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Abstact

Neuropathic pain is a serious and debilitating disease affecting apaogertion of the

population.The disease is caused by direct damage to the nervous systei aftenchronic in
nature.Neuropathic pain is typically poorly treated, with faits oftenexperiencingnadequate
relief from symptoms. Part of this issue stems from ineffective treatnogtions while a lack of

understanding of the disease pathology also presents as a majot issue

Recenfindings have emmyedwhich implicate thernmune system in the initiation and

generation of neuropathic pain. These studies have highlighted the fatglammatory
mediatorsincludingcytokines and immune cells as being heavily involved in the development of
neuropathic pain. The majority of thigork has been conducted in prdinical animal models
where severe nerve injury paradigms are used. These experiments have proven useful in
identifying the roleof inflammation in neuropathic pain but do not necessarily reflect the nerve
injury presentin humans. Furthermore, preclinical findings do not always translate to patients in
the clinic, which has resulted in a deficit in novel, effecheuropathic pain therapie3he
mechanisms of nerve regeneratitimat occurafter nerve injuryare also incomgetely

understood. Similar to neuropathic pain, much work has been done using animal gystkins

of nerve regeneration, howevdrumannerveregeneration presents with unigue challenges and
is often incomplete. Further studies are therefore required imlams to elucidate the precise

role and action of inflammation in patients with neuropathic pain émdetermine the

mechanismshat are drivihg nerve regeneration after injury.

Carpal tunnel syndromis an entrapment neuropathy commonly occurringpatientswhich
presents as a unigue model system with which to study neuropathic pai@to theunparalleled
opportunity to collect tissueffom these patientspoth inflammation and nerve regeneration can

be explored in the context of neuropathic pairhisthesiswill firstly endeavour 6 describe and



characterise inflammatory associatiowith neuropathic pairin patients with carpal tunnel
syrdrome using both genetic and molecular approaches. Using these same apprdagtiesso
investigate nerve regeeration after injury to uncover mediators stimulating nerve growatid

determine associations with inflammation in this process
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Chapter 1: Introduction

Peripheralheuropathic pain is a persistent and debilitating condition, affecting betwe#@% of

the global populatiort.The socioeconomic burdessociated with neuropathic pain is
comparable to major hdth conditions such as heart disease or cancer, which have been
prioritized as public health concerAdhe current treatment options for neapathic pain are
largely inadequate with therapies providing insufficient relief of symptoms and unacceptable side
effects (e.g., somnolence, weight gaifhe issue ofieffective treatnents may partly stenfrom

a lack of understanding of the pathophysiological causes of neuropathicvplaéme studies have
historically focused on the physiology of damaged nesrand neural regeeration* >New

insights however suggeatdirect role for the immane system in the initiation and maintenance of
neuropathicpairf “aswell asthe capacity foneural regeneratiorf The majority of this work has
been onducted in preclinical animal models which, though have provided useful insight, do not
always translate well to humarnisThere is therefore a critical need for further research to
specifically investigate thmle of inflammation in generating neuropathic pain in humans. This
could help define the molecular and cellular components of neuropathic paiprawide

increased understanding into the pathology of the disease, with the ultimate aim of providing
improved treatment options to patientsTo investigate this, | will endeavour to use patients with

carpal tunnel syndrome as a human model system of ogathic pain to pursue two main aims.

1. To investigate the role that inflammation has in neuropathic pain iméios
2. To characterise nerve regeneration after injury and determine the role of inflammation in

this process.

In this introduction, | will firstlyntroduce entrapment neuropathy, specifically Carpal Tunnel
Syndrome and explain its suitability as a humaydel system for neuropathic pain. Secondly, |

will provide an overview of some of the main components of the immune system and explain the



currentunderstanding of how the immune system is involved in the initiation and maintenance of
neuropathic pain. Ldly, | will focus on nerve injury and regeneration and describe current

findings and molecular mechanisms associated with nerve regeneration.

1.1 Carpal tunnel syndrome as a human model system for focal nerve injury

and neuropathic pain

1.1.1 Neuropahic pain and entrapment neuropathy

In humans, entrapment neuropathies are amongst the most common conditions causing
neuropathic pain. Entrapmemteuropathy is a term describing neuropathies caused by the
compression of peripheral nerves at specific amaitcallocationswithin the body!° Carpal tunnel
syndrome (CT%ffecting the mediamerve at the wrist! lumbar radiculopathy caused by
O2YLINB&aaArzy 2F (KS fdzyoz2al ONJI fed by ®iNfdeSsioN&E thel | Y R ¢
plantar digital nerve in the foét are all forms of entrapment neuropathy occurring in
humans!* Entrapment neuropathies have higtcidence rates with CTS being the most
common*with a prevalence of 2:81% in the general populatidf.*> *Entrapment

neuropathies are generally found to have a higher occurrenesidldle and old age individuals,
with the male to female ratio differing depending on the specific conditiofi.!°Sensations of
pain ae a common symptom of entrapment neuropathy whian oftenradiate outside the
innervation territory of the affected nerve/nerve rodt 2> The pain camanifest in different
ways such as burning and aching p&if% and can be of high severity 26 Entrapment
neuropathies can be treated by a number of conservative measures such asemoitlal anti
inflammatory druggNSAIDs}’ corticosteroid injection$®3! and night splinting in the case of
CTS? Sugical intervention is also an option however, the therapeutic benefit varies depending

on the specific condition being treated. For CTS, surgery serves as the most effective treatment



for achieving completesymptom relief in most casé$,but for lumbar radialopathy, the long
term efficacy of surgery reains uncertair?* A highsocioeconomic burden also is associated with
entrapment neuropathy with an estimated cost exceeding 2 billiokads annually in the US for

CTS alon&

1.1.2 Carpal tunnel syndrome as a model system

Although CTgresents as an interesting disease with unrolétical needs® the main aim of my
thesis was not to identify new potential treatments for CTS. Instead, this study sought to use CTS
as a human model system with which to investigate paghomechanisms of neuropathic pain.

CTS is wksuited to this role for several reasans

1. CTS is the most common entrapment neurop#tihich allows for a relatively high level of
patient recruitment, and as neuropathic pain is a common symptom off0Of8,a good example

of the condition in humans.

2. As CTS is a condition affecting the distal extremigfloitvs for easy access to take
electrophysiologicalecordings of nerve function and sensory defiéitahich is more challenging
in more proximal entrapment neuropathies such as radiculopathy. Simediasiy,

guestionnaires such as the Boston carpal tunnel syndrome questiodhaire the neuropathic
pain symptom inventory (NPSI) questionnéligan be used to determine the severity and quality

of symptoms. This allosvfor detailed clinical phenotyping of the patients.

3. A unique feature of CTS as a model system is that surgery is regularly petdithidprovides
unparalleled access to human tissue which is not readily available in most neuropathic pain
conditions. Acces® such tissue allows for detailed analysis of human samples in the context of

neuropathic pain.



4. The surgeralso provides an exact timepoint at which recovery is initiated with high success
rates in most patient$3 *¢Such a timdocked recovery initiating event is not available in most
other neuropathic pain conditions, where there is limited effective treatment available or
treatment is provided for a long period of time (e.g., pharmacoldyyjSurgery as a distinct
recoveryinducing event in CTS enables the comparison of phenotypic and biological features in
the active stateof the disease, to that of recovery. As such, CTS is a unique model system that

enables unparalleled insighitsto the pathophysiology of human neuropathic pain.

1.1.3 Pathophysiology of CTS

Pathophysiology

Damage to the median nerve
- Paresthesia

- Dysesthesia

- Sensory loss

- Pain

Transverse
Carpal

Ligament /
Median nerve /

Increased pressure in the
carpal tunnel

Flexor tendon

Increased fibrotic
thickening

Carpal bone

Risk Factors

- BMI

- Pregnancy

- Diabetes

- Hypothyroidism
- Genetics

Figure 11: Sructure of the carpal tunnel and pathophysiolgy of CTS

The carpal tunnel is formed of four carpal bones (Hamate, Capitate, Trapezoid, Trapezium) and the
transverse carpal ligamenwhich contains nine flexor tendons and the median nerve. Pathophysialogic
mechanisms occur such as increased pressutiea carpal tunnel and fibrotic thickeninigat damage the
median nerve. Damage to the median nerve can cause symptoms such as paraesthesia, dysesthesia,
sensory loss and pain. Risk factors such as incrdasdmass index, pregnancy, diabetes,
hypothymidism and genetic elements can increase the risk of developing CTS.

CTS= Carpal tunnel syndrome, BMI = Bodysrimaiex.




In CTS, the median nerve is compressed within the carpal tdhifibe carpal tunnel itself isna
osteofibrous canal formed of the carpal bones and corg&irilexor tendons along with the

median nervé&* which is enclosed by the transverse galrligament (Figure.1). CTS is
characterised by symptoms such as paraesthesia (toglirprickling sensation), dyaesthesia
(abnormal unpleasant sensation when touched), pagwell as signs including sensory loss,
weakness and muscle atropfySymptoms are repted to occur at night as well as in the

daytime, with night time symptoms commonly reported as being more setférke current gold
standard for diagnosing CTS is clinicakasment where patient history is collected and a physical
examination of the hand is cdncted3? Two of the most common clinical assessmearesthe

t KFfSyQa (Sad FyR (GKS ¢AySftQQa (Saneomadtd@ning 2T 6 K)J
the wrist in flexion or by percussion/tapping over the carpal tunnel respectiVétyaddition to
these, electrodiagnostic testing (ERUBich includes electromyography (EMG) and nerve

conduction velocity (NCV) can be done to confirm the diagnosis d®CTS.

Increased pressure

The causes of CTS aiat well defined with most cases of CTS being described as idiopathic.
However the majority of the pathophysiological mechanisms propose@T& involve increased
pressure within the carpal tunnel which causes damage to structures such as the median nerve
that pass through itSunderlané® describes a pressure gradient faffdrent components of the

carpal tunné, which provides functional tunnel homeostasis
Pa(artery)>Pc(capiliary)>Pf(intrafunicular)>Pv(veins)>Pgtarpnel)

If there is increased pressure in a particular component from an external force, this carimesult
reversalof the pressure gradient and induce damage in neighboring componarntated

theory for the pathogenesis of CTS involves the presef a ischemic reperfusion injuwhere



repetitive movement, including flexion and extension of the wrist increases the internal pressure
within the carpal tunnef! 2Increasednternal pressure is then thought to cause stasis of venous
blood flow and eventual endothelial ischemia in the capillaries. This causes increased
permeability of the capillaries and allows extravasation of fluid into the carpal tunnel, resulting in
oedema. This further increases the pressure in the carpal tunnel which ultimately results in
decreased axonal transport and damage, decreased blood fhalilrotic changes including scar
formation, all contributing to the diseas&Although this theory cannot be tested directly in

human nerves, it is substantiated by findings of okidastress in extra neural tissue such as-sub
synovial connective tissue from the carpal tunnel of pasenith CTS® Nitric oxide synthase
(eNOS), nucledactor (NP iand transforming growth factor (TGF)wvere found to be

increased in patients with CTS coaned to controls. The expression of these mediators was also
positively correlated with increased symptom severity, suggesting oxidative stredsemmalated

to patient symptoms3 Another study investigating the structure and composition of-sybovial
connective tissue identified vascular changes elndracteristts indicating hypoxia and

degeneratior?

Fibrotic changes

Fibrotic thickening ofissue within the carpainnel is thought to be another hallmark of CTS and
a major contributor in the pathogenesi$ the condition®*>” Many studies investigating this
conducted histological analysis of tenosyrat’éub-synovial conndive tissue. Ettema et al,

2004% identified altered collagen subtype expression as being involved in the pathogenesis as
there was an increased expression of collagen type Il fibers present in gpat@htCTS

compared to controls. Oh et al, 2008urther found that collagen fibril structure in synovial
samples from peents with CTS had a deformed structure with an increased tlameter. These

studies mak a clear distinction that the fibrotic changes identified are {rdffaemmatory and do



not involve infiltration of immune cells into the tissue. They therefordesthat idiopathic CTS is

a nonrinflammatory condition. Howewedue to basic staining technigs and the manual
assessment of staining images, which is subjective and prone to bias, these findings may not be
accurate. | explore this in greater detail ingpter 3.In further support of fibrotic changes, a

recent genone wide association studyondicted in patients with CTSound genevariants

associated with extracellular matrix architecture toibgolved in predisposing individuals to
develop CT®.Ultimately t remains unknown whether fibrotic changes occur first and increase
the internal pressure causing ischenar whether ischemic reperfusion injury precludes these

event, leading to tissue damage arebsulting in altered collagen expression.

Median nervechanges

Regardless of the mechanisms by which pressure or damage occurs in the carpal tunnel, it is well
established that the median nerve in patients with CTS ectdfl. If compression to the nee is
prolonged it can cause demyelinatfdrand axonal degenation in severe casé8 Demyelination

can cause nerve conduction slowing orveeconduction block, which can explain the typical loss
of sensation and muscle weaknéds.arge myelinated nerve fibers are thought to be primarily
affected afer nerve compressidfiand large myelinated fiber dysfunction haseipedetected in
patients with CT&*" There are however new findings suggesting that small nerve fibers are
affected bebre the onset of large fiber deficits in patients with €TSmall nerve fibedensity
determined by intraepidermal nerve fiber counts were found to be significantly decreased in
patients with CTS compea to healthy controls. These nerve fiber reductions were not associated
with electrodiagnodt test severity. Meisner corpuscle density, which marker of myelinated

nerve innervation was not found to be different between patients and masf® These findings
indicate that small fibers ay become damaged and degenerate in CTS before larges five

affected. These findings build on previous work identifying small nerve fiber dysfunction §h CTS,



where one study found that medium diaree myelinated A-fiber damage was significantly
correlated with Boston carpal tunnel questionnaire scores and daytime pain in patients with

CTS?

1.1.4 Neuropathic pain and inflammation in CTS

CTS has previously been used to explore clinical characteoktieuropathic pain in humans,
with one study findinghat patients meeting the neuropathic padamniteria had increased pai
scores to those patient whose pain was Aoeuropathic’® The study also found thahere was
significantly increased night jmain patients with neurogthic pain’® A more recent study by the
same group seeking to determine risk fagtdor developing neuropathic pain, found trea
younger age and weak@ain symptoms before surgery were potential risk factors for worse
neuropathic pain after surger{t.However in both of these studi¢se phenotyping of the
patients was limitecand no biological samplegere taken. No comparisons could therefore be
made between neuropathic pain and biological differences between patients. There is therefore a
need for further research to be conducted ®&rie deep phenotyping is conducted in patient
along with the collectin of biological samples to enable characterization of the biological

contributions to neuropathic pain.

There is a plethora of prelinical research in animal models confirming a rdlefiammation in
neuropathic pain which cape induced by severe nesinjury models such as nerve transection
and chronic constriction injury.”> "This literature is discussed in greater detail below. Such
extensive and acute nerve injuries do howevet reflect the mild anachronic nature of

entrapment neuropathies. Recent work has shown that even mild chronic nerve compression is
sufficient to induce intraneural inflammatiofiHere, neuroinflammation and infiltration of

immune cells into the affected nerve area and in the dorsal gawiglion (DRG) was observed

after mild nerve ompression, which was asmpanied by hyperalgesia to blunt pressure and cold

8



allodynia. This indicated a role for inflammation in the generation of neuropathic pain after mild
nerve compressiott However, further work is required to determine whether these mechanisms
also occur in humansd whether the injury sustained from CTS iffisient to cause immuneell
activation and migration. Some initial work in humans using CTS to investigate inflammation in
neuropathic pain found signs of immune dysregulation between patients with CTS alticyhe
controls/® Patients with CTS were found to have increased expression of the cytokines CCLS5,
CXCL8, CXCL10 and VEGF as well as increasedshafrdegritral memory and effector memory
CD4+ Tells in the peripherdblood.” However this study used a cross sectional design and so
measurementover time were not possible. CTS has also hesad as a human modefstem to
investigate nerve regeneration in humaftsyhere after decompression surgery, seal
neurophysiologicgbarameters and quantitative sensory testing measurements were significantly
improved in patients. Partial recovery in intraepidermal nerve fiber deiftMFDin skin

biopsies was alsobserved, with the extent of recovery corréleg with symptom improement.
Another study investigating nerve morphology in skin biopsies from patients witHding
Meissner corpuscles to be significantly smaller in patient skin before surgery conipared
controls/” Myelinated fibersalsohad a significantly reduced caliber and IENFD counts were
significantly reduced.” After surgery Meissner corpuscle size significantly increased to similar
level found in controls patients. Myelinated fiber caliber significamityeased in skin samples
after surgery compared to before surgery levels. HoweNeXFD couts remaired significantly
decreased compared to controls, indicating that nerve regenerat@mremainncomplete even

after effective therapy.

Overall little 8 known of the role of inflammation in the pathogenesis of CTS and how it may
contribute toneuropathic pain in these patients, with the majority of studies using basic histology
experiments. Further work is therefore required in patients with CTS to WimigBammatory
mechanisms, which could have important implications not only in CTS buthfer meuropathic

pain conditions in humans.



1.2. Components of the Immune System

1.2.1Immune cell types and lineages

In adult humans, cells of the immune systame generated by haemopoietic stem cells (HSCs)
located within the bone marrow by the procesf hematopoiesi§ (Figurel.2). HSCs are self
renewing, pluripotent stem cells that are able to produce aell type of the hematopoietic
system’® Within the bone marrow HSCs grow and mature on a meshwork of stronis|wich
support the growth and differentiation of HSCs and include fat cells, endothdlmboel
mesenchymal stem celfé Theg nonhematopoietic cells produce a range of factors to create
the hematopoietic stem cell niche which promotes the growth and differentiation of HSCs. Two
main components of the niche@ CXCLZ£2and stem cell factor (SCRyhich are involved in the
maintenance of HSCs. Hernpbietic cells can also contribute to the HSC niche including
regulatory Tcells (Tregs), macrophages and megakaryocytes in a feedback mech&iism.
Depending on the specific signals provided by stromal cells, Hferdiate into one of two
types of progenitor cethat give rise to different cell lineages. Progenitor cells have lost the
ability for selfrenewal and are committed to producing tsebf a certain lineag®.IL-7 signaling
gives rise to common lymphojatogenitor cells which produce cells of the lymphlndagé’

while SCF, thrombopoietin (TPO) an@® kignaling produces common myeloid progenitsrs.
Myeloid progenitors

Common myel@ progenitors further bifurcate into granulocyteaaophage progenitors (GMPSs)
through PU.1 expressiéhor, megakaryocyterythrocyte progenitors (MEPs) through the
expression of GATA® GMPs give rise to cells including basoplgitssinophils and neutrophils
via the signaling of k 9 .%tMbnocytes are derived from GMPs by signaling from monocyte
colony stimulating factor (MCSF) which then give rise to macrophatjédacrophages form an
important component of the innate immune system and can be further differentiated int tw

main types. M1 macrophages (classically activated) and M2 (alternadishated)
10



macrophage$§?® MEPs differentiate into megakaryocytes and erythrocytes through TPO and
erythropoietin (EPO) signaling petively®* Megakaryocytes produce platelets which are
involved in blooctlotting processe$ Erythrocytes are the main red blood cell responsible for

transporting oxyga around the body?®

Lymphoid progenitors

Common lymphoid prgenitor cells (CLPs) give rise to a more limited range of cell typegjing!
natural killer (NK) cells which are differentiated from commanphoid progenitors viéms-like
tyrosine kinase 8gand(FL)° and I-:15% signaling, producing a cell that has innate cytotoxic
activity. CLPs alquroduce cells that form the adaptivenmunity arm of the immune system
including Tcells and Rells. B lymphocytes ordglls are produced anghature in the bone
marrow, where the expression of EPEBE® and the signaling of PAX5/BSRPifferentiates
these cells from CLP precursordis provide an essential role humoral immunity via the
production of antibodies. When &lls become activated they divide at a rapid rateda
differentiate into either memory Bells which retain the membrane bounecBIl receptor, or
they differentiate into plasma cells, which hastgort life spans and produce a secreted form of

the B-cell receptor (antibodies) in large quantiti&s.

T cellscomprise the otler cell type in adaptive immunity aratiginate from CLP cells in the bone
marrow. However unlike Bells which mature in the bone marrow, CLRscenigrate to the

thymus to become -Eell progenitor cells and begincEll differentiation, a process which i
dependent on Notch®? 1%and IL-7 signalling® T-cell progenitors first arriving in the thymus

lack characteristic features of thec€ll such the Tell receptor (TCR), CD3 adlvas CD4 or CD8
receptors and are termed double negative. These cells then undeygwittselection where
progenitor cells which start expressing both CD4 and CD8, termed double positive, undergo both
positive and negative selection. This removes cels do not recognise selintigens or which

bind too strongly to seléntigens, leavingells which are setblerant and MHC restricted. These
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cells then become either single positive CD4+ or CD8+ matehsTfor a detailed review on T

cell maturationsee Klein, et & CD8+T cells are known as cytotoxicclls and recognise

antigens bound to MHC class 1 receptors which are expressed on all cells within the body. CD4+ T
cells are termed helper dells and recognise antigen bound on M&#&3<2 receptorsstimulating

them to produce a range of specific cytokines which are involved in the activation of other

immune cells and help to generate an inflammatory respofiselelpe Tcells (Th) can be further

differentiated into specific subpopulations including Thl, Th2, Th17 and Tre’€ells.

Myeloid progenitor cell —_— ‘ _— Lymphoid progenitor cell
SCF IL-7

TPO l

IL-15 EBF IL-7
PAXS5/BSAP

‘ IL-3
—_GMP —_— MEP
. PU.1 GATA-1
C/EBPa
EPO TPO

\ FL E2A \ Notch-1

M-CSF
[ 1 NKcell Becell Tcell

. . Q O Heneere

Neutrophil Basophil Eosinophil Erythrocytes  Megakaryocytes

<
L
O Macrophage P

Platelets

Figurel.2: Hematopoiesis of Immune cell types

The main components of hematopoiesis ar@wn for immune cell types. Hematopoiesiarts with
the HSC which differentiates into lymphoid progenitor cejiginggive rise to cells such agélls, B
cells and NKells, or myeloid progenitor cells which produce cells such as macrophagespieistr
and erythrocytes.

HSC = Hematopoietatem cell, GMP = Granulocyteacrophage progenitors, MEP = Megakaryocyte
erythrocyte progenitors.
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1.2.2 Cytokines

Cytokires are a highly diverse group of small secreted signalling molecules which primarily affect
the function, ativity, growth and differentiation of immune cefl® Cytokines thereby regulate

the immune response by a&f€ting these activities and can function on the same cells that
produce them (autocrine), on nglibouring ells (paracrine) as well as cells that are distant from
the cytokine producing cell (endocringf.Cytokines generally displaydistinct characteristics
including redundancy:* **?pleiotropy ** 112synergism and antagonisni!® A cytokine is said to
be redundant when at least two cytokines have the same affect or carry out the same function,
this can make it difficuiin ascribilg a specific function to any one cytokine. Pleiotropic cytokines
are able to produce different biological affects when signalling on different target cells or in
particular inflammatory environments. Synergism occurs when the effect of twoiogslon a
particular target cell is greater than the additive effect of either cytokine. Finally, antagonistic
actions of cytokines occur when the activity of one cytokine impedes or hinders the function of

another cytokine.

Cytokine superfamilies

Within the broadterm of cytokines there are several superfamilies of related molecules including
interleukins, chemokines, colony stimulating factors, interferons, transforming growth factors and
tumour necrosis factor familié$* (Figurel.3). Members of each superfamily share sequence
homology and structural similarities but can havehygdiversefunctions, with prominent

members of each family including;1L1L-6, Il-:10 (Interleukins), CXCL5, CCL5, CXCL10
(Chemokines), GMLSF, MCSF, &€SF (Colony Stimulating Factors);1FNInterferons), TGF

3 (Transforming Growth Factors) ahblFh - uth@r Necross Factorsf'
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Examples
cytokines

Cytokines
included in —
this study

Cytokine Superfamilies

Colony Transforming Tumor
Stimulating Growth Necrosis
Interleukins Chemokines Interferons Factors Factors Factors
IL-1 CXCL5 IFN-a GM-CSF TGF-B1 TNF-a
IL-6 ccLs IFN-B G-CSF TGF-B2 TNF-B
IL-10 CXCL10 IFN-y M-CSF TGF-B3 TNF-y
-1 IL-12 CCL2  CX3cli IFN-y G-CSF TGF-B1 TNF-a
IL-1RA IL-13 CCL4 GM-CSF
IL- 2 IL-17 CCL5
IL-4 IL-18 CCL11
IL-5 IL-22 CCL21
IL-6 IL-23 CXCLS
IL-7 CXCL8
IL-8 CXCL9
IL-9 CXCL10
CXCL11

[ IL-10

Figurel.3: Cytokines superfamilies
Cytokines can be grouped into 6 main superfamilies containing many cytokimders. The

example cytokines listed above for each superfamily include examples of prominent members and is
not a comprehensive list of the members oftbadamily. A list of some of the cytokines that were
analyzed as part of investigations in Chaptéafe also been included.

