Chronic wounds encompass a spectrum of disease and can be
divided into three main fons: chronic venous leg ulcers, pressure ulcers, and diabetic
ulcers. Generally, the normal wound healing responses described above are altered in
chronic wounds, with prolonged inflammation, a defective cell activity and a failure

of response to cytokines.
1.6.1 Growth factors in chronic wounds

Growth factors are soluble signalling proteins and play essentialinateediating
the process of normal wound healing. Thus the defective function of growth factors
always leads to chronic wounds. It has been demoedtitiat there is no active
PDGFBB in chronic wound fluid Castronuovo et al., 1998 and decreased
expressionof TGl i n chr oni ¢ Chaetial,2008aintadditidn, IEGE t  (
and TGFb wer e reported to incr eawoandfmodblr obl ast
in vitro (Cooper et al., 1994 Moreover, topical treatment with basic fibroblast
growth factor has been showed to effectively heal the chronic cutaneous wbunds (
et al., 2002

1.6.2 Skin cells in chronic wounds

The properties of skin cells habeen altered by the microenvironment of chronic
wound. It has been reported that keratinocytes at the chronic ulcer edge are highly
proliferative and have an activated phenotype (K16), but show a reduced expression
of LM-3A32 171 a key molecule present on gnating epithelium Ysui et al., 2008
Additionally, the fibroblasts from chronic wountdaved slow proliferation, impaired
response to TGB st i mul ati on and c GHaletaal),e2808adi s po s a
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Loots et al., 1999Stephens et al., 20R3rhe dysfunction of leukocytes cells was also

reported to contribute to chronic wound®e(Ugarteet al., 2002
1.6.3 The perspective of chronic wound treatment

PDGFBB shows promise in the treatment of complex wounds with exposed
tendon or fascia, but there are still several clinical stuti@scould not replicate the
result (De Ugarte et al., 2002}. Has been suggested tliag treatment of complex
intractable wounds requires consideration of growth factors in combination with
adjunctive modalities(Martin, 1997) Adjunctive modalities, including electrical
stimulation, hyper baric oxygen, immunomdattory reagents may enhance the
wound healing efficienc{Goldman, 2004)

1.7 Bioelectric signals in biology

In addition to biological factors there are several physical ones; for example
electrical signals are also found to regulate wound healing. The adétdbw
electrical signals control cell behauroin wound repair will be discussed below in
sectionl.8.

The first defnitive evidence for electric sigrelbeing involved in biological
activity was discovered by Galvani in the 1790s. His fundamental wokleg thait
is electricity that causs frog leg muscle to twitch. Evidence has accumulated in
nearly every aspect of bioelectrical study with major developments in this field over
the last hundred years. Through the 1920s and 1930s Lund found they pdlaatis
was somehow controlled by the bioelectric polarity of ion flonvgivo. In the 1930s
and 1940s, Burr discovered that the there was a correlation between the voltage
gradient and developmental pattern in a wide range of species and (@gand941
Lund, 1928. The main breakthroughs which demonstrated the electrical properties of
individual cells, eghelia, neural structures and limb regeneration were based on
works by McCaig and his colleagu@dcCaig, 1986, 1987, 1989; McCaig and Dover,
1993)

This fascinating research field has shown that endogenous electric signals control
limb and spinal cordegeneration, cell and embryonic polarity, growth control, and

migration guidance of numerous cell tygdesvin, 2009; McCaig et al., 2005)hese
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endogenous currents and fields were found widely distributed in biological systems
(Tablel1-2).

Table 1-2 Electrical signals in different biological systen{Levin, 2009)

Role species/Syetem
Cellular polarization (anatomical asymmetry of cell ¢

epithelium) AlgaFucus

Patterning in gastraltion, neurulation,and

organogenesis Chick, axolotl, frog
directional transport of maternal components into th

oocyte Moth, Drosophila
Growth control and size determination Segmented worms
Neural differentiation Xenopus embryo
Polarity during regenetan Plannaria and annelids

1.7.1 The basis of bi@lectrical signals

Electric current is commonly referrexs the movement of ionShere is a direct
relationship between the voltage, resistan
V=IxR, whereV is the Vdtage of the batteryl, is the current (in amps), arrlis the
resistance (in ohms)in physiological environments such as the cell membrane,
cytoplasm or the fluids of extracellular spaces charge, is carried not by electrons but
by charged ions like Nand CI. Current isgenerated by the movement of the ions
through specific ion channels and pumps within the cell membrane. The bulk

resistivity of a physiological sed.ati on is
single human red cell h a(3ohnson and Wooshury,vi t y o
1964)

Current will flow if a voltage difference exists between any two points in a
conductive medium. The electric field (EF) is expressed as the voltage difference per
unit distance. The relationship between the current densityekattric field iSE =
J T ,whereE is the electricfield)i s t he current density and |
medium. Importantly, all voltage differences, currents and electric fields have
directions which are inevitably interdependent. The direction of the EF thesmnta

potential mediator for spatial organization, because it can impose directional
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movement on chemicals in the extracellular environment, receptor molecules, cells
and tissuegMcCaig et al., 2005)

A B
V=1IR fluid layer ‘Rﬂuid
Vv R epithelium V R

tissue | Rtissue

Figure 1-4 Electrical properties of wounded epithelia and surrounding tissue

A: a sanple of electric circuit physics. Wires connect a batt&fyt¢ a resistorR).

Electrons, which are negatively charged, carry the curtearrows) within the wire

move from negatve pole (low potential) to positive pole (high potential). The
relationship between the voltage differenc
through 1t i s deW¢tiRiBladnidrtyans@oitingéepgitheliuanw :

the transepithelial ggential difference (TEP) of several tens of millivolts actsaas

As ki n bB/paintbielagigab systems the currer) s carried by charged ions,

such as Naand Cl. The ions leak out when there is an injury to the epithelium which

produces a low sestance. The total resistances include the woung (e inner

tissue (R and outside fluid (B . Because the direction of ¢
the direction of pow of positive ions (arr
regions within the tissue. The wound therefore represents the cathode of the naturally
occurring subepidermal efea i c (MgGaig, et al. 2005)

An EF in the context of development and regeneration is distinct from those found
in the electrophysiology in neurons/cardiomyocytes and electroporation due to the
electrical magnitude. To depolarize a neuron and start@mnapotential require an
EF strength of 2 V/mm; the common electroporation method to deliver drugs or
genes into cells uses an extremely high strength EF, roughtp@®/mm; the EF
that plays physiological roles in development and regenerationtigede 1100
mV/mm, three or four orders of magnitude less than electroporation.

With the development of molecular genetics and other-efatge-art techniques
during the last few decades detailed studies of the proteins responsible for
bioelectrical sigals, the genetic networks that shape them, and the mechanisms that

allow cells to convert the information into growth control decisions have been widely
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carried out. Several research areas have made tremendous progress in understanding
biological events aatrolled by bioelectrical signals, such as wound healing, neural

guidance and cell orientation respon@dsCaig et al., 2005; Zhao, 2009)
1.7.2 EFs and wound healing

Though the naturally occurring electric current present in human skin wounds were
measured 15@ears ago, the confirmation and further understanding of its biological
function wasnot gained unti|l the applicat
vibrating probe, and glass and platinum microelectrodes in the last decades.

Epithelial cells are orgared in apicabasal pattern which segregate the charges
achieved by ion flux, giving rise to a traapithelia potential (TEP). The mammalian
skin epithelia support a TEP around +70 mV, internally positive. The top tdye
cells the stratum corneuns connected by tight junctions and this forms the major
resistive barrier. Intact mammalian epithelial cells transpoftadd K inwards from
the extracellular fluid and Clin the opposite direction. Upon wounding which
disrupts the epithelia barrier the PHs shorcircuited. The voltage potential at the
wound thus drops to zero. However, normal ion transport maintains the original
potential in unwounded dpelial cells 5060 000 e m away to the wour
resulting gradient of electrical potential, from 0 mV at the wound bed to +70 mV at
5001000 em away from the wound, thus establ

with the cathode at the wouniigure 1-5).

AT omified layer

epidermis

dermis

m
M

wound
A
+70 m¥

Figure 1-5Wound generated EFs in epithelia
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Mammalian skin keeps a substantial TEP. Wounding collapses the TEP locally thus
generates a wound current and an electric field within theepitbelum. This
woundinduced EF persists until the migrating epithelium reseals the wound -and re
establishes a uniformly high electrical resistafiMeCaig et al., 2005)

Several studies have investigated these steady wiadoded EFs in a number of
tissues. Ina cornea wound there is an EF of about 42 mV/mm, whereas in guinea pig
skin the wound generates a stetgieral EF of about 140 mV/mm. Themslar
strength endogenous EFs have been detected at human skin wounds by using a bio
electric imagerNuccitelli et al., 2008) In both tissues the voltage gradient dropped
off exponentially from the wound edge with a profile that was equivalent to that of a
uniform cable that has been disrupted at one p@ituCaig et al., 2005)In skin
wounds, the distancewasabb 330 em, which means that at
wound bed the voltage gradient would have decayed to 37% of its maximum value at
the wound edge. It similarin human skin wound that the voltage gradient was 140
mV/ mm at 250 em awa ¥ nVimonrat 306 @0 woom,ndarme dabo
10 mV/mmat50aL 000 & m.

1.7.3 The endogenous EFs are regulated spatially and temporally

The endogenous current can be tightly regulated in space and in time. Spatially, in
different organ or at different distance to wound loé the same tissue, the current
strengths are variable. Amphibian neural tube establishes a potential difference across
the tube wall. There is about 90 mV in axolotl at stage 28 and this voltage difference
would create a steady voltage gradient acraslts dn the neural tube wall of
remarkable 1800 mV/mm. Levin and his colleagues fouhdli might be crucial
for creating voltage gradient that drive directed regeneration of snélaxons and
tadpoletail (Adams et al., 2007)0On the other hand, ithe mammalian skin wound,
the strongest currents are found at the wound edge; wound centres have much lower
current flow.

The EF at a wound site varies temporally; the EF at a skin wound is around 140
mV/mm immediately after wounding. This gradually in@es to a maximum value
of about 250 mV/mm 24 hours after wounding, and then gradually decreasing over
about one week until returning to rest the resting TEP of 70 m\{duucitelli et al.,

2008) Cornea wounds have similar currents that flow out of thendi@nd rise to a
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peak within one hour and persist for several d8ang et al., 2004)During limb
development in embryos, current flows out of a precise point on the skin flanking the
area from which the limb bud will appear a day or so after the curegs flowing.
Injecting a fluorescently tagged charged protein into the extracellular space-of non
bud flank skin resulted in radial diffusion. However, the injection into the limb bud
resulted in limb development disruptigiMicCaig et al., 2009) This current also
appears in chicken and mouse, which indicates the currents are the guidance of tail

regeneration.

1.7.4 Manipulation of epithelial transportation of ions and the effects on wound

electric fields

The polarized distribution of ion channels and purapsl segregation of free
charges by tight junctions maintain vectorial ion transgkticerova et al., 2011,
McCaig et al., 2002; Zhao, 2009Fhe N& channel and Cichannel on the cornea
epithelium consistently pump Naut of and Clinto the tear film,respectively
(Figure6). The relative magnitudes of net Gkcretion and Naabsorption largely

decide the electrogenic transporting system and potential differences.
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(A) Cornea epithelium and the electric potential difference

Tight
Na* junction .
¥ — — =~ Apical
~25-40mV
cl 4 <4 Basolateral

(8) Transportation of ions i‘fi’-a,r’n epithelial cell

ClI” CI' Na' Na'org

Basolateral

Na*2CIK* 3Na" x«+

Figure 1-6 Molecular basis of ion chanels generate electric potential difference

A: skin is like a battery and maintains an electric difference across the whole layer
due to the ions exchange Bn electric potential difference, positive at the basal side
relative to the apical side is geatdd and maintained by net directional ions
movemen{Zhao, 2009)

Several experiments have proved that a reduction’im@he bathing solution at
the topical side of cornea increases both the electric and chemical forces that drive ClI
to move to thedar side, therefore the movement of i€lsignificantly increased and
the voltage difference has been doubled. Oppositely, a decreasé inftNa bathing
solution decreases both electric and chemical forces ofrfidaement and reduces the
voltage diffeence.

Pharmacological manipulation of ion channels or pungspecially Cland N&
channels has a large effect on wound electric fields. The application ‘of@nnel
activators PGE2 (prostaglandin E2), Aminophylline or® Nzhannel activators
ascorbic aid and AgNQ have been proven to achieve an increase of wound TEP
(Nuccitelli et al., 2008; Song et al., 2004; Zhao et al., 2006hversely, inhibition of
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CI" or/and N& channel decreases wound TEP."I§4-ATPase Na channel, and
Na'-K*-CI" transportercan be inhibited by ouabain, benzamic and furosemide
respectively, and those inhibitors have been experimentally confirmed to reduce
wound TEP(Nuccitelli et al., 2008; Song et al., 2004; Zhao, 200hpugh these ion
channel activators or inhibitors hawdifferent pharmacological or physiological
effects, their applications all converge on one common denomiriagincrease or
decrease of wounthduced EFs, respective{iMcCaig et al., 2005; Song et al., 2004;
Zhao et al., 2004; Zhao et al., 2008he latest investigations imply that wound
induced EFs have major effects on directional cell migration and open another

window for wound manageme(@hao, 2009)

1.8 Electric fields are an overriding guidance cue that

directs cell migration in wound healing

During the wound healing process, endogenous or exogenously applied EFs have
been shown to be an overriding mediator for directional cell migration. Many types of
cells respond to applied EFs by directional migration. Although EFs are applied
experimentally, ta same EFs occur naturaityvivo.
Cells involved in wound healing ust acquire a spatial asymmepglarization,
protrusion towards the wound bechich enables translocation of cells and wound
closure. The Golgi apparatus is one of the important elamentmediating cell
polarization and protrusion. In detail, Golgi apparatus reorganize the cytoskeleton to
direct secretory traffic and recycle the endosomes to the leading edge of the migrating
cell (Zhao, 2009) This redistribution of traffic and ferganization of cytoskeleton
leads to the enrichmentofcallur f ace receptors and adhesi ve
of the cell that are required for cell protrusion. The movement of the Golgi apparatus
to the anterior side of the nucleus decides the direaifomigration, thus the cell
organi zes -+ af bo apdlharaidzati on. Pu and col
apparatus could be polarized toward the cathode by EFs and disruption which
inhibited the directional cell migration. Remarkably, when an EF waledpggainst
the default polarization of cells in a scratched wound (toward wound bed), the Golgi
polarization and cell migration followed the direction of EF and ignored the other co
existing directional cuedu and Zhao, 2005)
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1.8.1 Electric signals in inflammation

As with epithelial cells in wounds an applied EF of physiologic strength can induce
directional migration of immune cells such as neutrophils, dendritic cells and
lymphocytes. Both freshly isolated neutrophils and-64L cell linedifferentiated
neurophils showed a strong response to applied EFs. The migration speed and
directedness appeared to follow a ddspendent pattern based on the strength of the
EFs. The threshold voltage to induce directional migration was around 200 mV/mm
(Zhao et al., 206). | found applied EFs increased the expression of interfe(t#N-

9) in KG-1 cells and induced directional migration in KiGlerived dendritic cells in

3D culture. | also found EFs could increase thesponse of dendritic cells to
stimulation by IL18 by increasing docalization of IL18 receptors. Human
peripherablood had previously been investigated to determine venethy subset of
cells responst applied EF. Compared with spontaneous migration in the absence of
EFs, there was a significant increase in migration of all lymphocyte subsets except
NK cells when the EF was applied. In addition, the magnitude of the effects was
similar for CD4 T cells, CD8 T cells, nale T cells, memory T cells, B cells and for
monocytes. This observation is in contrast to the chemotactic reckpten
responses, which are chateristically subsedelective; the electrotaxis response is
remarkably uniform among the major lymphocyte clagsiset al., 2008)

1.8.2 Electric signals control cell behaviours in proliferation phase of wound

healing

During the proliferation phage of wourtaling there are mainly two cell types
playing the central role. Keratinocytes are the main force fepithelialization and
are a good model for chemotaxis studies. To study how keratinocytes would respond
when both EFs and cytokines are presentctbes flow experiment was used as the
method excludes indirect effects of chemoattractant gradients in an electric field. The
culture medium containing chemoattractant was circulated through the electrotactic
chamber perpendicularly to the field vectoraatrate of 20 ml/h, thus eliminating
build-up of chemoattractargradients. The directedness of keratinocyte migration was
exactly the same at that of the cells in the same strength EF but absence of medium
flow (Zhao et al., 2006)
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Fibroblasts in close pkimity to a wound respond by forming stress fibres, which
enable connective tissue contraction, and also migrate and proliferate to form
granulation tissue. Freshly isolated human dermal fibroblast showed a response to
applied EFs as low as 100 mV/mm, ahd stronger EFs (26000 mV/mm) had more
prominent effects to induce directional cell migration. From the scratch wound
experiment, EF stimulation for 6 hours significantly increased wound cl¢Suie et
al., 2010; Zhao et al., 20Q&his evidence clebr verifies that EFs are the overriding

signals during wound closure.
1.9 The hypothesis of how cells sense the EFs

The molecular mechanism by which cells detect and migrate directionally in
response to an EF remains vague. The early theory that the ERlvatistmolecules
in the extracellular medium, thus creating a chemical gradient which guides cell
response, is not entirely true. This is because cells retain their characteristic
electrotropic response to EFs with perfusion of fresh medium orthogorin t@dttor
of the EFs(Patel and Poo, 1982; Patel and Poo, 198#pther proposal was that a
direct voltage difference across a cell might produce a cytoplasmic voltage gradient
which means the cell has positively and negatively charged ends. Howeverseébeca
of the very high resistance of the plasma membrdrgevast majority of the voltage
drop remains outside the cells, with almost no internal gradient a(iBetg et al.,
1980) The focus then changed to examining which molecular elements of the cells

might be asymmetrically affected on the exposure to an EF.
1.9.1 Nerve Cells

It was very controversial finding that showed that growing nerve cell processes
(neurites) respond to an electric field; Jaffe and Poo found that neurites grew faster
toward the cathael than toward the anode by using embryonic chicken dorsal root
ganglia(Jaffe and Poo, 1979But continued research revealed that it was indeed an
electrotactic response, and neurites even turned 180 degree in order to move to the
cathode. Further studystovered that EFs also increased total neurite production, and
what 6s mor e, t here wer e mofaoingside ofthe dele s i

body than the anodal side.
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Rajnicek and Mccaig first tried to explain the molecular mechanism behirktRthe
induced neurite migratiorfRajnicek et al., 2006a, b)lhey found that dynamic
microfilaments and microtubules are very important forifiticed growth cone
migration. Further, growth cone turning can be divided into two stages: filopodia
reorientations in advance of turning admellipodiareorientation is coincident with
the turning. Finally they suggested that Rac/Cdeliated dynamics of

microfilaments and microtubules act cooperatively to generate cathodal steering.
1.9.2 Muscle Cells

Myoblastcells from frog embryos were aligned perpendicularly to the vector of an
applied EF. The threshold to induce the alignment of myoblasts was as low as 0.3
mV/mm. Mccaig and Dover(McCaig and Dover, 1991¥ound that calcium
potentially contributed to the ERduced orientation change, because a calcium
inhibitor blocked the perpendicular orientation of myoblasts. Calcium entry is
essential for Efinduced perpendicular orientation of mouse embryonic fibroblasts as
well (McCaig and Dover, 1991)urther expements indicated that-type calcium
channels might not be as important as T and N type calcium channels in this effect.
Another factor which affected the ERduced orientation change was recognized to
be cytoskeleton proteins, and pharmacological inhibs#tudies implied that the
limited amount of Factin present played a more important role than microtubules in

the morphology transformation.
1.9.3 Neural Crest Cells

Neural crest cells are a transient, multipotent migratory cell population that first
accumulate on the dorsal side of the vertebrate neural tube, and then disperses as
these cells follow a characteristic pathway to form a remarkable number of derivatives,
including melanocytes, craniofacial cartilage and bone, smooth muscle, peripheral and
entericneurons and glia. A number of studies were carried out mainly on amphibian
and quail material, and the results were consistent, which were that the cells
responded directionally to a transcellular voltage difference of 0.7 mV. In agreement
with muscle cds, the neural crest cells have similar morphology transformations in
applied EFs, which is difficult to explain because any asymmetries induced by the

field will be parallel to the field. Cooper and Kell@ooper and Keller, 1984)ave
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explained that thperpendicular alignment minimizes the perturbing effect of the field
on the membrane potential and suggest that cells respond in such a way as to achieve

this minimization.

1.9.4 Epithelial Cells and Fibroblasts

There are a quite a number studies discussingdmtlielial cells and fibroblasts
respond to an applied EF. The threshold of the field able to induce directional
migration in these two cell types is around 100 mV/mm. Cornea epithelia cells in an
EF of this magnitude hawee mi gr ati on speed of 10 em/ hour
and fibroblasts appear to have a similar response. However, most of the fibroblasts
studied have shown migration towards the anode, which is contrary to the response of
the majority of other typesfaells (Guo et al.,, 2010; McCaig et al., 2009)he

mechanism of the difference is largely unknown so far.

1.9.5 Mechanism of interaction with electric fields

Although it is still unclear how cells sense and respond to an electric fisidas
as 0.1 mV, theiresponses to larger voltage gradients are partially due to the influence
of the difference between calcium entry into the catHadang sides and anode
facing sides of the cells. The symmetric zygotes of the brown fdgasandpelvetia
will polarize and develop their rhizoides on the anodal side in an electric field; the
argument is that the imposed electric fields polarize the zygotes by driving in calcium
on the anodal side, which mimics the normal physiological calcium drive process
(Figurel-7).

However, this straightorward explanation with perturbation of calcium flux
cannot explain all observed scenarios. An alternative mechanism whereby an applied
electric field might induce asymmetric distribution of membrane protés by
electrophoresis or electroosmosis.

In the case of ion channels on the cell membrane, it has been proposed that an
electric field might redistribute and polarize charged and mobile components in the
cell membraneThe degree of redistribution a faoule achieves in a given electric
field has been shown to be dependent on the diffusion coefficient of the
electrophoretic mobility and the voltage drop per cell required to produce asymmetry

of 0.1 (O representing uniform distribution antl or +1 repreenting completely
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redistribution of the component to the one pole or the other). A variety of membrane
receptors has been shown to be redistributed to the cathode side of the cell in an

applied EF(McCaig et al., 2005; Robinson, 1985%hcluding the Con Areceptor,
acetylcholine receptor, and the FcU recept
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Figure 1-7 Electric Fields interact with a cdl by changing calcium uptake

(&) A spherical cell with a membrane potentiattd mV. (b) The effect of ¢
uniform applied electric field. The electric field is distorted by the hic
resistive cell as shown.hE potential outside the cell will vary sinusoidally &
thus the transmembrane potential, will vary as well so that the dacitg
side is hyper polarized and cathode facing side depolarized. (c) The effec
field on one voltage gated calcium chahrBecause the anodal side is hyp
polarized meaning cytoplasm is more negative, the force driving cal
inwards is increased, while the calcium driving force on the other si
decreased. (d) The effects of the field on calcium flux through vefatss
channels. The calcium channels on the cathodal side are open ¢
depolarization, while anodal side channels remain closed. (e) Electropt
redistribution of calcium channels. The other proteins studied have been
to be redistributed by éhfield. Calcium channels here are only for illustrat
purposes, similar consideration applies to other ion channels or p
(Robinson, 198p

Surprisingly most of the studied receptorstwd high degree of redistribati were
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glycoproteins which have a net negative chargehgsiological pH. This observation

has led to the suggestidinat the mechanism of electric fieldduced receptor
redistribution is due to electroosmotic water flow near the surface of the cell,
produced by the immobile negative charge on the surf@obinson, 1985)The
evidence has come f trsioomed Ehe diréction ef xnigration one n t
the Con A receptor was reversed following the treatment of the cells with
neuraminidase, which would be expected to remove much of fixed negative charge,
allowing a direct electrophoretic response by the recegdctaughlin and Poo,

1981)

Another model is cornea epithelia cells as wounds in the cornea epithelium
generate endogenous currents that control the process of reepithelialization. This
small woundinduced electric field can affect both cell migration andsitbn. During
electrotaxis, several growth factors have also been found to act together, perhaps
using parallel signalling pathways to transduce the effect of EF. Most electrotaxis
work has concentrated on EGF, because during cornea wound healing EGF is
upregulated and EGF receptor is activated at the leading edge, which experiences the
strongest electric field. Flow cytometry results have confirmed that applying EF
increases the expression of EGF receptors and resulted in redistribution of EGF
receptors ad Factin to the cathodal side of the cells.

EFinduced asymmetry of EGFRs also induced asymmetric intracellular signalling
through the mitogesactivated protein (MAP) kinase signalling cascade. Western blot
results have shown increased activation of gralsphorylated ERK1/2 distributed at
the cathodal side. Moreover, activated ERK1/2 arattih have become colocalized
at the leading lamellae in CECs migration.

In short, the mechanisms driving Hittluced cell directional migration in different
kinds d cells share several elements in common. They all can be transduced by an
induced asymmetry of membrane receptors which interact with the chemical gradient.
They all involve signal transmission at the leading edge by second messenger
pathways and eventuxalconnect to cytoskeleton proteins. Figligurel-8 compares
and contrasts the mechanisms that control electrically and chemically directed cell

movemen{McCaig et al., 2005)
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Figurel1l-8 Model proposed for chemotaxis (A) and electrotaxis (B)

(A) In chemotaxis, a gradient of ligand concentration stimulates activatic
more receptors on one side the cell than the other. This results in incr
intracellular signalling pathway activation on one side of the cell even i
receptor density is eventistributed on both sides of the cells. Therefore, ¢
migrate toward the high concentration of ligand. (B) In electrotaxis, asymn
signalling comes from Ekduced polarized receptor distribution, mainly
the cathodal side. Thus, cells migratevards the side with more polariz:
receptorgMcCaig et al., 2005)

1.10 Cell migration

Cell migration is an importdnbiological process and plays a key role in
physiological and pathological processes. During embryonic development, cell
migration is required for morphogenesis ranging from gastrulation to development of
the nerve system. Migration remains prominenthi@ adult organism, in physiology
as well as in pathology. In the inflammatory resg® for instance, leukocytes
migrate into areas of insult, where they mediate phagocytic and immune function
(Lauffenburger and Horwitz, 1996 wound healing, migratioof epithelial cells,
fibroblasts and vascular endothelial cells is essential. In cancers, abnormal cells can

migrate from initial tumour mass into the circulatory system. Finally, cell migration is
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also crucial to technological application or engineeringhsas tissue regeneration,
tissue engineering and biomaterial scaffolding.

Over the past few years, immense work has been done in order to understand the
various aspects of cell migration, including the establishment of polar structures, the
regulation ofdynamic process of actin, microtubule polarization, and regulation of
spatial and temporal signal transduction. Cell migration is a precisely controlled and
highly orchestrated multistep process. Migration varies from one cell type to another.
For examplethe fibroblast is a very typical cell type used for cell migration study. It
exhibits relatively slow and uncoordinated movement with protruding and retracting
lamellipodia, and they contain many strébgesconnected to large focal adhesion. In
contrast, fish keratinocytes move faster and have characteristic unique persistent
lamellipodia, small areas of adhesion and absence of $ifpessand filopodia(Le
Clainche, 2008)Nevertheless, different types of cells share some common features of
cell migration: cells need to establish morphological polarization in response to an
extracellular response. At the dAfronto,
adhesi ons; at the fArearo cells retract

adhesionsKigurel1-9).
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Figure 1-9 lllustration of Cell Migration

Protrusion of membrane lamellipodia is achieved by actin polymerization.
starts to movedrward once the membrane protrusion has become adher
the substratum; this may occur by myosin interactions with actin filaments
rear of the cell follows, detaching and contracijbhguffenburger and Horwitz
1996.