Cytokine receptor superfamilies

Cytokines exert their functions via the binding of specific receptors, whahgblves can be

categorised into distinct classés(Figurel.4). The immunoglobulin superfamily of receptors bind

cytokines such as memberstbe 11-1 superfamily’® and M-CSE!’ Another class of cytokine

receptors is the type 1 cytokine receptors, which bind mafihe interleukins such as-g, 11-4

and 11:6.18Class 2 cytokine receptors are related to class 1 and bind many members of the

interferon family such as IFN

Fa ¢Sttt |

a

2 0 KIDNIBofreciasS Daafi Gads 23 dzO K

cytokine receptors require JAK kinaséaty for their function as they lack intrinsic kinase

activity1*°The JAK kinase activity initiates downstream STAT transerifatitors, causing

changes in geetic expression of the ceft! Class 1 and class 2 cytokineeptors are similar in

that they both shardour conserved cysteine residues in theitétminal, however class 1
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receptors have a conserved tryptophaarine X-tryptophanserine domain intie Gterminust*®

which type 2 cytkine receptors lack. The TNF receptor family bind members of the TNF family

suchas TNF |

a ¢St

Fa IANRPSGK FIFOG2NR ASFOHAnalRA y 3

the last graup of receptors are the chemolerreceptors which are G protein coupled receptors

(GPCRs) and bimiembers of the hemokinefamily such as CCL5, CXCL8 and CX€L10.

Cytokines
included in —
this study

Examples _|
cytokines

Cytokine
receptor —
families

Figurel.4: Cytokines receptor superfamilies

IL-1
M-CSF

Extracellular

Intracellular

Immunoglobulin
receptors

IL-2 112
-4 IL-13 CXCL8
-5 IL-23 CCl4  CXCL9
IL-6 G-CSF CCL5  CXCL10
IL-7 GM-CSF CCL11 CXCL11
IL-9 CX3CL1
:tz IL-10 NGF
i IFN-
IL-6 v
CCLs
CXcLs
| | €XCL10
Class 1 Class 2
cytokine cytokine TNF
receptors receptors receptors

Chemokine
receptors

Cytokine receptors can be grouped into five main receptor famil&ach family binds certain cytokine
members with example cytokines being shown above. Some of the cytokines ishirobhe analysis in
Chapter 2 are also included, indicating which cytokine receptor family they bind to.

Pro andanti-inflammatory effects of cytokines

Cytokines cabe broadly grouped into those with either pioflammatory or antinflammatory

actions!®Howeverseveral cytokines can display pleotropic activity depending on the

environment such as# and IE13, which display anthflammatory ations'?*but can also

15



contribute to the pathogenesis of allergic asthifa1?°The function of the cytokines in either of
these groups isital to the overall health of an organism as grdlammatory cytokines are vital
in raising a sufficient immune response against invading pathogens and stoppin@ginféct?®
Anti-inflammatory cytokines are also important as theyitithe inflammatory response and
ensure that no excessive damage is done to host tisandsorgas!?® 13The precise interplay
between pro and antinflammatory cytokines is therefore a comeg, balanced process that is
essential to the survival of organisms. The role of cyiedkihas peviously been shown in the
generation of pain wheredai I y'R &Kb@S 06SSy F2dzyR G2 Ol dzaS GKS
mechanical allodyni&! *IL-6 is another cytokine implicated in themgerationof painl3 Other
cytokines have been found to prevent pain generation and have analgesicseffiett as H4,
where its knockdown in mice causes tactile allody#t&urthermore the administration of 4t
after nerve injuryhas been showto reduce neuropathic pain symptom¥.1L-10, one of the

main antiinflammatory cytokines has also been shown to have antinociceptive effectdl@s IL
gene therapy was able to prevent and progressively reverse neuropathic pain cause by
chemotherapeutic drugs in rat€®1L-10 administation wasalso found to reduce the writhing
response after the initiation of neuropathic pain, potentially through the control of pro

inflammatory cytokines?’

1.2.3Roles of immune cells in inflammation

The innate immune system (Figuké) containscells from both the myeloid and lymphoid
lineagesThese cells characteristicatlp not have somaticallygcombined antigesreceptors or

retain conventionaimmunological memory?® Instead these cells recognise immunological

challenge through specialised receptors known as pattern recognition receptors (PRRs). PRRs are
germline encoded receptors that are able to recognise molecules associated with pathogens or

pathogen asociated mtecular patterns (PAMPS) as well as molecules produced by damaged or
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dying cells, known as damage associated molecular patterns (DAKIPEPRRs are formed of 4
main families, the Talike receptors (TLRehe nucleotidebinding oligomeization domain
leucinrich repeatcontaining receptors (NIsRthe retinoic acidinducible gene 1 like receptors
(RLR) and theGtype lectin receptors (CLRSY Signalling through these receptors can act as one
of the first lines of defence in eliminating or containing invading pathogens and is one of the

initial features in the immune responsé.

Innate Immunity Adaptive Immunity
Neutrophil T-Cells
CD8+ T-cell CD4+ T-cell
A —
——0 —
- Phagocytosis
- Degranulation - Cytotoxicity - Cytokine production
- NETS release
M1 Macrophages
B-Cell
M2 Dendritic e
cell 1

- Pro-inflammatory

- Anti-inflammatory

- Phagocytosis

- Antigen presentation < _(
- Cytokine production < IeE

- Tissue remodeling

- Homeostasis - Antigen presentation
- Tissue repair - T-cell activation

Figurel.5: Function of immune cell types

The immune system can be broadly separated into the innate and the adaptive immune system. The inne
immune system includes cell types such as neutrophils and macrophages. Neutrophils have actions
including phagocytosis, degranulation ameutrophil extracellular trap&NET prelease wHe macrophages
have roles in antigen presentation, cytokine productioml phagocytosis. Cells of the adi&p immune

system include T and@lls.T cells can be subdivided into two main groups including CéHsTand CD8+
Tcells which are termed help and cytotoxic Tellsrespectively. Rells are involved in humerahmunity

and antibody production. Bells can produce different types of antibodies through a process called class
switching. Dendritic cells engulf and present antigen fragmentsc@ldcausing their activation, and form

a link between the innate and agtive immune systems.
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The Compgment system

The compément system is an important part of innate immunity and plays a role in inflammation
which | willbriefly outline. The compment system is a complex network of plasma and
membrare-associatedserum proteinghat can elicit inflammatory and cytolytic responses to
infectious organism&*? The compm@ment system can be activatday three mainpathways the
classical pathway, the lectin pathway and the alternative pathwidyeseare describd in detail
elsewhere!*2the main function of the compment system is to defend against microbial
attack*®howeverthe complement sstem has also been implicated in several inflammatory
diseases including systemic lupus erythematdétidieumatoid arthriti$*> *46and allergic

asthmal4’

Neutrophils

Neutrophils are one of thenost abundant cells of the immune system with aroundt6lls
being produced per da*®and are the first responders to the invasion of pathog&fighese
innate immune cells circul@ through the body surveying for invading pathogens, which once
found are quickly &pped by these ck and eliminated. There are 3 main ways in which
neutrophils can exert their biological function including phagocytosis, degranulation and the
release é nuclear material in the form of neutrophil extracellular traps (NEP®)ETs produced
by neutrophils are large extracellular web like structures composed of cytosolic and granule
proteins and large amounts of DNA as condensed chromatgipating from both the nucleus
and mitochondrial> > These structures are then &blo destroy a range of pathogens including
bacterial* virused®? and fungi®® Neutrophils can also release a number of cytokines which
defend against pathogens and signalather cells of the immune system to activate and
translocate to the affected are®? These chemokines include CX@&R&XCL1T6%and CCL®’

which can all work to attract other immune cells and amplify the immune response.
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Macrophages

Macrophages are one of the main phagocytic cells of the immune system involved in the
inflammatory responsés® >°they are also involvedhia large number of other physiological
process such as the homeosta$i&jssue repait® 1*2and resolution of inflammatiof??
Macrophagegan be considered to adopt either an M1 (classically activated) or M2 (alternatively
activated) phenotype with M1 macrophages typically beingipfammatory while M2
macrophages are thought to assume an anfiammatory profile and are inveed in tissie
repair%*M1 macrghages are produced via the signalling of-IFRwhile M2 macrophages are
produce va the result of It4 and 1E13 signalling®® *’"However simply assigning macrophages
into two discrete groups is an oversimplification of the spectrum of macrophage phenof§fpes.
the inflammatory response macrophageave several important roles. Firstly, macrophages
phagocytose invading pathogens and cellular debris, which is initiated by binding ¢¥RR&s
scavenger receptot&to certain PAMPgorminga bridge between the macrophage and the
pathogen Membrane protrusions then surround the pathogen and absorb it into the phagosome,
which is formed by the fusion of the cell membrafé&€Once the pathogens have been absorbed
they are exposetb both oxygen dependant and independent attacks where molecules such as
myeloperoxidase, various hydrolases and lysosomes such as azurophilic granules fuse to the
phagosome and initiate degradatiaf the contents'’>174 This is aided by an ATPase pump which
lowers the pH of the phagolysosom&Macrophages also present antigens which cause
activation of cells such as CD4egells and aidn generating and amplifying the inflamneeay
response.’® Lastly, when macrophages are activated they are able to produce a large fange o
cytokines which is important in activating and recruiting other immune cells to the site of

damage and in generaiy the inflammatory respons€&® A range of chemokines such as CXCL5,
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CCL5 and CXG18 are also produceavhich are important in the chemotactic movement of

immune cells to the site of inflammation”1"°

Dendritic cells

Dendritic cells (DCs) are the professional antigen presenting cells of the immune system and
display antigens on their cell surface to activateélls. OCs circulate through the blood to reach a
wide variety of tissues where they stay to survey the local environment for invading pathogens,
which they detect through PRES Once stimulated, DC intake antigen by phagocyt®sisd
endocytosi$®? and migrae to the lymph node to signal tocElls® Internalised antigens are
processed so that they can be moadton MHC receptors and efficiently signal to€lls.

Peqides loaded onto MHC 1 receptors are recognised by CD8+ cytotoells Whereas peptide
loaded onto MHC 2 receptors are recognised by CD4+ helpaltst® As MHC 2 receptors are
only expressed on specialised immune céfigctivation of CD4+ @ells is a chacteristic feature

of dendritic cells with certain types having a superior ability to process and display antigen on
MHC 2 receptor$®® As such dendritic cells have a unique capacity to differentiate Th cells down
distinct pathways to effector profiles inaling Th1'8 Th218 Th17# and Treg&¥°by the

production of specific signalling molecules and cytokines that promote oeRegll
subpopulations*° This antigen presentation provides a unique way in which the innate immune

system can interact and activate the adaptive immune system.

Bcells

Cells othe adaptive immune system (Figut.5) such as B andcElls are characterised by the
ability to produce antigen dependant and antigen specific immune responses, as well as their
capacity for immunological memo#y! After maturation in the bone marrow, naivedglls

circulate to secondary lymphoid tissues where they can become activated by binding of antigen
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with their membrane bound B8ell receptor (BCRY? After activation Bells ca change the
isotype of their BCR through a process called isotype switching. Naéls Briginally express
IgM and or IgD type antibodidmit can switch to different classes including IgG, IgA and IgE
antibodies!®**When an antigen is coadewith antibody it can be eliminad in several way$*
firstly the binding of antibodies can neutralize the pathogen by blocking sites vital for its
pathogenic activity such as ligands that interact with cells of the H&aictivation of

compkement is another way in which antibodies can eliminate patho4€as well as antibody
mediated destruction through phagocytosf€ As Bcells were not the main focus of my thesis, |

have not descried them in detail here.

Tcells

T cells have multiple actions in inflammation and the immune response. Naive CD8+ and CD4+ T
cells migrate to secondary lymphoid organs such as the lymph nodes where they await antigen
stimulation from antigen presenting ¢gf°® T cells can only be stimulated by antigen presented

on MHC receptors, with the combination of the peptide and the MHC receptor being required to
produce an immune response’ Naive CD8+ dells recognise digens and are stimulated to
become effector cytotoxic @ellsthat can destroy virus or bacteriafected cells and tumour
cells?9%2%4 Stimulation of cereceptors and the actionf specific cytokines such dsll2 and type

1 interferong€® are also required for effective activatiarf cytotoxic Tcells. Effectocytotoxic T

cells destroy targetells via two main mechanisms, exocytosis of lytic proteins such as granzyme
B and perforin or receptor ligand binding of Fas/APO molecfes’Effector cytotaic T cells
produce a number ofytokines with one of the mostrpdominant being IFN $the release of

this cytokine can help eliminate virug€and can further increase the cytotoxic potential of

CD8+ Tells?°Once the invading pathogens have been eliminated the effectmlMpopulation
reduces by apoptosis to leave oni16% of the effector populatioft! Theremaining Tcells

become long lived memory¢ells that provide enhanced protection from secondary infectdn.
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Thl and Th2 -Eell subtypes

CD4+ Tells form the helper-Eell population andare responsible for the pduction of a large
number of cytokines which help control and mediate other cells in the inflammatory respénse.
CD4+ Tells can be subdivided ingpecific populations based on thretytokine expression and
function within the immune system (Figuies). Two of the main Th subsets that were first
identified were Th1 and Th2 cet$Th1 cells are differentiated through-1221*and IFN 215
signalling and are involved in immunity against intracellular bacterial and viral infeéttairisl
cells are characterised by the production of the cytokine-IR#fiand through the expression of
the chaacteristic gene TBX21/Tbét’ Th1 cell cytokine production guides the immune response
to destroy pathogens via the activah of other immune system components, increasing their
activity 212 During aberrant Thl signalling this population can contribute in the formation of
autoimmune disease¥8Th2 cells are involveid immunity against parasitic infection and
extracellular pathogen$® 22°Th2 cells characteristically produce the cytokine$, IIL-5, 1:13?*%
221and express the gene GATZBTh2 cells are differentiated from naive CD4eells by 14

signalling?® andhave been implicated in allergic inflammation anthasa 2> 224
Additional Th cell populations

Later studies identified additional Th populations in addition to Th1l and Th2, these groups include

Th17, Th9 and Treg cells. Th17 cells are a highly inflammatory subpopulation and

characteristically expreshe gytokine I:172?°as well as H22226 Th17 cells express the gene

whw! Sy O02RAY3I GKS 2NLIKIY NBGAY2iésdovmikhiz NBOSLIG 21
lineagé?” along with IL6, TGF 22 andIL-23 signalling?® In the healthy immune system Th17

cells are involved ithe defence against extracellular bacteria and furtéushere 1:17 plays a

keyrole 21232 Th17 cells have also beberavilyimplicated in autoimmune disease such as

asthm&*3and rheumatoid arthriti€3* Th9cellshave been newly identified and are characterised

by the production of H9 and IE102%°Th9 cells are induced by TGF I 1ly4R® signalling and are

22



thoughtto contribute in the inflammatory respons€® This cell type has also been found to
contribute to inflammatory disease such as inflantorst bowel diseasé®” 2%8Finally, Tregs

present as a unue subset of Th cells and opposed to the other groups of CRdisT Tregs

work to resolve inflammation and bring about homeost&$igregs are differentiated by TGF

i 240and 112?24 signalling and are characterised by the expression of the master transcription
factor FOXP% 243Treg controbf the inflammatory response has been suggestete

mediated by several different mechanisms. One such mechanism is the production of cytokines
such as the aniinflammatory cytokine H102%4 Tregs also express high levels &2 lleceptor and

are thought to inhibit inflammatory signalling by competitive uptake € Ih the inflammatory
environment, stopping K2 from stimulating effetor Tcells resulting in theiapoptosis?*® Other

mechanisms of action include cytolytic activity by granzymes and pedtramsl release of

. Naive CD4+ T-cell

adenosine nucleosided’

IL-12 [ 11-a IL-6 IL-4 | 1L-2
IFN-y IL-23 TGF-B TGF-B
TGF-B
. TBX21 Q GATA3 . ROR-pt . . FOXP3
Thl Th2 Th17 Th9 Treg
IFN-y IL-4 IL-17 IL-9 TGF-B

IL-5 IL-22 IL-10 IL-10
IL-13

Figurel.6: Differentiation of helper Fcell subsets

Naive T helper (Th) cells differentiate into several subgroups including Thl, Th2, Th17, Th9 and Treg cell
Naive CD4% cellsare differentiated into subgroups via the actiohspecific cytokinesl helper

subgroups have specific functions within the immune system and express characteristic cytokines and
transcription factors. Italics indicate genes.
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1.3. Inflammation in neuropathic pain

1.3.1 Wallerian degeneration

After nerve injury, immune cell activity is important for effective repair of the damaged néfes.
A good example of this is Wallerian degeneration (Figufg which describes the highly
orchestrated and evolutionary conserved process of nerve degeneration after injury and the
clearance of axonal and celluleglatis, whichpaves the way for regeneration of the neuréfi.

This process was first discovered by Augustus Waller in 1850 who characterized morphological

changes in sections of fragossopharyngeal and hypoglossal neraftsr transecton.?°

After peripheral nerve injury oces, such aserve transection, the nerve is divided into the
proximal stump, which is the side of the nerve still connected to the soma and the distal stump,
which is the other side of the break not connected to the nerve cell body. Initially after nerve
injury thereis a lag phase where the distal stump remains intact and can still transmit action
potentials?! 252The lag phase varies in length of time depending on the species, wittiitd

only 24-48 hours in mic&2and rat£>* but for up to several days in humaf®8The initiation of
Wallerian degeneration is started by a large influx of @as into the axon at both proximal and
distal stumps, which can come from both extracellular and intracellular so&ité¥A recently
identified axonal proteirsterileh | yR ¢ 2f €t K AYUGSNI Sdzl Ay M NBOSLII 2 NJ
(SARM1hasalso been fand to be involved in the initiation of Wallerian degeneration potentially
by the degradation of it substrateicotinamide adenine dinucleotid@NAD)?*® The breakdown
products of NAD have also been found to be pot@obilizersof calcium?®® The high increase in
C&* causes activation of calpain proteifisheseare proteases involved in the degeneratioftioe
cytoskeleton and axorasnd arerequired for the initiation of Wallerian degendian.?’: 2°After

axon degeneration has been initiated, oretloe first cells to respond to the injury are Schwann
cells, which undergo gemic changes®® #!nitially Schwann cells are thought to sense nerve

damage by the detection of endogenousdlakar components and fragments that form debris
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after axon degeneratioff? Detection of damage in the nerve causes the Schwann cells to lose
their myelinating capabilities and upregulate genes characteristic of premature Schwana cells,
process known as dedifferentiatidf In this dedifferatiated state, the Schwann cells are able to
phagocytose cellular and myelin deltifisit accumulates after nerve injury, acting as the main
phagocytosing cell irhe initial stages of Wallerian degenerati$fAs well as phagocytosing
myelin, Schwann cells also praduproinflammatory cytokines such as TNFIL-1 , IL-6 and LIF
which recruitimmune cellsnto the damaged are#>2%" Initially neutrophils are the first cells to
be recruited and infiltrate the injury site whe they help to phagocytose debris andreit other
immune cells such as magioages’®® Macrophages play a prominent role as the main
phagocytosing cells in the later stages of Wallerian degeneratfamyolvingboth tissue residen
endoneurial macrophages and infiltrating macrophages from the circuld®dmdoneurial
macrophages resident in the nerve begin proliferating and phagocytosing myelin debris within 2
days post axotomgnd before the blood derived monocytes arrigé: 72 After around 4 days,
blood derived monocytes infiltrate the tissue where they mature into differentiated
macrophages’®° The blood derived macrophages then provide essential aid in phagocytosing
debrig¢”as well as signaling with cytokines to activate Schwanrf@ellsd trophic factors to
stimulate axon regrowti’® The importance of macrophagen effective debris clearance and
Wallerian degeneration is further shown in studies that have pharmacologically or genetically
ablated the macrophage populatiéi 2’°These studies found that myelin degradation was
decreased and axon regeneration and locomotor fumttiecovery were severely affected after
macrophage ablation. @ells are the lastimune cell type to enter the injury site, with their
numbers peaking eveen 1428 days after the injury’’ Both Thl and Th2dells have ben

shown to be important in promoting axon regeneration and functional reco¥éry.
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Figurel.7: Wallerian degeneration

The stages of Wallerian degeneratior autlined above. A. A healthy merwith contact to
peripheral targets and an intact myelin sheath. B. Damage is caused to the neurargcausi
lacerations or complete transection. C. The distal portion of the nerve begins to break down and
myelinating Scivann cells begin to ddifferentiate. D. Dedifferentiated Schwann cells begin to
phagocytose the cellular debris. Other immune cells suchasophages infiltrate into the area

to aid with debris clearance. E. Axonal sprouts project from the proximaisaind project

towards the peripheal target. Dedifferentiated Schwann cells form bands of Bungner which gt
the axonal sprouts to the coect target. F. A healthy nerve is reformed.
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1.3.2Evidence from preclini@l models of immune cells in the generation and maintenance of

neuropathic pain

Immune cell infiltration at the site of injury

Immune celinfiltration into the peripheral nerve after nerve injury has been heavily implicated in
the generation and maintemae of neuropathic pafd (Figurel.8). Hovever, the majority of

these findings have been produc&@m pre-clinical studies using animal models of nerve injury.
After injury, neutrophils and macrophages are the first cells to infiltrate the injured rféfvé®
Neutrophils have been shown to contribute to early hypersensitivity after peripheral nerve injury
asthe administration of antibodies that ablate the neuttaippopulation causes a reduction in

hyperalgesi&®®

Macrophages have also been found to contribute to the generation of neuropathic pain after
infiltration into the peripheral nerve, as thadepletion of this population via liposomes containing
clodronate reduces the development of neuropathic hyperalgé®izhis finding was replicated

in a more recent study where clodronate containing liposome mediatgatian of macrophages
was able to inhibit the generatioof tactile allodynia after partial nerve injuf§f Within the

injured nerve, the release of inflammatory mediatasuch as i , MIR1h | yBRY L [
macrophages has bedaund to contribute to the generation of neuropathic pain after peripheral
nerve damage®? 283As these cytokines are characteristically produced by M1 macrophages, this

indicates a pivotal role for the M1 subtype in the initiation of neuropathic g&in.