1.10.1 Actin-based directional cell migration

The actin network is the most important component of lamellipodia formation and
protrusion. The constant and rapid actin assembly maintains the cell lamellipodium
and migrationdirection. Moreover, actin assembly also initiates, regulates and
mechanically couples to adhesion to enable protrusion and traction of the cell body.

How actin assembly is converted into a protrusive force to enable cell migration is
the basic questiomiunderstanding cell migration. Based on seminal experiments, the
actin network in cell protrusion is summarised in Figih®0, showing that actin is

organized in a bidimensional dendritic array of branched filaments.
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Figure 1-10 Schematic illustration of actin skeleton in a migratingcells

This schematic cell shows the major structures containing actin in migi
cells but does not correspond to a precise cell type. A. In lamellip
branched actin filaments are generated at the plasma membrane in resg
WASP-Arp2/3 signallingand are maintained in fast treadmilling by a se
regulatory proteins (profillin, ADF). B. During cell migration, cells exte
finger-like protrusions called filopodia beyond the leading edge of
protruding lamellipodia to sense the environment. @wSmoving cells
forming focal adhesion in response to RhoA signalling. Focal adh
connects the extracellular matrix to contractile bundles made by actin filar
myosin ||l and b uacthlini Dn Bhe lpmebatisecharacteriz
by a dow actin turnover and contains the signature proteins tropmyosir
myosin |l (Le Clainche and Carlier, 2008)

Lamellipodia are broad, flat, shdiéte structures whereas filopodia are thin,
fingerlike projections. Both can extend into 3D dimensions around the cell in steady
or motile states. FRAP (fluorescence recovery after photo bleaching) experiments in
lamellipodia using microinjected fluoresoé actin has demonstrated that actin
filaments polymerise at the leading edge and depolymerise at the rear. The movement
speed of the cell correlates with the rate of actin assembly; the movement of
fluorescentactin is at the same relative speed as c@jration. The constant actin
nucleation and depolymerisation at front edge of lamellipodia is described as

Atreadmil |l ingo. Recent di scoveries
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sufficient to support the protrusion of the leading edge. Maedthere are two
different types of actin network involved in the process:-fasting speckles in the
lamellipodia and slowived speckles in lamell@Ponti et al., 2004)The lamella is
behind the lamellipodia and is characterized by a loose arraybshnrhed actin
filaments that is enriched with tropomyosin and myosiisllitkina and Borisy, 1999;
Svitkina et al., 1997)Microinjection of tropomyosin to replace the lamellipodium
forming components Arp2/3 and actin depolymerising factor (ADF) resuttse loss

of lamellipodia but also an increase in the level of protrusion and in migration speed
(Gupton et al., 2005)This indicates that lamella play a major role in protrusion and
the lamellipodia is dispensable. Lamellipodia may serve other fuscsoch as
sensing the environment; another possibility is that lamellipodia and lamella may
have redundant function in cell migratifire Clainche and Carlier, 2008)

1.10.2 Molecular basis of actin treadmilling

Actin assembly is a dissipative biochemical prooebgre actin polymerization
costs ATP, thereby forming two types of actin formats: Aiended barbed end and
ADP-bounded pointed end. Therefore the balance between depolymerisation and
polymerisation which reflected by the ratio of pointatd and barbednd actin
determines the protrusion force. It has been discovered that a set of praf@is
profilin and capping proteingooperate to accelerate treadmilling of actin.

ADF binds to pointed end actin and changes its structure to enhance
depolymerisatio in vitro (Carlier et al., 1997)As a result, the concentration of G
actin (monomeric actin) increases up to a level that allovest{® to bind to barbed
end actin, thuskeeping the concentration d@d-actin in balance. ADF therefore
promotes barbed engrowth and potentially fosters actrased motility. In good
agreement with its biochemical function, ADF increased the velocitistefia and
N-WASP-coated beads in reconstituted motility assays, but decreased the length of
the tails(Wiesner et al., 2B). Identified effects have been discoverednmosophila
where the RNAI knockdown of ADF leads to an increase in the width of the
lamellipodia of cells.

Profilin is another regulative protein of the treadmilling process and it is abundant
at lamellipoda. Profilin binds to monomeric actin and forms a profdctin complex

which exclusively binds to barbed end actin; thus it enhances directional treadmilling
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(Didry et al., 1998) Recent studies have revealed that the WH2 domain (WASP
homology 2) proteirshares similar functions with profilin in promoting barbed end
assemblyCo et al., 2007; Hertzog et al., 2002)

There are also a group of proteins named capping psotéiich have high affinity
to barbed end actin. However, this group of proteins isialgaved in other cellular
functions and controlled by distinct signalling pathways. The dynamics of capping
protein interaction with barbed end actin have been addr@ssatto andin vivo.
Surprisingly, the kinetics in the two situations show hugdetihces, with the
dissociation constai vivo being 3 orders magnitude longer tharvitro (Iwasa and
Mullins, 2007; Miyoshi et al., 2006)

1.10.3 Nucleation of actin filaments by the Arp2/3 complex in response to

signaling

During migration cellsneed tokeep a balance betweernhe nucleation and
depolymerisation of actin filaments. Ithe lamellipodia of migrating cell, the
nucleating factor is the Arp2/3 conapl activated by the signalling/ASP proteirs
(Gournier et al., 2001) The Arp2/3 complex acts as aaccelerator for actin
treadmilling and therefore the localized activation of Arp2/3 determines the direction
of protrusion. Arp2/3 localizeat the leading edge of lamellipodi where it nucleates
branched actin filaments. Arp2/3 contains seven coedanbunits including the two
actinrelated proteins Arp2 and Arp3 and ARRE.1Arp2/3 complex can be activated
by WASP proteins and then nucleates actin filaments by branching the side of
preexisting filament§Amann and Pollard, 2001; Blanchoin et al., @00

Actin treadmilling is an energy consuming process, in which ATP exchange and
hydrolyss playa critical role. It has been reported that inactive Arp2/3 complex has a
high affinity with ATP (Le Clainche et al., 2001Whilst both the Arp2 and Arp3
suburts have an ATP binding site, those sites are quite different. Arp3 has a high
affinity binding site whereas Arp2 has a low affinity site. ATP is hydrolysed at Arp2
without affecting the branched nucleation but strongly inhibits debranching.

The Arp2/3 complex must be activated before initiating lamellipodia protrusion.
There are several Arp2/3 activators: WASRIMSP, SCAR/WAVE and cortactin
(Le Clainche and Carlier, 2008)he WASP (Wiskott Aldrich syndrome proteins) and
N-WASP (Neuronal WASP) share theveral domains: The NHerminal WASP
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homology 1 domain, a GTP binding domain, and a CQ&hhinal catalytic domain.
Both WASP and NWASP can be activated by Cdc42 and PIP2, whereby their C
terminal conformations are changed and bind to Arp2/3 com(@eadal and Scita,
2006; Takenawa and Suetsugu, 2005CAR (Suppressor of CAMP Receptor) and
WAVE (WASP-family Verprolin homology protein) were identified as WASP related
proteins. WAVE/SCAR activates Arp2/3 in quite a different way in comparison with
WASP/NWASP. Neither can be activated by RBdPase due to the lack of GBD
domain. However, WAVE/SCAR activates Arp2/3 followed by binding to Racl,
which induces membrane rufflinEden et al., 2002)Another candidate as an
activator of Arp2/3 is cortactin, baase it is enriched at the leading edge of the
lamellipodia where itolocalizedwith actin and Arp2/3Cantarelli et al., 2006; Weed
et al., 2000)However its role in the dynamics of lamellipodia is still unclear.

A detailed description of the interaatimf these molecules and their signalling
pathways will require an tdepth investigation and biological dissection of the spatial
and temporal regulators. The new high throughput model in yeast and newly designed
fluorescence probe probably will help teta&blish the specificity of these different
pathwaygLorenz et al., 2004; Sun et al., 2006)

1.10.4 Integrin signaling during cell migration

For the migration to occur, a protrusion must be stabilized and attached to its
surroundings. Although many different egtors are involved in this process in
different cell types, the integrins are a major family of migrapoemoting receptors
(Ridleyetal.,,2003) These receptors act as the fAfeet
the adhesion to the ECM or by linkingavadapters of actin filaments inside of the

cells.
Integrin and adhesion types

The adhesion is |like a Ahubo to cell mi ¢
cycle. It is involved in leading edge protrusion, adhesion to the ECM, contraction of
the cellbody and release of the adhesions at the rear. In mammalian cells, there are 18
U subunits and 8 b subunits that can bin
determine ligand specificity. Structurally, integrins contain three domains: a ligand

binding etracellular globular head, a hydrophobic transmembrane domain and
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cytoplasmic tail. There are two conformations of integrins: extended and intermediate
in accord with if interacting to extracellular ligafdskari et al., 2009)Those two
statuses are revsible and are vital for signalling transduction. Integrin can also be
activated by intracellular mol ecules which
(ZaidelBar et al., 2007)

Integrinbased adhesions have been broadly classified into foupgroased on
their location, lifetime and protein composition (F8gure1-11). They are: nascent
adhesions (NAs), focal complexes (FCs), focal adhesions (FAs), and fibrillar
adhesions (FBs) (summarized in Figure). NAs are vallsand punctuate structures
at the leading edge of lamella with a very short turn over time (less than 1 minute). If
NAs remain stable (for more than 5 minutes), they mature into FCs. If FCs become
bigger and stable for a further 10+ minutes, they chamigeFAs and can interact
with zyxin and focal adhesion kinase (FAK). FBs are stable contacts found parallel to
bundles of fibronectin(Mercurio et al., 2001) While the turrover process of
transformation and identity of recruited proteins are still wety clear, super
resolution imaging technology and high throymlt proteomics may help to reveal

more details.

Integrin signalling in adhesion dynamics

Talin is a ubiquitous cytosolic protein with a high concentration in the focal
adhesion area, thus i& suggested as a linker between integrin and actin. Recent
studies discovered that talin activated integrin by binding the cytoplasmic tail of
i nt e egubunits(Abthis et al., 2009)The interaction between talin and integrin
has two stages; reversibtose interaction and high affinity binding. It has also been
suggested that integrin might dictate tal.i
lead to changes in tali(Himmel et al., 2009) The ot her b integrin
kindlin family proteirs, which bind at a site distal to that of talinis hypothesized
that kindinsyner gi stically active b integrin wit
talin or preventing binding of talin competitdida et al., 2008)

In addition to integrin activars, the molecules that maintain integrin in an inactive
state also play a very important role in coordinating adhesion dyng8teses and
Parsons, 2011) The typical example is filamin which binds directly to the

cytoplasmic tail of integrin and comgstwith talin to limit integrin activatio(Xu et
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al.,, 2010) Other proteins like Dokl and ICAP1 may also play similar roles
(Calderwood et al., 2003)

The adhesion complex is f or matthinhcjlsasa vari e
an organizer by linking integrins, actin and vinculin systemati¢aty Wichert et al.,

2003) Kn o ¢ k dactimin prevénts bascent adhesions (NAs) becoming mature
(Choai et al., 2008) Paxillin and vinculin are the key proteins in stabilizing adhesion.
Paxillin is rich in of proteirmprotein interaction sites at its-fé¢rminal. The proteins
binding to paxillin are diverse and include protein tyrekimases, such as Sand

FAK, and structural proteins such as vinculin. Vinculin links integrin, paxiliactin,
Uactinin and Arp2/3 complex, thus strengthening adhesions. Vinculin knockout
mouse fibroblasts showed reduced adhesion and increased random migration rate,
patentially because of a reduction of adhesion stal{ity et al., 1998)

There are other molecules which also interact with adhesions, such as FAK and
small G proteins. By coordinating temporally and spatially, all these molecules
together regulate cedldhesion and migration. However, the details of physiology and
pathology should be investigated further.
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Figure 1-11 Schematic illustration of classic integrinbased adhesions

Shown are the typicalocalizations of nascent adhesions (NAs), fo
complexes (FCs), focal adhesion (FAs), and fibrillar adhesions (FBs) ar
hierarchy of their maturation (green arrows) and turn over (red ar(@wsa)es
and Parsons, 2011

1.10.5 The roles of Rhaefamily GTPases in cell migration

Rho-family GTPases, including Cdc42, Racl and RhoA, mediate the interaction of
cytoskeleton protes during cell adhesion and migration. These GTPases have been
implicated in several different cell types: fibroblasts, T cells, macrophages, astrocytes,
epithelial cells and neuronal ce{lBukata et al., 2003Recent intensive analyses have
started to larify how Rhofamily GTPases regulate cell migration: basically they re
organise the cytoskeleton by producing a gradient of signalling molg¢ulkata et
al., 2003; Raftopoulou and Hall, 2004; Scales and Parsons,.2011)

The Rho GTPase switch

Rhofamily GTPases are ubiquitously expressed and 20 members have been
identified in mammals. The RHamily GTPases cycle between a Gb&und
inactive form and a GTBound active formFukata et al., 2003)This process is

regulated by three factors: guanine notle exchange factors (GEF), Rho GDP
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dissociation inhibitor (GDIs), and GTPaaetivating proteins (GAPs). Their best
characterised function is to regulate actin dynamics in the lamellipodiumn Titeo
analyses focused mainly on fibroblasts have fidatithat Rho regulates the assembly
of actin and myosin filaments, while Racl and Cdc42 organize polymerization of
actin to form peripherallamellipodia and filopodia protrusions, respectively
(Raftopoulou and Hall, 2004Moreover, these three GTPases all involved in the

assembly of integribased adhesior{dlobes and Hall, 1995)

Regulation of Rho GTPase during cell migration

High resolution fluorescence images have shown that Rac is found at the front of
lamellipodia and regulates actin polymeripatiduring cell migrationChen et al.,
2008) Rho, on the other hand, is thought to regulate the contraction and retraction at
the rear of cell body, and would be expected to follow an inverse distribution to Rac.
For example, by using FLAIR technology, ®&an be visualized in migrating
fibroblasts with a high concentration at leading edge and Rho at th@ragnov et
al., 2000; Stuart et al., 2008¥dc42, unlike Rac and Rho, is thought to establish cell
polarity in order to initiate migration as lifiorescence imaging showed that Cdc42
was located in the Golgi apparatus where it mediated secretion in endocytic transport
(Kroschewski et al., 1999)n the 3T3 fibroblast scratch wound model, a gradient of
Racl activity exists across the flank of theumnd with highest concentration at the
leading edge of the wound. A comparison of localization between Racl and Cdc42
showael that the highest concentratiohRac is closer to the leading edge than that of
Cdc42(Itoh et al., 2002)

PI3-Kinase and PIP3 inregulation of Rho GTPases activity

PI3K and its product PIP3 have been widely implicated in a pivotal role in
regulating cell polarity and migration in physiological and pathological conditions
(Stephens et al., 2002Puring chemotaxis, PI3K is requirearflamellipodium
extension and migratiomia signalling from Gcoupled receptoréLi et al., 2000)
Fluorescence imaging of GRRgged PIP3 has shown that extracellular stimuli induce
their redistribution to the leading edge of migrating cells antbcalize with centres

of actin polymerisatioiiHaugh et al., 2000; Servant et al., 2000)
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But how does the PI3K signalling pathway interact with fdmily GTPase
activation? It has been found that both regulatory and catalytic subunits (p85 and
pl10,respectey |l y) of Pl 3k ar e pr ebsumdadffinity columnh e el ua
chromatographgKobayashi et al., 1998; Raftopoulou and Hall, 2004) addition
GTP-bound Racl and Cdc42 can enhance PI3K activity and work as the upstream
signals of PI3K(van Leeuweret al., 1999)Due to the evidence that Racl GEFs are
activated by PIP3, a positive feedback loop for cell migration is proposed for the
PI3K signalling pathway: PIRBGEF® Rho GTPases PI3Kd PIP3 (Raftopoulou
and Hall, 2004)Recently PTEN, a lipid phosphiase and a negative regulator of cell
survival mediated by the PI3kkt pathway, exhibits reciprocal localization to PI3K

in Dictyostelium(Funamoto et al., 2002)

Downstream effects of Rho family GTPases during cell migration

Rac and Cdc42 are both reggd for cell migration, with Rac needed for the
generation of protrusion force and Cdc42 for polymerisation of actin in filopodia.
Recent studies oBrosophilahave shown that Cdc42 loss of function mutations do
not affect the migration speed of periphegdial cells but instead reduce the
directedness of migratioSepp and Auld, 2003) The interactions between
Rac/Cdc42 and actin dynamics have been intensely investigated. The Ser/Thr kinase
PAK is commonly activated upon Rac or Cdc42 activation andlisviee to play a
role in regulating actin dynamics and adhesions. In addition, PAK phosphorylates and
activates LIM kinase, which in turn inactivates cofilin. Cofilin is crucial for actin
treadmilling at the front of migrating cells by dissociating actibumits from
pointedend actin filamentArber et al., 1998]Figurel-12).

The WASP/SCAR/WAVE family of scaffold proteins are the essential regulators
of actin dynamics. They are able to stimulate the Arp2/3 complex, whichiteel
actin polymerisation eithede novoor at the barbed end or sides of -presting
filaments(Amann and Pollard, 2001dc42 activates WASP/WASP directly and
PIP3 is an important cofactofRohatgi et al., 2001)whereas Racl activates
SCAR/WAVE family members indirectly(Eden et al.,, 2002)Rho activity is
responsible for focal adhesion assembly and cell contractility. In addition, Rho
activity is associated with actin and myosin interaction and therefore induces the
contraction of the rear of theell bodyvia ROCK (Alblas et al., 2001jFigure1-12).
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Clearly, if Rho activity is at the front of a migrating cell this will block membrane
protrusion, hence mechanisms must be in place to inhibit its activity at the leading
edge. Rac may have this function because expression activated Rac has been shown to
inhibit Rho activity in many cell types, ranging from fibroblast to neurons
(Raftopoulou and Hall, 2004)

Rho-family GTPase and polarity

Although Rhefamily GTPases have ceived attention mainly for their actin
modification effects, it is now clear they also possess functions for the regulation of
microtubules and cell polarityWittmann and WatermaS8torer, 2001) While it
seems that microtubules are not involved in laipetlium dynamics and chemotaxis
over a short distance, long distance migration and the persistence of cell polarity are
achieved by the microtubule cytoskeleton. Rho was shown to promote the
stabilization of microtubules by mDia, which is involved with rotabule capping
(Ishizaki et al., 2001)Rac, on the other hand, may elongate microtubules through
PAK and the inactivation of the microtubule destabilizing protein, statfibanb et
al., 2001)

Cdc42 plays an essential role in defining cell polarityresponse to external
environmental stimulilnhibition of Cdc42 blocked mtaophage chemotaxis to CSF
without impairing their motilityRidley, 2001) The polarized migration in many cells
is reflected in the reorganization of the microtubule skeletoncanttosome, which
usually face the direction of migratigRaftopoulou and Hall, 2004¥dc42 has been
shown to regulate reorientation of the microtubule skeleton and centrosome in
migrating astrocytes and fibroblasts. The mechanism involves-®URd Cdc2
activating Par 6 and PKCeg at t he |l eadi ng

determining the orientation of cell migrati@BtienneManneville and Hall, 2001)
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Figure 1-12 Rho-family GTPases regulated pathways affect actin filaments
organization

Rho promotes contractile actin:myosin filament assembly through
effectoss, mDia and ROCK. Rac and Cdc42 both regulate actin polymeriz
through the WASP/SCAR/WAVE family of proteins acting on Arp2/3 comg

(Alblas et al., 2001
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1.11 Mechanisms of dendritic cell migration

Dendritic cells (DCs) are professional antigaesnting cells that initiate adaptive
immune responses against foreign antigens and maintaining T cell tolerance to self
(Steinman and Banchereau, 200DCs consist of several subsets which can be
distinguished by surface and intracellular phenotypic mayké@mmunological
function and anatomic distribution. In mice all DCs express CD11c integriv B
classll (MHC-Il) molecules; by combining tests for these with those looking at the
expression of CD8U, C Bldand oi@idD hdrkers they aan gee r i n ,
further distinguishegShortman and Naik, 200AWVhen DCs become activated, they
normally exert their function in discrete locations remote from their place of origin,
which implies that DCs possess migratagpacityto navigate through the body
(Alvarez et al., 2008)

All DCs have been found to be derived from hematopoietic stem celle inotie
marrow. However, the facultative DC progenitors are also found in multiple locations
other than bone marrow, such as the thymus, blood, lymph and in most visceral
organs(Liu et al., 2007) These progenitor cells differentiate into DCs upon chaleng
of peripheral tissues. The immature DCs in healthy organs are characterised by having
highly active endocytic machineof sampling of foreign antigens bwithout the full
capacity for priming nale T cell{Banchereau et al., 2000)he most enrichedtss
of DCs are skin and lymphoid organs where the first entrance of microbial pathogens
and adaptive immune response initiates. Indeed their migratory ability allows the DCs
in nonlymphoid tissues to transport and present antigenic cargo into and within
lymphoid organs. The antigdrearing DCs become mature with increased expression
of MHC complexes and upegulation of cestimulatory molecules and cytokines.

Clearly, the ability of DCs to migrate through the body is a critical prerequisite of
its immunob g i c al functi on. Jtivaghdutthegvhadetlifespamo cont
of the DC under different biophysical conditions. Specifically, DC migration
encompasses the following events: 1) newly formed DCs or their progenitors exit
their place of birth andnger the blood, 2) recruitment of the circulating cells into
target tissues; 3) extravascular lodging and interstitial motility to sample antigens; 4)

the capacity to access lymph vessels to travel either to lymph nodes (LN) or back to
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blood; and 5) the ality to interact with migrating lymphocytes and other immune
cells(Alvarez et al., 2008)Figure1-13).

2. Detachment

3. Interstitial migration
1. Mobilization signal s —

e —

5. Transit through afferent lymph

4. Traversing the afferent
lymphatic endothelium

Figure 1-13 DC trafficking in peripheral tissues

This schematic illustrates a proposed model for the interstitial migratiskin DCs
from the cutaneous microenvironment to the afferent lymphaticoue to the LN.
The migratory cascade is divided irfive discrete steps (clockwise from top lef
starting with recognition of a mobilizing signal (inset 1), detachment &tuactural
tissue elements (inset 2), trafficking through interstitial spacet(@)sé&ansit througt
the afferent lymphatic endothelium (inset 4), and transit thrahghafferent lymph
vessels (inset 5). Major chemokinkemokine receptor (CKRs) pathways and of
trafficking molecules controlling DC migration dneghlighted(Alvarez et al., 2008
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1.11.1 Dendritic cells in the skin

The skin can be divided into two areas: epidermis and dermis. DCs can be found in
both as Lagerhans cells (LCs) in the epidermis and dermal DCs (DDCs) in the
dermis.

Langerhans cells, the first type of DCs to be identified and characterised, are a
homogenous population of cells typically found in tight association with the
surrounding keratinocgs. They can also be found in the papillary dermis,
particularly around blood vessels, as well as in the mucosa of the mouth, foreskin and
vagina(Roediger et al., 2008).Cs exhibit stellate morphology with long branches.
Dermal DCs are a heterogeneoudl p@pulation, both in human and mouse. In
contrast to LCs, DDCs display an amoeboid shape and show a stronger ability to
migrate (Ng et al., 2008)In terms of function, both LCs and DDCs are capable of
capturing and presiting both foreignand self antigns to naie T cellsin vivo.
However, it is still not clear whether antigen presentation to T cells by the different
dendritic cell subsets leads to distinct functional outcomes during the immune
respons€Ng et al., 2008)

1.11.2 Traffic molecules in DC migration

Circulating DCs and their progenitors can be recruited by attractive signals
displayed on vascular walls and exit into specific tissue. The majority of these signals
are inflammatory chemokines with rare exceptions, such as the recruitment of
progenitos for DC renewa(Elbe et al., 1989)In response to these chemokines, DCs
express specific adhesion molecules and chemoattractant receptors that allow them to
traffic into target tissueéSozzani et al., 1997For instance, relying on chemokine
ligand pahways, such as CCR2CL2, CCR5CCL5 and CCR&CL20, immature
DCs can access ndymphoid peripheral tissues and navigate within them
(Banchereau et al., 2000When DCs become mature, they desggulate their
previous level responsiveness to these inflamony chemokine pathways and-up
regulate CCR7, which induces them to traffic to draining lymph n@de=si et al.,

1998) During DC rolling and tethering on their journey three members of the selectin

family and occasionally {MestwebetandBlanks, me d i

1999)
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The combinational use of selectins, chemoattractant receptors, integrins, and their
regective ligands results in a great deal of diversity and selectivity in regulating DC

migration to different tissuéSpringer, 1994)
1.11.3 Lymphatic Vessels

Lymphatic vessels are thin walled, valved structures through which lymph material
including soluble pratin, antigens, migratory DCs and recruiting T cells travel to
lymph nodes (LNs). The Lymphatic system is very important for the maintenance of
normal tissue homeostasis, as well as in inflammatory situgfioyen, 1989)In the
skin, afferent lymphatic \8sels begin as a plexus of lymphatic capillaries that drain
interstitial fluid. These initial absorbing lymphatic vessels ultimately converge in
large collecting ducts, such that only a few vessels enter and terminate in the
subcapsular sinus of the draigiLNs(Roediger et al., 2008)

DCs migration into lymphatic vessels is dependent upon CCR7 mediated
chemotaxis. In CCRdeficient mice it has been shown that CCR7 is essential for DC
mobilization to LNs from peripheral tissuéSorster et al., 1999)CCR7recognizes
the ligands CCL19 and CCL21, which together coordinate the traffic of both DCs and
T cells to secondary draining LNs under both stestdje and inflammatory
conditions(Roediger et al., 2008However, the function of CCR7 is dependent upon
the intracellular calcium concentration, and therefore relies on additional molecules
controlling calcium levels. Prostaglandins, particularly PGE2, have been shown to
influence CCR responsiveness by controlling intracellular cAMP, an important
intracellular calcium concentration regulat¢Gcandella et al., 2002)n agreement
with this, the ADPribosyl cyclase CD38 and the €activated norselective channel
TRPM4 have been shown to promote DC migration through modulation of
intracellular C4&" influx (Barbet et al., 2008)In addition to CCR7, other cytokines
such as IL18 or cytokine receptors like CXCR4 may further facilitate DC migration,

particularly in inflammatory conditiond&abashima et al., 2007)
1.11.4 Mobilization signals

It is firmly established that Os are mobilised in response to a large variety of pro
inflammatory stimuli, including chemicals (contact sensitizers and irritants), physical

ones (UV radiation or trauma), and biological ones (microbial, or tissue necrosis). The
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initial exposure to sucimflammatory stimuli induces the mobility and antigen uptake

of DCs and thus enhances DC maturation. During maturation, DCs start to upregulate

their motility, rearrange their repertoire of chemokine receptors, upregulate their

antigen presentation machkiy, and eventually migrate to LNGranucci et al., 1999)

Although DCs respond to a diverse number of signals-UNFa n-db |l dr e t he mos
common intermediate messengers to their mobilization. The importancelobIL a n d

TNF-U i n cont ac tanhDBCpregrason has beeni substantally validated

by experiments involving cytokine neutrald]
receptor, the IL1 receptor, and caspagea protease is required for the release of

active IL-1 b(Alvarez et al., 2008)In addition to these findings, Cumberbatch
(Cumberbatch et al., 1997a, found that subcutaneous administration of eithet Ib

or TNFa was sufficient to promote DC migration. The mechanisms by which these
cytokines promote DC migration probably inctudltered expression of adhesion

molecules and chemokine receptors or the changes of local environment.
1.12 IL -18 and IL-18 receptors

Cytokines are the key mediators of the immune system; tieféimily may have
been the most thorough$tudied of the cytokies. Il-1 b a +1& coritribute to host
defence against infection by augmenting phagocytosis, promoting DC migration and
initiating Thl and Th17 adaptive immune respondé<t al., 2004a; Smith, 2011;
van de Veerdonk et al., 2011)

IL-18 was found in 195 to be a strong stimulator of the production of gamma
interferon (INFo ) i n T[Dmarelle #9B9)Ik-18 is constitutively expressed as
an inactive precursor and can be activated by caspase 1 in response to inflammatory
and infection stimuli. In adition, IL-18 is a strong stimulator of the activity of natural
killer cells alone or with IE15. Together with IE2, IL-18 also stimulates the
production of other Th2 cytokines such as1iB Now, it is clear that H18 is
associated with or demonstratem contribute to numerous inflammatory disorders
including infections, autoimmune diseases, rheumatoid arthritis, and metabolic
syndromgAlboni et al., 2010; Bachmann et al., 2007a; St Louis et al., 1999)
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Figure 1-141L -18 system

Schematic illustrates thaflammasome components on the activatiohLefl8
singling pathways. Recent evadce suggests th&taspase | is responsible f
IL-18 maturation. It also has been demonstrated th&a8Ihinds to its receptor
thus forming a trimmer to initiate downstream cascadeich leads to the
activation of a panehdaptor proteins such as MyD88lyD88, IRAK and
TRAF-6 have also been shown to influence the activation ofsRFand
subsequent activation of cytokine transcriptibiovick et al., 19998
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1.12.1 Components of IL-18 system

ProIL-18 commonlyexists as a 2&Da precursor protein and becomes arkDa
secretable mature form after caspasgeavage. Pril-18 can also be processed into
its active form by various extracellular enzymes such as protease 3, serine protease,
elastase and cathepsin(@rend et al., 2008)It has been found in an alternatively
spliced form during IE18 gene expression in rat adrenal glands as a shorter 1L18
form lacking 57bp/19 agConti et al., 1997)
The IL-18 receptor belongs to the interleukin 1 receptor/Toll likeeptor
superfamily. There are two subsets:-Il8 RU a-h8RbI,L bot h wi t h t
extracellular immunoglobuliike domains and one intracellular Toll/L receptor
(TIR) domain(Smith, 2011) IL-18 is supposed to directly bind-L8 RU and t hen
recruit IL1&R b t o f o raffinity aheteloirigehic complex, thus inducing
downstream signal§Thomassen et al.,, 1998)L-18R shares the same adaptor
molecules as MyD88, IRAK and TRAF6 and results in similar responses: activation
of NFaB, JNK and RIR8AItHMUgR thekl18R commplex is
remarkably similar to IELR complex, regulation of H18 action is different from
1 regulation. It has been claimed that Itdi&ding protein (I:18BP) can bind I£18
and prevent IE18 and I-:18R interactior{Novick et al., 1999)
Another negative regulator of {118 activity is IL-1F7 a different member of the
IL-1 family. IL-1F7 can bind IE18BP and the 1F7/IL-18BP complex is able to
interactwith 11 8 Rb, p r el8 sigmal transductib(Bufler et al., 2002)

1.12.2 1L -18 signaling

Canonical 1-:18 acts similarly to Ikl bvia the recruitment of adaptor myeloid
differentiation factor (MyD88). The sequence of events starts with the activation of
the IL-1R-associated kinase (IRAK)/tumour necrosis factor recegdeocated factor
6 ( TRAF6) pat hwamodulatecgere iexprgssit@macieNetab, R0O03)
(See Figure 1-14). In addition, I-:18 has also been reported to activate the
transcription factors ty2, STAT3 and NFATc4, and promatanitogeractivated
protein kinases pathways including ERK1/2 and P38 MAP kirfAfi®oni et al.,
2010) Recentl vy, use of Pl 3k and NFaB inhibit
for IL-18 induction of vascular cell adhesion moleeul¢VCAM-1) in fibrodasts
(Perejaslov et al., 2008)
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1.12.3 Functional effects of IL-18

Although the first discovery pertaining to -8 was its strong capability of
inducing INFo  product i on ormole wfillel® is rapidhy expasihgt e c t
IL-18 enhances T and NK cell medtion, cytokine production and cytotoxicitya
the FasL pathwayDao et al., 1996)IL-18-deficient mice have shown a reduced
cytolytic ability in NK cells which can be rescued by exogenou$8i(Takeda et al.,
1998) IL-18 has also been found to indunarine T cell Th2 differentiation alone or
in combination with 14. Thus, 1-:18 can promote Thl and Th2 lineage maturation
based on underlying genetic influence and ambient cytokine stimu(aa#eda et al.,
1998)

On nonT cell populations, 1E18 hasshown direct effects on macrophages and
DCs (Li et al., 2004a)1L-18 and I-:12 have been shown to synergistically induce
INF-o pr odu ct-marrow derwed nacrophage and splenic snder et
al., 1998) Studies of knockout mice also revealed thai8-induced IL-6 production
of macrophages is independent of TNF a n-H {Murider et al., 1998)Similarly,
IL-18 promotes neutrophil activation, reactive oxygen intermediate synthesis,
cytokine release, and degranulatiteung et al., 2001)

In addtion, other norFhaemopoietic cell responses to-1B are likely with direct
effects on chondrocytes and cartilage matrix degradé@omth, 2011) Keratinocytes
have been shown to not only produce but proces$8llwhen treated with pro
inflammatory meditors such as LP@/ee et al., 2000)In addition to keratinocytes,
LCs also producdL-18, which in turn contributes to the regulation of In@gration
(Antonopoulos et al., 2008; Cumberbatch et al., 2001; Wang et al.,.2002)

Based on the previous investgpns,| postulate that electric signals may modulate
the response of DC to cytokinaad thermediate its maturation/migration. First, EFs
generation and DC maturation/migration take place in peripheral organs
simultaneously which provides the spatialnd temporal precondition for the
interaction. Secondly, it has been proved that cytokines and theitoecdpcisively
mediate the fatdevelopment and function of D@dlerad et al., 2008; Takashima and
Bergstresser, 1996)rhirdly, one mechanism that ERegulate cells behaviour is
through modification of cytokine/ growth factors recepidisCaig et al., 2005; Zhao
et al., 2006)
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Above all, | hypothesize that electric signals may regulate DC functions
(migration/maturation) in response to cytokines wigrinflammation or wound

healing.
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CHAPTER 2 MATERIAL AND METHODS
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2.1 Chemicalsand reagents

Table 2-1 Chemicals and reagents used in this study

Name

L-glutathione, reduced (GSH)

Tyrphostin AG1296

Protease inhibitor cocktail

Phosphatase inhibitor cocktail

Y27632 (Rheassociated protein kinas
inhibitor)

LY294002

phalloidin, rhodamindabelled

TRIzol reagent

Promega Reverse Transcription

DMEM:F12+GlutaMAX-1

dispase I

1M HEPES buffer

Human Platelet derived greth factor
(PDGH

Competent subcloning.Coli

LB ager powder

Ampicillin

SOB medium,

SOC medium

T4 ligase

GoTaq PCR kit
DEPGtreated water
Ethanol
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Catalogue M.
G6013

P2714
P5726
688000

440202
R415
15596026
A3500
31331
D4693
15630
HO0887
PHGO0043

18265017
684295

11593027

15544034
15224041
M7650
D5758
E7023

Manufacturer
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
Calbiochem

Calbiochem
Invitrogen
Invitrogen
Promega, UK
Invitrogen
SigmaAldrich
Invitrogen
SigmaAldrich

Invitrogen

Invitrogen
SigmaAldrich

Invitrogen
Invitrogen
Invitrogen
Promega
Promega
SigmaAldrich
SigmaAldrich



Isopropyl alcohol f 19030 SigmaAldrich
25X TAE buffer AM9870 Invitrogen
Tagman gPCR kit 4391848 Invitrogen

2.2 Cell and tissue culture and gene expression

2.2.1 KG-1 cel culture

KG-1 cell is human myeloid cell line and considered to be progenitor of dendritic cell.
In this research, K@ cellswere taken from liquid nitrogen storage and quickly thawed
at 37C in a water bath. Cells were transferred t6CG3RPMF1640 medim (Nonza,
Germany) containing 10% FBS (Invitrogen) and 100 U/ml penicillin, 10Q@ 7 1 |
streptomycin and spun down at 1500 rpm for 5 min. Supernatant was aspirated and pellet
was resuspended with ~1 ml RPMI640 medium. Cell number was counted using a
haemocytometer and =50° cells were inoculated into a T76ulture flask(Greiner,
Germany) Medium was changed every other day and cells were split from 1 flask into 2

flasks every 4 days.
In vitro generation of KG-1 celtderived DCs

KG-1cellderived DCs were generated under the conditions essentially as described
(Teobald et al., 2008Briefly, KG-1 cells were stimulated under two different conditions
for comparison study. The first condition wRisorbol 12myristate 13acetat§PMA) (10
ng/ml) plus ionomycin (500 ng/ml) (sigrredrich); the second condition was GBBF
(50 eg/ md)( 0 us dlitald were kept @ these two conditional media for
10 days.

2.2.2 Mouse epidermal Langerhans cells isolation and culture
Mouse ear skin dgestion

Mouse epidermal Langerhans cells were isolated by using the pestection
microbead method according to the kit manual (Miltenyi Biotec, UK). Mouse (C57BL/6)

54



ear skin was cut into ~5 nfrpieces, washed with PBS, and incubated at 4€ overniight
dispase | (5U/ml) ( Roche, Switzerland) in PBS. The next morning the epidermis was
removed from underlying dermis with fine forceps and incubated &tf87 15 minutes
in trypsin (0.05%)/EDTA (Invitrogen). The single cell suspension was obtained by
agtation and aspiration using 1ml pipette. The cells were then washed with RPMI 1640

full medium.
Separation of Langerhans cells using microbeads

The cell suspension was centrifuged at 300>y for 10 minutes asdspended in 80
WL of buffer per 10 cells. The cell suspension was then blocked with 10 L FcR
(Fragment crystallisable regiagrceptor)blocking reagent at € for 10 minutes. 10 |L
Langerhans cell microbeads were then added. The mixture was incubat&l far 4
another 15 minutes, followed byhiffer washes. The cells were therstspended up to
5 x107 cellsin 500uL buffer prior to magnetic separation.

A suitable MACS column was washed32times in buffer to eliminate unspecific
binding and then the final cell suspension was passed thrbbglcolumn was removed
from the MACS separator and the Langerhans cells washed out. The detached beads were

removed after 2 or 3 times medium change.
Langerhans cell culture

The freshly isolated Langerhans cells were cultured with RPMI 1640 medium With 10
FBS, 50 U/ ml penicillin, -§udamine Culture mediume pt o my C
was changed every two days and cells were incubated @&t\v@th 5% CO, up to a

maximum of 7 days.
2.2.3 Coating

A variety of extracellular matrix components have besedufor coating in order to

induce cell adhesion or migration.

55



Fibronectin and Laminin

Both fibronectin and laminin were slowly thawed, gently shook, and dissolved in PBS
at a concentration of 1@g/ml and 100mg/ml, respectively. Cell culture plasticwaoe
cover slips were incubated with various amounts of solution (indicated below) at 37C
for 2 hours, and then washed with PBS 3 times. The coated cell culture plasticware and

cover slips were used directely or stored for ~ 1 montha4t.2
Collagen

Collagen! was dissolved in 0.01 M HCI at a concentration of 5 mg/ml and stored at
4€ until needed. Stock collagen was diluted 1:5 with cukigrade water and the diluted
solution was dispensed in the appropriate amount into desired tissue culture ptasticwa
or cover slips. These were left at room temperature overnight in a tissue culture hood.
The following day, the collagen solution was aspirated and the dishes washed with PBS 3
times. The dishes were then air dried and stored at 4€C until needed.
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Table 2-2 Collagen coating parameters

24-well 500m per well
6-well 2.4 ml per well
10mm petri dish 5mi

Electric field chamber 500m

2.2.4 Skin explant culture

C57BL/6 mice were killed by CQnhalation and the ears cut at theduasth scissors.
The ears were washed twice with PBS and then with 70% ethanol to sterilise. The ears
were then spread out on a petri dish and allowed to dry. 2ml of RPMI 1640 full medium
was aliquot into the required number of wells of awgdl plate. E&rs were split into
dorsal and ventral halves with forceps under the dissection microscope, and the dorsal
halves were floated individually on the medium. The explants were incubated at 37€C in
a 5% CQ incubator. In EFstimulation experiments the explamisre transferred to fresh
medium after 12 hours

Experiments were designed to test the effect of eithet8ILEF or both on LC
migration from the skin explant§he detailed protocol ofiL-18 and EF treatment at

various timepoints were as described bw.

2.2.5 Cos7 cell culture

Cos7 cells were maintained with DMEM full medium and incubate2i7&t in a 5%

CO2 incubatarCells were split every two days.

2.2.6 Human skin fibroblast culture

Cultures of Chronic Wound Fibroblasts (CWF), patiertched umvolved dermal
fibroblasts (CMF) and agmatched healthy person dermal fibroblast (HF) were obtained
with approval from the Medical Ethical Committee of Cardiff University and Local
Research Ethical Committee and after written informed conenm patiens with
established venous leg ulcers attending the Wound Healing Clinic at the University
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Hospital of Wal es, Cardi f f. Fibroblasts w
Eagl edbs medi um ( DME Mjlutamineg (pPnMg, manessentidl ammnot h L
acids (1 %, antibiotics (100 U/ml penicillin, 100 mg/ml streptomycin and 0.25 mg/ml
amphotericin B) and 10% FBS. The cultures were maintaine8V@&tin a 5% CG

atmosphere. At confluence, fibroblasts were split at a ratio of 1:3 and cells were utilized

for all experiments between passage 3 t¢Qdok et al., 2000)
2.2.7 Gene expression and Molecular cloning
RNA isolation by TRIzol method

Total RNA was isolated from CWF, CMF and HF using the TRIzol method according
to manufactur er 6s npnoayeowasfirst rinsedby goaoledePBS t he c el
and then lysed by adding 1 ml TRIzol reagent per 3.5 cm diameter dish. Sequentially,
cells were gently scraped out of the dishes and the cell lysates aspirated into an EP tube.
The cell homogenates were kept  minutes at room temperature to allow complete
dissociation of the nucleoprotein complex.

Following 1.2x10° rpm, 15 minute centrifugatiorat £ the supernatants were
transferred into new PE tubes. 0.2 ml chloroform was then added. After around 15
secomls of vigorous vortex mixing, the solutions and then were centrifuged at .2x10
rom for 15 minutes at @. The supernatants were then separated into lower phenol
chloroform phase, interphase, and a colourless upper aqueous phase. The aqueous phase
containng nucleic acid wasarefully transferred into a new EP tube without disturbing
the interphase.

0.5 ml isopropyl alcohol was added to the tube to precipitate the nucleic acid. The
mixture was incubated for 10 minutes at room temperature followed by 20trpm, 15
minute centrifugatiomt £. The RNA precipitate is often visible at this stage.

Following supernatant removal the RNA pellet was washed with 0.5 ml 75% ethanol,
which was added into the tube and then the mixture was incubated for anothautgs m
at room temperature. The sample was then spun at 7 #ffor 5 minutes at@. The

above wash process was repeated once more and the remaining ethanol removed.
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Finally the RNA was aidried and relissolved in DEP@reated water. The
concentrabn and purity of the RNA samples were measured by Maop (GE

healthcare).
Reverse Transcription

Reverse transcription from RNA to cDNA was
oligo-dT primer, 10 mM dNTP Mix and AMV Reverse Transcriptase (Promega, UK)
according to manufacturerods xtnonser cotnit@an .ne tdn
oligo-dT primers,1 ¢ | dNTB. i ¢g RNA,, 1Zlelt raXskcufifperas
e |  AdTHe reactions were performed in a thermocycler with the program: 1) 42 €
for 60 minutes; 2) 95 € for 5 minutes; 3) 4 € for storage. Following reverse
transcription, the sam@lconcentrations were measured, diluted and store®D & for

future use.
Classical PCR

The GoTag PCR system (Promega) was usedetform classical PCR to amplify

DNA of interest. The protocol was foll owed
In brief the reaction consisted of 25 ¢l ma s
Tag enzyme, 100 mM primersandddH t o a f i nal volume of 50 ¢

used differed in annealing temperatures due to different products and primers. The
outline of the programs is as follows: 95 € for 1 minute for denaturatior65¥ 1-2
minutes for annealing; 7€ for 2 minutes for elongation; 3@0 cycles the one PCR

reaction. The PCR products were analysed by agarose gel electrophoresis.
Tagman gPCR

For quantification of PDGFs and their receptor expression in fibroblasts, TagMan
gPCR was used according to manufactureros ir
a 20 €l wvolume in 96 wel/l pl at es. Each react
fluorescence probe3 éble2-3) |, and 8 ¢l of diluted c¢cDNA. Th
in a Roche Lightcycler 480 systenihe number of PCR cycles needed to reach the
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fluorescence threshold (Ct) was determined in duplicate for each cDNA, averaged and

then normalized against the reference gene GAPDH.

Table 2-3 Primers and Probes used in Tagman gPCR

Primers and Probes

sequence(53") Probe

PDGFA forward acacgagcagtgtcaagtgc #H17
reverse attccaccttggccacct

PDGFB forward tgatctccaacgcctgct #55
reverse tcatgttcaggtccaactcg

PDGFRa forward aggtggttgaccttcaatgg #80
reverse tttgatttcttcagcattgtg

PDGFRb forward cccttatcatcctcatcatgce #29
reverse ccttccatcggatctcgtaa

2.2.8 Gene cloning

PCR and subcloning were performed using standard protocols. Plasmid expressing
| L 1 8GRP was constructed by amplifying the coding sequencgplasmid] and
cloning into a pcDNA3.Dbased vector. GFP was cut from and inserted immediately
downstream of the | L18RU coding sequence
GFP were amplified by PCR from templates respectively. Appropriate restricigmen
sites were also introduced into the PCR produetshe amplification primers.

The PCR products and backbone vectors were purified after running on an agarose gel.
The purified PCR products and vector backbones were cut by the appropriate restriction
enzymes in order that the PCR products could be inserted into the vector. The detailed
protocol of restriction enzyme digestion, gel purification and ligation is shown below. In
this study, GFP was first inserted into pcDNA3.1 utiliziBgmH and Hindlll sites;
| L18RU was i ns e{GFPeafterwiardstbp usipgcEBoR Aghd Bigl |l sites.
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Restriction enzyme digestion

A reaction volume of 10 el was uded ftagr t he
DNA, 1 ¢l enQytme lahh dedadvebsipenfamed ®ral diduiin a 37€

water bath. The products were analysed and separated on a 0.8% agarose gel.
DNA gel extraction

Gel purification was used to ensure only DNA of the correct size was collected and to
eliminate salts and enzymes frometladigestion reaction. In this study Qiagen gel
extraction kKits wer e used and t he protoco
instructions. Briefly, target bands were cut under UV light and weighed. Sequentially,
three gel volumes of QG buffer were addedtlie slices and heated at 50 € for 10
minutes to melt the gel. Once gel dissolved, one gel volume of isopropanol was added
into the tube. This solution was then aspirated and transferred into a QIAquick column
which was spun 1.3x17(g) for 1 minute. Thecolumn was spun once more after adding
500 ¢l QG buffer. Foll owhengashedk st ngf @dgatednpP
wash buffer and spun at 1.3%¥§for 1 minute. After that the DNA was eluted by d¢H
and stored a20.€.

Ligation

Ligation wasused to insert the restrictialigested gene product into vector. In this
study the T4 ligation system from Promega was used and the protocol was according to
the manufacturerds description. A 1:3 ratio
vector wasused in the ligation; a negative control reaction contained only the vector
fragment. With the vectorandsner t t he | i gation system al so
buffer and 1 ¢l ATP. The reaction tubes we

following day, the sample mixtures were used for transformation.
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Transformation into E.coli

Transformation intde.coli was used in order to maintain stocks of the ligated plasmid.
Il n this study, t he &.wblistfaio foimninyitrogeo mgs eided n t DH5
protocol was according to manuf aclt ul eg@ds ed
plasmid solution we added to 50 Egdliant bwarledegentlyD Fhe U
mixture was kept on ice for 15 minutes, followed by a 30 second 42 € heat shock
incubation. The mixture was then kept on ice for 5 minutes. Finally, after centrifugation,
50 ¢l p e | |deohtsthevs@face of EBmpieilln plates. Colonies were picked

next day and used to inoculate 10 ml cultures in order to harvest vector.
Plasmid mini-prep

The plasmids were extracted frden coli for further experiments e.g. transfection. In
this study,the plasmids were isolated by using a Qiagen +4miap kit; the protocol
foll owed according to the manufacturerds i n
bacteria were spun and the pelletwasres pended in 250 ¢l P1 buff
was aded and mixed thoroughly. The mixture was then centrifuged for 10 minutes at
13,000 rpm. The supernatant was aspirated into a Qiaprep spin column and spun for 1
minute at 7500 rpm. The flothrough was discarded and the column was washed by
adding 0.75 mBuffer PE and centrifuged for 1 minute at 7500 rpm. Finally, the plasmid
was eluted by addi ng -30& fogfurthdt &pebbnefhts. er and st o

2.2.9 Gene Transfection
Transfection with Lipofectamine 2000

Transfection of various types of cellsas carried out with ipofectamine 200
(Invitrogen, UK according to the manufactureros in
seeded at 1x10per well in24 well plates 24 hours before the transfection. Cells were

then transfected 2uselnglLilp cefge cotfa miencee 020 0aOn dr e a
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Electroporation

Several cell types in the experiments are difficult to transfect using Lipofectamine
2000; for these cellsransfection was carried outing an electroporator with appropriate
settings. For3T3¢el s t he setting is 500 V at | ow Vol
the chamber gap is 4 mm; for dendritic cells, the conditions are 400 V at low Voltage
mode, capacitance at 1600 e F and chamber
electroporation, cells weregubated on ice for 5 minutes before transferring into full

medium and culturing at incubator.
2.2.10 Immunocytostaining protocol

Immunocytostaining was used to visualize cellular protein expression and distribution.
Briefly, cells were fixed witd% parabrmaldehyden PBS at room temperature for 15
minutes, followed by rinsing in PBS 3 times. The concentration of antibody used was
according to the description of the manufacturer. Essentially, the cultures were incubated
with primary antibody at@ overnight at appropriate concentration in PBS containing 5%
BSA. On the following day, cultures were further incubated with fluoresesmuegated
second antibody for 2 hours at room temperature. Finally, the slices were mounted with
Vectashield mounting mediunfVector Laboratories, USA) and observed under a

fluorescence microscope.
2.2.11 Western blot assay
Buffers used in Western blot

TBST buffer

Tris-HCI buffered saline/TweeB0 (TBS/T) is the basic buffer used to wash western
blot membranesTBS/T containe 50 mM TrisHCI (pH 8.5), 150 mM NacCl, and 0.1%
Tween20.

Peroxidaseonjugated antibody was diluteéa TBS/T containing5% skimmed milk
this is also used to block the westdilot membranes after protein transfer.

SDSPAGE buffer
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SDSPAGE buffer was congsed of 250 mM glycine, 25 mM Tris base and 0.1%
SDS. Itwasmadeas al0 x stock and diluted by MilQ) water before use.

Westerrblot transfer buffer

Towbin buffer was used in this study asvesternblot transfer buffer. It contains
25mM Tris base, 92 mM glycine and 20% (v/v) methanol.

Westernrblot stripping buffer

After probing, westenblot membranes can be strippada 3 hourincubationat room
temperature and reprobed with other antibodies up3ai2es. The stripping buffer used
in this studyis: 200 mM glycine (pH 2.4), 0.1% Tween0 and 1MeO(fromM b
http://www.koko.gov.my/CocoaBioTech/Membrane%20Transfer9)atmi

Western blot protocol

Sample preparation

Freshy trypsinized cells or digested tissue were rinsed twice with cold PBS. The
pellets werethenre us pended with 100 eL RIPA buffer
5 minutes. The suspension was centrifuged at 14,000xg for 10 minut€3 ab $ellet
cell debris. The supernatant was collected and 5x $FIA&E loading bufferadded,
followed bt vortex mixing for 1minute and heating at 95 € fomthutes

Running samples on a gel

For all analysis NUPAGE Novex-#2% BisTris gels (Invitrogen, UK) were used.
Gels were cast usirgBio-Rad Mini protearl gel cassetteGels were run at 200V for 60
minutes until the dye front came to the leading edge of thége$tained protein marker

(P7708; New England Biolabs) was also loaded to show the molecular wembteins.

Transfer membrane

Transfer of the gel contents onto a PVDF membrane is required prior to probing with
antibody. First, the membrane is pretted in transfer buffer. The transfer components
are then assembled in the following order: case flidn{), sponge, waterman paper,

membrane (to transfer samples onto), gel (containing samples), waterman paper, sponge,
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case lid (back). The membrane transfer apparatus were placed inteRadiminigel

box electrotransferer at 90 V for one hour.

Staining and detection

After transferthe membrane was blocked in 5% skimmed milk in TBS/T for 1 hour at
room temperature. The membrane was then washed vigorously for 5 minutes in TBS/T 3
times. Subsequently, the membrane was transferred to a 50 ml tubeMithl Drimary
antibody solution in 2% BSA, TBS/T armlit in arotaing mixerovernight at 4 €.The
membrane wathentaken outof the tube and washed in TBS/T for 5 minutes 3 times.
Primary antibody solution could be frozen 48 € and reusedtwice more. The
membrane was then incubated in-2M ml peroxidaseconjugated secondary antibody
solution in 5% skimmed milk, TBS/T for-2 hours at room temperatur8econdary
antibodies were diluteish aratio between 1:3000 and 1:8000.

After secondary antibody inbation, the membrane was washed in TBS/T for 5
minutes 3 times. It was then gently pickeduginga pair of forceps anblotted onto a
piece of tissue to absorb the excessive moistunel. developing solution (GE healthcare,
UK) wasapplied on the membmna for 1 minuteThe nmembrane waagaingently blotted
onto a piece of tissue and placed into a cassette. Horseradish peracstdgseshe
developing reactign which results inlight generation. Light wasabsorbed on

photographic filmand developed ia Kodak XxOMAT 1000 processanachine.

Stripping and re-blot

If the sample needs to be-peobed, the membrane can be stripped astdated. The
membrane was incubated with stripping buffer for 20 minutes at room temperature on a
shaking mixer and washesith TBST for 30 minutes. The membrane could then be
blocked and révlotted.

2.2.12 ELISA protocol

The levels of INFg in culture supernatants were measured by ELISA, usaiggg

antibodies from @ioscience (eBioscience Biotechnology Ltd). The INdHevels (pg/ml)

65



were determined according to the staddaurve. Briefly, anti INF-g monoclonal
antibodywasdiluted tol 0 ¢ m thend¢oating buffe(0.1M NaHCOS3, pH 8.pand 50
eL/well applied to enhanced protein bindind_IEA plates (Dynatech Immunlign
overnight at 4C. The plates were washed twice witlashing buffer(PBS/Tween 20
(0.05%), and blocked with 10@ Iwell of 10% FCS in PBS for 1 hour at 37°then
washed twicanorewith washing buffer. 5@ L of the supernatant from the cell culture
and diluted cytokie were added to the plate and incubated a€C3¥at 3 hours. After
washing four times with washing buffés0 ¢ L o f bi o tINFagydetecting d ant i
anti body (1¢ g/dmhchbated dos 2 hodrd etB37C.aThe plates were
washed six times with washing buflend100¢L extravidinperoxidase (2 g /) adided,
followed by incubation for 1 hour at 3Z? The plates were washed six times and the
colour developed by adding 1@Q/well of TMB substrate for 30 minutes. The OD

was read at 630m with a reference filter at 490n.
Calculation of results

Absorbance values for each set of triplicate standardssamghles were averaged.
(Note: triplicates should be within 20 percent of the mean value.) First, a standard curve
was created by plotting the mean absorbance value for each standard concentration on the
ordinate against theuman IFNg concentration on # abscissa. A-parameter or 5
parameter curve fit was used to generate afiiesirve through the points of the graph.