Tcells have also been heavily implicated in the generation and maintenance of neuropathic pain
following nerve injury, as studies haskbown that Tcells infiltrate the injuredherve site at
characteristically later time points between 7 and 28 days post irfflir§?°T cels are thought to
arrive from the circulabn and penetrate the nerve from the endoneurial vasculature instead of
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migrating across the nerve sheatfiThe contribution of Tells towards neuropathic pain has

been shown in atady using athymic rats to determine themgration of neuropathic pain after
chronic constriction injury (CClY.It was found that thermal and mechanical hypersensitivity
were reduced in these mice compered to wild typatols. Furthermore the administration of
Th1 Tcells were able to restore the pain hypersensitivity. Experiments using recombination

activation gene 1 (RAG1) deficient mice (RAGE” which are unalg to produce mature Tells,
displayed redoed thermal hypersensitivity after C&las well as aetrease in mechanical

allodynia after sparénerve injury (SNA°

Immune cell infiltration atdistant sites

As well as infiltration at the site of injury, immune cells have been found to enter distant sites
such as the dorsal root ganglion and the spinal cord (Fib8)e Macrophages were found to
enter the spinal ord and DRG after nerve injuf$f: 2!However amore recentstudy has
suggested that the increased macrophage numbers in the DRG after nerveairgting result of
proliferation of DRG macrophages as opposed to infiltrating cells, though they do not rule out a
contribution from infiltrating macrophage?®? Several studies have detecteet@ll infiltration into
the DRGE™ %3 2%4gnd the spinal cord® 2%after nerve injurywhere theycontribute to the
generation of neuropathic pain. Onach study determined a specific role for thedll cytokine
IFNd Ay Y S dzN3s e éxtessibn aflthis gftokine was increased in the spinal dorsal
horn after injury?®! The role of this cytokine was further shown as the knotkduhe IFN' gene
caused a reduction in mechanical allodynia, potentially revealing a role for Th1 cells in

neuropathic pain.
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Immune cdls in the resolution of neuropathic pain

Immune cells can alsnodulatethe generation of neuropathic pain, wiffregs being one of the
main immune cell types identified to perform this role. One of the first studies to investigate the
function of Tregdn neuropathic pain found that application of the Treg super agonist CD28 was
able to significantly reduce mechaaldypersensitivity in two models of neuropathic pain (CCI
and experimental autoimmune neuriti$¥ Application of the super agonist also caused an
increase in Treg numbens the sciatic nerve and the DRG, while causing a decrease in infiltrating
Tcells and macrophages into these same areas. Furthely iy thesame grou@’’ found that

Treg cells infiltrate the injury site, DRG and spinal cord after CCI and that depitesegelks

causes significant increases in pain hypersensitivity. After Treg depletion they also found changes
in serum expession of cytokines with CCL52Iand IL5 all being significantly increased andlR-
and IFN' serum concentrations being sidiocantly decreased, which may indicate that Tregs are
mediating their effect through the manipulation of certain cytokin@sher studies have

proposed different mechanisms of action for the function of Tregs in neuropathic pain with one
study finding thasignalirg through the TNFR2 receptor was essential for Treg mediated
reductions in pain hypersensitivity This study found that TNFR2 knockout mice developed non
resolving pain tht did nd recover after CClI. Furthehe use of a TNFR2 agonist EF22n TNk
caused significant increased recovery frorachanical and cold allodynia and thermal
hyperalgesia compared to control treated mice. A more recent study has found that thgeaital
effects of Tregs in neuropathic pain are the result of inhibitory interactions with TellsT This
study found thatafter Treg depletion the expression of H-ldnd TBX21 were increased in the
injured sciatic nerve. CD4+ HN cells were also imeased in the sciatic nerve after injury in Treg
depleted mice. This studlso suggested that thaections of Tregs could be through the signaling

of IL-10.
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Figurel.8: Immune cells in neuropathic pain

After peripheral nervenjury neutrophils are the firstells to infiltrate the damaged nerve site.
Macrophages arrive shortly afterwards and contribute to hypersensitivity and neuropathic pain by
the production of inflammatory mediators. Lastlycdlls infiltrate the damagederve wtere they
contribute to neuppathic pain via cytokine production. At sites distant from the nerve injury, such
as the DRG and the spinal dorsal horn, immune cells have also been found to infiltrate and
contribute to neuropathic pain. Macrophages andellshave both been identifieth these

structures. As well as infiltrating immune cells, resident immune cells in the peripheral nervous
system such as microglia have also been found to be activated in the DRG and spinal dorsal horn,
and may contribu¢ to neuopathic pain.

DRG = Dorsabot ganglion, Tregs = T regtory cells.

1.3.3Inflammation in chronic neuropathic pain conditions in humans

As highlighted above, extensive work has been conducted kelprieal animal studies teeveal
the involvement of inflammation in neuropathic pain. However, limited itigadons have been
conducted in humans to reveal the associations of inflammation anddaggrio the limited
access to human tissu€here are howeverane neuropathiccondtions in humanghat have a

well-definedinflammatory component such as CompRegional Pain Syndrome (CRPS) and
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Chronic Inflammatory Demyelinating Polyneuropathy (CIDP). For CIDP, studies have made use of
nerve biopsies to determine an inflammatoryeadlirectly in the nerve tissu®ne study found

that epineural Tcells and endonewdl macrophages were increased in sural nerve biopsies of
patients with CIDP compared to patients with Aaflammatory neuropathies and healthy
controls?** However there was ndlifference in Tcell numbers in the endoneurium across

groups. A further study found increaseetdll numbers in the total sural nerve area in the
endoneurium of patients with CIDP comparedptatients with norinflammatory neuropathy
(chronic idiopathic axonal polyneurogat(CIAP) and healthy control$® However only few
patients with CIDP showed elevatedadll numbers. Lastjya more recent study found increased
endoneurial macrophages in the sural nerve of patients with CIDP compared to patients with
hereditary neuropathies and controls. Howehis studydid not find a difference in total-Tell
numbers or endoneurial-€ell nunbers between the different groug?® While these studies

show that immune cells can be increased in patients with inflammatory neuropathy compared to
those with noninflammatory neuropathythis is not consistent and varidgpending on the cell

type and the area of tissue under investigatitmthesestudies no associatioabetween
inflammationand painwere investigated, however one study investigating cytokine expression in
sural nerve mpsies from patients with painfiand painless neuropathies foundé@land IE10 to

be higher in patients with painful neuropatf$?Another studyby the samegroup found no
correlation with painand Fcell or macrophage infiltration in the sural nerve of patients with
neuropathy(includingconditions such a€IDP, CIAP amtogressive idiopathic axonal
neuropathy).3* These findings suggest thatraneuralinflammationmay notnecessarilyalways
contribute topainin systemicneuropathy butalsoshowsthat inflammation and immune cell
infiltration is not unique to classically inflammatory neuropathies, and so could be a feature of
neuropathies more generally. To further this poitite results from a study investigating pest
surgery neuropathy in a cohort of patients who had no apparent mechanical nerve damage,

found signs of inflammation and immune cell infiltration in nerve biop¥tERatients were also
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found to benefit from immunotherapy. However in all of these studies only generic immune cell
markers (CD3, CD45, CD68) were used amdasdde limitedinformation regarding the specific
immune cell populations that cdai be of interest in peripheral neuropathidsportantly, nerve
biopsies are hard to obtain from patients and healthy contr@ber studies haveéherefore

looked more indirectly such as in blood to determthe presence and role afiflammationin

the context of neuropathic painFor CRPS, a mesamalysis of 15 studies investigating the
expression of inflammatory mediators in samples from patients, idenqtil-8 and soluble tumor
necrosis factor receptors 1 and 2 to be increased in the blood of patigith acute CRPZ.In
patients wth chronic CRPS, multiple inflammatory mediators from different samples were
increased such as TNEIL-6 and IEL in the blood, blister fluid and CSF respectivi@hAnother
study performed immunophenotyping of blood samples fromR&patients compared to
controls2% This analysis identified significant increases in centexhory Fcell populations such

as Thl, Tregzand CD8+ Tells. This directly implicates these populations in the pathogenesis of
the disease, however nond the increases in these groups correlated with pain scéfes.
Microglia activation was alsdeéntified in the spinal cord of cadaveric tissue from a patient with
long tem CRPS&Y However, the precise pathological events occurring in GRR&In

unknown®® making it difficult to specifically determine the pathogenesis of pain and how it may

relate to other types of peripéral nerve injury.

In human neuropathic pain conditions where the role of inflammation is lessieftied, one
study has made use of imaging techniques to detect inflammatising combined positron
emission tomography and magnetic resonance imagimg authorsidentified
neuroinflammation in the spinal cord and nerve roots of patients with chriumidbar radicular
pain3°® They found elevated levels of the inflammatory kerl8 kDaranslocator protein
(TSPO) in patients compared to controls, allowing forithavoidentification of
neuroinflammation in humans with neuropathic pain. Another study using MRI imaging of
patients with persistent low back pain, found an asaton betveen inflammatory pain
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characteristics and MRI findings such as erosions and bone marrow etfdmaestigationsusing

flow cytometryhave also been undertaken to analyze immune cell populations in humans with
neuropathic pain. One study identified a Th17/Treg imbaldndbe peripheral bloodvhere

there was a significant increase in the number of Trdlg o@ newopathic pain patients

(symmetrical polyneuropathy/peripheral mononeuropathy, post herpetic neuralgia and orofacial
pain) compared to healthy controls. This finding was confirmed by the significant increase in
FOXP3 mRNA expressiora CD4+ ceftaction extracted fromthe peripheral blood othese
patients3° A similar study investigatingc®ell subgroups in patients with lumbar disk herniation
found increased CD4+cEll numbersn the blood of patients compared to controf8! The

increases in CD4+cElls also correlated with VAS pain scofé3hese studies go to show that
immune cell populations in patients with neuropathic pain are altered compared to healthy
controls which could have implications in the th@genesi®of the disease. Many studies have
investigated the expression of inflammatory mediators in the serum of patients with neuropathic
pain.> 312315 |n these studies several inflammatory mediators haeen found to be increased in
patients compared to healthy controls or associated weithicalphenotypes. However in the
majority of cases, only a small number of cytokines are investigated, leaving potentially important

mediators uncharacterized.

Thefindings from the studies highlighted above sheame evidence fommune cell infiltration
directly irto the nerve in neuropathic pain conditions. However this was mostly done in severe
conditions where an inflammatory pathology had already been descrdbddo may not

represent the pathophysiology of milder conditions such as entrapment neuropathies
neuropathic pain conditions without@earinflammatory pathology, the findings tended to show
indirect signs of inflammation via imaging studies oraeased inflammatory mediator and

immune cell populations in the peripheral blood. Investigations are therefore required to
evaluate the presence of inflammation and immune cell infiltration locally at the nerve injury site

of milder nerve injuriesindto better characterize the local inflammatory environment.
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Thesisaims andobjectives

Thiswork will therefore seekto investigate inflammation in the affected tissaeea as well as
sites distant to the injuryn humanswhich may provideanswes toquesions such as what
immune cells are present, what inflammatory mediators are being producedhawddoes this
affect the conditior? Fulfilling the first aim of the thesi$o investigate the role that inflammation

has in neuropathic pain in humansill provide answers to these questions.

1.4Peripheral nerve regeneration

1.4.1Mechanisms of nerve regeneration

The events of peripheral nerve regeneraticontributing to the generation of neuropathic pain
are incompletelyunderstood. The surving neres must regrow their damaged axons along the
distal stump and reestablish connections with their peripheral targétéThe proces of

Wallerian degenmation mentioned above, implicates the immune system in this process, as it is
required for debris clearance after injury. One of the main events that occurs after nerve injury,
which allows for effective nerve regeneration, is the mfjimg of the neuronrbm a stae of signal
transduction and maintenance to a state of axonal groWtihis is a complex proceissohing a
milieu of sgnaling everdthat ultimately induceschanges in gene expression within the neuron.
This process can be split into two phases (Figu@ewith the first phase of signals involving the
influx of calcium and sodium ions into the axoplasnotiyh the damaged axasite 318 This

causes an increase in axon potential fitfgvhich propagates retrogradely towards the soma.
These action potentials cause an influx of calcium ions threoage dependent io

chanrels3?° and contributes to the activation of signaling (Figur®).3*! The second phase of

signals involves the function of activated proteins ternie® S W LJ2 & & Ai 3 WS hedeghire dzNE
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endogenous axoplasmic protefi$32*which undergo post translational modifications at the site
of injury and are then trafficked back to the cell bd@ahere they induce the activation of
transcription factors?® The change in activity of the transcription factors causesgelchage in
the gene expression profile, with cytoskeletal proteins, cytokines and neuropeptides all being
significantly increased after injuy” 32This change in expression allows the formation of new
growth cones and supportdangation and regeneration. Deactivation of negative injurnais
arealso required for effective axonal growth. Negative injury signals are thought to be
continuously retrogradely transported along the axon to the cell body where they signal to

repressaxonal growth and help to maintain the correct function of theuron 322

Cytokines have also been shown to aid in nerve regeneration after injury, vétand 1-1

having implications in stimulating nexvegrowth. The genetic knockout of-B.in micewith

sciatic rerve cru$ caused a delay ihe restoration ofsensory functiof#?° while upregulatian in
the expression of 6 and the IL6 receptorcausedncreases in neve regeneration after injury*°
IL-1i administraion before nerve injury showed signsmomotingnerve regeneation

compared to vehicle treated controf8! Another study investigated the effesdf low and high
doses ofkeveral cytokines on the growth of culturetbuse DR@eurons in the presence of
varying combinations of neurotrophic factors @,INF4 and NGF?Low doss ofIL-6 and high
doses of IFN caused an icrease iraxonal outgrowthHigh doses of TNF K2 4 S@SNJ Ol dza SR
significant decrease in neurite outgrowth-4 had mixed effects, dsw dosescaused a decrease
in axonal outgrowtlwhile high doseincreased neurite growtf? Altogether these studies
highlightarole for inflammatory mediators and the immune system in nerve regenerali@iso
showsthe variable effect of cytokines and how different conditi@mas affect their action in the

regeneration process.
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Figurel.9: Mechanisms of nerve regeneration

The initial processes of nervegeneration can be split into two phases. The first phase invalwesflux of
sodium and calcium ianinto the axoplasm at the site of nerve injury. This causes the retrograde
propagation of high frequency action potentials which are received by theaala. The high frequency
action potentials cause an influx of dalm ions through voltage dependeitin channels, which contribute
to the activation of certain signaling pathways and factors such as CMAK2, PKA, PKC and MAPK. Tl
phase involves th activation of endogenous axoplasmic proteins such as ERK1, HRKadJimportin,
which form the pogive injury signals. These proteins are post translationally modified at the site of injury
and are trafficked back to the cell bodia the retrograderansport system where they increase the
activity of transcriptiondctors. These transcription factorgluce the expression of cytoskeletal proteins,
cytokines and neuropeptides which aid in growth cone formation, regeneration and elongation.
CMAK2 =dcium/calmodulindependent kinase KA =protein kinase A, PKCptotein kinase CMAPK=
mitogen-activated protein kinasePTM = Post translational modification, ERKAExtracellular signal
regulated kinasd-2, JNK =-Jun Nterminal kinase
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Mechanisms of target rénnervation

For functional recovery to take place, the damaged axons havedstadblish contact with their
peripheral targets. Growth cas sproutfrom the proximal nerve at the lesion site and elongate if
conditions are suitablé?’ Axonal growth is guided by other cell types and structures such as the
bands of Buingnet which are formed of dedifferentiated Schwann cells that line up with the
endoneurial ttbes and provide support for regenerating axdésThe inflammatory mediator 1L

1 has been found to bleeavily implicged in the dedifferentiation process of Schwann cells

after nerve damagé® Bands of Blingneaid regeneratiorby the production of multiple growth
factors including nerve growth fear (NGF*¢ and brainderived nerve growth factor (BDNF)
which helpgo direct the growing axons to their peripheral targétThe cellular materials
required for nerve growth are mainly provided by the nereens itsdf and are transported from
the cell body along the axon to the peripheral targ&tHowever, local axonal synthesis of
proteins have recently been identified whereby a large number of proteins including cytoskeletal
proteins,endoplamic reticulum proteins and metabolic proteins can be produced near to the
lesion sie and can contribute to the growing axéf.This proces may be driven by target of
rapamycin (TOR), p38 MAPK, and casf3adependent pathways as inhibition of these proteins
resulted in reduced growth cone formatigft Initially many sprouts can form from the proximal
parent axon and can elongate into the distal nerve, allowing thgent access many distal
pathways®*2When the elongating nerves reach their peripheral target the surplus sprouts are
withdrawn and removed via axonal prunirgis aidsin refiningthe selectvity of axon to target

innervation3%°
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Issues with nerve regeneration

Despite the plethora of mechanisms that aid nerve growth, optimal recovery is rarely acRféved.
Often after nerve regeneration there are both structural and functional abnormalities of the
nerve including reductions in the size of the neurons and in their conduction velocity for long
periods after nerve regeeration3** 34°0One of the maindctors dfecting functional recovery after
injury is inappropriate distal reconnection, where elongating axons do not reinnervate the correct
peripheral target or the innervation of the target is insufficiétftlf the correct neurons do not
innervate the appropriate target this can lead to a sustained loss of function of the target
organ/structure. Regenerating axons that dot reach their target do naeceivestimulatory
signalghat help maintain the growth of the neuron and subsequently die back and
degenerate®’ leaving the structureshronically axotomized® This is less of an issue in nerve
crush where the neural tube remains intact, allowing axons to be directed to their original target
more effectivelythan after nerve transectiorOptimal nerve growth can sb be hindered by
damage to theneuronalcell body due to axotomy or retrograde degeneratiorakingthe nerve
unable to mount successful regeneratidin underlying disease where neuropathy is present can
also hinder regeneratiof?’ The compexinterplayof nerveregeneration processes and the

milieu of factors involved in nerve regeneratijancluding inflammatory mediatorare therefore
important in achieving effective nerve repaifurther haracterization of thee processeand of

the regeneration factorsn the milieuof repair mediatorsvould prove useful in bettering our

understandingof nerve repairand could uncover netherapeutic opportunities.

1.4.2Treatments for peripheral nere regeneration

Nerve regeneratiomn humans is feen less successful than that observed in animal models of
regeneration®* One of the main factors affecting the success of nerve growth in humans is the

long distancehat the nerve has to regrow to aeh peripheratargets3*® This causes increased
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times ofaxotomy and chronic denervationhere the disal nerve segments remain without any
axonal contagt*® causnga reduction in successful regeneratit Schwann cells lining the
endoneurium which provide trophic support to growing axqrsn suffer from atrophy over time
which decreases their ability to support nerve growth35?The slowrate of neve regrowth in
humans may also contribute to these factors, as the nerve growth rate in humans-of 1.5

2mm/day has been found to be slower than that observed in rodéfits.

Several treatments to facilitate peripheral nerve regeneration have been trialed including
medications and electrical nerve stimatibn, which induces nerve growtmd inhibitsthe
denervation associated atrophy of the target tissue. This involves the electrical stimulation of
nerve or muscle via the application of an electrical curf@h£®**Howeveralternative methods
have been employeduch as the use aholecular therapies to aid in nerve regeneration, which

is discussed below.

Molecular therapy in animal models

Due to their implications in nerve generation,neurotrophic factors have been used as
molecular therapy in an attempt to increase the ratenefve regeneration. Much work has been
done using preclinical animal models of nerve injury where the neurotrophic factor NGF has
been frequently ued. One sch study conducting experiments in a rat model of sciatic nerve
crush investigated the applidgan of NGF on nerve regeneratid®.In cultured Schwann cells,
NGF application waable to activate autophagy and accelerate myelin debris clearance. NGF
administration was also found to be able to promote axon regeneration and mayieln in he
early stages of injury in ra#8® A similar study using sciatic nersrish in ats found significant
improvements in electrophysiological parameters as well as significaotfg regenerated
myelinated nerve fibers after NGF treatment compared to conti$lk a different injury model

usingoptic rerve crush(ONC), the administration of NGF was again found to reduce the loss of
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retinal ganglion cellsral stimulate axonal regrowtf?/ highlighting the tlerapeutic potential of

NGF as a treatment in nerve recovery. Other neurotrophic/growth factors such as Vascular
Endothelial Growth Factor (VEG®)nsulin like Growth Factor (IGF)and Glial Derived
Neurotrophic Factor (ARFf° have been useds therapy in animal models of nerve injury to
stimulate nerve regeneration, which have produced positive findings. However, as these findings
have ben producedrom animal models they would likely suffer from the lack of transferability

to the human condion, as previously stated. As a result, experiments in humans would be
needed to fully investigate the potential of these molecules as effectivanrent in rerve

regeneration and to confirm their potential in regenerative therapy.

Molecular theragy in humans

In humans there is limited information as to the use of molecular therapy, including the use of
neurotrophic factorsto treat nerve injuy. HoweverNGF has previously been used in clinical
trials to treat patients with diabetic neuropathy.ifially in a phase 2 trial the use of recombinant
human NGF caused improvement in a composite score including measurements of thermal
detection, smalherve fibe function and nerve impairment scords.However in a subsequent,
larger phase clinical trial both primary outcomes (neuropathy impairment score for the lower
limbs) and the secondary outcome scores (quantitative sensory tgsteuropahy symptoms

and change score and patient benefit questionnaires) were not met and signifigaetdigesia
was produced at the injection sifé! Clinical trials using neurotrophic factors have also been
conducted to treat patientsvith entrapment neuropathy. Here, multiple doses of the
neurotrophic factor BG00010, a member of the GIaFily, were used to treat patients with
sciatica. However no significant trends were observed for the different doses of BG0O0010 and
clinical parameers includng IENFD, Quantitative Sensory Testing (QST) ofp&imilaty in a

follow on study no dose response effect of BG0O0010 on patient pain scores wasSeEnese
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studies highlight the lack of viable molecular therapies to facilitate nerve regeneration in humans,
and showcasethe poor efficacy and adverse side effects as major hurdles to overcome. The
identification of new molecular mediators that can efiigely aid in the regeneration of nerves

after injury without serious adverse side effects are critical to achieve effective new therapies.

Thesisaims andobjectives

Due to the limited knowledge of mediators involved in nerve regeneration in hupaadsn light
of the poor efficacy of molecular therapies, | will seek to identify molecular madsssciated
with nerve regeneration and assetbeir contribution to nerve regowth in a human model
system.The association of nerve regeneration with inflaatory mediators will also be
investigatedio determinethe role of inflammationin the regeneration proces3he fndings from
these investigationwill provide answers to the seconchainaim of the thesisTo characterize

nerve regeneration afteinjury and aétermine the role of inflammation in this process.

Summary

Neuropathic pain is a debilitating diseabat has a high prevalence, is poorly treated, and is
associated with a large socioeconomic burden. Through this introduction | havighigtlithe
challengeswith neuropathic pain and have introduced the role that inflammation has in its
generation and maintenance. From the review of the literature it is apparent that the
overwhelming majority of research investigating the role of inflartiorain neuopathic pain has
come from preclinical animal models. The few studies conducted in humans are often indirect or
are done using severe or systemic neuropathies, which do not reflect the pathology of
entrapment neuropathy. | have also introducpéripheralnerve injury and the complications
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surrounding effective nerve regeneration. Similarly to inflammation in neuropathic pain, many
studies for nerve regeneration have been conducted in animaldelswith poor translatability

to the condition inhumans. Cuent molecular therapies for nerve regeneration in humans are

also lacking and so the identification of new molecular targets are required. There is therefore a
great need for experiments investigating inflammation, neuropathic pain and negenegation

after peripheral nerve injury in humans to effectively characterize the cellular and molecular
components that are involved in these processes. | have introduced CTS as a viable human model

system in investigate these processes with the mairsdiging asdilows:

Aims

1. To investigate the relationship of inflammation with neuropathic pain in humans
2. To characterise the molecular environment of nerve regeneration after injury and

determine associations with inflammation in this process.
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Chapter 2Markers of systemic inflammation in patients with
Carpal tunnel syndrome

2.1 Introduction

Idiopathic CT8as long ben considered to be a nanflammatory conditionThishas primarily
beenbasedon the conclusions frorhistological studies using tissfr®m the carpal tunnel of
patients3643%6 Other studies have investigated the expression of inflammatory mediators in the
blood of patients with CTS to determine immmunecomponent,with mixedfindings. me

studies analysing the expression of inflammatory markers in serum have found no significant
difference in inflammatory mediator levels between patients with CTS and coftréisAnother
study however has detected a gificart increase in the serum levels of6lin patients with CTS
compared to control patients, although the concentrations efillor TNF" were not

significantly different®® Increased inflammatory mediator levels have also been observed in
tenosynoval lysates for It6 and ProstogindinE2 (PGEZ2Y: %¢°The role that inflammation plays in
the pathogenesis of CTS therefore remains contentious. However in the majority of studies
investigating the expression offlammatory mediators, very few cytokinegere analysed and

the phenotypic information available for the patientigtailing the sevety of theirsymptoms
waslacking. Thesbmited investigationdeavethe actions of the majority of inflammatory

mediators and their associations withinicalphenotypedargelyunknown in CTS. As such,
important interactions and functions of inflammatory mediators in the pathogenesis of CTS may
have been missed, highlighting the need of detailed further investigatiortlietoole that
inflammatory mediators may play in CTSefent study has attempted to answer several of

these questions by conducting analysis on a larger range of inflammatory mediators in the serum
of patients with CT%.Detailed phenotypic information was also collected for these patients and

associations between inflammatory mediator levels and phenotype characteristics were
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investigated. Serum ewentrations of CCL5, VEGF, CXCL8 and CXCL10 wendicdirgly

increased compared to healthy controls, indicating a level of systemic inflammation in patients
with CTS. Interestingly the chemokine CCL5 was found to be negatively associated witls patien
scores for the questionnairetouleur neuropathique 4DN4) and the neuropathic pain symptom
inventory (NPSBompositescore, which determine the probability of neuropathic pain and the
severity of neuropathic pain respectivéfy3’°These findings provide evidea that the activity of
inflammatory mediators could be having an effect on the symptoms experienced by patients with
CTS. In addition to this central memory (Tcm) and effector memory (Tem) Gigdpdpulations
were found to be increased in the periplaiblood of patients with CTS compared to controls,
providing further evidence of immune dysregulation in patients with CTS. Though this study has
furthered the understanding of the role of inflamnian in CTShe number of cytokineanalysed
was not compehensive andho analysis was conducted on patients with CTS before and after
surgery. Analysing inflammatory mediator expression before and after surgery would provide
insight into how the inflammatry environment changswithin patients from before surgg to

after treatment and could identify subtle changes occurring within patients that contribute to
pathogenesis. Further investigations analysing the activity of a greater number of inflammatory
mediators in patients before and after surgery are therefoequired to fully interrogate the
actionof inflammation in CT.3 will seek to determine this by analysing the expression of 44
genes and 20 proteins of inflammatory mediatordliood ofpatients with CT@ndhealthy age

and sex matched controls.