To determine the concentration of samplbge absorbance value was firstly read on the

ordinate and the corresponding value on trezigsa taken as the concentration.
2.2.13 EF stimulation
Transwell electrical stimulation

The transwell electric stimulation experiment set up was modified from a previous
study (Lin et al., 2008). K@ cells were préreated with 20 ng/ml TNE) o n eefodkeay b
the experiment. Sequentially, 2GDcell suspension (about 1X106 cells) was seeded into

each top innewell of the transwell plates (@ pore), (Greiner,Germany) ab@0mnm
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RPMI 1640 medium was added into the bottom wells. 10 ng/riBlwas alsodded

into each inner well. Various electric field strengths from -BDW were applied to the
transwell plates by two electrically conductive agarose brifmsording td=igure 21),

which were connected to a DC power supply.

Figure 21 Transwell EF Stimulation Assay

Schematic illustrates the setup for a Trans\waled EF asg: 1. agar salt bridge
electrode for carrying electric current; 2. top well; 3. bottom well; 4. membt
The electric fields were applied across thranswd (10 V-30V) by placing two
aga salt bridgeswhich were onnected to the DC power suppty the top well
and bottom wells. Cells were allowed to migrate through the membrane fro

top well to the bottom welh response to EF stimulation.

Electric stimulationlasted 4 hours and the voltage was checked every half hour to
control current stability. For Western blot experiment, cells were harvested immediately
after stimulation and washed in preoled PBS twice and frozen down -80C for

further analysis. For ELISA&xperiments, cells were kept in culture overnight and then

the supernatant collected
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EF stimulation of 2D culture

The experimental setup was based on previous {@okg et al., 2007a)fhe EF is
applied to cells cultured in a custetesigned chamber vialine ager bridges connected
to a DC power supplyHigure 2-). Essentially, glass cover slips were cut and glued by
silicon to surround the electric chamber confining the cells. A 2222 mm2 no.1 glass
cover slip vas cut into two halves using a diamond pen. These two glass strips were
glued at the bottom of a petri dish to from a 22XL0 mm2 square which was for cell
seeding. After cell inoculation another 22X22 mm2 glass cover slip was used to cover the
cell-seedingarea. Thus a sandwidtke EF chamber was formed with the petri dish at the
bottom, cells in the middle and the cover slip on top. The depth and area of the chamber
can be modified to suit different experimaintequirements, i.e. for protein or gene
analysis the cover glass can be upgraded to No.2 and culture area can be expanded to
5040 mm2. The cells inside the chamber can be maintained as a conventional cell
culture in a 37 €, 5% CO2 incubator.
Application of EF to 3D culture

The processes of a normeell from division and migration to proliferation are an
accurately controlled series of events which inherently rely on spatial and temporal
environmental factors. This makes the application of EFs to 3D cultures technically
demanding. In this study theidely applied Matrigel methodwas used to make 3D

environmenfor cell culture.
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Figure2-2 Electic field stimulation setp on the microscope stage

(A) Schematic draimg of the electric field (EFseup. (B) A photograph ofhe

actualseup of the EF application. Electric current from the DC power sug
goes through tle chambervia Ag/AgCl electrodes, Steinbeg 6 s s ol

saline agr bridges

The differences compared to EF treatment of a 2D culture inthedeesuspension of
cells with Matrigel instead of medium just before inoculating the cells into the chhambe
The gel should be covered with a glass cover slip before it sets solid, acltathber
should be kept moigb avoid gel shrinkage.

Another 3D culture method used in this study was mouse ear epidermis explant. In
comparison withthe 2D EF treatment 8&g, the epidermis tissues were put into the

middle of the chamber instead of cells in culture. However there are two concerns about
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this setup. The first is the dimension of the tisaadig and thick tissue would generate

huge amount heat when applygian EF due to the Joule effect, which will inevitably

damage the tissue and cell viability. Therefore in this study the mouse ear epidermis
maximum area was 10xL0 nfniThe second issue is the tissue should be kept relatively

thin and f | aduttoo eafvfoe cdt ,fi sbheocraause current t el

with the least resistance.
Electric field application

The electric field apparatus was set up as-igure 22. Basically, a pair of agar
bridges (2% agar ose i n Steanediabreserngiossin tlkeo |l ut i o
chamber with Steinbergbés solution pools <car
was done to prevent possible damage to the cells due to the ion exchange between
electrode and medium should they be directly conneg@teelpure silver electrodewere
immersed intheSt ei n b er gpdats wkiah Wenetcanmected tdhe power supply
Culture medium was changed every hour to avoid evaporation, as this would break the
electrical connection. The electric field strength was \eatifat hourly intervals during
the experiment to maintain steady stimulation. Data were pooled from at least two
separate experiments and images were captured using a Delta Vision system.

2.2.14 In vitro wounding studies

Wound repopulation ability can be auated by using a monolayer scratch wound
model. Cells were inoculated into an Electric Field chamber and cultured to confluence.
The artificial wound was made by scratching along the surface of the tissue culture
plastic with a standard 20fL pipette tp. The cellular monolayer was washed once in
phosphatéuffered saline, and +#ed with various media according the different
experiment conditions. Chambers were incubated under a Zeiss Axiovert microscope
with heating system. Imageseve collected ever$ or 10 mimutesfor 6 hours using

Metamorph software, poghage analysis was carried out by using Image J
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Cell behaviour analyses

Cell tracking and behaviour quantificatiomainly followed the previous description
(Zhao et al., 1999). Cell migration &fency is evaluatedand is calculated by the
formula

Efficiency of cell migration =SSx(-)(coxy)/T

S is the migration speed,is the angle between BFectorand cell translocation,is

the number of the cells traced and T is the total recording time
2.2.15 PDGF and inhibitors treatment

In PDGF alone and PDGF combinedth EF experiments, cells were washed and
incubated withvariable concentrations of PDGED min beforerecording In inhibitor
treatment experiments, cells were treated with 10 nglb@GPtogether with eithedO
mM Tyrphostin AGL296 10 nM Y27632 or 20mM LY294002 for 30 min before EF

exposure and timk@apse recording.
2.2.16 Confocal imaging

The immunocytostaining slices were captured with a Leica SP5 confocal microscope
with an Argonlaser and analysed using Image J software. The fluorescence intensities
across the cells were measured using a Line profile plugin The colocalization of two
fluorescence pixels were measured by the Intensity Correlation Analysis.plugin

2.2.17 Cell migration data analysis

Image stacks were collected by the DeltaVison system (API, USA) and analysed using
Image J software. Thanalysis is described in detail in previous work (Zhao et al., 1999;
Zhao et al., 1997). The displacement migration rate and diregtere calculated by
comparing the position at time= 0 atfe final cell position. The trajectory migration rate

was calculated by accumulating all the distance between images and divided by total time.
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Directedness

A line was drawn between a fixed pbiand the centre of the cells of the last time
point. The cosine of the angle between this line and the electric field vector (normally the
EF vector is horizontal in the time lapse films) was used to calculate directionality. If the
cosine of this anglegeials 1(angle is O degree) this indicates that the cells moved directly
along the electric field vector towds the cathode and convers#lyhe cosine is1l this
indicates that the cells moved in the contrary direction. A value of 0 indicates random
movanent with respect to the cathode and anode. The cosine values were averaged to

give an average directionality for the cell population.
Migration rate

There are two methods to calculate cell migration rate in this study: trajectory speed
and displacementpgsed. The trajectory speed indicates the motility of the cells by
accumulating all tracks of the cell migratiorhe result was calculated by accumulating
all the distances travelled at each time point, which were divided by fiine.
displacement speed wameasured using the same fixed coordinate method as the
directionality. The distances and angles between the fixed point and the cells at each time
point were used to calculate displacement speed. The displacement was calculated from
the equation

C= (W(a’+b*-2abco® )

The displacement was then divided by the time interval between the whole image

series
2.2.18 Isolation and enrichment of lymph node dendritic cells

Dendritic cells were isolated as previously described by (Price et al.) 1190
auricular lymph nodes which drain the ear. In every animal group 5 mice were killed by
CO2 inhalation about 18 hours following intradermal injection or FITC painting. Lymph
nodes were excised and pooled in-poeled PBS. Lymph node cell suspensiarese
prepared by mechanical disaggregation through mn7@ell strainer. Cells were washed

with 10 ml RPM#1640 full medium, centrifuged for 5 min at 300g and thesuspended
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in RPMI full medium. Viable cells were counted by exclusion of 0.5% trypaa ahd

the resuspended at 5X105/ml full RPMI medium. The DCs were enriched by density
gradient centrifugation. 2 ml HistoDenz (Sigmaaldrich; 14.5% in full RBMdium)
waslayered under 8 ml of DC suspension and centrifuged at 600g for 15 min. Interface
cells (the low buoyant density fraction) were collected, washed once -andpended in

full medium. The number of cells in the resulting cell suspension was counted using a

haemocytometer and analyzed by flow cytometry
2.2.19 FACS analysis

Cells were dentified and analyzed for the presence of various cell markers by flow
cytometry. Approximately 2 10° cellswasre-suspended in FACS buffer and incubated
on ice with fluoresceneeonjugatedprimary antibody at an optimal concentration (10
ng/ml) for about 30 min. Antibodies used in thgperiment are listed in the talidelow.

Cells were washed and centrifuged (300g, 5min) three times with 2 ml FACS buffer
before analysis using the BD FACS calibur flow cytometer. Data were analyzed using
Flowjo software. The markers used to identify dendritic cells are listed beldwbte

2-4.

Table 2-4 Markers used to identify dendritic cells

Name Catalogue Manufacturer
no.
Anti-mouse CD1C-FITC 11-0114 ebioscience
Anti-mouse MHC class Il PE 12-5322 ebioscience
Anti-mouse Langerin PE 12-2075 ebioscience
Armenian Hamster 1gG Isotype Contr  11-4888 ebioscience
FITC
Rat IgG2b K Isotype Control PE 534031 ebioscience
Rat lgG2a K Isotyp€ontrol PE 534321 ebioscience

Anti-mouse 11:18 R alpha Allophycocyaniit  FAB1216A R&D
MADb

73



Rat IgG1 Allophycocyanin Isotype Contro  ICO05A R&D

2.2.20 Statistical analysis

Data were assessed by ANOVA, followed by Tukewmmer multiple comparisons
testsor the KruskalWallis nonparametric test. This in turn was followed either by
Dunndés multiple compar irstodest astagpopriat value by

< 0.6 was regarded as significantg®.01, very significant
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CHAPTER 3 ELECTRIC FIELDS AND IL -18 MODULATE THE
DENDRITIC CELLS ACTI VITY IN VITRO
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3.1 Introduction

This chapter explores the molecular mechanisms involved when an electric field
applied across variougges of dendritic cells, which resultedan enhanced response to
IL-18. The cybkine secretion and migrati of dendritic cell were analgd; and the
intrinsic machinery i.e. the interactions between EF18Land IL18 receptors were

investigated
3.1.1 Dendritic cells

Dendriticcells are important antigermgsenting cells which a@entralto the induction

and regulation of most adaptive immune responses. The capacity for acquiring,
processing and presenting peptides on MHC molecules are critical for their roles in
antigen presentation. Unlike othantigen presenting cells such aaarmophages and B

cells, DCs are characterized as homing to the lymphoid organs for interaction with T
lymphocytes. Thus the migratory capacity is an intrinsic feature distinguishing them from
other antigen presenting cell’RCs). Many DCs encounter antigeat peripheral organs

and become activated, thus migrate, with antigen in tow, into downstream lymph nodes.
The pathways and mechanisms that govern how DCs migrate to lymph node, therefore,

figure importantly in immune response and pathageognition
3.1.2 Brief overview of DC research

Even though the skin dendritic cells were first descrilbeti868, the systematic and
comprehensive studies were initiated in 1973 by Steinman and Cohn, when they
identified mouse spleen DCEteinman and Cohn, 1973Yheir serial work first
established the concept that DC is a potent stimulator of primary immune response
(Steinman et al., 1975; Steinman and Cohn, 1974; Steinman et al., 1979; Steinman et al.,
1974)The consequent observations indicated they are widstyibdited not only in
lymphoid but also in notymphoid tissuegHart and Fabre, 1981a, c; Hart et al., 1981)

The later discoveries that they played an important rolehé&art and kidney
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transplantatiorrejection generated further and extensive interest®C research field
(Hart and Fabre, 1981b, 1982; McKenzie et al., 1984)

3.1.3 DC isolation and identification

Due to the paucity of th®C population and the lack of markers, it was difficult to
identify their residence and distinguish them from motexynd macrophages. Now it is
clear that DCs are widely distributed in most of the organs. Exbegeresiding in
lymphoid organs such as spleen and lymphoid s dd€s exert sentinel function mostly

at peripheral nonlymphoid organs.

Epidermis Langerhancells arehe best characterized nonlymphoid DCs. Because it is
feasible to enrich Langerhans cell population by eliminating keratinocytes, the enriched
Langerhans cell suffice in most functional studiéSteinman, 1991) Several
transplantation experimés confirmed there were a small group of DCs in hig&wotiner
et al., 1990; Fu et al., 1997; Hikawa et al., 20@f) depletion of macrophages, several
ot her studies al so r ¢Beesaneeall, 200% kabet al.,281R2)de nc e |
liver (Banboat et al., 2009; Yu et al., 2012nd gut as welHowe et al., 2009; Varol et
al., 2009)

There are two distinct pathways of DC development which have been identified in
mice i myeloid and lymphoidln vitro evidence hashown that myeloitommitted
precursors give rise to both granulocytes/monocytes and myeloid DCs under the
influence of GMCSF (Inaba et al., 1992; Scheicher et al., 1992y the contrary, the
development of lymphoid lineage DC is GOBF independer{Saunders et al., 1996)

Myeloid andlymphoid DCs differ in phenotype, localization and funct{Banchereau
et al.,, 2000) Both subsets have high expression levels of CD11c, MHC class Il, and
costimulatory molecules CD86 and CD40. To date, the most reliable marker to
distinguish these twausb s et i s CD8U, which is expressed
but is absent from the myeloid sub@@anchereau et al., 2000)

Similarly there are two main subsets of DC precursors circulating in the human blood:
CD14'/CD11¢ monocytes and CD11c L 3*Ppfécursor DCsRigure 31). Those two
subsets both are differentiated from CD3®ogenitor cells. The CD14 CD11¢
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Figure 3-1 The subsets of dendritic cells

The schematic illustrates the hierarchical differentiatiofCBB4" progenitor
cells. The myeloid CD34progenitors differentiate monocytes (CDTRD11¢)

that yield the immature DCs in response to GMF and IL4. Myeloid

progenitors also can differentiate in ®D11¢ CD14 precursorswhich gives
rise to Langerhans cells when GB6BF,IL-4 and TGFb ex

CD11¢| L 3'R@ precursor may originate from lympho@D34" progenitors
and differentiate into lymphoid DC in response te3ll{Banchereau et al.
2000)

monocytes give rise to immature DCs under the influence ofG3% and 1L4 or TNF.
Furthermore, those CD11DCs can differentiate into LGgith TGFb st i n{iioletat i o n
al., 1999; Thomas and Lipsky, 1994owever, the CD1It L 3 Fpkécursors display

many phenotypic differences expressing high level of CD13, CD14, CD33 and their
differentiation pathway is not cle@Caux et al., 1996)

3.14 KG-1 cells as DC progenitors

Due to difficulties in the isolation and mé&mance ofhomogenos human DC
populationwith sensitivity to manipulation, several cell linesvhdeen established to
facilitate DC researchKG-1 is a cytokineresponsiveCD34" myelomonocytic cell line

derived from a patient with erythroleukemia undergoing myeloblastic re(&usdfler
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and Golde, 1978)Following the discovery of the K& cells, Koeffler discovered that
with phorbol diesters treatment, KlGcdls become adhen¢ and develogpseudopodia
with macrophage characteristigéoeffler et al., 1981)Further study suggested that PKC
activation by phorbol diesters is partially involved in KGnaturation proces&iss et
al., 1987)

Recently, KG1 has been shown to hasénilar multipotent properties to Peripheral
Blood Mononuclear Cedl (PBMCs), possssing the capacity to differentiate into ke
cells (DLCs) upon various treatmerisckerman and Cresswell, 2003; Bharadwaj et al.,
2005; Teobald et al., 2008%t Louisfirst reported the signaling pathway of KiGcells
differentiating to DCqSt Louis et al., 1999)They found KG1 matured into DLCs in
response to GMCSF plus TNFU or PMA, which expressed MHC'/I MHC
11"/CD83'/CD86'/CD14 surface markers. Functional dysis also showed K@-derived
DLCs could uptake fluid phase macromolecule and active resting T(8ellsuis et al.,
1999)

Maturation of pimary DC is charactered, except phenotypic extension of dendrites,
by upregulation of MHC andcostimulatoryand altered trafficking of MHC class I
(Steinman, 1991) Ackerman and Cresswell further confirmed that during-KG
maturation into DLCs, MHC | and MHC Il molecules were relocated from Golgi
apparatus to cell surfacéAckerman and Cresswell, 2003TYhe p38 MP kinase
activation was also found to be involved in KGlifferentiation and antigen uptake and

presentatioriBharadwaj et al., 2005)
3.1.5 KG-1andIL-18

IL-18 was previously known as IFN i nduci ng f actodginaly because
identified by its strong capacity oflFN-2 i nducti on i n mi ce with
(Okamura et al., 1995Yhe immune response function of18 was later determined by
using KG1 as a PMBC modein vitro. The results indicated that K& was very
sensitive to human H18 andresponded to as low as M@/mlwhich isas 100 timesow
as to mouse [l:18 (Konishi et al., 1997) Moreover, by using DMA/protein binding

assay, N B was found to be the <criticaB mol ecu
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induced IFNo e x pr e s d(Kajima et ah, 1998 Another transcription factor-T

box (T-bet) also can be upregulated in KGvith 4 hours of 1L18 stimulation. Inhibition

of p38 MAPK suppresses this upregulation, indicating p38 MAPK is the upstream
activator of IFNo e x p r(Bachmanmat al., 2007b)his was further confirmed by a

recent study by Koutoulaki, whicdkemonstratedhat: 1). 1-18 activated p38 MAPK
through binding with 1L18RU, and 2). this
activated downstream signalling patihy (Koutoulaki et al., 2010a)

In addition, it was reported that {18 selectively upregulated intercellular adhesion
moleculel (ICAM-1) expression in K& cells, throughanIFd i ndependent pat
(Kohka et al.,, 1998) This indicates that H18 migh play potent roles in

immunoregulation by mediating immune cells infiltration into the tissue.
3.1.6 In vitro culture of Langerhans cell

Epidermal Langerhans cells (LCs) are the most important antigen presenting cells of
the skin immune systerfSteinman,1991) Due to the population scarcity and lack of
appropriate isolation method, it was difficult to culture LCs until Schuler and Steinman
reported the characteristics of freshly isolated LCs in 1@huler and Steinman,
1985b) Thein vitro cultured LG showed resemblance to spleen DCs in morphology and
membrane markers, but displayed weak capacity to stimulate T cells which indicated LCs
were immature(Schuler and Steinman, 1985h8he sequential studies disclosed that
GM-CSF and IE1 are essential fahe maturation and function of L&sleufler et al.,

1988; WitmerPack et al.,, 1987)During the maintenance ah vitro culture, the
phenotype and function of LCs change significantly after 72 hours. The most striking
changes have been found are 4 tirmesaase of MHC class Il molecul@#/itmer-Pack
et al., 1988)As a result, the LCs upregulate accessory cell functions for primary immune

response.
3.1.7 Cytokines mediate LC migration

The migration capacity of LC is regarded as an indispensable fdatuiee antigen

specific sensitization of skin. By using Matrigel invasion assay, Kobayagbited that
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haptens treatment resulted in a significant stimulation of LC migraitiorvitro.
Moreover, they also found that certain cytokines derived from defibrablasts may
promote and regulate the directional migration of (Ksbayashi et al., 1994The GM
CSF that was thought to be important to maintain viability ofrL@tro, has been shown
as a strong trigger for LC maotilityn vitro as well(Rupec efal., 1996) Another cytokine

TNFFU was also considered to play an i mport a
membraneassociated MMR2 and MMR9 in vitro (Noirey et al., 2002)

In addition cytokine IE18 was identified recently as a strong LC migration enhancer.
In the skin, I:18 is mainly secreted by keratinocytes and fibroblaBecause its
structure closely resemidéo IL-1 b, whi ch r esul t sl8inayininiatethy pot he
immune response of skin sensitizatidDumberbatch first disclosed that intradermal
administration of 1L18 lead to a significant reduction in epidermal LC densities and a
marked increase in lymph node DC numB&umberbatch et al., 20Q1Moreover, by
using IL-18 knockout mice, it has been reported thatl8.is the key mediator of LC

migration acting upstream of il b  a n 4l (Afitdhépoulos et al., 2008)
3.1.8 EFs mediate immune cell migration

Physiological EFs have been proved to play important roles in inducing cell migration
and division during wound healingvicCaig et al., 2009; Eao, 2009) Recently, Lin
reported that EFs induced human lymphocytes directional migration to cathode.
Additionally, activation of Erk1/2 and Akt was required for the stimulation, which was
shared with chemotaxis signalling pathw@y et al., 2011) Basel on the facts that: 1).

LCs migrate directionally during wound healing; and 2) endogenous EFs are
simultaneously generated when wound occluisypothesize that EFs could potentially

influence LCs6 activities during wound heal.

This chapter explores ¢hmolecular mechanisms involved in Efegulated cellular
response of various types of DCs, resulting in an enhanced responsel& The
cytokine secretion andhigration of DCs shall be analgd, and the intrinsic machinery

i.e. the interactions betweéit, IL-18 and I1L-18 receptors shall be investigated.
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3.2 Results

3.2.1 EFsincreaselFNo expression via act ilviraitro on of p3
3.2.1.1EFsincrease IFNo e x pr e s s i-dependenhpateern d o s e

Although 118 couldtriggerKG-1 to expres¢FN-0o, t he dynami c i nterac
IL-18 input and IFNo  putidn KG1 is not clear yet. To establish the reaction curve,
ELISA was used to measure IEN pr oducti on and standard cur
Four Parameter Logistic Equation (R=0.9983y(re3-2 A).

IL-18 was titrated to quantitatively illustrate @bility in inducing IFNo e x pr essi on b
KG-1 (Figure 32 B). In order to exclude the perturbation of asynergic expression level of
the I L18RU, t -eells:p0 ngmpTNFRJo fovie@ ni ght pretreate
naie KG-1 (no TNFU t r e a t wedesedgfaraocanparative study. L8 induced
IFN-o expressions were sWghiéatadt Igtyeacdp gh dmni
group. KG1 cells not exposed to TNB , but otherwise subject to
expressed very low amount of IFN. dditon, ANFU t r eat ment a4 so r edu
18 requirementto triggerIFN ex pr essi on 5 ti méresatedgeosps Cc omp al
since 2 ng/ml 1E18 treatment induced detectable BN i n tr eated group, [
ng/ml IL-18 was needed to achiettee same in notreated group. Furthermore, TNF

treated group showed prominent dose dependent pattern towet8sstimulation.
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Figure 3-2 EFs increase IFNlgamma expression
A. Standardcureof Il concentration ELI SA re

B. Titration of IL18. IL18 was titrated to illustrate its ability to induce SIF
expression by K& cells. KG1 cells were primed with or without 20 ng/ml TNI
a for overnigh and washed with fresh mediumext daybefore stimulated with-O
100 ng/ml 1-:18in 2 x1&/ml density in 24 well plate. Data are presented as rr
+SD

83



Based on the resulfsom Figure 31 B, 50 ng/ml TNFU pr et r eat ment pl us
IL-18 were used for the EF stimtian experiments. Application of EFs ranged from
10V-30V 3 hours across cultured k& cells in the transvell chamber resulted in a
significant increase of Id e x pr e s s i-dependénh maanefFggures 32 C).
During the experiments, the temperatafenedium wereneasured and kept at 37 € in
order to eliminate the influence by electric currgaherated heat. Culture media were
harvested 24 hours later of EF exposure and the amount e IFNver e quant i fi ed
(10V) and high BOV) EFs stimulationncreased IFBb ex pr essi on to 423 ar

which were 3 and 7 times higher than control, respectively.
3.2.1.2Phosphorylation of p38 MAPK were increased in KG1 when exposed to EFs

After EFs exposure, K& cell were lged ad cytosolic protein werenalyzed by
Western blot Figure 33). BothIL18RU alll8Rb wer e found no fluct uc
IL-18 only or EF & IL-18 treatment in comparison with control groglre 33 A, B).
Interestingly, phosphorylated p38 MAPK was significantly increased @ dgroup
exposed to EF & IL18 treatment Kigure 33 C, D). With IL-18 induction,
phosphorylation of p38 was significantly upregulated as well, which is in consistent with
previous studyBachmann et al., 2007b; Koutoulaki et al., 2016wever, EF & [1-:18
treatment even showed stronger induction on phosphorylation of p38 comparing-with IL
18 stimulation alone, indicating EF & 418 have synergistic influence on p38
phosphorylation. Three independent experiments were carried and representative images

wereshown
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Figure 3-3 Phosphorylation of p38 MAPK were increased in KG1 when
exposed to EFs

A. KG-1 cells stimulated with 18 and EFs plus H18 were harvestec
immediately after exposure and the expreson of | L 1 8 R Uedéy
Western blot -atin was taken as internal control

B. The relative greylensityof Western blot bands of.I1 8 RU and |
analyzd by ImageJ softwarehereb-actin as internal control. Data are presen
as man +SD,

C. Both phophg38 and total p38 were detected by Western blot using the
samples as (A)

D. The phosphorylation levels of p38 were relatively quantified by using the
of p-p38 and total p38. Data are presented as mean +$R0*05
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3.22 IL1I8RU pol ar i z whknekposdéorEbsdne2D culture

Application of 200 mV/mm EFs across cultured HGor 15 minutes in EF stimulation
chamber resulted inL18RU ot h e iL18RD hpalarizing towards the anode.
Immediately after EF shulation, KG1 cells were directly fixeth situand stained with
| L18RU and |1 L18Rb antibodies which were t
conjugated to FITC and TRITC, respectively. The distributions of IL18Rs were captured

under confocal microscog€igure 34).

On KG-1 cells not exposed to EFs, but otherwise subject to identical conditions, both
| L18RU18RBHd di bt r iy bcrossahe cett megnbrane. On ttentrary, with
EF stimulation, | L18RU was asynmnddacnghec al |y r e

anode. However, EF did not show such effect s
3.2.3 EFs increase KG1 sensitivity towards IL-18 in 3D culture

IL-18 has been previously reported a chemoattractant to induce T cells and DCs
morphologcal polarization and direainal migration(Gutzmer et al., 2003; Kaser et al.,
2004; KomaiKoma et al., 2003)in 3D culture, EF stimulation increased the response of
KG-1 cells to 11-:18 (Figure 3-5). KG-1 cells were pretreated with TNF ernight to
induce | L18RU expression and trdseededinte cel | s
the electical chamber. After Matrigekolidified, the cells were treated with either 250
ng/ml of IL-18 gradient diffused from Matrigel premix (FiguréA3, high side of triangle
indicates high concentration of-iL.8) or 200 mV/mm of EFs (Figure5B, anode to the
right), or a combination of both (Figure-5&). The cell migration were tracked,
migration diretedness and speeds were anadyzvith Image J softwared found that
application of a 200 mV/mm EF across KiG:ells in 3D resulted in a significant increase

of migration towards I£18 chemoattractant gradiefigure3-5 C, D).

During the 90 minutes experiment, imetpresence of both EF and-1B, KG-1 cells
showed constantly directional migration to the source ofl8L In contrast, the
orientation of KG1 cells fluctuated in either HL8 only group or EF groug-{gure 3-5
A, B). Thus neither EF stimulation nor -L8 alone is sufficient to induce kG

directional migration in 3D culture. The combination of EF anel®L significantly
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increased K@l cell mgration speed and directedneb#erestingly, if dividing the 90
minutes experimental duration into two 45 minutes halves, theraggtation speed only
increased in the second half, suggesta potential buildup of signéing might be

required before directional migration taking plaéeg(re3-5 D).
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Figure3-41 L18RU pol arized to anode whe

Immunocytochemistry staining of k6 wi th | L18RU and
with/without exposuréo EFs 15 minutewerefixed andstainedwith antrl L 1 8
and | L18RDb, wh i ¢ hthe wexone antibadreg @njugated w
FITC and TRITC, respectely. In control group, both IL18R) aibd ar e
spread around the cell membr ane; Ww
to anode (arrow), | L18Rb s howanods c
cathode
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Figure 3-5 EFs increase KG1 sensitivity towards IL-18 in 3D culture

A. KG-1 cells were mixed with Matrigeha then seeded into EF chamber1&
(200 ¢l , 50 ng/ ml) was injecteitl8 at
gradient across the chamber was established by diffu3iba.high side of
triangle indicates the high L8 concentration). The cells veeexposed to H18
gradient for 2 hours and the cellsgmation were tracked and anagdz Cells
display slow migration. B. A 200 mV/mm EFs were applied across the 3D
Matrigel cultured KGL1 cells. (Arrow indicates the anode) The cells migration
were trackd and analyzed. Cells exhibited slow migration. C-K@€ells were
exposed to IE18 and EFs simultaneously in 3D culture, the concentration-of |
18 is the same as (A) and the strength of EFs was the same as (B). Cells sh
directional migration towards ¢in IL-18 concentration side (the anode). D.
Migration speed of K& cells in the condition of (A, B, C) were analyzed
accordingly. In addition, migration speed of cells treated with8lplus EFs
were split into two halves: the first 45and the followirtgdinutesData are
presented as mean £SD;, P<0.05

3.2.4 Neither IL -18 nor EFs alone is able to polarizd.18R s of KG-1 in 3D culture

Immediately #er either I-18, EFs or both stimulatioren KG-1 cells in 3D culture,
cells were fixed and stained with-180 alb-#85 anti bodi es. Fl uoresc
secondanantibodies were used to visualize the distribution of receptor molecules on the
cell membrane under the confocal microscopgure 3-6 and Figure 37). Despte the
application of 250 ng/ml 118 at right side (high side of triangle indicates highl8
concentration), b o tahe evenly1d8stRHuted aarodnd thd. ¢eB R b
membraneKigure3-6A). The similar resltis arefound in the KG1 cells exposed to 200

mV/mm EFs aloneRigure3-6B).
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Figure 3-6 Neither IL -18 nor EFs alone is able to polarize IL18Rs of K& in
3D culture

KG-1 cells exposed with H18 gradient (A) and EFs (B) for 2obrs, and

immediately after exposure cells were fixed and stained witH ahtil 8 R U
andantl L18Rb (red) . Tr i an gl -28 andrthé highasite

means the high H18 concentration. +: anode,cathode.
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3.2.5 EF increases sensitivity of KG1 in response to I-:18 in 3D culture

Chemotaxis is postulated to occur through moduladiore-polarization of membrane
receptors. Based on analysis of two distinct stages of cell migration in respéhsESto
as a chemoattractaint parallel with the electrotaxigigure3-5D), KG-1 cells were fixed
and IL18Rs were stained at two counterpart time points: 15 minutes and 60 minutes to
determine i f redistribution of receptors occ
and IL1&Rb wer e t hus odusvithiconfecdl merosdop&EiQura 87Y. z

Figure 37A il lustrates that i n ispolrizdditorld8 15 mi n
gradient (high concentration toward left) in the presence of 200 mV/mm EF treatment
(anode to the left). In the not r ar vy, t he | dvdnly Rrounddthesdt r i but es
membrane. The fluorescence intensity across the cells (dasheid ka&ulated and the
intensity patternis extracted below.Clearly higker fluorescence intensity valuef
| L 1 8sRoWsat the left side of the cell membrane towards the anode of &Barnce
ofIL-18 gradient. But , this effect does not s
point, both | hréalyRietreaiydredistliblit@Rowards the upstream of
IL-18 gradient in EF. The lineal scanning profiles of fagmence intensitglso confirms
thatboh | L18RU and | L Jp8dRfedtosvard thealéftlsidena theacelle
membrane where the high-I8 concentration and anodal of EF resigigre 37B).

The interaction of |1 L18RU and dittdBBBb has Dbe
signalling transductiorfKoutoulaki et al., 2010b)The celocalization of both receptor
subunits is widely used to indicate the probability of their molecular interaction and
initiation of signalling.Figure 37 C and D depict the clmcalizat i on of | L18RU
|l L18Rb at 15 minutes and 60 minutes during
points, the cdocalization of IL18Rs (indicateas yellow) tend to accumulate at anodal
side, the stronger yellow signal appears at the 60 minutes ingpdy stronger co
localization(Figure 37 C). The celocalization can be quantified by using the specific
software(Bolte and Cordelieres, 2006gnd thePe ar sondés correl ation in
guantification. After60 minutes exposure to EF, tiRe a r s oorrddation index of
IL18Rs wasincreased t®.58 which was significantly higher than the one at 15 minutes
(Figure 37 D).

92



IL18RP

150
150
10 100
3 g
s 3
i ! /\
10 2 30 4 50 0 10 20 30 4 50

distance distance

0 10 2 30 40 50 0 10 2 3 4 50 60
distance distance

0.8 *

@)
1
v}

Pearson's correlation

0.6

93



Figure 3-7 EF increases sensitivity of KG1 to IL-18 in 3D culture

A-B.ILISRU and | L18RbB fluoresc-rkexmwsedtoBRsplusdi ty acr
18 at 15 minutes and 60 minutes, respectively. Dash lines across the cells on confocal

image indicate pixels measured in each graph below. At first 15 minutes exposure,

| L18RUaskkcoawmsl ati on at anodal side, but | L18EF
60 minutes, both I L18RU and 1 L18b exhibit an
C-D. Colocalization of IL1I8BRU abn,d t he iammeaged frori AJp), and B

(bottom); (D) and the colotiaation were quantified by using ImageJ. Data are presented

as mean +SD, *P<0.05.

3.2.6 IL18RU-GFP vector construction and expression

The fluorescencelabeling techniques with GFP or other fluorescence proteins
immensely facilitate the research on pwmllar dynamicat singlecell level.I thus cloned
the human | L1 8 RithG&midorderamvjsualipthetl ¢ d 8 RU movement

under the EF treatment in real time.

The IL18RU-GFP vector was designed as shdw Figure 38 A. The DNA fragment
IL1IBRUGFP was inserted into pcDNA.1 plasmid and the positive clones were
sequenced. ThdL18RU-GFP vectorwas then transfected with Cos7 cells using
lipofectamine 2000(Invitrogen). The transfection efficiency wapproximately20%

(Figure 38 B, ab). Seuentially, the transfected cells were split at 1:5 ratio into new
flasks with the medium containing 50 ¢€g/ ml
clones were formedr{gure 38 B, c¢d), and the clones were picked up, expanded and
harvested. The humalh18RU-GFP fusion protein of stable transfected cell line was
identified by Western BlotHigure 38 C).

3.2.7 Dynamic movement oflL18R Uwhen exposdto EFs.

The dynamic movement dE18RU  ihenpresence of EFs can be anatywith real
time recordingusing the stalyl transfectedIL18Ra-GFP cell line. With the EFs
(200mV/mm) stimulation, GFP signals moved to the anodal, siddch indicates

asymmetrical distribution of IL18Ractivity. The promnent effects started from 450
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seconds onwar ds comstardly accunmuBitBdJahodadside of the cell

membr ane in the presence of EF. When EF pc
redistribute to the opposite side of the cell membrane to accommodate the new anodal
orientati on.-GFWex@ressinglel 1 8RUver e not exposed t
randomly fluctuated along the movement of cell lamellipodia. This demonstrates that EFs

induce | L18RU moving towards the anode
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Figure 3-8 Vector pcDNAS.1-IL18Ra-GFP construction and expression

A. Schematics illustrate the process of vector construction of pcDNAZ.11 8
GFP. The human |1 L18RU were cloned
into pcDNAS3.1 plasmid with indicated restriction enzyme sites.

B.TheCos7 cell s were transi e-@GRPlplgasmid (aab
and the transfected cell s for med
GFP after 2 weeksn&@) g/ ml G418 se

C. Western blot confirms L 1 8G¥P expressian
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200 mMV/mm No EF

Figure 3-9 Dynamic movement of IL18Ra when exposed to B~

| L 1 8G¥P transfected Ces cells were stimulated with 200 mV/mm EFs (le
or no EFcontrol (Right). During the EFs exposure, the direction of EF -
reversed in the middle of the recording. Arrows indicate the direction of EF:
point to anode; arrow heads indicate the distribution of IL18RE& molecules.
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3.2.8 Differentiation of KG -1 into dendritic cells

The cell line KG1 has been used as in vitro model for human myeloid dendritic
study such as differentiation, immune responses, antigen pres@@tiogmann et al.,
2007b; Koutoulaki et al., 2010a; Poleganov et al., 2008)gs been reported that several
chemicals and cytokines can im@uKG 1 differentiation and/or maturatiafTeobald et
al., 2008)KG-1 cellswere culturedvith 20 ng/ml TNFU pl us 10 ng/ ml PMA f
days to induce their differentiation and/or maturation. Undifferentiateel Ki@llsshow
rounced morphology and grow in suspension with little evidence of adhé€3eobald et
al., 2008) TNFU and PMA indued a proportion of K&l cells to differentiate, with
approximately 20% adhering to the petri dish in 3 d&ygufe39 A). Whilst continuous
culturing for 7 days with TNEJ and P Mexhibited @liouss morphological
changeswith bigger size and more polarized protrusionsFigure 39 B). These
observations are in agreement with the previous stim=ffler et al., 1981; Teobald et
al., 2008)

3.2.9 EFs and IL-18 increasethe motility of KG -1-derived DCs

Once KGL1 cell differentiates into DC, it gains the capacity to migrate, along with the
protrusionof pseudopods and polaaizon in morphologyAfter 7 days induction and
differentiation, KG1-derived DCstably showedtypical characteristic of demic cells,

thereforel usedthe cells from this time point for the following migration studies.

The KG1-derived DCs were consistently treated in the following 3 condifio280
mV/mm EFs only, 100 ng/ml H18 only, or EFs plus H18, respectively for Bours. The
cell behaviours were trackedrigure 3-11A), and migration speeds were analysed
afterwards Figure 3-11B). The 1.-18 and EFs increased cells migration speedoup
3.71N1.3 and 3.29N0.86 em/min from the contr
Moreover, the combined treatments of EFs (200 mV/mm) anrd8IL(100 ng/ml)
significantly elevated cell mi gration speed
treatrent alone or control group ng/ml) significantly elevated cell migration speed to
5.76N1.56 em/min compared with either treatn
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TNFa + PMA 3 days

TNFa + PMA 7 days

Figure 3-10 Differentiation of KG -1 into dendritic cells

KG-1 cells were induced by TNB ( 20 ng/ ml) and P M/
and then showed dendritic cell phenotype. Photomicrographs show the phe
of KG-1-derived DCs at day 3 (up) and day 7(bottom).
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Figure 3-11 EFs and IL-18 coordinatively increase the motility of KG
1-derived DCs

KG-1-derived DCs were stimulated with EFs (200 mV/ml);1& (100 ng/ml)
and IL-18 plus EFs, respectivelfor 2 hours. The cells movement were track
(A) and the migraon speed in each situation were analysed [@ta are
presented as mean £SD, P<0.05
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3.2.10 High strength EFs trigger the directional migration of KG-1-derived DCs

towards anodein 2D

Although DCs showed higher motilitynderthe combired treatmens of EFs (200
mV/mm) and IL-18, the migrationdirectednessappeaed to be random without
persistence irany particular direction. Higheroltage EFs were used to determine if

thesecouldinduce directional migratioon DCslike other cells types.

Briefly, the DCs were treated with 3 conditions:1B (100 ng/ml), 200 mV/mm EF
plus IL-18 (100 ng/ml) or 400 mV/mm EF plus-8 (100 ng/ml), respectively. With the
treatment of IE18 and 200 mV/mmplus IL-18, the DCs exhibited migratiatirectedness
of -0.15 +0.05 and-0.26 +0.09, respectively. The minus data indicates the migration
direction is toward the anode of the EF. However, when EF raised to 400 mV/mm, DCs
showed strong directional migiah towards anode with the index #5940.15, which
was significantly higher than the 418 only or 200 mV/mm Plus H18 groups Figure
3-12D, E). This implies that the EF and-ll8 compete on the modulationeéments of

the cytoskeleton through which cells migrate
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Figure 3-12 High strength EFs induce KG1-derived DC directional
migration

KG-1-derived DCs were stimulated with-18 (100 ng/ml) and K18 plus EFs
(200 mV/mm or 400 mV/mmYyespectively for 2 hours. The cells movement w
trackedandanalysedafterwards.

A-C. composite drawings where each cell is superimposed to origin point ai
cell migration path traced ev 2 hours

D. cells exposed to 400 mV/mm plus IL18 were traced over 2 hours

E. The migration directionality in each situation vaaslysed Co s ( d)

the degree of directionality,0 means random migration, 1 means direc
migration;means direction towards anod®ata are presented as mean +SD,
P<0.05



3.2.11 EFs promote DC chemotaxis in response to H18 in 3D culture

IL-18 is an important proinflammatory cytokines and also induces various cells
migration as a chemoattractgBachmann et al2007b; Ohtsuki et al., 19971 further
confirmwhetherKG-1-derived DCs have chemotaxis response td8landwhetherEFs
have any influence on the processapplied similar 3D culture method used in KG
cells to test theKG-1-derived DCs. DCs displayean evident response to-8 and
migrated towards the HL8 source on the leffF{gure 3-13 A). The EFs enhanced this
response with increased migration speed of I
(Figure3-13B, C).

3.2121L18RU i s e s s e-induced Hirecfional migeafion of KG-1-Derived
DC

To further confirm ifIL18Rs is required for EF inducedirectionalmigration of DC,
the IL18RU  o-expressing cells werused for the following experiments. KiGcells
were firstly induced only by PMA for 3 days to become DC like cBliicause cells had
not been treated with TNB, t HlleKGved DCs kept |l ow | L18RL
(Koutoulaki et al., 2010bBefore tle PMA induction, the K& cells were electroporated
wi t h FAFR @aRrid. The GFP positive cells were then sorted and mixed with non
transfected cells without TN& treatment for induction. After PMA induction, the DCs
were applied with 200 mV/mm EFs danthe cells behaviourswere recorded by

fluorescence microscope.

The further analysis of cell migration exposure to EFs is illustrat&igase3-14. The
GFP positive cells showed directional migration respondeF® toward anode and did
U-turn with the polarity reversal of EFg$-igQure 3-14 A). The GFP negative cells
displayed very less movement and no response to the EF reversal compared with GFP
positive cells Figure 3-14 B). In combination with the previous data that EF triggered
asymmetric redistribution of IL18Rs (Figure43 3-7 and 39), this observation strongly
implies that IL18Rs are the key regulator controlling thetedéaxis of DCs.
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3.2.13IL -18 increaseso-localizationof IL1I8RU and act i n

The cytoskeleton elements, particularly actin plays an essential role in imgdigit
motility. To further investigate the potential involvement of actin during DC migration,
the IL18RU and actin filament expression were visualized using imooytochemical
staining. Rhodamin phalloidin binds asthbilizesmicrofilaments and an anti L 1 8 R U
antibody indicates the distribution of the I

The DCs were incubated with 100 ng/mt1B for 15 minutes, and sequentially fixed
and stained. The nofieeated cells were taken as control. The yellow pixel in the merged
pictures indicates the doocal i zati on of t he docdizaton and | L:
index was calculated using the softwdi&olte and Cordelieres, 2006figure 3-15
illustrates that the ecbocal i zati on of | L18RU andl8actin i
treated group to 0.374.029 in comparison with the control group which is 0.0874.014.
This finding indicate that I1L.-18 may potentially conbute toward the activation in the

leading edge of the migrating DCs.
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Figure 3-13 EFs promote KG-1-derived DC chemotaxis in response to 18

KG-1-derived DCs were mixed with Matrigel and seeded into EF chamber
IL18 (200 ¢l , 50 ng/ ml) injected
stimulation (A) or with 200 mV/mm EFs exposure (B) o2éhours, the migratior
speed corresponds to each situation waralysedusing ImageJ (C). Arrow
indicates the direction of EFs towards anode, triangle indicals Iyradient and
the high side means the high-118 concentrationData are presented asam *
SD, * P<0.05



Figure 3-141L18Ra is essential for EFinduced directional migration of DC

The | IGEBdR4I expressed KGdereved DCs were mixed with contr
KG-1-Derived DCs and then exposed to EFs stimulation for 3 hours witl
direction reversed at the middle of the process. A. fluorescence images
t he move menGFP over efréasded &Ns$; B both control cells al
ILIBRU-GFP over expressed cells were tracked during EFs stimulation ar
image was merged from bright field and fluorescence. Arrow indicates
direction of EFs towards anade
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Figure 3-15The colocalization of IL18Ra and actin increased by 11-18 in
DC.

A. Immunocytochemistrgtaining of KG1-derived DCs. Cells treated with-118
(50 ng/ml) or maintained in normal medium for 15 minutes and then stainec

Rhodamine phalloidin (red) and astiL 1 8 RU ( gr een) . Th
were captured using confocal microscope.
BThe colocalization of IL18RU and

Data are presented as mean +SDP%0.05.
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3.3 Discussion

In this chapter] testedthe hypothesis thdEF stimulation triggered the directional
migration of KG-1 cells and KGL derived DCs via IL18Rsignaling. | demonsrated
t hat EFs promoted activati on \ahicldpotansialynmet r i c e

triggered downstream signalling cascade activadiwhinduced directional migration.
3.3.1 Immune response of the cells in EFs

Previous studies have proved tlthsruption of an epithelial layer instantaneously
generates endogenous electric fields, which have sle@wnto be important in wound
healing. Despite numerous documentations that immomomlulation is one of the key
factors regulating wound healing piefithere is little studgxploringthe involvement of
EFs in immune response during wound healifige CD34" myelomonocytic cell line
KG-1 pocesses similar characteristic of PBMC, and is used as a typical cellular model for
cytokine response research. tiRararly, it dosedependently responds to cytokine 1B
to producelFN-2 (Koutoulaki et al., 2010a)Based on this modedl designed the
experiments to measure the change oflBi-0 expression level when applied EFs on
KG-1, upon which our hypothesigas tested.

| found that the response of K&o IL18 can be enhanced by the application of EFs.
The IFN-2 expression is lifted up to 3 and 7 times by 10V and 30V in transwell EFs
stimulation, respectivelyApparently the signalling cascade of 418 inducedIFN-2
expression starts from the binding of1B to the IL18 receptors. Howevérfound that
application of EFs did not alter the expression of IL18 receptors, but increased the
phosphorylation of p38 MAPK. It is in agreement with the previous repat th
application of EFs to HelLa S3 cells induced phosphorylation of MAPKSs, including p38,
JNK and ERK, and their upstream kinagbtorotomiYano et al., 2011)The human
blood T cells exposure to EFs also showed increased activation of Erk1/2 (a member of
MAPK family) and Akt. In addition Zhao described that inhibition of MAPK resulted in
a reduced Efdirected cathodal migration of cornea epithelial céllsao et al., 1999)
NeverthelessRajnicekfound that mnhibitors of PI3K, MEK1/2 or p38MAPK did not
affect EF-induced growth cone turnin@Rajnicek et al., 2006b)rhis may be due to the
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fact that the response to EF stimulation is cell type specific, and that different cell types
require different signalling pathway to respond to EFs.

The shared activatiomf Erkl/2 and Akt signalling pathway by electrotaxis and
chemotaxis suggests that cells may have common intracellular machinery to respond to
extracellular stimuli. However, the kinetics of MAPK and Akt signalling distinguishes
the electrotactic responsein chemotaxis, because even though the phosphorylation of
p38 MAPK was significant after one hour of EF treatment, this was not appreciable by
western blot in the first 10 minutes of EF treatment, which forms sharp contrast with the
rapid action of chemaxkis in seconsl(Wang et al., 1998)T'he mechanism behind this is
still largely unknown, but one potential explanation is that electrotaxis need to build up
asymmetric distribution of receptor gradient(s) across the cell membrane, sometimes
involving seveal signalling cascades simultaneously, which can be more time consuming

than a simple ligand receptor binding reaction in chemotaxis.

3.3.2 IL-18regulates immune cells function via activation of p38

IL-18 is an important regulator of several type ofcells during infection or
inflammatory. TheMAPK activation appears to play a prominent role inlR signaling,
being involved in transcription and translation ofl&inducedlFN-o mRNA and IL-18-
induced cytolytic effectsKalina et al reported that 18 strongly enhanced tyrosine
phosphorylation of STAT3 and of thp38MAPK in NK cells. Additionally, the
stimulatory effect of IE18 onIFN-2 protein productionwas couteractedoy inhibition of
MAPK (Kalina et al., 2000)Furthermore, inhibitiorof p38 MAPK, blocked enhanced
regulate stem cell factor expression, indicating that p38 MAPK activity is requirdd-for
18-enhanced SCF productionnmurine melanoma cells.

On the othehandlIt has been demonstrated thiat18 secretion was thrgh p38 and
ERK1/2 MAPK pathways.Niyonsabaet al reported thathe inhibition of p38 and
ERK1/2, but not JNK, almost completely nullified-1I8 secretionn primary cultured
human keratinocyte@Niyonsaba et al., 2005)n addition,the synthesis of prtl-1beta
and prelL-18 in THR1 macrophagewas also reported bipe activation of p38 MRK
and NFa BHe et al., 2012)
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3.3.3 Receptor polarization in EFs

It is still very controversiahow tre cells sense an EF in the first place. In this study,
| L18RU was redi st r i blwelendmbtame facing@anodeiindhe EFsf t h e

upon which the chemotaxis to-IL8 was enhanced. This has been further confirmed by

situ ICC staining in 3D cliure. Thereat i me f |l uorescence i-4maging o
expressed cells revealed the dynamics of | LI
real time movies evidently showed the polarization of IIA8R c an be control |l e
direction of EFsii ess t han 5 minutes, and that over e
el ectrotaxis of DCs in comparison with | ow

ILI8Rs may be one of the upstream regulators to initiaten&ificed responses of
immune cells.
One pdential mechanism of electrotaxis is that cell surface receptors can- be re
distributed by the applied EFs therefore trigger downstream signalling for directional
sensing, and allowing cells to move along the EF vector directiodallyoad spectrum
of EFinduced activities involves membrane receptors activaifmm EF exposurePu
reportedthat EF-enhanced directional migration correlates well with the expression level
of EGF receptor (EGFR/ErbB1Pu et al., 2007)in addition, Zhao proposed that EGFR
agymmetric redistribution triggered electrotactic responsecofea epithelial cells
(CECs) (Zhao et al., 1997) Moreover, EFdirected reorientation, elongation and
migration of endothelial cellbave been reported to requMEGF receptor activation
(Zhaoet al., 2004) Our finding is consistent with the previous studies thatftranced
response of K& cells to I1-18 requirat he act i v at(Koutoulalo étall L 18 RU
2010b) However,| showed that the polarization of the receptors rather than the up
regulation of expression is the key to trigger the downstream pathway.
| demonstrated that IL18Rs are crucial for sensing ER$is study, discovered that
DCs overexpressing |L18RU were responsive tc
| L18RU expression showed abolished effects.
molecules might be intrinsically activated dowesin of IL18Rs which interpret electric

signals to downstream cellular response. In breast cancer cells, inhibitiarBBf
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completely abolished the directional response of MTLNn3 cell (a breast cancer cell line) to
EF stimulation Thiswasconfirmed by trasfecting low metastatic clone MTC cells with
human ErbB1, which significantly increased the electrotactic resgénset al., 2007)
Rajnicekproposed that Rho/Cdc42 is a molecular switch to control electrotaxis in CECs.
They found thatattenuation of occd2 signalling abolished electrotaxis and enhanced
conta¢ guidancenhereas inhibitingRho signalling enhancedesdtrotaxis(Rajnicek et al.,
2007a)

Deciphering the sensing mechanisms and the signalling cascade of electrotaxis is very
important concedinggmbryo development, wound healing and cancer invasion. Using
those fimolecular switcheso allows us to coni

the same time guiding their directional migration.
3.3.4 The role of actin in electrotaxis

It is clear tlat microfilaments are essential in caligration. The actin cytoskeleton
plays a major role in coordinating protrusions such as lamellipodia and filopodia, and
forming adhesions, and finally retractinige tail (Le Clainche and Carlier, 2008)
showed inthis study that 11 8 i nduced the increase of <col oo
actin. One of the explanations of the electrotaxis ot K@erived DCs towards H18 is
to be through the polari zed c-8dma etallfiistzat i on
identfied that IL-18 induced chemotaxis of T cells is via actin filaments assembly
(KomarKoma et al., 2003)Asymmetric redistribution of actin ag observed in EF
induced directional migration of CEGZhao et al., 1997)Based on previous resulis,
proposein this study that asymmetric actin assembly is involved in the regulation of

electrotaxis throughEF nduced pol arization of |1 L18RU.
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Figure 3-16 Receptor polarization in EFs

Schematic illustrates the model of Hfeluced cell response. The receptors on
cell membrane are polarized to the anodal side by EFs induction.
accumulation of the receptotecally enhances the ligafréceptor interactior
thus triggers the downstream signalling pathways.

3.3.5 Advantage of3D model

| adopted 3D culture system in this study to evaluate the interactions between

electrotaxisand chemotaxis of K& and KG1-derived DCs. 3D culture system
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apparently has several advantages compared to the conventional 2D model. Firstly, even
though 2D culture technique is routinely and widely usée,cell culture in 2D is
arguably primitive ad does not reproduce tpaysiological environmernh vivo. The 3D

culture model can overcome these shortcosangl clearly shows more physiological
relevance. Secondly, the diffusion of18 can be controlled in 3D culture to easily form

a chemical graént, thus the cellular response ta1B can be measured accordingly. In

the contrary, it is difficult to generate an-1I8 gradient in 2D culture (doable with coated
slides through biengineeringhowever it is highly technically demanding). Thirdly,EEF
application in 3D culture can avoid the disturbance induced by micro movement of

medium.
3.4 Summary

Chemotaxis and Electrotaxis have been compared and argued of their influimee
regulaton ofwound healing. Chemotaxis enables immune cells tdrsiées of infection,
regulate tissue homeostasis and is crucial for forming embryonic paftennst al.,

2008) Electrotaxis, on the other hand, has bshown to haveoverriding effectsin
directing cell migration during wound healing and embryo dgmakent(Zhao, 2009)

In this study,] summarized the dataith a modelof directional sensing and migration
in electric fields. propose that the Efduced redistribution of the receptors on the cell
surface results in a shift of membrane receptors dmtwthe cathodfacing and the
anodefacing membrane the celFigure 316). There would be a highgrobability to
overcomethe threshold of signal transduction at the higher density receptor side. The
downstream signalling cascade therefore can be dynAéhough further evidence is
required to clarify the electrotactic ability involving various specific membrane receptors
on difference cell types, the possible differential membrane receptor distribution across
the cell axis induced by the EFs is expécto initiate the cells to sense the EF.