2.1.1 Ains

The aim of this chapter will be to further determine the role of inflammatory mediators in
neuropathic pain by investigating systemic immune dysregulation in patients with CTS and relate

these findings toclinicalphenotypes. Inflammatory mediatorsgill be analysed at both the genetic
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and protein level and comparisons will primarily be made (1) between patients with CGTS pre
surgery and healthy controls and (2) between patients with CTS bafatsix months after
surgery. The expression datawilsly 6S O2NNBf I §SR gAGK LI GASYGaQ

potential associations between markers of inflammation and symptomatology.

2.2 Methods

2.2.1 Participants

In this study | made use of an exigfiprospective longitudinal cohort study collected by Annina
Schmid, including0 patients with electrodiagnostically confirmed CTS. Patients were recruited
from surgical waiting lists at Oxford University Hospitals Rélfhdation Trust. Patients were
excluded from the study if electrodiagnostic testing revealed a nerve dysfunction other than CTS,
if there was another medical condition affecting the upper limb/neck (e.g. hand osteoatrthritis,
cervical radiculopathy) or fhere was a history of trauma to thgpper limb or neck, if patients
already had coexisting systemic disease (e.g. rheumatoid arthritis, diabetes) or were pregnant.
Patients with CTS were assessed at baseline (before surgery) and six months folloveng Zlirg
healthy controls (proportionidy age and sex matched) were included in the study and did not
present with any systemic disease or have a history of medical conditions relating to the upper
limb or neck. Healthy participants were recruited via ptiblotice boards and media
advertisemet. All healthy controls attended one assessment. Informed written consent was
obtained from all participants and ethical approval was given for the project (Riverside London

ethics committee Ref 10/H0706/35).
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2.2.2 Phenotypic data

A detailed descriptionf the phenotypic data collected is availalelsewhere’ In brief, age, sex
and duration of symptoms were recard for each individual. Symptom severity was evaluated
with the Boston carpal tunnel questionnaifewhich contains a symptom and fuiat subscore

(0 no symptoms/functional deficit, 5 severe symptoms /functional deficit, ). Only the symptom
questionnaire was used in this analysis. Neuropathic pain severity was evaluated with the
Neuropathic Pain Symptom Inventdf{NPSI), which includes numerical rating scales (0 no pain
to 10 worst pain imaginable) for burning, deegegsure pain, paraesthesia, paroxysmal
symptoms, evokedain as well as a composite total scorel(@). Severity of pain was also
recorded over the past 24 hours on a visual analogue $9&&)0 no pain, 10 worst pain
imaginable) Surgical outcome wacorded on the Global Rating Of Change Scale, whiclesang
from -7 (a very great deal worse) to +7 (a very great deal bette8tandard electrodiagnostic
testing (EDT) of the edian nerve was performed with an ADVANGEystem (Neurmetrix,

USA). Electrodiagnostic test severity was graded ors¢héederived by Bland et al, 2086as
follows: normal (grade Qyery mild (grade ) mild (grade 2), moderate (grade 3), sewvégrade

4), very severe (grade Bxtremely severe (grade 63l patientclinicalphenotype scores were

collected by Annina Schmid.

2.2.3 Blood sampling and processing

Three mlof blood was sampled int®&NA &abilising tubes (TempusTM blood RNA tubisher
Scientific UK and stored at20 for batch processindg@loodserum was extracted from whole

blood collected into a BB | Odzii I A y S Nir Serufm &ollectionlzBLS UK). The blood was left
to clot in thetube before being centrifuged at 3000 rpior 10 minutes at % to separate the

serum fraction. The serum fraction was aliquoted into cryotubes and storeglfat for batch
processing.
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2.2.4 Gene expression

RNA was extracteflom blood of55 patients with CTS and 21 healthy contraéstheTherme

Fisher user protocot(S Y LJdzan . f 22 R wb! ¢dz S I yR pulafiddza n { LIA
number: 4379232). Briefly, samples were defrosted and PBS added to each ,sahighewas

then vortexedand centrifuged. The RNA pellet wasstesspended angurified via column

filtration. RNA was converted into cDNA using the EvoScript Universal cDNA Master kit (EvoScript
Universal cDNA Master"4/ersion,Cat. No. 07 912 455 0pJAll samples were used 2200ng

cDNA per reaction. If the initial RNA conaatibn was too low (n=26), samples and reaction

mixes were doubled or tripled during cDNA synthesis to achieve the concentration of 1200 ng
total cDNA. In three samples, there was not enough starting.RINthese instances, the

maximum concentration attaiable was used (1134, 774 and 630 ng). Since data were normalised
to housekeeping genes, the lower concentration in these samples would not affect the
guantification of the target genes.

Custom made TAQAN array microfluidic cards (ThermoFisher, UK) westghed containing 44
markers implicated with inflammation and neuropathic pain as well as 4 housekeeping gbres.
gene list contaiad cytokines and chemokines, both anti and gnlammatoryand mmune cell
markers such as CD3D, CD16 and CD14 to dbtepresence of €Tells, neutroplis and

monocytes respectively. The full list of genes can be found in Rabl€he cards were run as
instructed in theTagMan® Gene Expression AssayagMan® Array @dsuser manual. In brief,

60ul of patient cDNA was red with 60ul of TAQMAN Fast Advanced Master Mix to achieve a
final volume of 1201 and cDNA concentration of 10nd/ Paired patient samples from before

and after surgery were processed on the samealagith each assay being run in singlet. The

cards wererun on a Quantstudio 7 Flex Rdaime PCR System (Applied Biosystems, USA). Cycle
times (Ct) for each gene in each sample were recorded and used in future analyses. Several
studies have found that thexpression of routinely used housekeeping genes ssdBAPDH,

B2Mand HPRT1 can have variable expression depending on the tissue type and experimental
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condition?*3">making them unsuitable for the use as housekeeping genes. Other genes such as
TRAP1, DECR1 andBPR4ave been suggested to be stably expressed in B®dtand so where

chosen as housekeeping genes in my study.

Table2.1: Gene and protein list of inflammatory mediators
The gene and proteins included in the analysis from patient blood is shown below. Genes shaded
in grey indicate busekeeping genes.

Gene Protein
IL-1i IL-1i
ILIRN/IEIRA

IL-2 IL-2

IL-4 IL-4

IL-5

IL-6 IL-6

IL-7

IL-8 IL-8

IL-9 IL-9
IL-10 IL-10
IL-12b IL-12
IL-13

IL-17a IL-17AF
IL-18

IL-22

IL-23

IFN IFN
TNFh TNF
CCL2 CCL2
CCL4

CCL5 CCL5
CCL11

aCLz21

CXCL5 CXCL5
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CXCL9

CXCL10 CXCL10
CXCL11

CX3CL1/Fractalkine CX3CL1
CSF3/&SF GM-CSF
VEGFR VEGF
NGF

TGH ™ TGH
PDGFA

CRP CRP

TAC1/Substance P
PTGES2
MMP9

CD3D

CD14
FCGR3B/CD16
CD80

CHI3L1

NOS2

TLR4

TRAP1

DECR1

PPIB

18S

2.2.5 Protein expression

To determine if expression at the genomic level was translated to a change in protein production,
analysis of serum proteirfsom 55 patients with CTS and 20 healthy contreds conducted.

MSD UPLEX plate custom biomarker multiplex assay kits (Meso Scale Diagnostics LLC, USA) were

49



custom designed to detect 18 selected cytokines/chemokines from the list of inflammatory genes
(Table2.1). All patient samples and an 8 point standard curve vienein duplicateas per

standard protocol (UPLEX Human Multiplex Assays 1832818May). Paired patient samples
(before and aftesurgery) were always processed on the same plate. Stdsdaere composed

of known concentrations of each cytokine/chemokimeing analysed and were used to calculate
the protein concentrations in each patient sample. Briefly, the method was as follows: each
capture antibody was combined to a specific linker @sale and incubated at room temperature
for 30 minutes. The linkingeaction was inhibited with the addition of stop solution. Linked
capture antibodies were pooled together andb@vas added to each well of the assay plate and
incubated at 4Covernight on a shaker. The next day, the capture antibody solution was remove
and the plate was washed three times (PBS +0.05% tween20). The plates were tapped dry on
absorbent paper and 2B assay buffer was added along with eithepRpatient/healthy ontrol
serum or assay standards. The plates were incubated on a shakemateotperature for 1

hour. Patient samples and standards were removed and the wells were washed 3x with wash
buffer. The plates were tapped dry and.B®f detection solution wasdded to each well and
incubated for 1 hour at room temperature on a shakdre plates were washed 3x with wash
buffer and 15@l of read bufferwas added before the plates were read on a MESO QuickPlex SQ
120 plate reader (Meso Scale Diagnostics LLC, B&AJetection of TGF  senyim,the samples
were acidified. Thisrasneededas TG¥F is secreted as a pfprotein which is linked to a latency
associated protein (LA@Y this first needs to be removed before quantification. To achieve, this
first treated with 2Ql 1M HCI per 100ml and incubated at room temperature for 10 mintias.
samples were then neutralised by addingd4f 1.2M NaOH in 0.5M HEPES bufferJi#iul of

sample.

As CCL5 was not available in thelex panel, the dete@dn of CCL5 (RANTES) in serum was done

using MSD RLEX plates (Meso Scale Diagnostics LLC, USA). The standard prBloe¥ (R
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Antibody Sets Singleplex Assa$®183v6-20180ctwas used. In brief the procedure was the
same as described above with theceptions that the serum samples were diluted 1:50. No
specific linker molecules were used, instead, biotinylated anti CCL5 capture antibodies were used

to bind the chemokine.

Todetect Human C Reactive Protein (CRP) in sdrused theR&D Systems CRRd@ptikine
ELISA kit (R&D Systems, US, Cat. No. DCRE@O)owed the standard protocol. Briefly, 1(0

of assay diluent was added to each well, followed byl 5@ either stan@rd or sample (serum
samples were diluted 100 fold in calibrator diluentian samplesalong withan eightpoint
standard curve in duplicate on all plates. The plate was sealed and incubated at room
temperature for 2 hours. Sample or standards were thspirated off and wells were washed 4x
with 40Qul wash buffer. 20Qul of human CRP conjugate (secondary antibody with horseradish
peroxidase activity) was added to each wielhensealedthe platesand incubatedhem at room
temperature for 2 hoursTheplates were then washed 4x times with 40®uffer and 20Q of
substrate saltion was added. The plates were sealed and incubated at room temperature for 30
minutes in the dark. 5@ of stop solution was added and the plates were read &M

FLUOstar Osga(BMG Labtech Ltd, UK) with the wavelength set to 450 nm.

2.2.6 Statitical Analysis

Molecular quantitative Polymerase Chain Reactiata were analyseth R, using the software
package limm#°to determine differential gene expression. Briefly, data were normalisettie
average expression of housekeeper genes and batch effect correction was cathdudihe data
set. An empirical Bayesian method was used to shrink sanvgriance within the data. Data
were then fit into a mixed linear model to determine differ@itgene expression using patidit

as blocking factor. Differential expression wastly investigated between patients before
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surgery and healthy controls, and secondly between patients before and after surgery. Results
were corrected for false discomerate (FDRWith BenjaminiHochbergecorrection where an
adjusted p value of <0.05 wasnsidered significant. Only those genes that were significant after
FDR correction and hadL.ag 2 fold change (LaZf-C) greater than 1 were used in further analyses.
IL-6 was significantly dysregulatethdhad a LogFC just below and sowas included irfurther

analysis.

Serum protein concentrations were determined by normalisation to assay standards of known
concentrations. ManitWhitney tests were used to compaserum protein levels between

healthy participants and patients with Ch&ore surgel. Wilcoxonrank-sumtests were

conducted to compare serum protein levels between patients with CTS before and after surgery.
Results were corrected for false discoverierasingBenjaminiHochbergecorrection where an
adjusted p value of <0.05 was considégggnificant. Any protein remaining significant after FDR

correction was included in further analyses.

To determine associations between gene expression and praeald, gene expression and

clinical phenotype and protein levels and clinical phenoBype{ LIS NX¥ I yadQ NI y {1 02 NN
analyses were conducted with p values <0.05 considered signifloathiese analyses both

before and after surgery dataere usedForduration of symptoms an@ROC scoseonly before

and after surgery datavas usedespectiely.P values from this analysis were not FDR corrected

as these investigations were exploratory.

A secondary analysis was conducted for theajie expressioand prdein data to determine if
differential expression could be determined based on pheniatgata. For thse analyss
phenotypic data were binned (age:9®,60-85 years, sex: males and females, duratic24025
500 months, Boston symptom score2(®, 3-5, NPStompositescore: 029, 30-100, VAS Pain:0

2.9, 310, GROGY?7-5, 67, EDT gradé-3, 46 ). Amixed linear modelvas fitfor gene expressign
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for the protein analysiMannWhitneytests were usedOnly one cytokine wadifferentially

expresed basedon ageor sexfrom the mixed linear modedndhad a low Log2FC below 1

(Supplementary Tableifh Appendi¥ Very fewage and sex associati®were determined by a

two way ANOVAIsing protein datgSupplementary Tablei Appendi¥ As sub, age andsex

were not used as covariates in furth@nalysis.

2.3Results

2.3.1 Patient demographics and clinical data

The demographic and clinical data of patients with CTS and healthy controls involved in this study

can be found in Table 2.

Table2.2: Demograhic and Clinical Data

Demographic and clinical data are shown for patients with CTS and healthy controls. Healthy

controls were age and gender matched to patients with CTS as determirt€aliopgorov
SmirnovA Y RS LISY RSy (i & | Y LJX &tiestie$péciivelyPyired TAoksta Wek: NdRd
to determine statistical differences in clinical phenotypes from before to after surgery.

Healthy
Controls

Number of Participants 21

MeanAge (SD) [ye&ar 59 (13.8)

Male:Female 7:14

(66.7 %
Female)

Mean Duration of symptoms
(SD) [Months]

Median EDT grade [IQR]

Boston symptonScore(SD)

CTS Patients CTS Patients

Pre

55

63 (11.68)

18:37

(67.3%
Female)
68.36 (99.82)

3[2]

2.68 (0.8)

Post

55

2 2]

1.44 (0.48)

P value

0.57

<0.001

<0.001
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VAS Pain (SD) 2.51(2.75)  0.44(1.26)  <0.001

NPStompositepainscore (SD) 24.77 (17.01) 5.72(10.75) <0.001
NPSI burning pain (SD) 1.95 (2.91) 0.26 (0.87) <0.001
NPSI deep paifED) 2.11 (2.73) 0.30 (0.9) <0.001
NPSI evoked pain (SD) 1.45(1.91)  0.75 (1.40) 0.025
NPSI Paraesthesia sensation 5.52 (2.87) 0.64 (1.66) <0.001
(SD)

NPSI Parsoxymal pain (SD) 1.68 (2.40) 0.59 (1.46) 0.009
Median GROC Score [IQR] 7 [1]

SD= Standard DeviatiolQR= Inter-Quartile Range, EDT = Electrodiagnostic testing, VAS = Visual
analogue scaldNPSI = Neuropathic pain symptom inventory, GROC = Global ratimgngfec

2.3.2 Inflammatory mediators are dysregulated at thgenetic level

Table2.3 contains he results of the gene expression analyses. Differential expression analysis
between healthy controls and patients with CTS-puegery revealed a single gend (FESPto

be significantly dysregulated (p=0.0132hePTGE2gene encodes prostaglandiE? aml was

decreased in patients compared to healthy contrblswever the LogFC was below 1

(Lo@FC=0.7). In the paired analysis (before vs after surgery), a total of 12 genes were found to be
differentially expressed (all $£0.05).This included the gendk9, CCL5, PDGFALIL CXCLS5,

TGFB1, VEGFAAILTLR4, FCGR3B6 lind CD3DOf these gened|-9 was increased post

surgery and was the only cytokine to havkog2 fold change greater than 1 (L2i§C=1.099).IL-6

was decreased after surgeayd hada Log?2 fold change jusbelow 1 (LogFC=0.92&nd so was

included in further analysis
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Table2.3: Gene expressiom patients with CTSre-surgery compared to healthy controls and
within patients with CTSrom before to after surgery
A. Differential expression of genes eten patients with CTS pmrgery and healthy contral8.
Differential expression of genes between patients with 6&fre andafter surgery Genes have
been ranked in descending order based on adjusted p values. Significant dysregulation is

indicated wth grey shading where the adjusted P<0.05.

Gene
PTGES2
FCGR3B
IL4
CXCL5
IL23A
CCL5
CXCLS8
IL12B
DECR1
IL1B
TLR4
TGFB1
PDGFA
CXCL10
IL9
IFNG
MMP9
IL6
CX3CL1
IL2
CRP
18S
CCL2
CCL21
CHI3L1

Lo@?FC

0.7172
-0.9934
-0.6443
-0.8798

0.3648
-0.4250
-0.7565
-0.9411
-0.2576
-0.4282
-0.4309
-0.2175
-0.3876

0.5005
-0.6090
-0.3273
-0.3619
-0.9653
-2.5594
-4.5496

2.0356

0.2072

0.4044

5.5908
-0.4129

AveExpr

7.3508
6.7129
11.0769
6.2100
9.2615
1.0649
6.5907
16.5997
4.1709
5.9645
5.1541
2.5946
9.6482
10.6873
16.8580
9.7282
4.8195
11.8264
15.6411
14.2196
15.7354
-9.7609
13.0409
15.3015
6.0407

P.Value

0.0003
0.0022
0.0041
0.0046
0.0114
0.0127
0.0120
0.0084
0.0203
0.0218
0.0186
0.0577
0.0606
0.0714
0.0795
0.1136
0.1028
0.1158
0.1234
0.1261
0.1564
0.1723
0.1807
0.2120
0.2405

Adj.p.Val

0.0132
0.0516
0.0551
0.0551
0.0761
0.0761
0.0761
0.0761
0.0950
0.0950
0.0950
0.2239
0.2239
0.2447
0.2544
0.3027
0.3027
0.3027
0.3027
0.3027
0.3574
0.3760
0.3772
0.4240
0.4617
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NOS2 -0.6876 15.8343 0.2529 0.4670
IL10 0.2794 13.8695 0.2783 0.4797
CD80 -0.2246 11.5727 0.2798 0.4797
IL7 -0.1585 9.5757 0.4228 0.6998
TNF -0.2001 6.4277 0.4433 0.7094
CD14 0.1081 8.2658 0.4705 0.7286
VEGFA 0.0888 9.7152 0.5118 0.7444
CCL4 -0.1478 6.9467 0.4998 0.7444
CXCL11 0.1315 11.7226 0.5282 0.7457
CD3D 0.0837 4.3878 0.5461 0.7460
PPIB -0.1530 3.9356 0.5664 0.7460
IL13 -0.1817 16.1530 0.6062 0.7460
IL17A -1.1482 15.8197 0.6054 0.7460
CCL11 -8.9839 7.2127 0.5936 0.7460
TRAP1 0.0504 5.5901 0.6239 0.7487
TAC1 4.4387 -1.0813 0.6395 0.7487
NGF 3.8337 8.1875 0.6737 0.7699
IL18 -0.1516 6.8301 0.7160 0.7992
ILIRN 1.0467 11.7885 0.8076 0.8810
IL2 -0.0423 13.3034 0.8485 0.8915
CXCL9 -0.0463 11.2973 0.8543 0.8915
CSF3 0.3872 14.0298 0.9127 0.9322
IL5 0.0917 13.6599 0.9737 0.9737
Gene Lo@FC AveExpr P.Value Adj.p.val

IL9 -1.0990 16.2636 0.0003 0.0143
CCL5 -0.2410 0.8270 0.0025 0.0269
PDGFA -0.2691 9.4066 0.0028 0.0269
IL1B -0.3332 5.6795 0.0021 0.0269
CXCL5 -0.5454 5.6942 0.0015 0.0269
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TGFB1
VEGFA
IL4
TLR4
FCGR3B
IL6
CD3D
IL10
IL13
MMP9
CHI3L1
CXCL10
TRAP1
NOS2
CXCL8
CX3CL1
IL18
CSF3
IL22
PPIB
CCL11
TNF
DECR1
TAC1
18S
IL2
CCL2
IL12B
NGF
ILIRN
CRP

-0.1555
-0.2004
-0.3055
-0.3102
-0.4466
0.9219
0.1714
-0.2891
-0.3828
-0.2526
-0.2778
-0.2401
-0.0824
-0.8622
-0.1767
1.4831
-0.3195
2.0166
2.2109
-0.1649
15.4281
0.1036
0.0378
6.5492
0.0447
-0.0681
-0.0800
-0.1835
1.0493
0.9726
0.1334

2.4568
9.6396
10.7461
4.8800
6.2151
12.0206
4.4966
13.8021
15.837
4.5932
5.7877
10.7056
5.5628
15.2322
6.2933
15.6283
6.6284
15.5522
13.8817
3.8109
9.3608
6.4242
4.1186
0.4854
-9.6813
13.2577
13.1126
16.1009
10.7297
12.9838
16.4570

0.0053
0.0065
0.0059
0.0056
0.0059
0.0077
0.0097
0.0256
0.0291
0.0315
0.0582
0.0642
0.0942
0.1090
0.1488
0.1810
0.2269
0.2602
0.3059
0.3603
0.3937
0.4493
0.4875
0.5445
0.5444
0.5403
0.5577
0.5869
0.7727
0.6938
0.7164

0.0312
0.0312
0.0312
0.0312
0.0312
0.0335
0.0387
0.0946
0.0998
0.1008
0.1746
0.1812
0.2511
0.2753
0.3570
0.4138
0.4950
0.5429
0.6118
0.6918
0.7268
0.7987
0.8358
0.8366
0.8366
0.8366
0.8366
0.8537
0.8626
0.8626
0.8626
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CXCL11 0.0303 11.7740 0.7693 0.8626

CD14 0.0262 8.3087 0.7289 0.8626
IL7 -0.0304 9.5167 0.7393 0.8626
CD80 -0.0355 11.4929 0.7166 0.8626
CXCL9 -0.0461 11.2615 0.7081 0.8626
PTGES2 -0.0473 7.5253 0.6376 0.8626
IL17A -0.7184 14.8202 0.6417 0.8626
IL5 0.1944 13.7847 0.9033 0.9752
CCL21 0.0928 16.5193 0.9549 0.9752
CCL4 0.0065 6.9091 0.9468 0.9752
IFNG -0.0096 9.6330 0.9211 0.9752
IL23A 0.0021 9.3633 0.9776 0.9776

Lo@2FC=Log Fold Change, AveExpAverage ExpressioR,Value = p valué&dj.p.Vak Adjusted
Pvalue.