More importantlythose data implyhat the applied EFs can direct the orientation and
migration of cells in the presence of a chemoattractant gradient enabled by the receptor
polarization mechanism. Thus, in thpossible physiological situations wherein- co

existing chemoattractant gradients and EFs are presented such as during the wound
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healing, electrotaxis of relevant cell types may preferentially guide the migration of cells
over chemotaxis that will either filitate or delay the normal physiological processes
depending on the configurations of theeoasting chemical and EFs. Furthermore, such
preferential migration toward the EFs may permit novel -ineasive clinical
applications for guiding and manipulagincell trafficking and positioning in tissues
electrically without the distraction from the chemotactic guiding cues.

The existence of various chemoattractamt tissues supports the fundamental
hypothesis that electrotaxis can be initiated by receptfiimghon the cell membrane and
activated by the chemoattractantlore complications arise by considering polarization
of multiple cell membrane receptors and multiple cytokines/chemoattractants
(presumably at different rates and toward different dirasti@lative to the EFs) and the
downstream signalling processes and interplays triggered by these receptors. Despite
these limitations and complications, the present studissussedthat EFinduced
membrane receptor polarization amplifies the downstre@gnal cascadeprovides
interesting predictions that are consistent with previously reported experimental results,
and further suggests the possibility of preferential orientation and migration of immune
cells toward the EFs in coordination with chema@attant gradients.

In short, the mechanism of BERduced KG1/DC sensitization in responding to
cytokines and its impact on DC migration were demonstrated for the first time in this
study. The results indicated that physiological and pathological EFs cpatéially
involved in the important host immune responses. The finding may have an implication
of clinical therapy for cancer treatment and help to develop more effective vaccination

protocols.
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CHAPTER 4 ELECTRIC FIELDS CONT ROL DIRECTIONAL
MIGRATION OF LANGERH ANS CELL IN VITRO AND IN VIVO
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4.1 Introduction

In this studyl investigated the migratory activity of Langerhans cells exposed to a
physiological electric field (EF) and 118 gradientin vitro andin vivo. Firstly the
concurrent effects of both guidanceies on 3D cultured Langerhans cells were
studied; and the migration rate and directionality were analyseditionally, this
was tested on mouse epidermis tissue culture to further explore the Langerhans cell
migration with these two treatments. Finallihe IL-18 and EFs were applied
intradermally on mice and the migratory Langerhans cells were isolated, sorted and

analysed.
4.1.1 Langerhans cells

Langerhans cells (LC9) a specialized subset of dendritic cells (DCs), has been
consider to be the majsensitizing cells in the skin by initiating productive immunity
in naie resting T cells. Epidermal LCs accountsr 3-5% of all nucleated cells in
epidermis of mice and humaihey arearranged in a network close to keratinocytes
(Figure4-1).

LC is derived from bone marrow stem cells, which was found in mice and human
(Frelinger et al., 1979; VolPlatzer et al.,, 1984) LC precursors acquire
immunologically important molecules/markers such as CD45, MHC class Il and
Langerin. Myebid monocyte culturegnduced with GMCSF, I.-4 and TGFb c a n
differentiate into dendritic cells / LO&Geissmann et al., 1998)Cs express typical
myeloid antigens such as CD11b and CD33. However, LCs also exprest CD8 a
marker of lymphoid descendantghen they achieve maturatigAnjuere et al., 2000)

Migration and transport of antigen from the skin to the lymph nodes is an
important feature of LCs. This may lead to immunity or tolerance, depending on the
circumstances under which migration takeacpl(Romani et al., 2003)However,
there & still no effective and matunmethod to isolate and primary culture L@s
vitro. Moreover, there are two status of LCs residing in the epidermis: resting and
inflammatory. They are interconvéae in responséo stimuli, which also raise the

bar of difficulty to study the pure group L@svivo.
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4.1.2 How to study LCs

Histochemistry is the most widely used method for studying distribution of LC in
the skin. Skin offers a simple and helpful experiment modehusecit can be easily
separated into epidermis and dermis sheets using simple chemicals (EDTA) or
enzymes. Such sheets allow an en face view onto the epidermis that facilitates
guantification and investigation.

The classic method to obtain LC is to enzyioadly separate epidermis and dermis
and to digest epidermis into single cell suspensioypsin and dispase are commonly
used for this purpose. Because the resulting suspension only saitairt 13% LCs,
so thatthe enrichmentethod becomesrucial for in vitro LC study. However, the
LC obtained by trypsinizatiois immature, yet they do not fully represent Li@ssitu
(Schuler and Steinman, 1985&econdlycell surface markers may be sensitive to
trypsin treatment, so freshly isolated LC should &efully tested.

Skin explant is a very useful alternative approach to the trypsinization method.
Enriched LCs would emigrate from the epidermal sheet explant culture over a period
of 2-4 days. This method has been successfully established in human asel skiou
models (Romani et al., 2003)In contrastto the trypsinization method, the LCs
isolated from skin explastre mature by all established phenotypical, morphological
and functional criterigfRomani et al., 2003)

In terms of the application of sgéc marker for LC, Langerin and other common
DC markers such as Cdl1lc, MHC class Il largely facilitatesntivévo research. The
GFP conjugated Langerhans cells and in vivo imaging technology allow visualization
of LC behaviours in real time. Animah vivo experiments especially using the
genetic modified mice have largely expanded our understanding of the functions of

LCs in both physiological and pathological situations.
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Langerin / CD207 |- - : . X Keratin

Figure 4-1 IHC staining of LC

Left and middle: the typical network of LC on epidermal sheet. The epade
sheet was doubldabelled with MHC class Il (green fluorescence) and Lang
(red fluorescence). Right panel: Section of human skin immunolabeled
antibody against Langerin (red/yellow fluorescence) shows exclusive localiz

of Langerhans cells the epidermigRomani et al., 2003)

4.1.3 LC migration in vitro

After the discovery of LC, the characterisatiohits physiological function has
lagged mainly due to the hurdles in isolation and culture techni@etsilerand
Steinmanfirst investigated the function of LCs in comparison with spleen DCs
vitro (Schuler and Steinman, 19850hey used trypsinazitiomethod to isolate LCs
and found LCswere similarto spleen DCs morphologically and functionally. Both
cell types are noadherent, appeag buoyant density, and express high level of
MHC class IIl. However, during tha vitro culture, the immunostimulaty ability of
LCs became stronger than spleen DCs with challenged wittCSKl Several studies
confirmed that freshly isolated LCs laokimmunostimulatory and migratory ability,
but with GM-CSF and IL4 treatments they became mat¢@erberick et al., 991;
Picut et al., 1988)

Apart from immunostimulatory capacity, migratory ability was also investigated as

another intrinsic feature of LCsKobayashi applied a reconstituted basement
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membrane invasion assay to evaluate the migratory capacity of in.Gstro
(Kobayashi et al., 1995)They showed that hapten could trigger LC migration.
Additionally, Saitohshowed that antiL-6 and aniTNF-U ant i bodi es i nhi bi
LC migrationinto epidermis, which indicatebat IL-6 and TNFU ar e responsi v
promoe LC migration(Flint et al., 1998) Moreover, Noirey reported that TNF
initiated preMMP2 and preMMP-9 production followed by cell migration in a dose
dependent manner in explant cultyRerez et al., 2005Furthermore they proved
that antigens (rBevl) induced synthesis of TNB and TNF R |11 in LC
implied an autocrine loop in antigégmduced LC migratiorfNoirey et al., 2002)

However, the mechanism of LC migrationvitro is still an enigma. It is largely
unknown why the matured LCs gainetltapacity to migrate, how these cytokines

mediate the LC migration, and which signalling cascade(s) are involved.
4.1.4 LC migration in vivo

The physiologic roles of LC were characterised by a seriés wifvo studies on
contact hypersensitivity. The tigal contact hypersensitivity study is to sensitize
mouse by painting ears with irritants such as oxazolone and trinitrochlorobenzene.
The intensity of contact hypersensitivity is indicated by ear swelling. The correlation
between the density of LC in egidnal and ear swelling index reveals that LCs play
the main role in the induction of contact hypersensitivity. Additionally;tratment
with neutralizing 1k1 b  ant i body,-U ban d-CBRE KMigniflchnhily
prevented the allergeinduced contact hypsensitivity of mouse egRambukkana et
al., 1996) This suggeststhatiL b i s cruci al for initiation
hypersensitivity. The following studies not only confirmed this result but also
identified the signalling pathway of allergexduced LC migration. Antonopoulos
investigated contact hypersentivity usingllb  a #L8 kndckout mice and found
that IL-18 plays a central role in cutaneous immune response by mediating LC
migration in contact hypersensitivity, acting upstream ofllb andU TNF
(Antonopoulos et al., 2008 Additionally, IL-4 was found to prevent LC migration
through downregulating TNF R{Takayama et al., 1999Moreover, enhanced LC
migration was found in 110 knockout mice due to its reversed regulation on TNFR
Il expressior{Wang et al., 1999bExcept I:181 L1 b pat hway, there ar

other cytokines which were found also important for DC migraitionivo (Wang et
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al., 1999a) Sato reported that deficiency of CCR 2 (CC chemokine receptor) led to
reducel LC migrated to Lymph node.

Another focused area of LC migrationasll-skeleton molecules?ricefound that
alpha 6 integrin plays an important role to induce LC migration into lymph node by
regulating access across the epidermal basement mentPraseeet al., 1997)Ross
reported that beta and gamma actin isoforms were upregualted during LC maturation,
suggesting actin filaments also are required for LC mot{lRgss et al., 1999)in
addition, the actibinding protein fascin was reported to be ilveal in the formation
of dendritic process of motile LGRoss et al., 1998)n short, then vivo research of

LC migration is summarized iRigure4-2.

Based on the fact that the cytokine secretion and electric fields -@@woing in
the skin tissue during the wound healingr inflammation | hypothesise that
physiological EFs could potentially play a role in1B mediated LC migratiomn

vivo andin vitro.
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Figure 4-2 Schematic of LC migration

The migratory steps of LCs and major contribution of cytokines are highlic
(Wang et al., 1999a)1) contact allergens petnate the epidermis. (2) LCs ai
activated by IE1 b andl. TNR) d o wn rcadbenin laadsi to bC
migration from epidermis to dermis. (4) upregulation of CCR7 on LCs an
ligand SLC attract LCs into lymphatic. (5). ELC another ligand of CCiRachs
LCs into T cell area. (6). LC present processed antigen to nale T @edss et
al., 1999.

121



4.2 Result

In this chapter Effnodulated migation of LC in response to 4.8 was assesséu
vitro and in vivo. This allows us to comparatively and systematically study the

potential roles of electric signals in immune defence of the skin.
4.2.1 EFs induce LC migration in response to 1-:18 in 3D alture

Primary mouse epidermal LCs were isolated using dispase enzyme and cultured in
RPMI complete medium containing 50 ng/ml GBSF and 20 ng/ml H4. Cell were
maintained in 5% CO2, 37°C incubator for 2 days before EF stimulation. LCs were
mixed with Matrigel and then seeded into EF chamber for EF stimulation. The EF
experiments were divided into 4 groups: controtlB only, EFs only and IL18+EFs.

IL18 was injected locally on one side of the chamber 10 minutes before EFs to
generate an H18 gradientacross the gel. The EF strength was 200 mV/mm and the

whole exposure lasted about 2 hours.

Upon EFs application to 3D cultured LCs, there was no significant change on
migration speed and directionalitFigure 4-3, A (a-b) and C &b)). The migration
speed of control and EF stimulation group
em/ min, respectively, a®h26+008Yand@l79.€8¢,t i onal i
respectively. In the absence of EFs, the diffused8lslightly upreglated migration
speed of LC up to 1.74N0.65 c0M3M058 and th
(Figure 4-3, A (c), B (c), C and D). Interestingly, EFs significantly increased the
migration speedof L1 8 t r eat ed L Ccomptared wih.c8n8ol, EFohiyni n
and 1-18 only groups. EFs also promoted the directedness of LGE3.6840.05,
indicating that in the presence of EFs LCs senseti8lland moved more persistently
toward the 1-:18 source.
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Figure 4-3 EFs enhance LCs migration towards IL18

Primary cultured mouse LGgere mixed with Matrigel and then seeded into EF
chamber.IE1 8 ( 200 ¢ | ,injestéd antlee fFightl sifle oivlaechamber a
the IL-18 gradient across the chamber was established by diffifi@) and (d))
(the high side of triangle indicates the high1& concentration ).

A. The cellswere exposed to 200 mV/mm EFs (A (b));1B gradient (A (c)), and
EFs plus 11:18 (A (d)), respectively, for 2 hours and the cell migration were
tracked and analysed. The control group cells were without any treatment.

B. Composite drawings where each cell is superimposed to origin point and tr
migration path traced in each situation corresponding to A.

C. Migration speed of LCs in each condition of (A) were analyzed accordingly.
D. Migration directedness of LCs in each condition of (A) was analyzed
accordingly.Data are presented as mean £3DP<0.05

4.2.2 EF induce LC migration ex vivo

Mouse ear skins were split and the epidermis halves were prepared in explant
culture as described in Chapter 2. After 18 hours of explant culture, the epidermis
sheets were transfedinto EF chamber treated with-18 (200 ng/ml), 200nV/mm
EFs and IL18plus EFs, respectively. The experimelastedfrom 60 minutes to 2
hours, the emigrated LC were counted. It was evident that only in the treatment of
EFs plus 1:18, a large quantity of LC enmated out from the epidermis; on the
contrary, neither EFs nor H18 alone induced LC migration out of the epidermis
(Figure4-4 and supplemental movies). However, it took about 40 minutes to induce
LC migrate under EFs plus 118 exposure according to the time lapse rdiog data,
indicating cells need to be sensitized or activated first to build up the essential
regulating force(s) before electrotaxis can be initiated.
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EF IL-18 _ IL-18+EF

Ear tissue

Ear fissue

Figure 4-4 EFs and IL-18 promote LC emigrate from epidermis explans.

Mouse ear epidermis was cultured in EF chambers and stimulated with EF
mV/mm), IL-18 (200 ng/ml) and EFs plus-i18 for 2 hours, respectively. Arrow
indicate the direction of EFs and the ear tissue are labelled. Compared w
limited emigration of cells out of the epidermis when treated with eithetefly
or IL-18 alone (middle), a combination of both treatitse synergistically
enhanced the emigration of LGgy0t).
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Figure 4-5 Quantification of DCs from lymph node,

Total lymph nodeesident cells (A right) and gradient centrifugati
enriched cells (Amiddle) were characterized by FACS using MHC clas:
and CD11c as DC markers. Thsoiype control was shown in Aeft). The
percentage of DCs in total cells and enriched cells population were ana
respectively (B). Data are presented as mean +SB<6.05.

4.2.3 Quantification of DCs from lymph node

The inguinal lymph nodes were excised and thal twlls were divided into two

groups. One part cells were enriched by gradient centrifugation and the other group
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kept intact. The cells were then incubated with-8&4#iC class HPE and antCD11c
FITC to positively mark dendritic cells.

The FACS profié shows that about 17.8% cells in gradient centrifugation group
are MHC calss Tland CD11¢& compared with only 5.38% double positive cells in
total cell group Figure 4-5, A). The statistis suggests thathe DCsare enriched
about3 times by gradient centrifugatioRigure4-5, B).

4.2.4 LC isolation and identification

The DCs in lymph node consist of several group cells come from different sources,
including residing DCsskin originated LCs and interstitial tissue derh2@s (Henri
et al., 2001) After gradient centrifugation|, stained the enriched DCs with anti
LangerinPE andant-IL18RaAPC. The FACS results showed that there are about 8%
Langerin positiveDCs,and% DCs are Langerin arFidurel L18RU
4-6).

|
M

Langerin

10% 4

MHC Class Il

10° 10*

IL18Ra

Figure 4-6 Identification LC population in DCs.

The lymph nodecells after gradient centrifugation, were divided into t\
equal parts. Each part was double stained with M#SsclIFPE plus CD11¢
FITC (Left) andLangerinP E  p | u s-APKC L(rigi&)Réspectively. Arrow:
indicates the cells (right) come from which gate area of FACS result (left).
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Consideing thatonly 12-17% cells in lymph node are MHC clas§dahdCD11¢,
the Langerin positive cells are less than 1% in the whole cell population. Thus the
guantification of the proportioof LC in lymph node DCs provides a foundation to
explore if exogenetic stimuli (EFs and-18) could alter the LC migration in epithelia.

4.2.5 Both IL-18 and EFs induce LC migration into lymph node

It has been demonstrated tHatiorescein isothiocyata (FITC) painting is an
effective way to be used as an immunofluorescence marker for cells and a contact
sensitizer(Wang et al., 1997)The uptake of FITC by APC can be tracked by
fluorescence&Bigby et al., 1987; Szczepanik et al., 1998; Wang et a@719n this
study mice were painted on the shaved tai
acetone/dibutylphathalate. The experimental mice were divided into four groups:
Control (unpainted), FITC painted, FITC painted plus intradermal administration of
50 ng IL-1 8, FI'TC painted plus intrader mal admi
The drugs were injected 30 minutes after painting to allow FITC to dry down. The
inguinal lymph nodes were collected from the mice 24 hours after treatments. The
lymph nodes wre gently disrupted and the cells were harvested and enriched as the
described in Chapter 2. The enriched cells were consequently analysed with FACS.
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Figure 4-7 Intradermal administration of IL -18 or PGE2 induces LC
migration into lymph node

Mouse ta | base was painted with FITC
injected with 1IL1 8 (50 ng; A) or PGE2 (0.1
lymph node resident cells were enriched by gradient centrifugation. The
fluorescence intensity of theneched cells were thus analysed by FACS. 1
unpainted naie mice were taken as control.
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The histogram irFigure 4- is composed by the number of cells (Y axle) amel t
strength of fluoresgee (x axi3. With FITC painting, the histogram (blue) shifts to
right, suggesting there are more cells carrying fluorescence in the lymph node than
unpainted mice. Intradermal injection of-18 enhances the histogram (red) shoft t
right further Eigure4-A). This implies that IE18 induces more APC cells migration
compared to FITC painting alone.

PGE2 is a strong chloride channel activator and can stimulate an increase in net
chlorideefflux in epithelialayer (Shimizu et al., 1993)it has been demonstrated that
administration of PGE2 could effectively increase trapghelum potential
difference, which potentially play essential roles in many physiological and
pathological situations including wounddii@ag (Nuccitelli et al., 2008; Song et al.,
2002) In this study,l intradermally injected PGE2 tocrease the TEPRcrossthe
epidermis Figure4- (B) illustrates that PGEgenerated TEPD dramatically shifts the
histogram to th right, indicating TEPD has induced more FITC positive cells
migration to lymph nodes compared to FITC painting and control group.

4.2.6 Quantification of IL -18 induced DC and LC migration

The FITC bearing cells are supposed to be motile APC cells mighaim skin to
lymph node. However, except APC the FITC still can be carried into lymph node,
such as diffusionSecondly, the APCs in skiare compositeof several subsets,
including LC and dermal DC. Thuso quantitatively analyse the proportion of LC
migrated into lymph nodd, sorted FITC positive cells out and stained them with
eitherDC specific markers MHC Class Il and CD11C or LC specific marker Langerin

With FITC painting, about 5% FITC bearing DCs showed MHC Class Il and
CD11c double positiveabout 1% Langerin positive LCs migrated into lymph node
(Figure4-, A, B). With IL-18 stimulation, an increased proportion of DCs (~ 11% of
total FITC positive cells) appeared in the lymph node, and the proportion of LCs also
roseto about 5.6%Kigure4-, A, B). In comparison with FITC painting alone,-18
administration increased the migration of DCs and LCs into lymph node, around 2

folds and 5 folds, respectivelffigure4-, C and D).
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Figure 4-8 IL -18 induces DC/LC migration into lymph node
Mouse tail base was painted witR8F

(50 ng) and equal amount PBS as control. The next day, dendritic cells from
inguinal lymph node were enriched and double stained with MHC clag¥l|
plus CD11eAPC (A) and Langer#PE plus CD11APC (B), respectively, for
FACS characterisation.

The portons of emigrated epidermal DCs (C) and LCs (D) in inguinal lymph
nodes with FITC painting and 118 injection were analyzed, respectivddata
are presented as mean +SDP<0.05
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4.2.7 Quantification of DC/LC migration induced by EFs into lymph node

Figure4- A and B illustrate that the proportion of DC and LC induced by PGE2
generated EPD are11% and 5.6%, respectively. Thatistical analysis suggests that
there are more DCs and LCs migrate into lymph node when treated with PGE2, with
about 2fold and 5 foldmore respectivelygompaedto FITC paintingalone Figure
4-, C and D).

Both IL-18 and PGE2 have been showo induce more proportion of LC to
migrateinto lymph node. However, there is no difference betweeh8land PGE2
group Consideringhe possibilitythat PGE2 may also hasiarmacological effects on
LC migration(Preliasceet al., 2008)theactualcapacity ofPGF2 inducedFsin LC

migration needo befurther investigaté with morewell-controled experiments
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Figure 4-9 EFs induce DC/LC migration into lymph node
Mouse tail base was painted with F

(0.1 mM, 50 ¢€l) and equal amount P
from inguinal lymph node were enriched and double stained with MHC class
PE plus CD11APC andLangerinPE plus CD11APC, respectively, for FACS
analysis. DCs (A) and LCs (B) were characterised in each experimental conc
The portions of emigrated epidermal DCs (C) and LCs (D) in inguinal lymph
nodes with FITC painting and 118 injection wee analyzed, respectivelpata
are presented as mean £SD P<0.05
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4.3 Discussion

In this chaptet discussed the migration of LCs induced by electric signals and IL
18, and mvestigated the hypothesis that EFs promote the sensitivity of LC in response

to IL-18 thus the migration of LC is increased.
4.3.1 EFs induce LCs migration towards IL-18 gradientin vitro

In this study linvestigated the migration of LC under the expesuireither EFs or
IL-18 or both in 3D culturel. demonstrated that neither EFs norll® can alter the
migration speed of LCs. However, EFs plus1®& synergistically increased LC
migration speed. Additionallyl, observed that EFs also increased the seitgi of
LCs in response to H18, so that.Cs directionally migrated towards the source of IL
18 in the presence of EFs.

| first established the experimental approach for studying the effects of EFs on LCs
in response to H18 in 3D culture. LC is a typof cell which isfragile to artificial
environment. Thud maintained freshly isolated LCs with the full RPMI medium
containing cytokines GMCSF and Ik4, which were reported to be essential for
maintaining the viability of LCin vitro (Rupec et al., 1989 Yokota et al., 1996)
Moreover, Matrigel was used to build up a 3D environment which is suitable to build
up cytokines gradient and apply EFs. Using this system, the LC behaviours under
stimuli in 3D culture were recorded and analysed theredftmastrated that EFs
synergistically induced LCs directional migration towardsl18. gradient; however
neither IL.-18 nor EFs alone could change the directional migration of LCs. Moreover,
Wang reported that migratoryCs expressed higher 418 than static redent LCs
during contact hypersensitivitfWwang et al., 2002)These data indicate that the
threshold of LC to sense 418 could be potentially reduced by EF and that these
mechanisms seemed to work via fdxtk loop.

It has been demonstrated that freskylated LCs are immature and lack motility
(Picut et al., 1988; Schuler and Steinman, 1986)okines suchasilL b and TNF
Uaresupposd to play an important role to promote theaturationin vitro (Noirey
et al.,, 2002; Saitoh et al., 1999; Tang and Udey, 1992; Yokota et al.,. 1098

belongs to IL1 family andis also suggested to inckel LC migrationn vivo (Wang et
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al., 2002) However, in our 3D culture system,-ll8 (50 ng) did not show chemotaxis
effects on LCs. This could be due to the lowlRR concentration or the Matrigel
fibres confine the movement of LCs in a certain level.

EFs have been found to either play an important role in controlling a variety of
cells directional migration alonMcCaig et al., 2005; Zhao et al., 2002t) with
cytokines togethe(Li et al., 2011) Moreover, EFs genesis and immune response
would overlg temporospatidy during the wound healing. It has been demonstrated
that EFs can induce lymphocytes directional migration via activation of MAPK
signalling cascadéLin et al., 2008) On the contrarythis study showedhat 200
mV/mm EFs stimulation dighot evidently convince LC directional migration in 3D
culture. That might be because either the EFs was too weak to activate LCs or LCs
failed to transduce EF signal into motility.

Interestingly, when both H18 gradient and EFs were present, the migratpmed
of LCs increased significantlyVu and Linproposed that redistribution of membrane
receptors induced by EFs mediates electrochemical sensing and migration of the cells
(Wu and Lin, 2011)Zhaoet alproposed thatedistribution of EGFRs induced IBFs
underliedirectionalmigration of CECgZhao et al., 1999)This observation has been
confirmed in a variety of cells types such as breast cancer (Bell®t al., 2007)
keratinocytegZhao et al., 2006)fibroblasts andictyostelium(Zhao et al., 202a)
Thus it is tempting to assume that18R would be polarized by EFs and the ligand
receptor binding reaction would then be amplified1B also has been demonstrated
as a chemoattractant, since it can induce actin assembly of dendritic cedistthaite
cells motility (Kaser et al., 2004)Thusone of the reasonable explanations is that
polarization of I-:18Rs induced by EFs leattsthe directional actin assembling.

LCs, like most migratory cells, exisand migrate in a 3D physiological
environnent. However, the majority of understanding of LC migration is limited to
2D (Haessler et al., 2011Furthermore, it is suggested that cell migration requires
different mechanisms in 3D vs. 2bammermann et al., 2008Matrigel is a
commercially availald reconstituted basement membrane mixttinaf has been
widely used to mimic 3D environment for cell migrati@®enhamron et al., 2006;
Chabot et al., 2006 However, the limitation of this 3D culture model is that it is
difficult to precisely control cyikine (IL-18) release which might potentially lead to
the uneven distribution of the gradient. Another shortcoming for EFs study is that
Matrigel fails to provide ion flux like skin cells whialseion channeldo maintain
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TEP, therefore the conductivitysinot the same as real physiological situation. This

might reduce the sensitivity or the response of cells in Matrigel to the EFs stimulation.

4.3.2 EFs and IL-18 synergistically promote LC emigrant from epidermis

explant culture ex vivo

In this sectionl used epidermis explant as a model to investigate LCs migration
under the stimulation of H18, EF or bothl found that EFs pis IL-18 exerted a
synergisticeffect on inducing LC emigrant from epidermis. On the contrary, neither
IL-18 nor EFs alone showedident effect on LCs migration in explant culture.

The skin explant culture is a reliable method to study skin cell migration and
immune reaction, and it has been recognized as a bridge transferring recognitions
from in vitro to in vivo. Particularly, fo the understanding physiological and
pathological functions of LC, skin explant culture is a very useful m@chalas et al.,
2007; Hofer et al., 2003; Kurz et al., 2002; Lateef et al., 2003; Ratzinger et al., 2002)
That is because maturation and migmtof skin LCs are tightly linked processes.
Apparent migration of LCs can not occur without concomitant maturétiofer et
al., 2003) LCs in skin explant cultures have presumably received their initial
maturation and migration stimulus by the cytokisesreted by nearby keratinocytes
or fibroblasts. Therefore, with the right stimulation or signals they are ready to
migrate.

In this study,l found that EFs (200 mV/mm) plus 418 (100 ng/ml) treatments
initiated LC emigrate after 40 minutes exposure.h#s been proposed that
redistribution of chemoattractant receptors induced by EFs enhances the chemotaxis,
when EFs and chemoattractant both are pre@&ot and Lin, 2011)Guo reported
that it took about1 hour for dermal fibroblasts to manifedétectal® directional
migration when exposed to EFs (150 mV/mi@o et al., 2010)it is also suggested
that the sensitivity of response to EFs stimulation varies in different cell types or
culture systemgli et al., 2011; Wu and Lin, 2011 herefore, in our gdant culture
system, the cells might potentially need ~ 40 minutes to build up an enough potential
difference to drive membrane receptor redistribution, and consequently sense the IL
18 gradient.

The advantage of skin explant culture is that the livingirenment of LCs is

relatively intact. However, during enzymatic dissociation and separation, the
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surroundingcells such as keratinocytes, fibroblasts will secrete cytokines, apoptosis,
or modify gene expression in response to the stress. These chreevijably would

affect LCs behaviour in a certain level. Another concern is thdi8lland EFs may
have effects on other cells as well, it is thus difficult to prove the directional migration
of LCs is the direct effects of the stimuli rather than the ictirgluence by other

cell types.
4.3.3 IL-18 induce LCs migration into draining lymph nodein vivo

In this section] semiquantitatively investigated LCs migration with intradermal
administration of IL18. The results suggested thatll8 could induce D€ and LCs
migration from skin to draining lymph nodes, and the efficiamsg 2 fold and 5 fold
compared to control group, respectively.

Within the epidermal environment, keratinocytes and LCs expreds$,IlLL-1 b
and Caspasg; when inflammation occurghe expression of those moleculss
upregalated(Antonopoulos et al., 2008; Cumberbatch et al., 200lhas been
reported that IL18 plys a key role in mediating LC migration, acting upstream of IL
16 anedl. FI8 Melongs to Ikl family and shares similar structure to-1Lb
(Dinarello, 2007)Both IL-18 and ILk1 b r equire proteol-¥tic cle
generate mature function forfrom inactive precursor form. Casp$ealso has been
found to induce LC migration that presumably due to its modulationdnffL and | L
18 expressioiAntonopoulos et al., 2001)

However, the recent study IGumbertatcHound that 1l-18 and IL1 b wetr e no

able to initiate LC migration in Langeri@re-MyD88 mice, indicating there may

be an alternative way of L8 to induce LC migration. It is also reported that

preformed I:1U r el ease i s i mportant i n i ni ti at

activation of I1L-18 signalling(Cumberbatch et al., 2002)
4.3.4 Electric signals induce LCs migration into draining lymph nodein vivo

| found that intradermal injection of PGE2 induced LCs migration into draining
lymph node. PGEZ2 is a @hannelactivator and has promineaffects on increasing
physiolodcal electric signals on epithiem (Song et al., 2002)

It has been proposed that physiological EFs control directional cell migiation

vivo (Song et al., 2002EFs do establish chemical gradients. Ing@tbf fluoresence
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charged protein into the ptenb-bud region of amphibian embryéswhere an EF
has been detected, resulted in a ceraikdike distribution, driven by extracellular
electrophoresis, rather than symmetric distribution of the fluorescence (MoBeig

et al., 2005; Zhao et al., 200@)pplication of PGEZ2 into the wound has been proved
to increase wound induced EFs and enhance wound h&aligp (Nuccitelli et al.,
2008)

The conventional theory for LC migration is based on chemotaxis. It has been
demonstrated that CCR7 is crucial for LC migration from epidermis to draining
lymph node, because CCHRifficient mice (which lack the CCR7 ligand CCL19 and
CCL-ser) have a severe defect in LC migration to the skin draining lymph node
(Villablanca and Mora,2008) Moreover, immune cells such as T cells and
neutrophils could be activated by EWgu and Lin, 2011; Zhao et al., 200®ecently,

Li quantitatively investigated how T cells response to CCL19 with EFs present. They
demonstrated thatptimal electraactic migration ofactivated T cells(in a 7 V/cm

EFs) exhibited comparable motility and even higbeentation responses comparing

to the optimal T cells chemotaxis to XM@ CCL19 gradien{Li et al., 2011)

Although endogenous electric signals are gateer by ions leakage and PGE2
indeed has function in increase endogenous electric signals via consistenthgopen
CI' channel, it is still difficultto eliminate its pharmacological effects on LCs or
surrounding cells. The best way to prove the concegt EiFs could induce LCs

migration might be physically apply electric current across the skin.

4.4 Summary

The data from tis chapter are consistent with rhypothesis: the physiological
EFs act on LCs and redistribute membrane receptors, thus initiateigetion in
response to cytokine (iL8). This finding may permit novel approaches for
manipulating the positioning or migration of dendritic cells or other immune cells to
enhance immune response or antitumor responses. Additionally, it provides a
potential application to optimise vaccine production as a joint effort to combine EFs

together.
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CHAPTER 5 ELECTRIC FIELDS CONT ROL CHRONIC WOUND
FIBROBLAST MIGRATION
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5.1 Introduction

5.1.1 Chronic wounds

Ageassoci ated di seases digbets and scancékd nothorly mer 6 s

have an enormous economic impact but alsmof great concern to patients themselves.
Degenerative potential and decline in repair in the skin of aged population may lead to
nonthealing wounds, such as chronic venous leg ulcerssipre ulcers, and diabetic
ulcers. More than 4 million people in the United States are affected by these wounds each
year(Rayment and Upton, 20Q9hich are becoming a major cause of pain and anxiety
and also significantly lessen their mobility andndiish their quality of lives. Large
variety of causes and many comorbidities associated with chronic wound not only make
clinical treatment into complexity of different management stratd@iampitiello et al.,

2005; Falanga, 2005; Sporn and Roberts, 1988)also diveresearch into specific

branches without a uniform conclusi@@hing et al., 2005; Stojadinovic et al., 2005)
Chronic wound pathology

The tissue damage is primary to some external noxious stimulus, such as edema,
mechanical injury, persisterschar, local pathogens, debris, or infection. Eliminating the
primary noxious factors by conservative wound care effectively heals the majority of the
wounds(Goldman, 2004)However, there still are some wouradsnotbe healed by the
conservative metids and persistently reoccur. Generally, those chronic wound can be
divided into three categories: Venous chronic wound, pressure ulcer, and diabetic ulcer.

Venous ulcer

The main reason lead) to venous ulcer is edema resulting from venous hypertension
associated with pericapillary cuffing of fibrin, macroglobins, and other macromolecules
(Falanga and Eaglstein, 1993) has been postulated that fibrin cuffs sequester growth
substances, making them unavailable to trigger he@raund et al., 2007Ree@ntly it
has been reported that venous ulcer is associated withriaflaramatory environment
with high expression level of HL U, -1 BIEN-2 (Beidler et al., 2009)Additionally,
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upreguated protease was thought to overwhelm the antiproteinase sarpletuating
tissue injury and deactivating growth factors and kegphe healing process delay
(Goldman, 2004)

Pressure ulcer

Although the etiology of pressure ulcer is multifactorial, tissue ischemia has long been
thought to be the main reas{®aito etal., 2008) Recent studies also indicate that free
radical oxidative injury can cause inflammation and severe derangement of the cell
recruitment process to the site of injuffgobson et al., 2000)}urthermore impair of
endothelial cell function can limcytokine production and delay wound heal{Sgito et
al., 2008)

Diabetic ulcer

Diabetic ulcer is a common complication of diabetic mellitus. The factors contributed
to the ulcer involve mechanical, vascular, inflammatory, oxidative, endothelial, and
nutritive causes(Johansen et al.,, 2009There is currently no single treatment with
measurable clinical impact available. The main strategyadulatinginflammatory and
endothelial functior{Torres et al., 2010)

5.1.2 PDGF and wound healing

A wide varkety of different growth factors orchestrate cell behaviour and interaction
during all stages of wound healing. Platelet derived growth factor (Pi3®B}th potent
mitogen and chemoattractant in wound healing profdsstin, 1997) PDGF has been
shown toimprove wound healing in both laboratgflyyrone et al., 2000; Vasquez et al.,
2004)and clinical trialfKoveker, 2000; Margolis et al., 2000; Robson et al., 2000)

PDGF comprises a family of homo or heterodimeric growth factors and the common
types arePDGFAA, PDGFAB, PDGFBB, PDGFCC and PDGHDD. A few types of
cell can produce PDGF including platelets, macrophages, vascular endothelium,

fibroblasts and keratinocyte@Barrientos et al., 2008)The conventional sighiang
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pathway of PDGF is that thegiands bind to PDGF receptor U
which causes dimerization of the receptors resulting in the receptors autophosphorylation.

This creates a docking site for SH2 domain whereby several downstream signal pathways

are the activate@Verner ad Grose, 2003)

PDGEF is involved in each stage of wound healing. At early stage, PDGF is released
from platelets pon the wound start. The secretioh PDGF in wound bed attracts
neutrophils, macrophages and fibroblasts migration to the wound side by taksmo
(Schneider et al., 2010k can also induce macrophages to produce other growth factors
such as TGH . Toget hebr, WAOGF ThGFs been found to e
tissue formation(Konya et al., 2008)In addition PDGF also has been demonstrated to
play an important role imngiogenesigXue et al., 2012)It works synergistically with
hypoxia to increase the expression of VEGF in ischemia irffDap et al., 2003PDGF
is particularly important in blood vessel maturatidn vivo experiments suggeshat
PDGF is essentialof recruiting pericytes to the capillaris and increae structure
integrity of vesselgHellberg et al., 2010)

Moreover, PDGF is also important in reepithelialisation by upregulating the
production of IGFL and thrombospondih which increases keratinyte motility and
promotes proliferation, respectivelioot et al., 2002)PDGF has also been proposed to
enhance ECM production via increasing proliferation of fibrobl@sisand Clark, 1996)
Additionally, it stimulates fibroblasts to contract collageatrices and induces thento
myofibroblast phenotyp@.eask, 201Q)

The decrea=d expression of PDGF is thought to be one of the reasons for chronic
wound(Pierce et al., 1995}t has been shown that PDGF is susceptible to the proteolytic
environmenfound in the chronic wound and its degradation can be reversed by addition
of MMP inhibitors(Mast and Schultz, 1996)

Clinically, recombinant human variants of PDBB have been the only successful
cytokine treatment in diabetic chronic wound. The geslevery of PDGF also has been

reported that it is effective and safe for chronic wound treat(Mantgolis et al., 2000)
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5.1.3 Fibroblasts in wound healing

Fibroblast is one of the madriving forces to accomplish wound healing by providing
contractionand expressing extracellular matrix and growth factdtartin, 1997) Upon
wound, fibroblast are activated to differentiate into myofibroblasts, which contract and
reduce the wound siz@.i and Wang, 2011) A major function of fibroblast is to
synthesie ECM proteins, such as collagen typ¥Iland XVIII, glycoproteins and
proteoglycans for normal growth or during wound heafPgwell et al., 1999)

The contraction is mainly accomplished by the intracellular tension generated by
fibroblasts and myofibitaates. The cellular actimyosin filaments transmit the tension
via focal adhesion and as a result cell traction forces are genértedet al., 2012)

This contraction is regulated by a number of molecules such as myosin light chain kinase
(Nobes, 200p In order to heal the wound, the fibroblasts normally are attracted by
chemoattractant and migrate into wound bed.

The migration of fibroblasts therefore is indispensable for wound healing. It has been
demonstrated that the small GTPases are criticdidmblast migration(Nobes, 2000)

The major components of the small GTPase involved in cell migration are Racl, Cdc42
and RhoA. Racl induces the formationarhellipodiaprotrusions via activating WAVE
complex, which provide the driving force for caligration(Goc et al., 2012)Cdc42 has

been proved to establish polarity, and inhibition of Cdc42 results in disrupting the
directional migration(Rajnicek et al., 2007b)On the other hand, RhoA induces the
contraction of actin filaments to generate tcactile force. The RhoA is activated not
only at the rear of the migrating cells but also at the front, indicating that it may contact
with Racl and Cdc42 to generate membrane rufflsai et al., 2012)

Several growth factors have been found to modufdieoblast migration and
proliferation during wound healing. Schreier studied the role of bFGF in migration and
proliferation of fibroblasts in am vitro model of wound healin§Schreier et al., 1993)
Chiang reported that PD@EBB induced human skin fibblast migration on gelatin and
collagen through activation of ERK1/@38 and JNK signalling pathwaywhich could
be inhibited by lycopenéChiang et al., 2007)
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Fibroblast dysfunctions, such as laxfsresponse to growth fact@Agren et al., 1999)
impaired reorganization of extracellular matf&ook et al., 2000Q)decreased expression
of growth factorqCha et al., 2008gnd gene expression variatifivall et al., 2008)all
play a pivot role in the initiation and development of chronic wounds.hé&urt
investigation in fibroblast biology, including activity recovery or rectifying impaired
ability of sensing mechanisms to signals may be a potential solution for chronic wound

cure.
5.1.4 Electric field and cell migration

McCaig and colleagues systencally documented the interactions betwekans
epithelium potential difference (TEPDElectric signals and cell migration in both
physiological and pathological conditionsn physiological condition, TEPD is
establishedicross epithelium barrier, by pigely generatinghe efflux of chloride and
influx of sodium / potassiurand maintained by the tight junctions between the cells In
pathological condition wherthe epithelium barrier is disrupted, TEPDslsort circuited
due to the krach of celcell tight junctions, thereby instantly generatingdegenous
electric fields(EFs) (McCaig et al., 2002, 2005; Song et al., 200@)is consequently
increases the epithelial cell motility and guddem to migrate directionally toward
wound centre, thus impve wound healing efficienc{Reid et al., 2005; Wang et al.,
2000; Zhao et al., 1999Wound healing process could potentially be obstructed by either
blockage of endogenous EFs generation or impaired sensing mechanism of cells to EFs
(McCaig et al., 200550ng et al., 2002; Zhao et al., 2006)

The cytokine receptors have been considered to play a role -imda€ed cell
migration during the wound healing. It has been demonstrated that EFs can increase
EGFRs expression, and inhibition of MARKone of the dwnstream messenger engaged
by EGFR, significantly impairs the response of CECs to &F&o et al., 1999)In
addition, Zhao proposé thatEFpolarized EGF receptors cadsasymmetric signalling
through MAP kinase, which drove directional cell migratiorfCECs(Zhao et al., 2002b)
This however is a cell type dependent event, it has been reported that the aadsing
transduction of thelectricsignak are largely independent of G protaiaupled receptor
signallingin dictyostelium(Zhao et al., 2002a)
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Except growth factor recepwmr MAPK signalling pathway has been proved is
essential for Efnduced celimigration; PI3K-PTEN is another signalling pathway which
has been demomated to play an important rola electrotaxisZhaoreported that EFs
triggeredactivation of Src and inositgdhosphalpid signalling, which were polarized to
assist the directional cell migration. Thenetic disruption oPI3Kg decreased the EF
induced signalling and abolisthethe directed movements of healing epithelium in
response to electric signalk addition, eletion of thePTEN enhancedignalling and
electrotactic response$his observation has been proved in several different cell types
such as: neutrophilsibfoblasts, keratinocytesndicating it is conservativéor cells to
response to EF stimulation.

However the interactions between PDGF and EFs during wound process are barely
studied. In this study comparatively investigate the sensitivity and response of three
fibroblast cell lines: chronic wound fibrobla@&@WF), chronic matched fibroblast (CMF)
from the intact skin of the same patient, -agatched healthy fibroblast (HF) from
healthy donor, to applied EFé.evaluated the PDGF treatment to CWF and CMF in
response to EFs by directly monitoring the migratbepaviours from both single cell
and scratched wound. Moreover, by pharmacological inhibition experimearns]yzed
the molecular pathway of the higlorcentration PDGinduced defetcof fibroblast to
EFs. Our results show that PDGF in optimized coneenti on coul d rest or e

response to EFs, which may be potentially beneficial for clinic application.
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5.2 Results

In this chapter three fibroblast cell lines were used: chronic wound fibroblast (CWF)
from the patient, chronic matched fibroblast (CMF)nh the intact skin of the same
patient, agematched healthy fibroblast (HF) from healthy donor. Cell migration
behaviours were assessed in the presence of different guidance cues, including EFs,
PDGF and PI3K inhibitors, and small GTPases inhibitors. ads@ssments were mainly
carried out in the following aspects:

1. Compaative studie®f the responseof three cell lines to EF stimulation
2. Comparative studies of the responses of three cell lines exposed to EF and PDGF.
3. The effects of PDGFR inhibitor, PI3Khibitor and small GTPase inhibitors on

EFinduced cell migration.

This allows us to compare and contrast the signalling cascades actwagsth
guidance cue, and to optimise current PDGF treatroanthronic wound healing

potentially in conjunction vih EF stimulation
5.2.1 CWF, CMF and HF behavior in EFs

EF plays an overriding guidance role in directing epithelial cells migration and
accelerating wound healing vitro (Wang et al., 2000; Zhao et al., 1999; Zhao et al.,
2006)or in vivo (Song et al.2002) Here lutilized a custoradesigned chambéSong et
al.,, 2007b)under a timdapse microscop to investigate the response of different
fibroblast cells in the EFs gradiefftigure 51).

On application of EFs from 70 mV/mm to 300 mV/mm to the culafrf€WF,
CMF and HF, the motility of all cells was raised prominently in a dlegEendenpatten
(Figure 51A). In the physiological EFs of 150 mV/mm, the motility of CWF, CMF and
HF cells wadiftedup 11.46%, 12.57% and 13.44% respectively. Additionatiyan even
higher EFs strength as 300 mV/mm, CWF motility reached @@0min, which was
13.50 % faster than the migration in-B& group; HF and CMF were up to 0.23 and 0.25
em/ mi n, respectivel vy. Mor eover, CWF cell
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EFs from 150 mV/mm (p<0.05) compare with CMF and HF cells. lbig@able that at
70 mV/mm EF stimulation, three cell lines did not show any significant difference

regarding migration spee#igure 51 D).

The migration directedness also can be analysed using the soffwgare. 51(B)
shows that EFs induced ceifsgrationto anode (toward EF vector). Similar to motility
response, EFmduced directedness presented a dteggendent manner. However, CWF
cells showed a significamlectrotactiadefect from 150 mV/mm in directedne$3<(0.05)
compare with CMF and HF cellslevertheless, there was no obvious difference between
CMF and HF cells in either EF stimulation or no EF situationook the velocity
component on EF vector orientation as efficient migration interfb¢asing on the
effects by EFsIn this evaluatiorsystem Figure 51 C), CWF cells showedignificantly
reduced migration efficiency from 150 mV/mmwards comparingvith both CMF and
HF cells, which implicatedl i b r o defecio$ sensigvity / response to EF migh one
of the important factors fathe sustention othronic wound. Considering CMF did not
show any difference in phenotype, migration speed and directedness to EF compared to

HF, | took CMF cells as the control in the following experiments.
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Figure 5-1Human Chronic Wound Fibroblasts (CWF) lost sensitivity to EFs

(A) CWF, CMF and HF were plated in thememade EF chamber in the presence
absence of 150 mV/mm, and cell migration were-tiga¢ly recorded for 2 hours; se
Materials and Methods. Representative images of CWF, CMF and HF with or w
EFs are shown, bar =20ylmage J software; thesdrrdow
indicate the direction of cell migration. Trajectories of CWF, CMF and HF cells
or without EF stimulation over 2 hours with the starting points positioned at the o
xandyaxes gi ve di st anteaeddells, the BF vecWr i horizant
with anode to the left and cathode to the right QBCWF, CMF and HF were treate
with EFs from 0 mV/mm to 300 m¥fim and the migration were anadyg by Image J
software. The Directedness (B) and migration speedaf®)shown. (C) Efficient
migration of CWF, CMF and HF were calculated to indicate how fast the cells mi
along the EFs direction according to the formula see Materials and MethesidtsF
are presented as Meani3P. P<0.05.CWF vs. CMF).

5.2.2 PI3K is involved in EFinduced directional migration

Zhao and colleagues found RM{3and PTENare essential in controlling ERduced
cell migration and wound healingndthat PIX and Srcsignalsare asymmetrically
activated at théeading edgef cells (Zhao et al., 2006)The CWF and CMF cells were
cultured following standard protocol, treate
exposed to EFs for 2 houldixed the cells at the end of EF stimulation, and then stained
with rhodamimephalloidin and an anfPIP3 antibody tasisualize the distribution of actin
and PIP3, respectivelfigure5-2).

Pharmacological inhibition of PI3K with LY204002, triggered a significant reduction
of both migration speed and directedness of CWF. The CMF also showtzat siemd of
reduction when treated with LY294002 (Figur2A,B). In each condition, there was no
significant difference between CMF and CWF indicating the reduction was at the same
magnitude. This also implied that the PI3K is equally important for typi of cells in
the regulation of their responses to EFs.

Immunostaining[Figure 5-2 C) depics that PIP3 was asymmetrically redistributed at
leading edgef electrotaxs cells In comparisonin the absence d&Fs most cellsdid not

show asymmeyr of PIP3 distribution The fluorescence intensity profile showed
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consistent result that PIRBstributionaccumulated at anodacing sideof the cells and
the fluorescence intensity was about 3 times higher than opposite site afst{Eigare
5-2 E). On the contrary, fluorescence density of PIP3 exasly distributedacross the
cells with no EF treatmeiFigure5-2 D)

In summary the reduced electrotactic responafien blocking PI3K, and the
asymmetric distribution of PIP3 by EFs, coherently suggest Ef-induced fibroblast
directional migration could be dependenttbaPI3K signalling cascade, and this may be
modulated by the polarization of PIP3, an immedyatielwnstream effectsiof PI3K.
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Figure 5-2PI3K is involved in EF-induced directional migration of human
dermal fibroblasts

(A-B) CWF and CMF were EFs (150 mV/mm) stimulated with or with
the presence of 20 €M LY, and cel
and migration speed (B) were depicted. (C) After EFs stimulation, CWF and
were fixed and stained with Actiand PIP3 antibodies. The representat
i mmunostaining of CWF i si idicatevanode aB
cathode respectively. (B) Line profile (white dot line) of fluorescence intens
of CWF without and with EFs (150 mV/mm) treatment are degdiah (D) and
(E) respectively. #,*P<0.05Results are presented as Mean 15SD.

151



o
>

mmm CWF
—a1 CWF+EF
=== CMF
a2 CMF+EF

o
o

2
‘i

* *x

AR

Expression Ratio
(o)
¢

o
dia

PDGFR-a PDGFR-b

Figure 5-3 PDGFRs expression with/without EFs

CWF and CMF were EFs (150 mV/mm) treated for 4 hours and mRNA lev
PDGFRU and b were quantified. PR®OS
compared, n=4).

523 PDGFR-b i s upregul ated by EFs

The deficit of PDGF was found in chronic wound. Thus the expression levels of
PDGFRU and -B D GRHEFreated/ Efreated CWF and CMF were investigated
using TagMan gPCR. Theltewere exposed with 150 mV/mm for 4 hours and then total
MRNA was extracted for PCR reactidfiqure5-3).

PDGFRU was found to mediate 3T3 héNadtH obl ast
exchangernSchneider et al., 2009 ur results indicated that there was no change of
PDGFRU expression between CWF and CMF in the
did not change these neither on both cell types. Gageted that deletion of the
PDGFRb gene affects key fibroblast functioims wound healingGao et al., 2005)I
found no difference between CMF and CWF relgeg PDGFRb e x pressi on i n o
situation. However, itvas upregulated significantly by EFs stimulation in both cell types
(Figure 53).
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5.2.4 EF induced anodal migrdion is via polarization of p-PDGFR

To investigate if PDGF eeptor is involved in signatransduction during
electrotaxis, CMF and CWF were pireated with PDGF receptor tyrosine kinase blocker
Tyrphostin AG1296 30 minutes before EF stimulat{éigure 5-4). The cell migration
speed and direal@ess were analysed by tidapse tracking cell movement. The cells
then were fixed at the end of EF stimulation, sequentially stained with rhodamin
phalloidin and an anp-PDGFR antibodyand finally the distribution of actin and p
PDGFR were visualized under the fluorescence microscope.
With the treatment of tyrphostif10uM), the migration directedness of CMF and
CWEF declined significantly, with the directedness reduced #@#6 and-0.63 down to
-0.51 and-0.44, respectivelyHigure 5-4, A). However, the migration speed did not
changed with the treatment in both cell tyfeigure5-4, B).
Repregntative microscopic photos of CW#th PIP3 andp-PDGFRb st ai ni ng
are presented, respectivetyFigure5-4C. The pPDGFRb  weatwated and polarized
to the anterior lamellipodia of the electromxell toward anode (arrow). Similarly, the
PIP3 was also accumuldteat the anodal facing lamellipodia (arrow in C). On the
contrary, both #/DGFRb and PI P3 were evenly distribute
the absence of EFs. The colocalization of PIP3 aRDBFR were then calculated as the
intensity correlation sinarly as described in the previous study. The intensity correlation
indicates the degree of colocalization of signalling molecules. CWF showed significantly
increased intensity correlation of-RDGFRb and PI P3 when exposed

comparison with no EReated cellsKigure5-4, D).
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Figure 5-4PDGFR is required for EF-induced drectional migration of
human dermal fibroblasts.

(A-B) CWF and CMF were EFs (150 mV/mm) treated with or without
presence of 10 €M tyrphostin; Dir
depicted. (C) After EFs stimulation, CWF and CMF were fixed stathed with
p-PDFGRb and PIP3 antibodies. The 1
shown, Bar 4 inddate anode and cathadet #2%0.05Results are
presented ablean 1SD; n=80-100. (D) The colocalization of-pDGFR and PIPZ
were analyzé by using Image J. Rectangle area indicates ROI used in soft
arrow indicates " DGFR and PIP3 colocalized at leading edge of the cells tre
with EFs. *: P<0.05Results are presented as Mean i15SD; n=35 (no EF), n:
(EF).
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5.2.5 PDGF raises motility but attenuatesdirectednessof fibroblast in EFs

Previous studies show that PD®B has prominent ability to promote wound repair
(Pierce et al., 1994; Robson, 19%gbson et al., 19929nd recapitulate the activity of
human serum in human dermal fibroblast migration aglsagt al., 2004b) In light of
these studied, hypothesize that PDGBB may restore the sensitivity of CWF to EFs
thus improve chronic wound he&ay. Both CWF and CMF were titrated with PDGF from
0 to 40 ng/ml in the presence of 150 mV/mm EFs. The effects of these two guidance cues
on CWF and CMF were assessed. The curves of migration speed and directedness vs.
PDGF concentration were drawn, redpesy.
Since the expression of PDGHER was i ncr eFgwebd), |lagticipgtéds  (
that PDGFBB mi ght potentially restore CWFO6S sens
BB treatment significantlgecreased the igration directedness of both CWF and CMF
when treated with 150 mV/mm EF, in a datependent mannerFigure 5-5, A).
Coincidently, the directedness of both dgfesdropped to abou.3 indicating random
movemeis when the concentration of PD@B was greater than 10 ng/ml.
On the contrary, both CWF and CMF were very sensitive to PBBFegarding
cells migration speedF{gure 5-5, B). Even at the lowest concentration of 0.1 ng/ml
(~>10times endogenous concentrati®ollman et al., 2003) the migration speed of
CWF and CMF were raised from O0.155 to O0.21
respectively. Furthermore, the migration speed of both cell ty@esncreased to the
maximum valug~ 4 times higher than control) with 10 ng/ml PD8B, and started to
declined when PDGF was more than 20 ng/ml. The efficient migrefigure5-5, B) of
cells were calculated according to formula in Chapter 2 to indicate thenigeation
ability in EF vector.Figure 5-5C illustrates that both CWF and CMF display a -ell
shaped curve against PDGF titration. The CMF reached maximum efficient migration to
0.21 & m/ mi n withhO&bnng/ml PBGFt whdreas CWF reached maximum
efficient migration BDGF. ThisinfpliesthatSmg/ml P@GF h 5 n¢
treatment could reste the defct of CWF electrotaxis back to the same leasl CMF

without PDGF treatment. If electrotactic deficit of CWF in response to endogenous
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wound current is one of the factors causing wouaaling defect, PDGF treatment can
potentially help CWF with the restoration of electrotactic response during wound healing.
Repesentative migration trajectes of CWF cells are superimposed to illustrate the
migration pattern of 3 groups: CWHmwith EFs, CWFEFs+PDGF (1.0 ng/ml),
CWF+EFs+PDGF (10 ng/m)| respectively Figure 5-5, D-F). With EFs, the migration
pattern is clearly biased toward left (anode), whereas PDGF treatments gradually change

the pattern to radialistribution indicating a random migration.
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Figure 5-5PDGF negatively regulated sensitivity of human dermal fibroblast
in response to EFs.