2.3.3Mediators of inflammation are dysregulated in the serum of patients with CTS from

before to after surgery and between patients with CTS before surgery hedlthy controls

The serum concentratiors immune mediators between healthy participants and patients with
CTSeforesurgery revealed two mediators that were significantly dysregulated. BotH TGF
(p=0.016 and CCL5 (p=0.047) were increased in patierith CTS preurgery compared to

healthy controls (Figurg.1). Paired analysis of inflammatory mediator expression in patients with
CTS from before to after surgery identifieedllas being increasl presurgery (P=0.00Z)igure

2.2). The cytokine H9, previously identified as being significantly dysregulated at the genetic
level showed a comparable trend at protein level, although this failed to reach significance after
stringent FDR correctiofp=0.09). 16 was not found to be significantly dysrégted (p=0.24,

Figure2.2).
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Figure2.1: Serum nflammatory mediator expression between patientsith CTS presurgery and
healthy cortrols

TGH and CCL5 concentrations were increased in patients with CTS. Protein concentration is given
in pg/mlexcept for CRP which is given in imiflannWhitney U tests were used to determine
statistical differencedetween patients with CTS and healthy cordrdData are shown as mean +/

SEM and single datapoinsignificant dysregulation is indicated witA0.05.
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Figure2.2: Serum hflammatory mediator expression in patients with CTS from pre to post
surgery
IL-4 was significantly increased pseirgery conpared to post. Protein concentration is given in
pg/ml except for CRP which is given in m@/ilcoxon tests were used to determine statistical
differences between groups. Data are shown as meaSEM andingle data pointsSignificant
dysregulations indicated with P<0.05.
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2.3.4 Gene expression of inflammatory mediators do not correlate with serpmotein

concentration

No sgnificant correlations were foundetween the gene and protein expression of any of the

differentially expressed cytokines L 11-6, 1-:9, TGF

Iy R, indi¢afing that the level of RNA

expression of these genes does not necessarily translate teiprptoduction (Figur@.3, Table

2.4).
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Figure2.3: Correlation analysis for gene expression and serprotein concentration

Correlation analysis was conducted on the gene expression and protein concentration of the
inflammaory mediators Ik4, IL-6, I1-:9, CCL5 and T&FNo significant correlations were identified
for any of the inflammatory mediators. Both pre and pestgery data were used in the analysis.
Spearman correlation was used with p<0.05 being considered significant.
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Table2.4: Correlation data for gene and protein expression

Correlation analysis was done for the gene and protein expression of inflammatory mediators
Only thosewhich were differentiallyexpressed (andr had a LogFC>1 from the genetic analysis)
were included inhe analysisThe Spearman correlation coefficients (r) and p values (p) for
correlations between the gene and protein expression &f,Ill-6, [1-:9, CCL5 and TGF | NB
shown

r Y
-4 -0.02 0.80
IL-6 -0.03 0.76
IL-9 0.13 0.28
CCL5 0.03 0.74
TGH 0.036 0.71

2.3.5Systemidnflammatory mediators correlate with clinical pain phenotypes

Correlation analyses, using both before and after surgery datenRINA expression arutinical
phenotype scores revealed a significant correlatiofLdf gene expression and duration of
symptoms (r=0.36, p=0.0072, Fig@d). No significant correlationsere observed betweeil-6
expression and phenotype scores refiag pain severity, such as the Boston symptom
questionnaire, VAS Pain and NPSI scores (2dlén contrast,|L-9 expression was associated

with several pain scores (Figuzed, Table2.5). There was a negative correlation with the Boston
symptom scog, VAS Pain and several NPSI scores including the composite and subdomains for
burning and deep pain as well as paraesthd&if.also negatively correlated with EDT grade,
indicating higheilL-9 expression in patients with less severe CTS. Differgais expression
analysis of inflammatory mediators was also conducted based on the phenotypes listed in Table
2.2 In this analys only CCL5 showsihnificant differential gene expressibat had a low

Log2FC of below (Bupplementary Table 1, Appengdix
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Figure2.4: Correlation analysis fol.-6 and 19 gene expression and clinical phenotypes

Correlation analyses forBard Ip ISy S SELINBaarAzy oAGK -6gbsiively i & ¢
correlated with duration of symptoms only-8Lnegatively correlated with EDT grade, Boston stym

score, VAS Pain, NPSI burning, deep pain, paraesthesia and the NPSI congresiBott pre and post

data were used in the analysis. Spearman rank correlation waswisied p<0.05 being considered
significantVAS = Visual analogue scale, NPSurddathic pain symptom inventory, EDT =
Electrodiagnostic testing.

| next conducted correlation analysis using before and &ftegerydata for serum

concentrations of H4, 11:9, TGEF and CCL5 withlinicalphenotypes. Correlation analysis was

done on theseeytokines as they were either significantlysdegulated or idicated a trend for
dysregulation by being significant before FDR correction. Correlation coefficients and p values are
shown in Tabl@.5. No significant correlations were found between protein expression and
clinicalphenotype scores foECL5 or TGF IL-9 serum concentration negatively correlated with

three components of the NPSI questionnaire (NPSI paraesthesia sensation, NPSI paroxysmal pain
and NPSI composite scor&jdure 2.5Table2.5). In addition, H4 was found to positively

correlate withpain specific phenotype scores including the Boston Symptom questionnaire, the

NPStompositescore and NPSI deep pakfigure 2.5Table2.5). I-4 also correlated with EDT
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grade Figure 2.5Table2.5). Correlation analysis was also done using onl\ptResurgery values
for patients with CTS and phenotype scores. However, from these analyses-®madlfound to
weakly correlate with NPSI evoked scores. The data for this analysis is sHeuwgpiamentary
Table3in the AppendixDifferential expressh based on the phenotypes scores was also
conducted for inflammatory mediators in the serum but no significant dysregulation was found

(Supplementary Tablé, Appendi}.
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Figure2.5: Correlation analysis foll-4 and 19 protein expression and clinad phenotypes

Significant correlations are shown fordland IES protein concentration with clinical phenotype scores. IL

9 negatively correlated with the NPSI composite score as well as the subdomains dBShpaia and

NPSI paroxysmal pain-4lpostively correlated with the NPSI composite score, the subdomains NPSI
paraesthesia and NPSI deep pain as well as the Boston symptom score and EDT grade. Both pre and po
data were used in the analysis. A Speanmarrelation was used with a p<0.05 beirgnsidered significant.
NPSI = Neuropathic pain symptom inventory, EDT = Electrodiagnostic testing.
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Table 2.5: Correlation data for gene and protein expression with phenotype scores
Spearman correlation coefficients (r) and p values (p) are shown for the correlation analyses of inflammatory mediatsioexgnesphentype scores. Both pre

and post data were used in this analysis, for duration of symptoms and GROC scores onlg postdata was used respective8ignificant correlations are

indicated with grey shading.

IL-6 (Gene) IL-9 (Gene) IL-9 (Protein) IL-4 (Protein) CCLS5 (Prein) TGH (Protein)

Correlation| P Correlation | P Correlation | P Correlation | P Correlation | P Correlation | P

coefficient | Value | coefficient | Value | coefficient | Value | coefficient | Value | coefficient | Value | coefficient | Value

(r) (n) (n) (r) (r) (n
Boston symptom 0.45 0.64 -0.32 0.007 -0.17 0.08 0.27 0.0042 0.054 0.57 0.073 0.45
score
VAS Pain -0.0024 | 0.98 -0.32 0.0064 -0.15 0.12 0.16 0.093 0.018 0.85 0.14 0.15
NPSI (burning) -0.048 0.62 -0.24 0.045 -0.12 0.20 0.17 0.07 -0.032 0.74 0.017 0.86
NPSI (deep) 0.035 0.72 -0.29 0.015 -0.16 0.11 0.27 0.0044 -0.0059 0.95 0.069 0.48
NPS(evoked) -0.12 0.20 -0.11 0.37 -0.13 0.19 -0.0096 0.92 0.057 0.56 0.094 0.33
NPSI (paraesthesia) 0.088 0.36 -0.24 0.045 -0.22 0.024 0.28 0.0031 -0.036 0.71 -0.084 0.38
NPSI (paroxysmal) -0.087 0.37 -0.12 0.32 -0.22 0.02 0.11 0.24 -0.084 0.38 -0.044 0.65
NPSI (composite) 0.022 0.82 -0.25 0.034 -0.21 0.029 0.25 0.01 -0.10 0.28 -0.031 0.75
EDT grade -0.0069 0.94 -0.30 0.01 -0.16 0.10 0.26 0.0073 0.11 0.26 0.06 0.54
GROC score 0.14 0.30 -0.20 0.27 -0.55 0.69 0.14 0.32 0.26 0.051 0.22 0.11
Duration 0.36 0.0072 -0.013 0.94 -0.12 0.38 0.27 0.05 0.17 0.21 -0.05 0.71

VAS = Visual analogue scale, NPSI = Neurogazim symptom inventory, EDT = Electrodiagnostic testing, GROC = Global rating of change.
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2.4 Discussion

This chapter sought to investigate systemic markers of inflammation in patients with focal nerve
injuyand S dzNR LI 6 KAO LI Ay YR NBfFGS (KSasS FAYyRAy3Ia
phenotypes. {6 and IE9 were the two main cytokinesientified as dysregulated at the gene

level in patients with CTS from before to after surgery, whe&was increased prsurgery and

IL-9 was increased posturgery. Analysis of inflammatory serum mediators revealed both CCL5

and TGF (12 0 Stlydnsréhsed il patizhty/with CB8fore surgery compared to healthy

controls. Serum M was found to be increased in patients with ®&®re surgery compared to

after surgery. Correlation analyses identifieebligene expression to heositively correlated with
duration of symptoms, whiledtp 41 & yS3IlI GABSt & O2NNBtIGSR gAGK 3
scores representing pain and electrodiagnostic test severity at thetlyenetic and protein level.

Similarly, serum concentrations @fi  LJ2 8 A GA @St & O2NNBfFGSR gAGK LI

representing pain and electrodiagnostic test severity.

2.4.11L-9 expression indicates a presolution role in patients with CTS

The most striking findings were that of9L.which showed a sigigant increase in gene

expression possurgery, a similar trend at protein level and negative associations with a range of

pain severity scores. The pegperative condition of CTS is mtive of a state of recovery, where

CTS has resolved and the afegtnerve is in the process of repaiiThe pos-operative increase

in IL-:9 may therefore highlight a role for thcytokine in resolution and the repair process. This

notion is supported by the identification of several negative correlations betwe8relpression

from both the genetic and proteinanf @ 3Sa& 'y R LI GA Sy (-8épresioBy 2 ( & LIS
was foundto negatively correlate with several pain specific phenotypes, it may have an impact on

the generation or maintenance of neuropathic pain in these patient8.riay therefore have an
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anti-nociceptive role in neuropathic pain and work to decrease paimadligg, potentially through
mediation of the immune system. Overall for the majority of the correlations withdhdclinical
phenotypes, the level of association was generally weaksarfdrther validation is required to
confirm the associations of-B.andclinicalphenotypes. 19 is a relatively understudied cytokine
with limited literature describing its function and implication in disease. However a recent study
has identified 19 as being increased in the serum of patients with intervertebrsk dierniation
and chronic radicular back pain compared to healthy conf®Ehey also stae that 11-9
concentrations were significantly increased in patienith severe disk herniation compared to
patients with mild disk herniation. However on close inspection of their datafiparentthat IL-

9 levels were actually significantly increasegbatients with mild disk herniation compared to
those with severalisk herniation, indicating instead that®Lmay have a protective role,
preventing a more severeondition They also did not find a significant association & lkvels
and pain, furher indicating that H9 was not contributing to symptom severi§.. This may
provide further evidence of a presolution role for 19 in entrapment neuropdty. Other
available literature on B showcases its pleotropic nae, with the cytokine having involvement
in inflammatory conditions both in a pro and airiflammatory capacity®” 382384 Thisis
highlighted instudies of patients with inflammatory bowel disease, where iased L9 serum
concentration correlated with a less favourable prognosis and increased disease s&véfity
These studis show the pranflammatory actions of B in autoimmune and inflammatory
conditions. However, 18 has also been shown to have gasolution effects. Compelling data is
now emerging implicating 12 in the activation and activity of regulatorycélls Tregs)y®* %¥’In a
mouse model of rheumatoid arthritis,-B.enhances the resolution of inflammation by activating
innate type two lymphoid cells (ILC2shich in turn increase the activity of Tregs. In line with
this, ILC2 cell numbers were increddn the synovialissue of patients with rheumatoid arthritis
in clinical remission and correlated with disease activity in these patients. This highlights an

interesting mechanism by which-8Lmay indirectly increase the potency of giesolution Tregs
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to combat inflammaibn. The preresolution effects of H9 with regards to the activity of Treg

cells has been shown in another study using cultured Treg cells from mice where the application
of 19 enhanced the suppressive capabilities of Treg &&lheanti-inflammatory cytokines that

| investigatedn this study such as HLO, 11-:13 and IE1 receptor antagonis did not show any
dysregulation between patients and controls or have any associationcliiticalphenotypesn

the genetic or protein analysidMediators of immune resolution have natadilybeen

investigated in CTS, howeverlillhas been shown todincreased in patients with mild sciatica
compared to those with severe sciatica or healthy contf18.-10 alsonegatively correlated

with Oswestry Disability Index (ODI) scores in these patiéhverallll-9 presents itselfis an
interesting cytokine in the resolution of CTS. In future work, it would be useful to determine the
cellular source of B and the mechanism by which9lis acting, and whether this is a Treg
related mechanism. Considering thegative correlatiorof IL-9 with pain severity, further work
may seek to determine whether-B.has any therapeutic utility to treat patients with neuropathic

pain clinically.

2.4.2 Signs of a pranflammatory phenotypebefore surgery

| found IL6 to hawe differential geneexpression where it was increased before compared to after
CTS surgery in this cohort-@lis an important pranflammatory cytokine that is involved in a

range of inflammatory and autoimmune conditions and signals to generate andaimin
inflammatory ewvironments3#®3%?As L6 was increased during the active state of the disease, it
could thus be maintaining an inflammatory environment contributing to the pathogenesis of CTS,
while it reducegluring postoperative recovery.-B_expression in the serum of patients with CTS
has previously been investigated, with mixed findings. Some reportéddlbe increased in

patients with CTS compared to patients without €0\ghile others found no increase in serum

IL-6 in their CTS cohorts compared to healthy cont?®I8: *6’Similarly, | also did not find any
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differencein IL-6 serumlevelsbetweenhealthy controlsand patients with CT$deedthe
majority of my findings wergenerallyobserved when comparing between patients with CTS
before and after surgery, | will discuss this phenomenon in more detail llat my studylL-6 was
not found to be associated with pain symptoms, which is in agreement with previous fifélings.
%67 However in lumbar radiculopathy-8_has been frequently found toe associated with worse
symptoms?® and more intense paift* 3*implicating a role for W6 in the development of
neuropathic pain in entrapment neuropathy. Treason for the discrepancy in the action obIL

in two related entrapment neuropathies is unclear. However, it could be downgaéverity of
impact on the affected nerve in each condition. As the severity of symptoms in patients with
lumbar radiculopatly is generally high 2°this could ndicate increased damage to the
compressed nerve. The nerves could therefore be moexposed to inflammatory mediators
reaultingin increased symptom severitin-vitro andin-vivoexperiments have shown that-Gis
able to sensitise nociceptive nens to noxious stimufi 3% 3%The association with 46 and
increased pain in patients with lumbar radiculopathy could therefore be the resditedt IL-6
action an the compressed nerve. As the injurythe nerve in CTS is mifflIL-6 may not be

directly acting on the damaged median nerve and so the pain experienced by patients with CTS
could be generated through other mechanisms. Another explanation is that-#géne is not
being translated into an active proteimdicated by thdow expression in the serum analysis. If
limited functional protein is being produced, the involvement in the pathogenesis of CTS and the
resulting phenotypes may be limitethterrupting I1-6 signalihg haspreviouslybeen used in
humans b treat neuropathic pain. Studies using Tocilizumab, a humanised antibatlyinds

the IL-6 receptor (ILBR) to treat patients with sciatica and discogenic low back paand

significant reductions in pain seatfons compared to control therapy’ %8

Serum IE4 was &so increased before compared to aftarrgery and so may be contributing to
the pathogenesis of CTS:4lhas many actions within the immune system, playing a major role in

the differentiation of naive CD4+cElls towards the Th2 lineafé *°° “©°This showsl-4 as
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havingmajor implications in allergic responses and in mediating immune defence against parasitic
infection?!® 220 223 However from these investigations it cannot be known whether thé IL

identified here exerts it effects through a Th2 mechanism during the active phase ofe®@r8. S

IL-4 concentrations positively correlated with EDT grade and several pain scores. These
correlations indicate an association betweertland a more severe diseagkenotype and pain
sensations. This is somewhat contradictory to previously publishé&alidentifying It4 as a key
mediator in reducing neuropathic pain behaviours in models of peripheral nerve iifutsf.

However as the expression of4lin the serum was low (<0.5 frgl) the clinical relevance of-4

to CTS remains limited. Taken together my findings of increaskdnl IL6 expression before

surgery suggests an increase in immune activity and cytokine production that could be

contributing towards the pathogenesif the disease.

2.4.3Immune dysregulation in CTS compared to healthy controls

The majority of my findings were observed when investigating differences from before to after
surgery in patients with CTS. This may be down to the paired analysis, wherendifs in

cytokine expression were measured within the same patients in different conditions. As repeated
measurements from the same individual are related, the variability between subjects can be
isolated, allowing for the detection of subtle changeshivita patient over the course of
treatment*°2When comparing between patients and controls, the biological measurements are
independent and due to the high variability in ckitte expression in humari$:larger effects

may be needed for a significant change to be detected. However differences were observed in
cytokine expression between patients with CTS before surgery and healthy coG@alS ath

TGH levels both increased in patients with CTS before surgery. CCL5 is a potent activator of T
cell activity®* 4%and is involved in inflammatory disease condititfhg®?4%8 409 |n line with my

findings, CCL5 has previously been identified as being increased in the serum of patients with CTS
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compared to healthy controJsvhere CCL5 alone wable to discriminate patients with CTS using
discriminant function analysf8.CCL5 is a strong chemotactic molecule foell'% 4 and so

could be functioning to recruit @ells to the site of nerve injury in CTS, which suggests a role for
cell mediated inflammation in the pathogenesis of OM#as not able to detect arsignificant
correlations for CCL5 with aglinicalphenotypes.CCL5 has however previously been implicated
in the generation of neuropathic pain experimentdreating mice with the CCL5 antagonist et
RANTE% or by using CCL5 knockout nfiéelnvestigators were able to reduce behavioural
sensitivity to nociceptive stimuli & nerve injury, reduce infiltrating immune cells and decrease
the secretion of pranflammatory cytokineg!? 4%3Interestingly however a previous study has
found that serum CCL5 expression in patients with CTS negativelyatedrelith DN4 and NPSI
compositescores’® and previous animal models have shown that CCL5 can be involved in the
resolution of inflammatiorby encowage a preresolution phase in macrophages in a mouse
model of peritonitis**the exact role that CCL5 plays in thehmmenesis of CTS therefore

remains uncertain.

TGF has previously been implicated in the pathogenesis of CTS, though mainly as afdriver o

fibrotic changedue to increases in the local tissue expression ofT&F'>*7TGH Kl & 0SSy
shown to cause increased expression of collagenrtgpés which drive fibrotic thickening in the

carpal tunnel, ad is thought to be a major component in the pathogenesis of*€Tige fibrotic

actionof TGF Aa | faz2 ¢Sttt SaidlofAaKSR“ayd 20 KSNJ O2y RA
arteriosclerosié'®, though it has not been reported previously in other entrapment neuropathies.

In previous CTS studjd@ncreasesinTGF SELINBaaA 2y 6SNBE ARSYGAFTASR A
surrounding the affective nerve such as symovial connective tissue. In my study | detected

systemic differences in TGF S E LINdhighgisidBtgint from the site of injury, taken tager

this provides strong evidence for the involvementof TGFAY (KS LJ 0 K23SySaira 2
not the main focus of my study, the direct actions of TGF2y FAONRGA O OKI y3Sa ¢

investigated hereTGF | £ 42 KIF & Yl ye& AY idnasMetedast 6 2 NE STFFS
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immunoregulatory cytokiné?® 42'producing preinflammatoly effects,*? 4>3and canact as a
chemoattractant for immune cells including monocyfsnd neutrophils?”*TGH Yl & GKSy
also have a role in modulating the immune system in patients with CTS, driving inflammation in
these patients. Ultimatelymy findings highlight the potential role of immune dysregulation in

CTS as increased inflammatory mediator express@s found in patients with CTS compared to

healthy controls. These results are in agreement with previous studies highlighting both CCL5 and
TGH G2 0SS AYLRNIFYG YSRAL (2 NhandsyodZhath&dareh y G K S
biological difference between patients with CTS and healthy controls that can be detected

systemically.

2.4 4 Differentially expressed cytokines aravolved in naive CD4+@ell differentiation

An interesting feature of several of the dysregulated inflammatory mediatenstified here is
that they are known to be involved in naive CD4+ helpegllT(Th) differentiation (See Figutes

in the generalntroduction). As discussed previously4lis known to be involved in
differentiating naive CD4+cElls towards the Th2rleagé? %% |L-4 in combination with TGF
directs naive CD4+cElls into Th9 cells and TG combination with -6 induces naive CD4+ T
cells into Th17 cellsvhich are heavily implicated in autoimmunity and inflammagf§rf26+22,

TGRF alone or with IE2 directs naive CD4+célls into Tregd 42° 430 The cytokines identified
here may therefore be wding in combination to orchestrate specific spbpulations of CD4+ Th
cells that could be involved in the pathogenesis of CTS. Previous flow cytometric analysis of
peripheral bl@d in patients with CTS identified CD4e€ll effector memory and central m@ory
populations to be increased in patients with CTS compared to healthy cohtitiese changes
in the populations of CD4+cElls further high@iht the potential role that CD4+ subgroups might
play in CTS. As9was differentially expressed and increases# dnd TGF ¢ SNB 206 a SNBSS

this could indicate the presence of Th9 cells in patients with CTS. Howeve$, asdlincreased
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postsurgey while I4 and TGF were increased prsurgery, it seems unlikely that Th9 is the
cellular source of 1B due to the discrepagy in the time of expression of the cytokines. Further,
Th9 cells are implicated as being inflammatory”®”- *2and as 19 negatively correlated with
clinicalphenotypes, it seems doubtful that-&.is being produced byh® cells. To further

elucidate this, flow cytometry could be conducted using peripheral blood to determimether

Th9 cells are present in patients and whether the population of Th9 cells changes before/after
surgery or is different from healthy controlswivestigations into other Th subgroups might provide
information as to the source of other dysregulatedakines. The involvement of CD4+ sub
groups in the pathogenesis of CTS nevertheless presents itself as an interesting area of study,

which is addressd in subsequent chapters.

2.4.5 Discrepancies between mRNA and protein expression

In this study, dysredated inflammatory mediators in the genetic analyses did not show
corresponding dysregulation in the serufrhe discrepancy between gene expressiod protein
concentration is a phenomena that has been commonly nttetf2 There are many molecular
mechanisms invekd in mRNA and protein regulation that can affect their expred&itii. One

of the greatest factors affging protein regulation is the rate of protein degradatiand the

protein halflife.*3® 43It has previously been found that the protein htfé accounts for a large

amount of variability in the correlation between mRNA abundance and protein concentfétion.
Cytokines are known to have short hliMfes, particularly H6*% 4% and so this may account for

some of the discrepancies observed between mRNA and protein concentrations, and explain why

genes dysregulated in the genetic analysis are not found to beedulated at the protein level.

2.4.6 Limitations

A limitation of this study if that the cellular sources of the cytokines and the target cells with
which the cytokines act upon are unknown. Knowing which cells are expressing the dysregulated

cytokines vould provide valuable insight into the pathogenesis & dondition, if immune cells
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such as Tells were the main cytokine producing cell in CTS this would then implicate
inflammation as a main factor in the pathogenesis of the condition and could heplieations

into how the disease is treated. If cellsrmawithin the carpal tunnel such as Schwann cells or
those making up the tenosynovium were the main source of cytokine production, this could
indicate that cytokines are being produced and workingrirautocrine or paracrine fashion to
produce effects lodsy within the carpal tunnel, which may not involve the influx of immune cells.
Determining the cellular source of the cytokines would therefore prove useful in fully defining the
role of inflammatian in CTS. Another issue with measuring cytokine expmessithe blood of

patients with CTS, is that it is removed from the site of injury and so may not accurately reflect
the local environment of the carpal tunnel. As sucytokinesthat are heavily imolved in the
pathogenesis of CTS and act locally withicarpal tunnel, but do not circulate at high levels in

the blood, would be misseddm this analysis. Finally the list of inflammatory mediators
investigated in my analysis was not exhaustive wrde limited by feasibility and cost, so only a
selectionof cytokines were investigated. Important mediators in CTS may be missing from my
analysis and future experiments could seek to investigate a larger array of mediators to achieve a

more comprehensig coverage of cytokines.