(A-C) CWF and CMF were treated withoth EF (150 mV/mm) and PDGEX

axis: 0-40 ng/m), and cell migratin wasrecordel and analyzed. Directedne:
(A), migration speed (B) and efficient migration)(6f CWF and CMF were
drawn against PDGBB concentration;details see Materials and Method:
*p<0.05, Results are Mean #$5D; n=8Q00. (DF) Representativenigration

trajectories of3 experimental group®ver the 2 hours recording period:
CWF+EF, CWF+EF+PDGF (1.0 ng/ml), CWF+EF+PDGF (10 ng/ml),
respectivelysee Materials and Methods.andYy ax es gi ve di s
EF vector is horizontal with anode to tleét and cathode to the right

5.2.6 PDGF reduces EFinduced directedness through ROCK

To investigate themechanism whyPDGF compromise EFinduced directedness
inhibitors were used to screen the potential sigmapathwayinvolved Figure5-6). The
CMF and CWF were exposed with 150 mV/mm EFs plus 1.0 ng/ml PDGF and inhibitors
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then were added to test if the migration directedness would be restored. The inhibitors
used were tyrphostiny-27632 and LY294002 to blockDGFR, ROCK and PI3K,
respectively.

Figure5-6 (A) illustrates that both tyrphostin and27632 restore the directedness of
CWF and CMF. The directedness of CMF increased f@#3 up to-0.77, whilst CWF
from -0.41 t0-0.62 bytyrphostin. Similarly, ¥27632 lifted the directedness of CMF and
CWEF up to 0.63 and 0.56 respectively. However, LY294002 the PI3K inhibitor did not
alter the directedness of either CWF or CMF. These findimgdy that PDGF changes
persistence of migratio of fibroblasts by PDGHROCK rather than PI3K signalling
pathway.

Furthermore, all three inhibitors uniformly reduced PDGF+EF induced migration
speed of both CWF and CMF cellEidure5-6, B). This suggests that PDGFR, PI3K and
ROCK may all be involved in controlling fibroblasts motility induced by EF plus PDGF.

The cells migration trajectories were tracked after various treatnieigisré 5-6, C
and supplemental movies).The representative photos of @aji€t the cell behaviours
under PDGF, EF and three inhibitors, respectively.
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Figure 5-6PDGF moderates human dermal fibroblasts sensitivity to EFs via
PDGFR-ROCK pathway

(A-B) Both CWF and CMF were pretreated with PDGF (1.0 ng/ml) for
minutes befee cost i mul ated with EF (150 m\
LY294002 (227&3V ,( o ¢eYM) , respecti
migration speed (B) of CWF and CMF were summarized. Values plotted al
Mean +SD,*: P<0.05 n=120150. (C) Reprgentative images of CWF with E
and PDGF as the control and plus treatment of Tryphostin, or LY-2r682,
respectively ar e shown, bar =20 €

migration.
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5.2.7 Optimized treatment of PDGF and EFs enhanced chronic wound healing

To investigate whethezombination ofPDGFand EF could enhance chronic wound
healing, the scratch wad assay of CWF and CMF under EFs, PDGF or EFs plus PDGF
were carriedbut, respectively. The CWF and CMF were seeded into the chamber, until
the cells became monolayer; the yellow tip was used to scratch across the monolayer to
create artificial wounds. Ehwounds then rinsed and kept into fresh medium for 30
minutes before the treatments. Fibroblasts migrate into scraped space may be affected by
two factors: migration and proliferation. PDGF was demonstrated as a strong mitogen for
inducing dermal fibroblst proliferation after longer treatment, usually more than 24
hours (Agren et al., 1999)Therefore the whole treatments lasted 6 hours and the cell
migration and wound closure process were recorBigaife5-7).

When treated witlkeither PDGFBB (5 ng/ml to CWF; 0.5 ng/ml to CMF), EFs (150
mV/mm) or both, the marked migratory responses of CWF and CMF were observed.
Additionally, PDGF plus EFs showed a synergistic effect on promoting wound closure
(Figure5-7, A andsupplemental movig¢sThe column graphRigure5-7 B) illustrates the
wound closure distances in different treatments. All treatments show significant increase
in the closure distance comparing to contf@.quantitatiely evaluate the treatments on
chronic wound healing, the ratio of closure distance between CWF and WdF
calculated(Figure 5-7B, line). The PDGF plus EF treatment raised ratio to about 90%
from less than 70% in control growwhich demonstrated the combined treatment could

effectively recovered chronic wound healing by restoring the migration ability of CWF.
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Figure 5-7EFs and optimized concentration of PDGF synergistically
enhanced chronic wound healing

(A) Monolayer CWF and CMF were gently scratched by yellow tip and tre
with EFs (150 mV/mm), or PDGBB (5 ng/ml to CWF; 0.5ng/ml to CMF), o
EFs (150 mV/mm) + PDGBB (5 ng/ml to CWF; 0.5 ng/ml to CMF), for |
hours. (B) The scratch closure distance were measured by image J softwe
summarized referring to left Y axis; the migration ratio, were refer to the rig
axis, calculation formula see Material and Methddata are presented as tl
Mean =SD.
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5.3 Discussion

In this chapter the chronic wound fibroblasts migration in EFs, PDGF, and PDGF plus
EFs is investigatedt is shown that: 1). CWF lost sensitivity to EFs in comparison with
CMF; 2). the migration speed of CWF can be enhanced significantly with EFs greater
than 150 mV/mm; 3). PDGF treatment attenuatesngiced directedness of CWF and
CMF via PDGFRROCK spgnalling pathway; 4). the combination of PDGF with
optimised concentration and EFs can enhance chronic wound healing.

5.3.1 The comparative study of CWF, CMF and HF in EFs

The dermal fibroblasts are the major force to draw the wound bed closure and also
contribute to the synthesis, bundling, and alignment of the collagen {iSresv and
Martin, 2009) The impaired ability of repopulation and cytokines secretion of fibroblast
was the key factors to chronic venous uld@t&all et al., 2008)I1 found that &hough
CWEF still show directional migration under EFs exposure in a-dependent manner; it
showed impaired responses including migration speed and directedness compared to
CMF and HF under the same EFs treatment. Endogenous EFs induced by wounds have
been proved to play an overriding role in promoting directional migration of various cells
(Zhao, 2009) Zhao and colleagues identified the first gefie®I3K/PTEN which
modulate directional cell migration in response to electric currédtsao et al., 2006
Guofound that he humandermal Fibroblastalso showed responses to EFs stimulation
and migrated to anode. Additionally, the dermal fibroblast ofOpdl g e n eout k n o c k
mouse, with inhibited PI3K activity, exhibit significantly reduced electrotéRiso et al.,
2010)

5.3.2 The PDGFR-PI3K pathway mediates the EFinduced directional migration
of CWF and CMF

PI3K signalling pathway was investigated to dhécit was the reason afefective
response of CWF to EFs. In agreement with previous discoveries, our finding revealed
that PI3K inhibition reduced the response of both fibroblast cell types to EFs. Moleover
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also identified that PIPB the immediate donstream effector of PI3K was polarized at
anodefacing side of the fibroblast. In neutrophil, PIP8uced development of polarity
and accumulation of -Actin in the leading lamellathus forge directional migration
(Niggli, 2000)

On the other hand theslso imply that PI3K may not be the main driving force leads
to the phenotypic difference between CWF and CNenhgreported that PI3K inhibition
similarly blocked the chronic wound keratinocytes and healthy keratinocytes migration,
suggesting this patiay is central for the migration but not specific to the chronic wound
(Jiang et al., 2010)

Most growth factors have been characterized by their capacity to play a role in wound
healing due to their mitosis functigi®liva et al., 2012) Antoniadesfound that the
controlled, reversible expression ®DGF and its receptor induced by injury may
function in an autocrine/paracrine manner on both epithelial cells and fibroblasts to bring
about their sustained proliferation during the normal healing pr¢éedeniades et al.,
1991) It also has been suggestélie possibility that a defect iIPDGFR may be
associated witlshronicwound healing.

However, | found there was no significant difference of PDGBR and -BDGFR
expression between CWF and CMFRCook proposed that impaired matrix
metalloproteinasé& and matrix metalloproteinageled to the defective function of CWF
(Cook et al., 2000)Seahfound that tle inhibition of Ras activity partially resulted in the
phenotype of CWF(Seah et al., 2005)Interestingly, | observed that PDGFR
expression were upregulated by EF stimulatioont@rily, EF stimulation did not
significant change PDGFR e x p r e oth CWFandGMF.ISimilarlyEGFRwas
demonstrated to be upregulated by EF stimulation by QEGso0 et al., 1999)On the
other hand, W and Lin also suggested that the response to EF stimulation is cell type
specific, EF stimulation would lead to specifiene expressiofWu and Lin, 2011)

It has been demonstrated that on application of EFs, the MAPK and/or PI3K pathways
are activated to produce directional cell migratjadang et al., 2003; Zhao et al., 1999)
The PDGFR is suggested to be upstream of KARd PI3K during the cell migration
(Choudhury et al., 1997)n our study, inhibition of PDGFRhosphorylationdepressed
EFinduced directional migration on both CWF and CMF, indicating the activation of
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PDGFR was required for ERduced cell migrationHowever, the phosphorylation
inhibition did not significantly alter the migration speed of both cell types. The inhibitor
AG1296 is a very specific tyrosine kinase inhibitor and it salectively and potently
inhibited autophosphorylatioof PDGFRb (Kovaenko et al., 1997; Tse et al., 2001)
Moreover, it has been demonstrated thmdibition of PDGFRtyrosine kinase inhibits
vascular smooth muscle cell migratigMyllarniemi et al., 1997) Therefore, the
inhibition of PDGFR phosphorylation did not attetei&Finduced cell migration, may

be due to the multifunction of ElRduced effects. The blockage of PDGFR pathway may
be compensated by other HEtivated pathways, such as ERK1/2. Furthermore, it has
been implicated that the directedness is mainly cthattdy persistence of cell polarity
and the motility is mainly associated with the rate of assembly and disassembly of actin
(Glasgow and Daniele, 1994The other possibility is that two hours EF stimulation
experiment may not able to discriminate thegmation speed with/without inhibitor in
certain concentration.

The result phosphorylation of PDGFR is redistributed facing anodal side by EF
stimulation, which is in agreement with previous discoveidéso reported that EGFR
were polarized and accumuldte cathodal side of the cell by EF stimulat{@hao et al.,
1999) Moreoverl also identified that PIP3 the immediate downstream effector of PI3K
was polarized at anodacing side of the fibroblast. In neutrophil, PIR3duced
development of polarityrad accumulation of factin in the leadingamellipodia therefore
triggers directional migratio(Niggli, 2000)

In addition, for the first time our results reported that the colocalizationRD@FR
and PIP3 was increased at anodal facing protrusiomcet by EF stimulation, which
suggests the regulation of fibroblasts directional migration. This is also consistent with
the previous report that EGFR accumulation to the cathodal side of bovine corneal
epithelial cells was induced by EF exposui#hao etal., 1999) Therefore the
accumulation and redistribution of PIP3 magtentially control the persistence of

migration in acoordinated manner in association with PDGFR.
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5.3.3 PDGF attenuates EFinduced directedness via ROCK

The fundions of PDGF through PGFR-PI3K pathway to mediate cytoskeleton
dynamicand cell migration have been observed in several different cell tyjpesnez et
al., 2000; Pukac et al., 1998DGF also has been widely used for treatment of chronic
wound (Bennett and Schultz, 1993;dpce et al., 1995)Unexpectedlyl found PDGF
negatively regulated fibroblasts migration directedness induced by EF stimulation.

The electric signals controlled migration directedness is suggested to rely on the
redistribution of membrane growth receptomhich leads to polarized actin
polymerization(Zhao, 2009; Zhao et al., 2006)DGF has been demonstrated to induce
actin stress fibre disassembly, anedduce focal adhesion complex, thus influence on
protrusion and lamellipodium formatio(Guan et al., @09) In addition, it was
previously reported that PI3Kwas essential RIDGF receptemduced cytoskeletal
changes and cell migratio@imenez et al., 2000)Therefore, EFs and PDGF may
competitively exert force on fibroblast to induce cell directionajration, because they
potentially share the same signalling pathway. The competition induced by PDGF thus
attenuates the influence by EFs. Even more, thinBiliced directional migration is build
up by formation of leading edge and tail contraction, thditemth of PDGF probably
blocks the consistent hedail establishment therefore results in random migration.

To investigate which pathway PDGF uses to antagonise EFs, the inhibitors of PDGFR,
PI3K and ROCK were screenddshowed that blockage of PDGFR aROCK rescued
EFinduced directedness, on the contrary LY294002, the inhibitor of PI3K did not. These
results indicate that PDGF attenuateiBéuced directional migration through activation
of PDGFRROCK pathway. It was previously reported that PDGF dated oral
fibroblast contraction through Rho kinase and P38 signalling pathway in(Wttis and
Rose, 2010) Additionally, Jackson found that ROCK mediated phosphorylation of
myosin light chain which led to cell contracti@rackson et al., 2011Jhisdemonstrates
that PDGF not only can activate actin dynamic through PI3K but also function on myosin
contraction via ROCK. However, the Hkduced directedness is based on actin dynamic,

thus the inhibition of PI3K cannot rescue the antagonist effect GIF?D
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5.3.4 Defective response of CWF to EFs

The reason leadinty chronic wound is still not yet very well understood. Philepsl
suggested that the microenvironment was the culprit. They reportechtbatccwound
fluid arrested newborn fibroblast gowth by preventinghe cell cycle (Phillips et al.,

1998) It has been demonstrated that reduced activity of TIMPIMP-2, and MMR2 is
associated with dysfunction of CWEook et al., 2000)

| explored for the first time the response of CWF to EF statit, and found CWF
showed impaired responses including migration speed and directedness to EFs in
comparison to CMF and HF. Sequentially, the-iigffuced responses were titrated with
PDGF from O to 40 ng/ml. The efficient migration was created by acctingilaf the
cell migration on EF vector to figure the best ratio of two cues: EF and PDGF in
promoting chronic wound healindg).found that CWF required 5 ng/ml PDGF whereas
CMF needed 0.5 ng/ml to achieve their best efficient migration in the presené@ of 1
mV/mm EF.

The result that CWF needs as much as 10 times PDGF to migrate similarly as CMF is
in agreement with previous studies. It has been demonstrated that PDGF is defective in
CWF and PDGHB treatment increases chronic wound healjRgerce et al.1995;
Shukla et al., 1998Moreover, PDGBB becomeghe only growth factor approved by
the FDA for daily applicationn treatingwound healindGoldman, 2004)

5.3.5 Combined treatment of PDGF and EFs enhances chronic wourttealing

In scratch wound asgal revealed that combined treatment of EFs plus PDGF
significantly increased fibroblast cell migration. Additionally, the combined treatment
recovered the migration capacity of CWF back to CMF during the wound healing.
However, due to the effect that PBGmpairs EFinduced directedness in single cell
level in vitro, there are twdeasible solutions: 1). optimisinBDGF concentration to
achieve the best efficient migration; and 2). using oscillating EFs, which has been
previously tested in spinal cord umy treatmen{Borgens et al., 1981)

In addition to the cytokine treatment, exogenously applied EFs have been shown as a

promising treatment of chronic woun@Suo et al., 2010)Considering that several other
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growth factors (such as IGF, EGF and FG&yérbeen demonstrated to enhance wound
healing, and the ligand and receptor reaction can be amplified by EF stimulation, it would
be very useful to comprehensively test combination treatment with other growth factor
and EFs. This newireatmentwould be potentially a practicableapproach to enhance

chronic wound healingn the future.
5.4 Summary

The data from this chapter can be summarized as following:

1 EFs induce human dermal fibroblast directional migration irvottage
dependent manner
CWEF shows impairedensitivity in response to EFs comgato CMF and HF

1 Activation of PDGFR and PI3K are both required for-iB&uced directional
migration

1 PDGF attenuates EiRduced migratiordirectednesshrough PDGFRROCK
other than PI3K pathway

1 Optimised concentratioof PDGF plus physiological EFs enhance chronic

wound healing
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CHAPTER 6 CONCLUSIONS AND FUTURE EXPERIMENTS
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6.1 Conclusions

6.1.1 EFs promote dendritic cells (DCs) / Langerhans cells (LCs)migration in

response to 1-18

1. EFs promoted the responses of H@ellsto IL-18, leading to an increase of IFN
O expr es sigpendentmanaer.d o s e
2. 3D chemotaxis of K& cell, KG1-derived DCs and primary cultured Langerhans
cells in response to HL8 was also enhanced by EF stimulation.
3. The EFinduced actiation of KG1 cells wasmodulated through phosphorylation
of P38 MAPK ratherthanupe gul ati on of | L18RU expressi
4. The EFinduced redistributionfo | L1 8 RU <c ol oc arlciassentdly wi t h a
of actin, which led to directional migration of DCs.
5. EFs and 118 synergiscally inducedLCs emigrate from epidermisx vivo
6. Both IL-18 and EFs induceldCs migration from epithelia to draining lymph node

in vivo
6.1.2 EFsand PDGF modulate cell migrationin chronic wound

1. CWF showed defective migration speed atigbctednessn EFs stimulation in
comparison t&€MF and HFE

2. Fibroblastsdirectionalmigration wasguided through PI3K signalling pathway

3. ExcessivePDGF treatment impairedirectednes®f fibroblast migration induced
by EFs via ROCK pathway

4. Optimised PDGF dosage and€gynergistically promote chronic wound healing

6.2 General discussion and clinical applications

6.2.1 Electric signals and immunomodulation

DCs are the most potent antigen presenting cells and play a critical role in mediating
immune response. Activatiaand maturation of DCs is induced by infectious agents and

inflammatory products leading to increased expression @tiowlatory MHC class |l
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molecules and cytokine produdtSrick et al., 201Q) Toll-like receptors (TLR) ligands
and cytokines have beedemonstrated to affect DCs maturation and migration.
Particularly, the proinflammatory cytokines such as TF -6)1-:12, IL-1 b a fi8 | L

are essential for DC induced immune responses.

IL-18 has been proved to be a multifuncéibeytokine. It can indue several different
cells including spleen cells and T cells to express-3HDkamura et al., 1998)in
addition, it has been demonstrated that extmpFEN-0 i n d u €18 upregulates IFds
ligand expression on NK cells and T cells thesulting in apoptosis in activated
lymphocytes during hepatic inju§fsutsui et al., 1997Moreover, I1-:18 is required for
initiating LCs migration in contact hypersensitivifiakano et al., 2003; Stoll et al., 1998;
Wang et al., 2002)Those finding suggest that-ll8 play essential roles in various
immunological events in physiological and pathological situation.

In recent yeardVicCaig and colleagues systematically demonstrated and revieeed
important rolesof EFs exerted on directional cell migrationell division, gene
expression, embryogenesis, nerve groasid wound healingooth in vitro andin vivo
(McCaig et al., 2002, 2005)n addition, there aremergingevidences supporting that
EFs may also play an important role in imroorodulation.

Firstly, it has been demonstrated that EFs regulate immune cells metabolism.
Anticevich found that EFs treatment increased responsiveness of sensitized human
bronchial tissue to neutrophil supernatgAnticevich et al., 1996)A further study
showed that low frequencyHs promoted neutrophil extension, metabolic resonance and
DNA damage when phageatched with metabolic oscillatons vitro (Kindzelskii and
Petty, 2000) Furthermore, Yoshikawa, et.akeported low frequency electromagnetic
field enhaned nitric oxide gerration by neutrophilsn vivo. Moreover, an EF was
applied to macrophage cells led to enhance NAD(P)H amplitude, implying that EFs
might influence macrophage metabolic sigr{@ldachi et al., 1999)

Secondly, EFs are found to induce directional migratibmmune cells. It has been
demonstrated that neutrophils can be induoceahigratedirectionaly towards cathode in
an applied ERMcCaig et al., 2005; Zhao et al., 200&)n comparatively investigated
electrotaxis and chemotaxis on human PBLs and foimad electrical stimulation
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activates intracellular kinase signalling pathwaysassociationwith chemattractant
Additionally, they also found motile cutaneous T cells actively migrate toward the
cathode of an applied BR vivo (Lin et al., 2008)Our results also suggest that EFs can
promote the sensitizationof several typs of DCsin response to H18. These data
indicate that EFs may play an essential role in regulating immuneecalitmentwithin
tissues dring inflammationand infection, whih could mediate the process of immune
response.

Although, the molecular mechanism of how EEgulatecell behaviours is still not
clear, several models theories have been reported. lon channel clustering has been
demonstrated to regulate Hituced neubphil polarization (Kindzelskii and Petty,
2005) Moreover, Shanley reported that influx of extracellular ‘Ca2necessary for
electrotaxis inDictyostelium which is different from those induced by cAMP and folic
acid (Shanley et al., 2006 Another thery is thatasymmetrical redistributiof cell
surface receptors induced by EFs controls cell behavi@duch as sensing
chemoattractant gradient, directional migration, divis(McCaig et al., 2002, 2005;
McCaig and Zhao, 1997; Song et al., 2002) addition, arecent study suggestdt~
induced cell polarization was moduddt viaintracellularpH and cell polarityinducing

factors in multiple directionfMinc and Chang, 2010)

6.2.2Therapeutic applications of EFs

One major clinical application of ERs cancer treatmenhishi reported that using
pulsed electric field in combination with chemotherapeutic agents or genes achieved an
efficient result as a clinical treatment of cutaneous wm@nd head neck cancers
(Nishi et al., 1997) In addition Rotnikov found that low EFs effectively enhanced
chemotherapy for mouse metastatic prostate cqRtatnikov et al., 2006)Moreover, it
has been demonstrated that EFs can induce human breast cancer cell directional
migration, indicatingelectric signalsre involvedcancer metastas{pu et al., 2007)

A recent study found application of short pulses of electric current immediately after
an injection of a genetic vaccine significanéighancedhe transfection efficacy and the

subsequent vaccirgpecificimmune response@rave et al., 2010)In agreement with
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this finding, our studyor the first timeestablished a molecular basis of how EFs increase
DCs activity in response to cytokines. These data shall shed lighbwsl adjuvant
technology essentialin the design / development ohigh efficiency vacciation
Moreover, EFnduced directional migrationf DCsalso can be used for tareggiecific

and precisely controlled cancer therapy.
6.2.3 EFs and wound healing

The wound repair is one of the most cdexpbiological process involving not only
biologicalguidancecues but also nehiological factors t@accomplistthe wound closure.
In general, the wound healing process occurs in almodyds oftissuedamage /
disruption. A huge clinical burdenn treating wound healing resultédcbm inefficient
handling and treatment due to long and comprehensive process and multiple factors
especially when dealing with ndrealing chronic wound

It has been demonstrated that EFs almost take part in all stagesad vepairSong
et alreportedthat increamg trans corneal potential difference (TCP&)hanced cornea
wound healing and decreag TCPD prolong the wound healing vivo (Song et al.,
2002) In addition, wouneenerated EFs regulated epithelial celblperation during
wound healing(Song et al., 2002)Moreover, it has been demonstrated that EFs can
induce fibroblast directional migration via PI3K signalling pathw@yo et al., 2010)
The membrane growth factor receptors redistribution and Golgiraps polarization
have been thought to be the molecular basis einB&ced directional migratio(Pu et
al., 2007; Pu and Zhao, 2005; Zhao et al., 2002b)

6.2.4 Application of EFs in wound healing treatment

Clinically, application of EFs is a new andatlenging avenue to pursue better wound
healing and regeneration. Adams etre@ported that using pharmacological manipulation
to activate ion transportation thus speed up wound he@iggms et al., 2007Because
of the intrinsic signalling systemoéd | s t o EFs, application
wound healing is expected to have positive effects as(dledlo, 2009) While numerous

clinical trial have been done and serwith very promising results,ne device (the
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StaodynDermapulse) has undenge controlled animal and humaest (Gentzkow and
Miller, 1991), and an application requesting approval for treating dermal ulcers has been
submitted to FDA

Our results, apartfrom elaborating the molecular mechanism of -iB8uced
fibroblasts directionamigration, alsoraisethe possibilitythat the deficient response to
physiological EF may contributat least in part to the slow healing / Alogaling of
chronic wound. Giventhe factthat cytokine treatment is prevailing in clinical treatment
of chronicwound, and that endogenous EFs regulate directional cell migration during
wound healing, our rathesurprisingfinding that over dosef PDGF would attenuate
electrotactic responsgf fibroblass, indicates a clear warning that we must be cautious
with the strategy of using cytokisén the clinical treatment of chronic woundoreover,
the optimised concentration of PDGF combined with EFs also achieved better wound
healingefficiency, whichmay shed light on a comprehensive treatment of chronic wound

comhbng cytokines, electrical signals and other factors.

173



6.3 Future experiments

6.3.1 EFG&s function in immunomodulation

Although, | has found that EF can modulate DCs sensitization in response-18,IL
there still are some@apsto be filled in orderto acheve definitive and convincing
conclusion.

Firstly, a lossof-function analysiswith either IL18R inhibition or ILL8R receptor
deficiency would be a valuable evidence to verify the conclusion retrorsely.

Secondy, the study is lack of firmand deliberate npof for the EFinduced signalling
cascade downstream of ILRS8. A screening of potential downstream effectsinsuldbe
conducted taneasure the alteration of other signalling pathways parallEB&MAPK,
such as Erk1/2, JNK.

Thirdly, anin vivo experinent to investigate if pharmacologibalenhanced EPD
plus IL-18 treatment could chand@€"s migraton from skin to draining lymph node will
be a strong evidence for the regulating effects of EFs on LCs.

Fourthly, application of electrical stimulation loljalon the mouse skin would
eliminate the pharacdogical effects brought by chemicand provide a definitive
answer to the EF stimulation effects.

Fifthly, transgenic mice will always be useful to suppamt verify the hypothesis
thereforefurther conirmation onlL18R knockout mice would significantlfacilitate the

reliability of the study.
6.3.2 EFsApplication on chronic wound

To further prove the discovery and conclusions that CWF is lack of response to EFs
and PDGF impairs fibroblast response t6 Etimulation,the following experiments
would be beneficial.

Firsty, direct measurment of woundinduced EFs on chronic woundcan further
confirm whether the wound healing defectanronic woundwvas due to the defect of the

CWHFs to sense the wound EBsthe lack of wound EFs.
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Secondly, because Rho GTPases intemaith each other closely, it would be
necessary to test if Cdc42, Rac are inedhin thePDGFRinduced random migration
when EF is present.

Thirdly, RhoA downstreareffectormyosin controlsell contraction, thus the study of
the relation between EiRduced motility and myosin controlled contraction should

provide a distinctive explanation of PDGFOs
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