24.7 Conclusions

Investigatimg the systemic expression of inflammatory mediators revealed an increas8 in IL
post-surgery at the genetic level, with a similar treadprotein level I-9 also negatively

correlated with severgbain specific phenotypes indicating9lto be associatwith decreased

pain and less severe symptoms. This suggested-agsaution role for It9 in CTS. A pro
inflammatory phenotype was detected in patients with CTSsungery as genetic amfotein

levels of IE6 and 1k4 were detected respectively.-lLwas also found to positively correlate with
increased pain and symptom scores. Immune dysregulation was also observed between patients

with CTS and healthy controls as both ¥GIad CCL5 were increased in patients with CT&. Th
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use of CTS as a modgktemhighlights an increased inflammatory presencéoical nerve injury.
All together these findings provided evidence for an inflammatory component in the
pathogenesis of CTS aimdplicates certain cytokines which may have specific rolélse context

of neuropathic pain
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Chapter 3: Genetic and histological indications of inflammation in
tenosynoval tissue

3.1Introduction

The consensus that CTS moadition where the median nerve in the wrist is compressed as

result of a noAnflammatory fibrotic thickenings primarily based on immunohistochemistry

(IHC) analysis of tenosynalissue from patients with CTS. One sstidy by Schuind, et

found hyperplasia, increased collagen and necrotic regions in the tenosynovium, but no evidence
of inflammation. They hypothesized that the development of CTS was the cause of mechanical
stresses on the flexor tendons in the carpal tunmédich caused syovial scaring. They proposed
that the synovial scaring causes friction and leads to gpseffagating cycle of increased damage
leading to CTS. Similar IHC analysis by Gros$®%etafari et & and Fuchs et #*found

necrobiosis of collageffibrous thickening of the vasculature and vascular sclerosis respectively in
the tenosynovium. A further study by Oh et‘glroduced similar findings where altered vascular
morphology and aberrant extra cellular matrix (ECM) structures were observed. Importantly in all
studies these changes wedetermined to be notinflammatory. These studies mention evidence

of inflammation in only a small number of cases;110%6°% 4 %66 and state that due to the

relative infrequency, inflammation is not the causfeor a defining factor of CTS. However, only
Fuchs provides an explanation of how they defined inflammation in the tissue, as they specified
the presence of immune cells in their study as an indicationflammation. Jafari, Gross and Oh

did not statetheir inflammation criteria, and so their findings may be subject to interpretation

and not accurately describe tissue inflammation.
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Importantly, the majority of these studies used a basic staining paitof haematoxylin and

eosin (H&E) to determine thgresence of inflammation or immune cells, which is based on the
morphology of the cells instead of antigenicity. As H&E staining islisaniminate for different

cell types, the determination of immureell presence in the tissue is subjective to the raper.

The study from Oh suffers from the same shortcomings in the staining methtueyassed

Verhoeff VarGieson stainingvhichcan only distinguish between components of the vasculature
and ECMand cannot specifically differentiate immune cells. Tiheestigation of immune cell
infiltrates into the tissues using specific immune cell markers has not readily been investigated.
To my knowledge, there is currently only one study by Yesitatsihg specific immune cell
markers (anti CD3 and anti CD20 antibodies foellE and Rells respectively) to determine the
presence of inflammation in tenosynovium of patiemtith CTS. This study found no significant
difference in immune cell presence between CTS and controls. However, the control samples
used were from patients undergoing surgery due to either flexor tendon injury or distal radius
fracture. As a result, theamples from these controls could have had an increased immune cell
infiltration in response to the trauma, concealing a potential difference in immune cell density
between groups. Collectively, all but two of the studies mentioned here were conductecover
decade ago when the staining techniques were comparatively basic. Due to the improvement in
the histological field, investigating the presence of immune cells and inflammatory markers within
tissue samples using antibodies against unique cell identdicamarkers is now possible.
Furthermore, none of the mentioned studies had age and sex matched controls. Due to these
identified shortcomings, further study is required to fully investigate the role of inflammation and
immune cells in CTS, and that metapecific for immune cell detection are required to
determine their role in this disease. The suggestion that CTS symptoms arise from alterations in
connective tissue, rather than the damaged nerve itself, provides further impetus to investigate

tenosynoval tissue3°®
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A potential role oinflammation in CTS is apparent by the beneficial (albeit steon) benefit of
corticosteroid injections (Marshall, et al, 20079 This systematic review analyzed 12 studies
covering aotal of 671 participants where the use of corticosteroids was used to treat CTS. The
main findings suggest that local corticosteroid injections improved CTS symptoms over placebo,
and that local injetion was superior to oral administration or systemieitjon in terms of

symptom improvement. Interestingly they also found that the local administration of
corticosteroids did not significantly improve CTS symptoms more than whem#athmatory
treatment was given. The review did state however that thee@fveness of corticosteroid use

was only shown in the short term and that further work was required to demonstrate long term
effectiveness of this treatment. These findings are of particular intexeshey demonstrate the
effectiveness of a medicatiomith anti-inflammatory properties as well as direct anti

inflammatory treatment on CTS symptoms. These findings provide strong rational for the current

investigation of the involvement of inflammatian the tenosynovium of patients with CTS.

3.1.1 Ains

Through the use of immunohistochemistnsing antibodies against specific immune cell markers
and genetic analysiswill seek to determine immune cell infiltration in the tenosynovium and

characteize immune cell phenotype association with clinical elegeristics.

3.2Methods

3.2.1 Participants

I made use of the same cohort of patients introduced in Chapter 2. Biliefludedpatients
with clinically ancelectrodiagnostically confirmed Cif8m an existing prospective longitudinal

cohort study cdected by Annina Schmid and Akira Wiherg
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3.2.2 Phenotypic data

A detailed description of the phenotypic data collected is available elsehémebrief, age, sex
and duration of symptoms were recorded for each individual. Symptom severity was evaluated
with the Boston cagsal tunnel questionnair®, which contains a symptom and function sstore

(0 no symptoms/functional deficit, 5 severe symptoms /functional defi€nly the symptom
scaewas used in this analysis. Neuropathic pain severity was evaluated with the Neuropathic
Pain Symptom Inventofy(NPSI), which includes merical rating scales (0 no pain to 10 worst
pain imaginable) for burning pain, deep pressure pain, paraesthesia, paroxysmal symptoms,
evoked pain and a composiseore (0100). Severity of pain was also recorded over the past 24
hours on a visual analoguseale (VAS) (0 no pain, 10 worst pain imaginaajgical outcome

was recorded on the Global Rating Of Change Scale (GROC), which rangégdreeny great

deal worse) to +7 (a very great deal bett€f)Standard electrodiagnostic testing (EDT) of the
median nerve waperformed with an ADVAN®Esystem (NeurometrixUSA). Electrodiagnostic
test severity was graded on tlseale derived by Bland et al, 260s followsnormal (grade 0),
very mild (grade 1), mild (grade 2), moderate (grade 3), severe (grade 4), very severe (grade 5),

extremely severe (grade @henotypic data was collected by Annina Schmid.

3.2.3 Tissue collection and preparation

Tenosynovialissue vascollected during CTS decompression surgery. Samples were cut into two
pieces, with one being used in histological analysis and the other for RNA sequencing. Samples for
histological analysis were placed into fresh periodgneparaformaldelyde (PLPfixative.

Samples remained in PLP fixative at room temperature for 6hrs before being washed 3x with

0.1M phosphate buffer. Washed samples were placed in 4.4M sucrose solution and stof€d at 4
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for 42-74 hrs. Samples were then frozen in optimatiog temperature (OCT) in base moulds and

stored at-80°c.

The other half of the tenosynovium specimen, used for RNAseq, was frozen in RNAlater solution
(Thermo Fisher Scientific, UK)-&@°c. RNA was extracted from the tissue using a combination of
phenol extiadion and column purification. Briefly, samples were defrosted and homogenized in
TRIzol (Invitrogen, USA), along with chloroform. Samples were centrifuged for phase separation
and the supernatant was transferred to filter columns of the HigreFRIXA Isation kit (Roche,
Germany). RNA was purified by repeated wash cycles and DNAse treatment. RNA was eluted from
the filter and collected in RNAse free Eppendorf tubes. The concentration of RNA was determined
by UV absorbance at 260nm on a NanoDsppctroptotometer. RNA samples were frozen-at

80°c until further use. Tenosynovial tissue for IHC and RNAseq was collected and processed by

Akira Wiberg.

3.2.4 RNAseq

RNA samples from the tenosynovium of 41 patients with CTS were sequenced at the Oxford

GenomicLentre at the Wellcome Trust Centre for Human Genetics.

The RNAseq library was poly@jriched and directionaLibrary preparatiorwas performed

using the lumina TruSeq Stranded mRNA Library Prep Kit and standard universal lllumina
multiplexing adapars. The poly(A¥elected RNA was converted to cDNA using the strand specific
dUTP strandnarking protocdt*, with the amplificatiorusing unique dual indexing. The Illumina
HiSeq4000 system was used to perform the sequencitiyav75 bp read length and paireshd

reads. Quality metrics were encoded by the Phred score in the resulting FastQ sequencing files,

which followed the Sangetandard*?>. Samples from individuals were multiplexed in laned !
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sequencing lanes gave a high yield, with consistent guanine and cytosine (GC) and high quality

base content.

Raw RNAseq data was mapped to the hg19 (GRCtuman genome using the sphisite aware
STAR aligner programité The genome was indexed usitgjpdOverhang (Read mate length 1)
option, with thegenecounts being deterimed with HTSel§* against the GRCh37.87 ENSEMBL
reference ger =t. The data was processed in R, and normalised for effective library size using
the DESeq2 packatjefor differential expression analysiBor visualisation and downstream
analysis purposesad counts weréog2-transformed using theegularised log transformatidf

or were transformed in gene level Transcript Per Million (TPM) colthis made the data scaled
and centred so as to be directly comparable across samigfest sizes wre moderatedo

reduce overesmation, for lowly expressedegpes.RNAseq analysis was conducted by Georgios

Baskozos and | received the data already processed.

3.2.5 Immunohistochemistry

I conducted immunohistochemistgn 20 tenosynovium samples to detect specific cells of the
immune system, 18 of these samplegre from patients also included in the RNAseq analysis. As
no control tissue was available to compare patient tenosynovium to, | selected patients samples
based on their EDT grade allowing the comparison of tissue inflammizgtween patients with
mild/moderate or severe CTS. Initially | attempted double staining for combinations of immune
cell markers, however this produced poor quality staining. | instead decided to do single stains for
immune cell markers on serial tisssections.For each patient, 3erial1l4um thin sections were

cut using a cryostat (Leica, Germaagyl adhered to a gelatinised glass microscope slide (Thermo
Fisher Scientific, UK). Briefly, | gelatinised the slides by dissolving 1.5g Gelatine typeaA (Sig

Aldrich, UK) in 500ml afHO. Once the gelatine had dissolved fully, 0.25g of chromium
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potassium sulphate was added. Slides were dipped into warm gelatine solutfiig(80°C) two
times and then left to drain overnight. Once sections were adheregtiatinised slides | baked
them for 1 hr at 68Cto ensure sample adherence to the slide. | then used Mild Heat Induced
Epitope Retrieval (HIER) by incubating sliddésDitA buffer (10mM tris Base, 1mM EDTA, 0.05%
Tween, pH9.0) for-Bhrs, a method adapteftom Dawes et 4#°. After HIER treatment, | washed
the slides for 3 minutes in PBS. Samples were incubated in blocking soRBSn+(0% TritonX +
10% goat seruirfor 1hr before | applied the primary antibodyhich was either a rabbit anti
human CD3 (Abcam, 1:100, cat no: ab16669), rabbitramtian CD4 (Abcam, 1:200, cat no:
ab133616) or rabbit artiuman CD68 (Abcam, 1:200, cat no: &&&8B) overnight at 4Cin a
humidified chamber. The next day slides were washed 3x for 10 minutes each in PBS + 0.2%
Triton X. An Alexa Fluor 546 ardbbit secondary antibody (Life Technologies, 1564 no:
A1004Q was applied to each slide and inctdxhat roomtemperature in the dark for 2 hours in a
humidified chamber. After incubatigslides were washed 3x for 10 minutes each in PBS + 0.2%
Triton X before mounting media containing DAPI was applied and sections were mounted and
imaged on an Observ&1 Confocdimaging system (Zeiss, Germany). For one patient the CD3

stain did not work and so is absent from analysis.

3.2.6 Cell Counting

Full sections were imaged unless the samples were larger thar 9mmuhich case 6 randomly
selected images df.5mn? weretaken to cover a significant proportion of the section. In each
image, positively stained cells were manually counted using the counting tool in ImageJ. The
tissue area was calculated by tracing the tissue outline in ImageJ. The numbéds whsghen
divided by the tissue area for each image to give a cell count in celfs/iitra cells/mriicounts

for the 26 images of each section were then averaged to give a cell$tamt for each cell

type in each patient. For CD8 staining, | tried separate prinary antibodies, both of which
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produced poor staining that was not quantifiable. As a result | decided to indirectly obtain CD8
cell numbers from CD3 and CD4 cell counts. For this, the CD4 cell count for a particular patient
was subtracted fron the CD3 ck count of the same patient to give an indirect measurement of

CD8 cell numbers.

3.2.7Troubleshooting immunohistochemistry staining in tenosynovium

Using a simple protocol @hmunohistochemistngtaining for immune cells where only a primpa

and fluorescent secondary antibody were used produced images of poor quality. These sections
suffered from low fluorescent signal and so methods to amplify the signal were investigated.
Biotin-streptavidin anplification was initially used to increasestfluorescent signal for the

immune cell populations. At first, this technique greatly amplified the fluorescent signal making

all immune cell populations of interest visible within the tissue (Figute

However, using this technique often producedisiag with high background, which occurred
when using any of the four cell markers. This made it difficult to consistently determine specific
staining of immune cells in all samples (Figd®. In addition tathis, when no primary antibody
was used in &lank control, high background was observed which appeared to be surrounding
the cell nuclei (Figurg.2). This mimicked the appearance of genuine specific cell staimig

could lead to false positives whepuantifying. Based on these staining resliltbecame clear

that biotin-streptavidin amplification was not suitable to generate images of sufficient quality to

quantify.

An alternative staining approach using heat induced epitope retrieval (HIE&)jbed above,
was done to increase the fluoremnt signal. This technique greatly increased the signal intensity

for all cell markers tested apart from CD8, where no staining of sufficient quality could be
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generated. The use of this technique did not proelligh background staining as was observed
with biotin-streptavidin or produce nospecific staining when a no primary antibody control

(blank) was used (Figure 3.3, A).

DAPI Immune cell marker Magnified image

Figure3.1: Immune cellvisualization in tenosynovium tissue after biotistreptavidin amplifiation
Immunohistochemistry staining for immune cell types using the markers CD3, CD4, CD8 and CD68 are
shown where Tcell populations and macrophages can be seen in the tissadl.dases immune cell

markers are shown in green and are counterstained A?Dn blue. White boxes indicate regions of

interest. Panels on the far right show magnified images of the regions of interest. Images in the first three
columns were taken at 2Qnagnification.
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Immune cell marker Magnified image

Figure3.2: Biotin-streptavidin amplification causd high background and nospecific cell staining
The use of biotirstreptavidin amplification to increase signal intensity produced high background
staining for @chcell marker CD3, CD4, CD8 and CD68) shown in green. Even in the absence of a
primary antibody, using this technique produced r&pecific staining that appeared to surround cell
nuclei. All sections were counterstained witABI (blue)White boxes indicate regions ofterest.
Panels on the far right show magnified images of the regions of interest. Images in the first three
columnswere taken at 20x magnification.




3.2.8 Serum cytokines

Serum cytokines identified in Chapter 2 were usedompae to tenosynovium

immunohistochemistryesults see methods of Chapter 2.

3.2.9 Statistical Analysis

Todetermine statistical differences between multiple groups (3 or more), one way ANOVAs were
O2yRdzOG SR 6AGK ¢dzl Seé Q &vastdasdeted Hghifidanii Foadifferenée$S NB  t f n ¢
between two groups an independent T test was conducted with P<0.05 being significant. All

O2NNBf I iA2ya 6SNB O2yRdzOGSR dzaAy3da GKS { LISF N)¥I y(
Correlations were not correet formultiple testing as these investigations were exploratory. The

Gene Set Enrichment and Deconvolution analysis contained their own statistical procedures and

are discusseth the relevantsections.

3.2.10Gene Set Enrichment Analysis (GSEA)

To deteminethe interaction of unique immune cell gene sighatures with clinical phenotypes
listed in Table3.1, | conducted a Genget EnrichmentAnalysis**’ The procedure was followed as
set out in the Bioconductor vignetté® Briefly, normalised RNAseq data obtained from the
tenosynovium were used in this analysis. After a review of the literature gene signatures for
immune cells subtypes inclid) Naive CD4+cElls, Thl, Th2, Thl7, Treg, CD8ells M1 and

M2 macrophages were obtained from four separate studiés%*! Six of the eight signatures
were derived from immune cells solely of the periphldnlood. These signatures were used as no
gene expression profiling has been done for immune cells in the tenosynovium andyseeno

signatures were available for immune cells in this tissue. These gene sets along with phenotype
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scores were input into th analysis. For the Thl subgroup, an initial gene signéfumen cultured

Th1 cells derived from PBM@gs used®followed by the use of a second signattiféderived

from a metaanalysis of studies coveringange of tissues and blootf) confirm the associations

with clinical phenotypes. The Log?2 fold changes in gene expression for a particular phenotype of
interest were ranked and the eichment score was determined as a running sum statistic going
down thegene rank. The primary output of the GSEA was the Enrichment Score/(ih)
determined the extent of gene ovaepresentation at the top or bottom of a ranked list of genes.
This ES as normalised based on the size of the gene set under investigationetohg

Normalised Enrichment Score (NES). The NES then provided a measure of association between
gene signatures and phenotypes scorkgositive NES indicated an increased expressio

signature genes in patients with more severe symptoms, in malder, participants or those

with a longer duration of symptom# negative enrichment indicated the contraByata were
corrected for multiple comparisons by Benjamiitochberg (FDR) aectionwith a cutoff of 25%

where a corrected (FDR) p value of p<OM@8 considered significant.

3.2.11 Deconvolution analysis

Deconvolution of 10 immune cell types from bulk RNAseq data from tenosytiegsuewasdone
using the quanTlIseq deconvolution package as previously destfilddrmalised RNAseq reads
(Transcript per Million TPM) were input to the quanTlseq programme where decororolugis
performed. The deconvolution algorithm models the eegsion of bulk RNAseq data (M) as a
linear combination of the expression of genes in different cell types, which are summarised in a
signature matrix (S) and weighted by relative cell fractiénsSiven the input data (M) and
reference matrix (S), thenknown cell fractions (f) are estimated using least square regression to
solve the system of linear equations (M = S x f). Constrained least square regression forces the
estimated cell fractionsatbe nonnegative and their sum to be lower or equal to ofidis
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produced cell fractions for 10 immune cell types consistinga#lB, M1 macrophages, M2

macrophages, monocytes, neutrophils, natural killer cells, C[2é#sT CD8+ dells, Tregs and

dendritic cells. The remainder of the total cell fractionis /RS dzLJ 2 F OSfta G4SN¥SR
are cells in the sample not belonging to one of the prespecified 10 immune cell groups. By
SAGAYIGAY3 GKS W2iKSNR OSft fhecdlfactdisiozhg otali KS | 321
cellular content, allowing ber and intrasample comparison. The quanTIseq algorithm uses the

TIL10 signature matroonsistingof 153 genes derived from 51 RNAseq datasets containing

information on the 10 immune cell pes stated For Tregs and CD4+ cells, the signatures used to
determine each cell types were separate and so Tregs cells fgrouadiscrete from CD4+ T

cells.The quanTIsegoftware was chosen as it was specially designed to be used for RNAseq data

instead of microarraybased deconvolution packag&s.

3.3Results

3.3.1 Patent demographics and clinical phenotypes

Demographic and clinical data for patients involved is shown in Bable

Table3.1: Patient demographic data and clinicahenotypes
Demographic data are shown for patients involved in IHC and RNAseq analysis.
Patients with CTS IHC Patients with CTS RNAseq

Number of participants 20 41
Mean Age (SD) [years] 61 (13) 64 (12)
Male:Female 6:14 14:27
Duration ofsymptoms (SD) 94 (134) 63 (100)
[Months]

Median EDT grade [IQR] 3 [3] 3[1]
Boston Symptom scor&D 2.88 (0.67 2.74 (0.68)
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Boston Pain sulscore (SD) 2.84 (0.92) 2.45 (0.98)
Boston Weakness stdrore 25(1.2) 2.48 (1.08)
(SD)

BostonParaesthesia sub 3.13 (0.77) 3.25 (0.78)
score (SD)

VAS Pain (SD) 3.24 (2.37) 2.74 (2.53)
NPStompositescore (®) 13.33 (9.51) 13.37 (8.95)
NPSI burning (SD) 2.05 (2.85) 2.10 (2.83)
NPSI deep pressure (SD) 2.58 (2.68) 2.32 (2.57)
NPSI evoke(SD) 1.75 (2.09) 1.81 (2.14)
NPSI paraesthesia (SD) 5.25 (2.81) 5.34 (2.82)
NPSI paroxysmal (SD) 1.60 (2.00) 1.80 (2.28)

SD=Standard Deviation, IQRInter-Quartile RangeyAS = visual analogue scale, NPSI =
Neuropathic Pain Symptom Inventory, ECHlectrodiagnostic test

3.3.2 Immune cells are present in tenosynatissue

Using IHC with a HIER method, | stainea$gnovil tissue for immune cell markers and was able
to detect Tcells (CD3), the CD4+ Th subgroup (CD4) and macrophages (CD68) within this tissue
(Figure3.3, A) No staining was observed wheine primary antibodywas not appliedBlank

control). The diferent morphologies of the immune cell types can be seen with typical cell
appearances being highlighted by white arrowsells appear with a flattened disk shape while
macrophages have a more diffuse, foamy appearance. Immune cell staining for eawsarkef

was quantified in each patient (Figuse3, B). When comparing group means for cell counts
(Figure3.3, C), there were significant differences between all cell types apart from CE&lis T
(CD4) and macrophages (CD68). Overall as expected, Chhdeérswere greater than CD4.
CD3 cell numbers were also greater than CD68 in all patients, indicating a higher numbel®f T
in the tissue than macrophages.
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DAPI Immune cell marker Merged Magnified image
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Figure3.3: Detection of immune cls in the tenosynovium using HIER

A. Immune cell populations were detected in tenosynovium based on cellular m&@®ss CD4,

and CD68), shown in red, green and magenta respectively. All sections were counterstained with
DAPI (blug The use of a no pniary antibody control (blank) did not produce any specific staining.
White boxes indicate regions of interest. Panels on the far right show magnified images of the
regions of interest. White arrows indicate calisplaying typical immune cell type morpbgy.

Images in the first threeolumnswere taken at 20x magnificationB. Immune cell counts were
guantified for CD3, CD4 and CDG68 for each patient. C. Group means for cellstmmthat Tcells
(CD3) were the most abundant cell type. CD8 numbers determined by subtracting the CD4

cell counts from the CD3 counts, the remainder being determined as the G&8Hraction.Cells

counts are displayed as cells/mniP<0.05;*P<0.01, ***P<0.001.
90



3.3.3CD4+ Tells are associated with more severe sympts

No difference in immune cell counts based on EDT grade was found (Figui, indicating that
immune cell numbers are not increased in patients with more severe CTS. Correlation analysis
(Table3.2), for CD4 cell counts and clinical phenotypes shbawmoderate significant correlation
with the Boston symptom score (FiguBel, B) implicating increased CD4+ cell numbers in
patients with more severe symptoms. Further investigation of the Boston symptom score sub
domains revealed a significant corretatibetween paraesthesia and CD4+ cell counts (Figue

C) suggesting that the Boston questionnaire associations may be driven by paraesthesia
symptoms. For CD3 and CD8, a significant correlation was observed for duration of symptoms
(Figure3.4, DE).However, from inspection of the graphs, the correlations appear to be driven by
the same 3 patients for each cell type and so may not reflect a real association. No significant

correlations were found between CD68 cell counts and phenotype scores.
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Figue 3.4: Associations between immuneell counts anctlinicalphenotypes

A.lmmune cell counts for CD3, CD4, CD8 and CD68 did not significantly differ based on the EDT grad
of patients. B. CD4+ cell counts positively correlated with Boston symptom s€oi€B4+cell counts
positively corelated with Boston paraesthesia sgbore. BE. CD3+ and CD8+ cell counts positively
correlated with duration of symptoms. Independentésts were used to determine differences

between groups where p<0.05 was considergédsy A T A OF y i @ { LIBds dkkdwfieded O2 N
p<0.05 was significant.
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3.3.4 Immune cell counts do not correlate witinflammatory markers in the serum

| next correlated immune cell counts from tenosyradtissue with inflammatory mediator
expression in the serum, to determine if systemic inflammation was assoaciatiedocal
inflammation. However no significant assdivas were determined (Tabl&.2) apart from IL10,

which showed a negative correlation with CD4+ cell counts (F&jEr&able3.2).
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Figure3.5: CD4 cell counts correlate with410 serum concentration

CD4 cell countsom tenosynovium tissel were found to negatively correlate with

serum concentrationsof a1 @ { LIS NX I yQa O2NNBt | GA2y gl a dzaS|
significant.

Table3.2: Correlations for immune cell countsnd clinical phenotypes
Thecorrelak 2y O2SFFAOASYGa FyR LI @FfdzSa FNBY { LISI NXYI
immune cell count and clinical phenotype. Significant correlations are shaded in grey.

CD3 cells/mrh CD4 cell/mr CDS8 cells/mrh CD68 cellsnm?
Correlation P Correlation P Correlation P Correlation P
coefficient | Value | coefficient | Value | coefficient | Value | coefficient | Value
(n (r (r (r
Boston 0.37 0.12 0.47 0.036 0.20 0.42 0.32 0.17
symptom
score
Boston pain N/A N/A 0.24 0.32 -0.10 0.68 N/A N/A
sub-score
Boston N/A N/A -0.0016 0.99 0.43 0.068 N/A N/A
weakness
sub-score
Boston N/A N/A 0.59 0.0059 0.41 0.082 N/A N/A
paraesthesia
sub-score
VAS Pain 0.29 0.26 0.18 0.45 0.16 0.53 0.29 0.25
NPSI 0.037 0.88 -0.025 0.92 0.018 0.94 -0.058 0.81
(burning)
NPSI (deep) 0.20 0.41 0.18 0.45 0.10 0.67 0.039 0.87
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NPSI (evoked] 0.15 0.55 0.25 0.30 0.10 0.70 0.049 0.84
NPSI 0.073 0.77 0.041 0.86 -0.90 0.71 -0.049 0.84
(paraesthesia)

NPSI 0.26 0.29 0.31 0.19 0.072 0.77 0.35 0.14
(paroxysmal)

NPSI 0.12 0.63 0.13 0.59 0.054 0.82 -0.040 0.86
(composite)

EDT grade 0.019 0.94 -0.33 0.15 0.16 0.52 -0.042 0.86
Duration of 0.49 0.035 0.17 0.47 0.53 0.02 0.31 0.18
symptoms

IL-4 pg/ml 0.38 0.14 0.42 0.098 0.30 0.26 0.26 0.32
IL-6 pg/ml -0.062 0.82 -0.050 0.85 -0.12 0.65 -0.26 0.99
IL-9 pg/ml -0.21 0.41 -0.23 0.37 -0.14 0.58 -0.33 0.18
IL-10 pg/ml -0.11 0.69 -0.52 0.033 0.071 0.79 -0.34 0.18
IFN! pg/ml 0.26 0.32 -0.17 0.51 0.35 0.19 0.012 0.97
TNFh -0.053 0.85 -0.36 0.15 0.08 0.77 -0.24 0.36
CCL5 0.0088 0.98 -0.022 0.94 0.026 0.93 0.020 0.94
TGH -0.38 0.15 -0.022 0.94 -0.35 0.18 -0.33 0.20

VAS wisual analogue scale, NPSietiropathic pain symptom inventory, EDElectrodiagnosic
testing.

3.3.5 Immune cell gensignatures have variablassociations with clinical phenotypes

The positive correlation between CD4+ cell counts and Boston symptom scores prompted the
further investigation of CD4+ Th subsets including Thl, Th2, Th17 and Tregs and their association
with dlinical phenotypes. Gerget enrichment analysis (GSEA) of Th subsets and naive CD4+ gene
signatures with clinical phenotypes revealed several significant enrichm@mpplementary

Table 5n AppendiX. The majority of significant enrichments were founidhvihe Thl gene set
(Fgure3.6), where signature genes were positively enriched for age and sex and negatively
enriched for the Boston symptom score, the Bostomgab-score, the NP®leep, paroxysmal
paraesthesia andompositepain scoresnd duration of symptoms. Th2 andeg signature genes

only showed significant enrichment for the Boston weaknessssuioe and agand NPSI burning
painrespectively Supplementary Tableif Appendi®y. Th17 signature genes were not

significantly enriche in any clinical phenotype. Naiv®£ Fcell signature genes showed

significant positive enrichment for age asnificant negative enrichments for tidPSI

paraesthesiaub-score and duration of symptomSpplementarylable5 in Appendiy.
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Figure3.6: Enrichments of Th1 specific genes witlinical phenotypes

The plots from the GSEA primarily provide the enrichment score. The graph in the top portion of the plot

provides the enrichment score which can be both positive or negative. The limeeshovs the

enrichment score as you travel down the list of ranked genes with the peak of the green line indicati
enrichment score for that analysis. Positive enrichment scores indicate there is an increased expression

signature genes in patigs with nore severe symptoms, patients who are older or who are males.
Negative enrichments indicate the contrary. Genes specific for the -Tell Subpopulation were

positively enriched for age and sex, indicating that older participants and maleshiuher eypression of
the Thl specific genes. Thl genes were negatively enriched for the Boston symptom score, Boston pair
subscore, NPSI deep, paroxysmal, paraesthesia, and composite pain scores and duration of symptoms

indicating that Thl specific gesdave hiber expression in patients with lower neuropathic pain
symptom severity and shorter duration of symptoms. NES=Normalized enrichment score.
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As the Thlignature geneshowed the most enrichments with clinical phenotypes, | sought to
confirm these associations by conducting a further GSEA using a different set of Thl specific
genes(described previously in the method8y Using the seconds Th1 gene signature produced
similar enrichments as were seen with the first signat@epplementary Tableié Appendix),
further corroborating my findings. Combining these two gene sets together into one signature
caused increasedgsificant enrichmats with clinical phenotypesStpplementary Table i
Appendix). Several of the Th subset gene signatures showed significant enrichment for age and
sex which could be influencing the associations between gene signatures and othericlinica
phenotypes. Toamove this effect, age and sex wexddedas covariates in th&SEA analysis,
which changed the results substantially (Tabi@. The combined Th1l signature genes were
found to be positively enriched for NPSI evoleed compositepain smreswhile beingnegatively
enriched for the Boston symptom scothe Boston pain suiscoreand EDT severitfFigure3.7,

A). GSEA analysis for other Fhell subtypes (Naive CD4¢dls, Th2, Th1l7 and Tregs) using age
and sex corrected data identifielteg signature gess to be positively enriched foine NPSI
compositepain score Ths positive enrichment indicatincreased Treg gene expression in
patients with more severe neuropathic pain sensations. Treg genes were also negatively enriched
for The Bston symptom scar (Figure3.7, B). Th17 signature genes were positively enriched for
NPSI evoked pain but negatively enriched for the Bopainsub-score (Figure 3,7Q. Th2 gene
signatures did not show any significant enrichments (Tal8g NaiveCD4+ Tcellsigndure genes
were positively enriched for NP8loked anccompositepain and negatively enriched for the
Boston symptom scoréBoston pain suiscore, NPSI paraesthesia ahdation of symptoms

(Table 3.3)
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Table3.3: Gene seenrichment analysis of immne cell gene signatures with clinical

phenotypes

Thenormalizedenrichment scores, p values and adjusted p values are shown for immune cell

gene signatures and each phenotype score. The number of genes in each set are shawen in ge

set size. Significanheichments are shaded in grey.

Variable Gene set Gene | NES P value FDR p value
set size
Boston Symptom score| Thl genes 34 -1.67079 0.000856559 | 0.000856559
Boston Weakness score (combined) 1.271176 0.1481485 0.1481485
Boston Paraesthesia
score -1.30433 0.1078163 0.1078163
Boston Pain score -1.71219 1.03747E05 | 1.03747ED5
Pain VAS 0.881963 0.660891 0.660891
EDT Severity -1.453104 0.036002 0.036002
NPSI (burning pain) -1.02376 0.4030412 0.4030412
NPS(deep pain) 1.404759 0.07007203 | 0.07007203
NPSI (evoked pain) 1.587131 0.006434651 | 0.006434651
NPSI (paroxysmal pain) 1.33359 0.09576718 | 0.09576718
NPSI (paraesthesia pair -1.36391 0.0787495 0.0787495
NPSI¢ompositepain
score) 1.582861 0.00634544 | 0.00634544
Symptom duration -1.38183 0.07041604 | 0.07041604
Boston Symptom score| Th2 genes 38 -1.34029 0.190535 0.190535
Boston Weakness scor¢ 1.366911 0.089313 0.161055
Boston Paraesthesia
score 1.115196 0.617782 0.310724
Boston Pain score -1.28957 0.260723 0.260723
PainVAS -1.31452 0.219092 0.219092
EDT Severity -1.13447 0.592228 0.592228
NPSI (burning pain) -1.33498 0.157046 0.078523
NPSI (deep pain) 1.511093 0.053401 0.05644
NPSI (evokedain) 1.317533 0.251659 0.251659
NPSI (paroxysmal pain) 1.179527 0.511634 0.255817
NPSI (paraesthesia pair -1.27732 0.286369 0.286369
NPSI¢ompositepain
score) 0.80374 0.751971 0.751971
Symptom duration -1.1618 0.492499 0.492499
Boston Symptom score| Th17 genes| 18 -1.40322 0.053906 0.053906
Boston Weaknesscore -0.78604 0.757745 0.757745
Boston Paraesthesia
score -0.74533 0.804415 0.804415
Boston Pain score -1.43613 0.032919 0.032919
Pain VAS -0.75887 0.782804 0.782804
EDT Severity -1.19310 0.26684 0.26684
NPSI (burning pain) -0.92579 0.561132 0.561132
NPSI (deep pain) 0.941218 0.52521 0.52521
NPSI (evoked pain) 1.47476 0.031925 0.031925
NPSI (paroxysmal pain) 1.241126 0.2075 0.2075
NPSlgaraesthesia pain) -1.24392 0.203905 0.203905
NPSI¢ompositepain
score) 1.16354 0.305541 0.305544
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Symptom duration -0.97202 0.506716 0.506716
Boston Symptom score| Treg genes| 47 -1.55483 0.02275 0.02275
Boston Weakness score 1.244377 0.31796 0.31796
Boston Paraesthesia

score -0.88506 0.619665 0.619665
Boston Pain score -1.44665 0.097522 0.097522
Pain VAS 1.15928 0.489127 0.489127
EDT Severity -1.0465 0.36049 0.36049
NPSI (burning pain) 1.342404 0.083811 0.082021
NPSI (deep pain) 1.100836 0.458698 0.621408
NPSI (evoked pain) 1.416816 0.105512 0.115045
NPSI (paroxysal pain) 1.40485 0.137316 0.137316
NPSI (paraesthesia pair -1.38098 0.186842 0.186842
NPSI¢ompositepain

score) 1.660152 0.007434 0.007434
Symptom duration 0.893236 0.862487 1

Boston Symptom score| Naive CD44 164 | -1.62867 0.001791 0.000896
Boston Weakness scorf  Tcells 1.00034 0.440156 0.440156
Boston Paraesthesia

score -0.99434 0.438724 0.438724
Boston Pairscore -1.45387 0.023858 0.011929
Pain VAS 0.88761 0.692677 0.692677
EDT Severity -1.2196 0.218042 0.218042
NPSI (burnigpain) 1.034863 0.374402 0.374402
NPSI (deep pain) 1.129798 0.193047 0.193047
NPSI (evoked pain) 1.518881 0.014291 0.007145
NPSI (paroxysmal pain) 1.319209 0.114734 0.057367
NPSI (paraesthesia pair -1.58676 0.004861 0.004861
NPSI¢omposit pain

score) 1.605432 0.004934 0.002467
Symptom duration -1.44893 0.031198 0.015599
Boston Symptonscore | CD8+ Tells 69 -1.71427 0.000105 0.000105
Boston Weakness score 1.40707 0.045696 0.045696
Boston Paraesthesia

score -1.53165 0.018362 0.018362
Boston Pain score -1.74038 6.34E05 6.34E05
Pain VAS -0.91754 0.602869 0.602869
EDTSeverity -1.55203 0.01442 0.01442
NPSI (burning pain) -0.92088 0.601509 0.601509
NPSI (deep pain) 1.244242 0.12204 0.12204
NPSI (evoked pain) 1.66M45 0.001847 0.001847
NPSI (paroxysmal pain) 1.547424 0.005639 0.005639
NPSlgaraesthesia pain) -1.37646 0.056229 0.056229
NPSI¢ompositepain

score) 1.530712 0.015213 0.015213
Symptom duration -1.3346 0.080209 0.080209
Boston Symptom score M1 51 -1.83933 5.93E06 5.93E06
Boston Weakness score macrophage 1.452495 0.0487 0.0487
Boston Paraesthesia genes

score 0.928592 0.591029 0.591029
Boston Pain score -1.86857 0.00017 0.00017
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Pain VAS -1.36668 0.083962 0.063247
EDT Severity -1.159937 0.451586 0.451586
NPSI (burning pain) 1.341525 0.173562 0.173562
NPSI (deep pain) 1.65788 0.003105 0.003105
NPSI (evoked pain) 1.804959 0.001181 0.001181
NPSI (paroxysmal pain) 1.757558 2.9E05 2.9E05
NPSI (paraesthesia pair -1.8337 2.52E06 2.52E06
NPSI¢ompositepain

score) 1.896539 9.96E09 9.96E09
Symptom duration -1.78855 0.000803 0.000803
Boston Symptom score M2 40 -1.09887 0.311808 0.311808
Boston Weakness score macrophage 1.344754 0.058744 0.058744
Bostm Paraesthesia genes

score -1.27628 0.284118 0.142059
Boston Pain score -0.85662 0.684008 0.684008
Pain VAS 1.350617 0.083962 0.083962
EDT Severity -0.96728 0.522837 0.522837
NPSI (burning pain) 1.231991 0.178181 0.178181
NPSI (deep pain) 0.904812 0.612437 0.612437
NPSI (evoked pain) 1.148156 0.253847 0.253847
NPSI (paroxysmal pain) 1.289049 0.117055 0.117055
NPSI (paraesthesia pair -0.93494 0.556 0.556
NPSI¢ompositepain

score) 1.388938 0.04862 0.04862
Symptom duration -1.11206 0.289456 0.289456

VAS wvisual analogue scale, NPSietropathic pain symptom inventory, EDElectrodiagnosic
testing.
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Figure3.7: GSEA analysis of Thl and Treg gene signaturigh clinical phenotype scores
A.Genes specific for the ThicEll subpopulation weraegatively enriched for Boston

symptom score, Boston pain ssibore and EDT severity and positively enriched for the NPSI
evoked and composite pain scores. B. Treigegsignatures were negatively enriched for

Boston symptom score and positively enriched for NPSI composite pain. C. Th17 genes were
negatively enriched for the Boston pain ssidore and positively enriched fdiPSI evoked

pain.
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The gene signatures of other immune cell types including Cle8#sTand M1 and M2
macrophages were analysed by GSEA (TaBJeCD8+ “Cell genes were significantly associated
with severaklinical phenotypesThese include positive enrichments f§PSkvoked, paroxysmal
andcompositepain scorsand the Boston weakness sgbore Negative enrichmentsvere
observedfor Boston symptonscore the Bostonpain and paraesthessub-scoresand ED

severity This indicates that CD8+c€&ll genes have increased expression in patients with higher
neuropathic pain scores, but are lower in patients with higher Boston s¢afgsh may or may
not be driven by neuropathic paiand EDT gradéM1 specifigenes wergositively enrichedor
NPSHeep, evoked, paroxysmal andmpositepain scores, but were negatively enriched for
Boston symptom, Boston pain, NPSI paraesthesia scores and duration of syméssonith CD8+
Tcells, This indicateincreased exgession ofM1 genes in patients with more severe neuropathic
pain and lower expression in patients with increased Boston symptdf2smacrophage genes
only showed a significant enrichment for the NB&hpositepain score. A selection of significant

CD8+T-cell andmacrophage enrichments are shown in Figure 3.8.
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Figure3.8: GSEA analysis of CD8¢é€lls and macrophage gene signatures with phenotype score:
A. CD8+ Tcell genes showed variable enrichments among clinical phenotypes with negative
enrichments for the Boston symptom score, the Boston pain and paraesthesiscetds and EDT
severity. Positive enrichments were observed for NPSI composite, evoked and paroxysmal pai
M1 macrophage signature genes had significant enrichments for severabfypes including
negative enrichment8oston symptom scores as well as B@ston pain swscore. M1 genes were
positively enriched NPSI composite, deep, evoked and paroxysmal pain. C. M2 genes were p(
enriched for NPSI composite pain scoreBSN- Normalized enrichment score.

3.3.6 Deconvolutioranalysis reveals immune cell proportions

Deconvolution analysis using RNAseq data from the tenosynovium revealed thetmopaf

ten immune cell types within the tissue (Fig&®, A Supplementary Table 7 in Appendi®f
these ten cell types only &lls, M1 macrophage®|eutrophils,NKcells and Tregs were
consistently identified in patiest(Supplementanfable?, in Appendix). Correlation analysis was
then done to determine associations between clinical phenotypes, howavgrTreg proportions
and Bcell proportions weakly correlated with the Boston paraesthesiasudre and NPSI evoked
painrespectivelyTable3.4). Immune cell counts from IHC staining wegrelated with immune
cell proportions from the deconvolution alysis (Figur8.9, B). Specifically, CD68+ cell counts
were compared tothe combinedcell proportions of M1 and M2 macrophagekile CD4+ cell
cournts were conparedto Treg and N¥ell proportions separately CD68+ cell counts did not
correlate with macropage proportions however both Treg and-s#l proportions significantly

correlated with CD4+ cell countBigure 3.9, B)
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Figure3.9: Immune cell proportions frondeconvolution analysis and correlations with IHC immune

cell counts

A. Cell proportions were determined from deconvolutionadysis where only five cell types (M1
macrophages, NBells, Neutrophils, 8ell and Tregs) were consistently identified in patisamples.

Overall M1 macrophages had the greatest immune cell proportion in these patients, followed by NK
cells, neutrophilsTregsand BSt f a® ! | NHS LINZ idendde delsywere @lsoW?2 G K
detected. BCorrelations between cell proptions derived from deconvolution of RNAseq data and IHC
immune cell counts were conducted. Macrophages as determined by &Bi6&g did not correlate

with M1+M2 macrophage proportions. Treg and-8&dl proportionshoweverwere significantly

correlated wih CD4+ Tellcounts{ LIS NXI yQa O2NNBf Il GA2y ¢l a dzaSR
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Table3.4: Correlation of deconalution derived cell proportions withclinical phenotypes
For the five cell types where proportions could be consistently determined in patients, correlations were conducted wéh c
phenotypes. The correlatiotoefficients (r) and p values are shov@ignificant correlations are shaded in grey.

Treg cell M1 macrophage | Nkcell proportion | B-cell proportion Neutrophil
proportion cell proportion proportions

Correlation| P Correlation| P Correlation| P Correlation P Correlation| P
coefficient | Value| coefficient | Value| coefficient | Value| coeffident | Value | coefficient | Value

() () () () (r)

Boston 0.228 0.151 -0.238 0.134 0.014 0.933 0.041 0.800 0.106 0.511
symptom
score

Boston pain 0.169 0.291| -0.151 |0.347| -0.006 |0.971 0.015 0.928 0.069 0.667
score

Boston 0.116 0.471| -0.194 0.224| -0.175 |0.273 0.055 0.732 0.067 0.677
weakness

score

Boston 0.337 |0.031| -0.278 | 0.079 0.124 0.440 0.228 0.152 0.206 0.195
paraesthesia

VAS Pain 0.039 0.812 0.047 0.777| -0.010 | 0.952 0.140 0.394 0.027 0.869
NPSI -0.059 | 0.715 0.052 0.745| -0.215 |0.177| -0.142 0.375 -0.023 | 0.886
(burning)

NPSI (deep) 0.190 0.233| -0.182 |0.254| -0.070 | 0.663 0.075 0.639 0.012 0.939

NPSI (evoked] 0.301 0.056| -0.242 | 0.128 0.241 0.128 0.493 0.001 0.122 0.446

NPSI 0.203 0.204| -0.101 | 0.529 0.096 0.552 0.302 0.055 0.022 0.891
(paraesthesia)

NPSI 0.077 0.633 0.006 0.971 0.128 0.424 0.108 0.500 -0.088 | 0.584
(paroxysmal)

NPSI 0.192 0.228| -0.102 | 0.527 0.028 0.864 0.234 0.142 -0.046 | 0.774
(composite)

EDT grade -0.070 | 0.203| -0.143 |0.373| -0.037 |0.818| -0.027 0.865 0.099 0.537
Duration 0.203 0.665 -0.221 | 0.165 0.039 0.808 0.220 0.167 0.186 0.244

VAS =isual analogue scale, NPSietropathic pain symptom inventory, EDElectrodiagnosic testing.
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3.4 Discussion

IHC analysis of tenosynoviasue revealed the presence of both macrophages acell$. The

pan TFcell marker CD3 was more abundant than the subgroup marker CD4catidif total

were more abundant than macrophages. Correlation analyses between immune cell counts and
clinical fhenotypes revealed moderatecorrelation of CD4+ cell numbers and Boston symptom
scores. Associations of CD4+ Th subtypes with clinical phenotgsedetermined by GSEA
analysis where Th1l signature genes showed several associations with clinical plbenaifygr
correcting for age and sex, GSEA revealed Thl7and Treg genes to have both negative and
positive associations with clinical phenogg Other cell signatures for M1 macrophages and
CD8+ Tells showed similar associations. Following decartiar of RNAseq data, the most
consistent immune cell types identified were M1 macrophagesIB, Nkcells neutrophilsand
Tregs.The cell proprtions of Tregs and Neellswere found tosignificantly correlate with CD4+

cell countsestablished withmmunohistochemistry.
3.4.1 Immune cells are present in the tenosynovium

| was able to detect the presence of immune cells in the tenosynoviaktissm patients with

CTS. CD3, CD4 and CD68 cell markers were detectable,oglth (CD3) being the most

abundant cell type. The presence of immune cells indicates that there may be inflammation

within the tissue, which has implications for immune cillsontributing to the pathogenesis of

the disease. This is contrary with several immunohistochemical Swdieducted in the

tenosynovium of patients with CTS, which found inflammation to be either not prés&iatr

present in very few s %4 3% One of the most prominent of these studies was by Fuchs et

alP® who directly investigated the presence of inflammation in tenosyaldigisue and found it

only to be present in 10% of patient samples. They considered the presence of immune cells to be

fundamental in assigning inflamrian to a patient specnen. Using their definition,
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inflammation was detected in 100% of the samples tested in my study, which is remarkably

higher than the Fuchs study and several others previously mentioned. This discrepancy is likely

due to my use of aibodies specific fommune cell types rather than unspecific H&E staining. By

using these antibodies, | have been able to confirm the presence of immune cells by specific

molecular markers as opposed to morphological featuwrbgh are subjective and nébe open to

investigabNJ 6 A a® ¢2 Y@ (y2¢6f SRIS 2hiduded Spgclic idniukeS NJ & { d:
cell markers when investigating inflammation in tenosyabtissue, where CD3 a@rCD20 were

used to detect T and &ells respectively in patients with CTS. Though both markers were used in

their study only the Tell marker CD3 was used to designate an inflammatory phenpiyipieh

was found in only 4 (16%) studybjects and in 1 (799 control patient.For Bcells only 2 (14.3%)
O2yGNRE LI GASYyGa 6SNB LRAAGAGS F2NJ GKS /5un ail
again far lower than those detected here. A reason for this discrepancy could be due to

differences in staining protocol. In my anasygenerating IHC stains of sufficient quality took

several rounds of optimizatiomndincluded the essential use of HIER to unmask antigens.

Indeed, if | had not persevered with antibody optimization, | thaye greatly underestimated

the number of inmunecells present in tissues due to poor signal to noise ratio. Unfortunately it is
RAFTFAOMZ G G2 O2YLINB Yeé aildlAyAy3d (GSOKyAldzSa G2

they conducted their immunohisthemistry and so the techniques cannot beedtly compared.

In the studies mentioned previously, all but one made use of control tenosgiiisgue. In my
study | was limited by the fact that | wasableto obtain control tissue with which to compare
my findingswith. As a result no conclusionanbe made as to the level of immune cell presence
in tenosynovium as | cannot compare cell countsrfmormal tissue. However it is clear from my
findings that immune cells are present in the tenosynoviumaiigmts with CTS, and when
comparedto the gaining incontrol tissue from the study by YeSikho did stain for Tells, my

results suggest that there is immune defiltration and inflammation in patients wh CTS.
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As | did not have access to control tissue | had to select patient samples based on the severity of
their clinical phenotype from EDT scores. This allowed the comparison between patients with
mild/moderate and severe CTS to determine whether thes@sa difference in immune cell

presence based on CTS sevelitynune cell counts were not significantly different in patients
based on ED3cores This indicates that tenosynovial immune cell infiltratiomdependent of
neurophysiological neuropatiseveity. Tenosynovial immune cells méyerefore not be

mediating their pathological effects entirely through interactions with the median nerve, but
instead could be eliciting pain through oth@echanismsThis is in agreement with the

suggestion by Hita e aP®*who suggested that syptomsof CTS are caused by alterations to
connective tissue instead of nerve pathology, however they made the clear distinction that these
changes were not inflammatonyA study using a mouse moaldaf arthritis investigated neuronal
sprouting after injuryandfound increased density of both sympathetic and peptidergic neurons

in the synovial membrane compared to contféfsThe synovium ba jpint is likely very different

to synovium surrounding the flexor tendons and to my knowledge there is no previous
information regarding axonal sprouting into the tenosynovium after nerve cesgion.

However, it would be of interest to determine potial changes in innervation of the

tenosynovium during CTS and investigate whether there is axon sprouting in this damaged tissue.
Infiltrating immune cells could then be causing pain sensatiangtéractions with these tissue
innervating nociceptors.&staining of immune cell and neuronal markers could determine

whether these cells are interacting with nociceptive nerve endings, potentially contributing to

symptoms.

3.4.2 CD4+ Tells corelate with symptom severity

The most convincing findingsofn the IHC experiments were observed in correlations between

immune cell counts and clinical phenotypes, where CD4+ cell counts showed a moderate
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correlation with Boston symptom scores. This catieh indicated that patients with higher
numbers of CD4+edisin their tenosynovium had increased symptom severity. This implicates
CD4+ cells as potential drivers of pathogenesis in CTS by immune cell mediated mechansms
currently not aware of aystudy that has investigated the expression of CD4 intéibSynovial
tissue using IHC and so comparisons to previous findings are not possible. However the study by
Fuchs found that the immune cell infiltrates in their tenosyabtissue consisted alnss

exclusively of lymphocyte$? When they correlated severity of symptoms including numbness,
tingling, burning and soreness with inflammation, they found that there were no significant
correlations. However, due to thamitations previously mentioned regarding their basic isitag
techniques, they may have greatly underestimated the immune cell presence in their patient
tissues, and so were not accurately comparing inflammation with clinical phenotypes . In other
entrapment neuropathies, such as lumbar radiculopathy, histoligicalysis of herniated disks
has found Tells to be present within the tissét 4>°In these studies-Eell numbers were not
found to correlate with dic degeneration or pain duration, indicating thatells were rot driving
symptom severity in these patients. However, neither of these studies used CD4 asdbkir T
marker and so may not have identified the same population @I as | have in the
tenosynovium. As CD3 cell counts, representing edlli$,did not correlate with clinical
phenotypes in my study, this further suggests that the actions of a spediét population such

as CD4 are involved in the disease, which arenhigitlightedin pan Fcell staining. In line with my
findings, one studynivesigating the expression ofdell subsets in the blood of lumbar
radiculopathy patients found a significant increase in CD&alIF in patients compared to
controls’?, Intriguingly, CD4+ cell counts strongly correlated with increased pain severity,
suggesting that CD4+cé€lls may be involved in the pathogenesis and symptomatology of

entrapment neuropathies.

CD4 icharacteristicallexpresgd ona subgroup of Tells however,its expression has been
detected on other immune cells such as macrophages and dendriti¢®eltéin this study, to
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confirm that the CD4 signal was coming fromells, a CD3 and CD4stain would ideally have

been used to confirm the cellular source of Cls was not possiblie my studyas both CD3

and CD4 pmary antibodies were devied from rabbits anather antibodies fromdifferent

species did not providsufficientstainingquality. However the morphology of the stainifoy

CD4 can be seen to be quite different in appearance from the CD68 Biaicels stined byT-
cellmarkes display adisk shapavhile the cells stained bynacrophagemarkershave a foamy,

bubbly appearance. This indicates that the CD4+ staining is coming from a cell type distinct from
macrophages. The morphology of the CD4 stainisgresembles CD4+@ell staining from the
literature,**® providing confidencé¢hat most of the CD4 signal seen here is coming from CD4+ T

cells.

3.4.3 GSEA analysis showed variable enrichment of immune cell signatures with clinical

phenotypes

GSEA analysis of immune cell signatures indicated varialdei@®8ms with clinical pheotypes.

This was most evident for Th1l, CD8 and M1 signatures where multiple negative and positive
enrichments were found with phenotype scores. Gene sets tended to show negative enrichments
with phenotypes such as the Boston gytom score, Boston questioraire subdomains EDT
severityand duration of symptoms while components of the NPSI questionnaire tended to have
positive gene enrichments. Negative enrichments indicate that the gene set has higher expression
in patients withlower symptom severity, which in the case of the Bostomgtom questionnaire

EDT severitgnd duration of symptoms, indicates that patients with lower scores on these scales
had higher expression of the immune cell genes. Positive enrichments on thehatitbindicate

higher gene expression in patients with rasevere symptoms, and so in the case of NPSI scores
my findings indicate that patients with higher neuropathic pain phenotypes have increased

expression of immune signature gen€sirts of hese indings are in good agreement withe
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reported functionsof Thlcellsand M1 macrophages in neuropathic pain, where both cell types
are thought to contribute’®® 469461 Th1 cells have been found to cause neuropathic pain in mice
undergoing CCI; with anather study identifying Thi Tells as the main-gell subype that
infiltrates the spinal dorsal horn after nerve injury and is associated with neuropathié¢sy.
findings therefoe contribute to the growing evidence indicatifip1 cellsas being important in

the generation oheuropathic painlmmunohistochemical staining of Titelsand M1
macrophagsin the tenosynovium wuld be useful in confirming the presence of these immune
cells in the tenosynoviumit would alsobe of great interest to investigate the affected nerve of
CTS patients both geneticallysing RNAseq and histologicaliging IHCto determineif there s

an immune cell presence directly in the nerve tissuasTouldhoweverbe difficult to achieve

as the median nerve is not excised as part of decompression surgery and so alternative
entrapment neuropathies where the nerve is excised could be an ofgigh®> a2 Nli 2 y Q&

neuroma)

Howeverthe Thl gene subset, which is a CD4+ population,aksmegatively enriched for

Boston symptonand painscores thisis contrary to the findings from the IHC experiments

those findingghere was a positive correlath with CD4+ cell counts and Bostomrgytom scores.
Previousstudies have however noted a decrease in Thl cells in neuropathic pain conditions, with
one group finding a reduction in the Th1/Th2 ratio in peripheral blood of patients with
neuropathic pain ioluding postherpetic neuralgia, orofiad pain and peripheral poly and
mononeuropathy compared to controls, though this difference was not significait.addition,

a study investigating-gdll populations in patients with coplex regional pain syndrome (CRPS)
and fibromyalgia, found a reduction in the Th1/Th2 ratio in the peripheral blood of patients with
CRP%3These studies indicate that patients with neuropathic pain may indeed have decreased
pro-inflammatory cells and that during neuropathic pain, cells with-arftammatory actions

such as Th2 are increasedan attempt to control the inflammatin and reduce neuropathic

pain. This may partially explain the negative enrichments observed for Thl gretid¢ise Boston
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symptom scoredn addition, as | was investigating tenosynovial tissue in my study, as opyosed
neuronal structures such as the efted nerve, DRG or spinal dorsal horn, this could account for
the discrepancyn the negative enrichment®r Thl andts association with paireported in the

literature.

Treg signature genes displayed negative dmients with the Boston symptom scorésit had
positive enrichment for NP8bmpositepain scores. This is contrary to multiple studies showing
that Tregs are associated with reducing neuropathic p&i?” **However, gene sets for most
immune cell types showed positive enrichments for NPSI componEhis could indicate a
generally higher immune cell activation in those patients with increased neuropathic pain
symptoms. Increased Treg activation may be pnesethese patients as well, in an increased

attempt to reduce neuropathic pain.

As with Th1l geneshe CD8+ Tcell signaturevasfound to be positively enriched for components

of the NPSI questionnaire, but negatively eneidifor Boston questionnaire scesand EDT

severity One study hasoweveridentified CD8+ cells to be involved in resolving neuropathic
pain in a CIPN model in mit&as CD8+ @ells were the main-tell type found in the DRG after
injury and administration of CD8Fcells to Rag’t mice caused increased recovery to mechanical
allodynia®* CD8+ Tells have also been implicated in reducing pain in a model of arthritis, where
CD8+ cell depletion @eased preinflammatory cytokines and reduced endogenous opioid
levels?%® The negative enrichnmé of CD8+ genes with clinical pheappes such as the Boston

scoremay then be a reflection of its actions to inhifieuropathiq pain.

Alternatively, the discrepancy between the negative enrichments and the reported functions of
pro-inflammatory celloud be due to the variable behavior of the genes within each set when
ranked according to clinical phenotypes. From the GSEA, genes were present both at the top and
bottom of the gene ranks, indicating that some signature genesiadased and other

decreased expression in patients with higher symptom scores. However as the genes at the
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bottom of the ranks were usually more abundant, the overall behavior of the gene set produced a
negative enrichmentA good example of this can be seen in the GSEESB# Tcell signatures

andthe Boston paraesthesia stdzore(Figure3.8). The variable behavior of the genes within the

set could be due to the fact that the majority of the gene signatures were derieed inmune

cells that were extracted from the pehigral blood. These signaturegere used as no immune

cell signatures were available for immune cells derived from the tenosynovium of humans.
Immune cells from the peripheral blood can have different gexgression profiles to tissue

resident immune cell$! *The genes within the set may then not accurately represent immune

cells from the tissue and so in the GSEA, these geneaeatenegative enrichmers

3.4.4 CD4+ cell countrrelate with Treg and Ni€ell proportions

Correhtions found between CD4+ cell counts from IHC and cell proportions of Tregs aptisNK
derived from gene expression, may provide detail as to the identity of the CD4focekkn the
tenosynovium staining. The associatieith Tregamay indicate thathese cells areontributing

to the CD4+ cells in the tenosynovium, as they display CD4 as part of their #ie@iggys are
known to infiltrate the site of injury after damage to the nef¥fand so may equally infiltrate the
tenosynovium as a result of injury. For bils, the positivearrelation could indicate two

possible scenarios. One is that a proportadithe CD4+ cells stained in the tenosynovium could
be NKcells instead of €ells. This is supported by the finding that ¢éfls are able to express CD4
on their cell surfacewhichhas been found on Néells presentn the tissue®”’ The same study
also found that CD4 expression on &éflsled to increased IFN |y R prodogBon and
chemotaxis, providing funnal relevance to CD4 expression on these cells. It could therefore be
possible that NIKells, activated by tissue damage express CD4 in the tenosynovium and
contribute to inflammaory responses. An alternative possibility is that the positive correlation

between CD4+ cells and Mi€ll proportions is indicating an increased infiltration of ¢és along
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with CD4+ Tells. Nkecells have been shown to infiltrate the peripheral neafeer injury in a
mouse model of neuropathic pdft¥and so could be preforming a similar role hdtemay also be
possible that a combination of the two is occurring, whereby CD4+ and negativellblidre
infiltrating the tissue in conjunction with CD4-«€4dlls. To clarify Tremnd NKcell infiltration in the
tenosynovium, further IHC experiments woulddrequired. Cestaining of the Treg marker FOXP3
and CD4 would indicate the proportion of CD4+ cells that are Tregs, wkstainong using an NK
cell marker along with CD4 wouligtermine whether NKells are infiltrating the tenosynovium

and whether heyare contributing to the CD4+ cell numbers.

3.4.5 Limitations

IHC and RNAseq analysis of tenosyaldissue was only conducted in samples from CTS patients
as | did not have access to tenosynovium from healthy controls. This limits the interpretfition
GKS NBadzZ Ga a y2 FTAYRAydIa OFly 6S O2YLJ NBR
the immune cells or the gene signatures detected within the tenosynovium reflect true immune
cell infiltration related to injury rather than populatis present even in healthy tissues. | am also
unable to determine whether the current results indicateastivation of tissue resident immune
cells,as opposed to immune cell infiltraticas hormal immune cell presence in the tissue cannot
be determined Cortrol tissue would also provide information as to whether the immune cell
composition changes during GES though the total immune cell numbers may stay the same,
the composition of immune cells may reflect the activity of certain cell types in tHeoogamnesis

of the disease. Potential options to collect healthy tenosyaldissue include cadaveric soas

as well as patients undergoing wrist surgery for conditions unrelated t#ClF@eed the
acquisition of healti tissue from such sources was currently being setup within my research

group, however tissue wamt yetavailable to be used in my study.
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For the IHC staining, only 3 immune cell markers were used to identifyaadsllproviding a
limited pherotype of immune cells in this tissue. In light of the findings from the RNAseq data it
would be of inteest to conduct further immunophenotyping to either confirm or further reveal
immune cell populations in tenosynovium. Also, as the stain for CD®tlidark in these
experiments, the numbers for CD8 were inferred from CD3 and CD4 cell pobidis may not
provide an accurate count of CD8+¢élls. Further work would look to produce a reliable CD8
stain to better determine one of the main populationsTotells. However as it can be difficult to
obtain good staining in human samples, as evident in my sthdysuccessful identification of

these immune cell populations is encouraging for future staining of additional cell types.

Apart from the GSEA awals, no corrections for multiple testingasconducted for associations
betweenbiological measurementsna clinical phenotypesThis was due to the analysis being
exploratory in nature and so not necessitating the need for such tests. However this naay me
that there is a risk of false positives, and therefore validation studies are required to follow up
my findings Neverthelessny resultsprovide an important first step toward the detailed

characterization of immune cells ireuropathic pain.

3.4.6 Conclusions

To concludeimmune cells were found to be present in tenosyrabtissue in all patients with

CTS, challenging the common belief that the tenosynovium is devoid of immun&-¢&D4+ T

cell counts were positively correlated with Boston symptom scores indicating that higher
numbers of CD4+ @ells in the tenosynovium were associated with more severe symptoms.
However, vineninvestigating the assaation of immune cell gene signatures with clinical
phenotypes, it was found that there was a variable enrichment pattern, indicating increased gene
expression with certain symptoms and decreased gene expression with othersofinsirum

could be partidly explained by the variable behavior of the genes within the signatures, as well as
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the cellular sources of the gene signatures themselves. Finally, Treg asell [dkoportions were
detected through deconvolution analysis amatrelated with CD4+ cell cats in the
tenosynovium, highlighting the possibility that both Tregs andcélls could be present within
the tissue and that they may be forming part of the CD4+ cells identi@aetrall my findings
indicateimmune cek are present in the tenosynovim with some beingsignificantly associated

with clinical phenotypes.
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Chapter 4: Molecular markers of nerve regeneration and

associations with inflammation

4.1 Introduction

Peripheral nerve injury due to traurffdor diseasé’® 4’lis a common occurrence in humans.
Surgical intrventionssuch as direct nerve repair to restore the function of the nerve are
commonly conducted’?However, surgical treatment is often inadequate and full functional
recovery isot often achievedt’® As outlined in my introduction (sectidn4.2), there are
currently no effective treatmens using neurotrophingn patientsto facilitate nerve regeneration.
Other treatment options for nerve injury are therefore needed to aid the regeneration of the
peripheral nerves to achieve long lasting and complete recoverycliieal sudies to determine
the molecular and cellular processes of nerve regeneration have identified a myriad of processes
and interactions important for nerve regeneration including successful Wallerian degeneration
after injury;*"*activation and activity of Schwann céifand the preention of chronic
denervation?’® Much of the work done to study peripheral nerve regeneration has made use of
pre-clinical animal model&? however these findings often poorly translate to nerve regeneration
in humans*’” One of the main factors affecting the sess of nerve growth in humans and a
reason why preclinical models poorly translate, is the longer distance that the nerve has to
regrow to reach periphel targets*° This causes increased times of axotomy and chronic
denervatiori*®resulting in a reduction of successful regeneratieids a result, more work is
needed specifically in human systems to elucidate the mechanisms of regiseeration with

the ultimate goal to identify therapeutic targets. To achieve this, | have condesigeriments
using skin biopsies from patients with CTS. This has served as a human model system to

investigate chronic nerve denervation. Notably, tieeavery after surgical intervention has
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enabled the prospective characterization of cellular and mdbradeterminants of nerve

regeneration and their association witttinicalphenotypes.

Skin biopsies from patients with CTS were collected before amdasiths following surgery. In
experiments performed before the start of my DPhil, both molecular emdunohistochemical
analyses were conducted. Molecular analysis identified the gene ADCYAPL1 to be significantly
dysregulated with an overall increased exgsion in the cohortfter surgery (analyses performed
by Annina Schmid and Georgios Baskozos). AOGMBdes the protein Pituitary Adenylate
Cyclase Activating Polypeptide (PACAP) which is a pleotropic protein with diverse functions within
the nervoussygem, acting as a neurotrophic factt ’°and neuromodulatof®® *1PACAP is
produced in two forms, PACAH and PACABS*2and binds with higlaffinity to its main

receptor PAC1 (PACIR)PACAP shares sequence homology with the vasoactive intestinal
peptide (VIP) and can bind teceptors VPAC1 and VPA®Rich have equal affinity for PACAP
and VIP®% PACAP has previously been found to aid in the regeneration of sensory neurons in
animal studies$?: 48and motor neurons in humarfé’ However whether it caimcrease the

regenerative capacity of sensory neurons in humans remains unknown.

In addition to neuonal associated pathways and factors, inflammation has also been implicated
in affecting nerve regeneratiochHowever the consensus as to the exact role that inflammation
plays in nerveegeneration is uncertain. This is due to conflicting findings, where some studies
have identified inflammation to be required for effective nerve regé “°8while others have

found itto hinder successful nerve regeneratitifiFurther investigation is therefore required to

understand the role that inlmmationplaysin nerve regneration.

4.1.1 Ains

| will seek tacharacterizehe expression oADCYAPPACAI the target innervatiorterritory
andlook specifically athe effectsit hason human sensory neuraegeneration Building on

findings from @apters 2 and 3, where serad signs of inflammation have been detectéaill
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alsoendeavorto explorethe presence of inflammation in the target tissw@and discover how this

correlates with indicators of nerve regeneration atlthicalphenotypes

4.2 Methods

4.2.1 Participants

In this study | made use of an existing prospective longitudinal cohaly stollected by Annina
Schmid, including patients with electrodiagnostically confirmed THiS cohorhas been

described previously in Chapters 2 and 3

4.2.2 Phenotypidata

A detailed description of the phenotypic data collected is available elsevifard the
phenaypic data usedn this chapter has been describedGhapter 3, 2.2.2 an@hapter 33.2.2

phenotypic @ta.

4.2.3 Tissue collection and preparation

To determine markers of nerve regeneration in target tissue innervated by the median nerve, a
3mm indiameter skin biopsy was taken at two assessment periods (before and 6 months
following surgery). Therft skin biopsy was taken from the ventrolaterapast of the proximal
phalanx of the index finger. The second skin biopsy was taken several milsmetez proximal

to the first to try and avoid the first biopsy site. Skin biopsies were performed stdele
conditions following administration of 1%ldcaine (1.8 ml). Half of each biopsy was shap
frozen inRNAlater solution (Thermo Fisher ScieatiK) at80°Cfor RNA extraction. For details

of RNA purification see Chapter32.3. The concenttaon of RNA was determined by UV
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absorbance at 260n on a NanoDrop spectrophotometer. Samples were frozeB@&t until

further use

The other half wafixed infresh periodatelysineparaformaldehyde (PLP) fixatif@ 30 min at
room temperature After fixation, samples were washed 3x in 0.1 M phospliier and
cryoprotected in 15% sucrose in 0.1 M phosphate buffer@fdr 3-4 days. Tissue samplegre

then embedded in OCT in plastic molds, shap frozen and storg@Dad.

Markers of nerve degenetian and regeneration such as the intraepidermahrefibre density
(IENFD) and Meissner corpuscle density were quantified. IENFD counts were deddinmime
skin biopsies by counting 3 sections from each patient and taking the average wbigit was
expressed in fibres/mm. Meissner corpuscles were cedrper mm epidermis. The classification
of patients being either regenerators or noegenerators, déned by IENFD fold change (post
surgeryc pre-surgery)/presurgery where >0 = regenerator and <0 =-megenerator was also
determined. Along with the ph®typic data outlined above, these markers of nerve
degeneration and regeneration were used in funtlmalyses including GSEA to determine an
association with inflammatiorThecollection and preparatioof tissue and the quantification of

markers of degeeration/regeneration was conducted by Annina Schmid.

4.2.4 RNA Sequencing

The extracted RN&f 47 patienswith CTSvas sequenced at the Wellcome Trust Centre for

Human Genetics in Oxford, UK.

Prior o preparation of the library all RNA samples weoemalized to 650ng using the Illumina
TruSeq Stranded mRNA Library Prep Kit and standard univenséh#l multiplexing adaptors.
The RNA sequencing library was polygAdiched and directional with thegy(A)selected RNA

being converted to cDNA usiniget strand specific dUTP strantarking protocof#! with the
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amplificatioan using unique dual indexing. The lllumina HiSeq4000 platform was used for-paired
end sequencing with eead length of 75 bp. Quality metrics were encoded by the Phred score in
the resulting FastQ sequencing files, further quality controlsdwme using &mtools*® Samples

from indivduals were multiplexed in lanes and all sequencing lanes gave a high yield. Reads were
mapped to the GRC.h.38 Human genome using the sgilieawareSTAR aligner programrft&

with standard ENCODE options. Gene counts were generated using*t4against the

GRC.h.38.88 ENSEMBL refescgere set

Differential gene expression (DEG) analysis was preformed using DEBegawvgene count

data was pocessed in R, and normalized for effective library size using the DESeq2 fdtkage.
Normalized gene counts were fittedd the negaive binomial distribution where hypothesis

testing was done using the Wald test. P values were FDRctedrasing the BH method as well

as independent hypothesis weighting (IH#8#)Both moderated (values had been shrunk towards
zerofor lowly expressed gengand noramoderated Log2 flol changes were used in hypothesis
testing. A gene was considered to be significantly dysregulated if it had an adjusted p value <0.05
in two out of three hypothesis tests that were done such as moderatsgP fold changes with

FDR correction, umoderatedLog? fold changes with FDR correction anenuoderatedLog?2

fold changes with IHW correction.

Gene ontology (GO) enrichment for bioica processs for the DEGs was carried out using
topGd®tand GSEAR?2The hypothesis testing was done with the weighFsher test where the

significance cubff was 0.01.
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ADCYAP1 gene counts

Log2 normalised counts for ADCYAP1 expression, obtained from RNA seguereiincluded in
analyses such as GSEA to determine an association with inflammBiioh.sequencingas

performed by Annina Schmid and Georgios Baskozos.
4.2.5 ddPCR

To validate the RNAseq findings, | used the alternative gene expression quantificatiood of
digital droplet PCR (ddPCR). Before and after surgery samples from N = 39 patients were used
the validation experiment. Complementary DNA was construcsaoiguthe Evoscript Universal
cDNA Master kit (Roche Diagnostics, UK). TadNassaygThermo Fisher Scientific, Uid) the

gene of interest ADCYAP1 (Hs00174950_m1) and the housekeepmglBRT1

(Hs03929098_m1) were run in a duplicate reaction whepedf FAM labelled target probe was
added with 1ul of VIC labelled reference probethre same reaction using the ddPCR Supermix
for Probes (Bidrad, UK). QuantaSoft v1.7.4.0917 softwaie-fad, UK) was used to determine
the concentration of genes (cogigul), which were reported as normalized gene expression

values (ratios of target oveeference data).

To compare the gene expression of ADCYAP1 from RNAseq and ddPCR analysis, gu#tghed res
were inspected by eye to determine the similarity of expressibADCYAP1 by these two

techniques. To statistically confirm the similarity of eegsionof ADCYAP1 between RNAseq and
RRt/wX I tSINE2YyQa O2NNBf I (A fygiy esigredsiodvlyeRzO (i S R

the two techniques where a p<0.05 wamnsidered significant.
4.2.6 Immunohistochemistry

To determine the localization ofAC AP within the skin biopsies, | used immunofluorescent
stainingthat was adapted from a previous studf briefly, 50 mm skin sé¢ions were cut on a

cryostat(Leica, Germanynd placed intothe well of a 96 well plate filled with FB+ 0.2% Triten
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X, where they were blocked with 10% goat serum in PBS + 0.2% Xriton30 minl removed

the blocking solution and primary antibodidor PACAP (gift from Prof Jan Fahrenkrug, 1:5) and
PGP3.5 (Zytomed, 1:20Ccat n0:516-3344) were ad@d and incubate@vernight at 2Con a

shaker. Primary antibodies were removed and a biotinylated goatraatise antibody (Vector
laboratories, 1:200along with an Alexa Fluor 546 andibbit antibody (Life technologies, 1:500)

was then applied for 2 htaoom temperatue on a shaker. After 3 washes with PBS + 0.2% Triton

X and 2 washes with PB$jcubatedsections for 30 min with an avidinotin-horseradish

peroxidase (VECTASTAIN Elite ABC Kit, Vector laboratories, UK) before washing 2x with PBS and
2x with 0.1M bor&e buffer. Sections were incubated in FITC conjugated tyramide (Perkin Elmer,
1:100) diluted in 0.1 M borate buffer containing 0.0003¢drogen peroxide for 10 minutes. After

3 washes with PBS + 0.2% Tridofor 10 minutes eachappliedmounting media ad sealed the
sample with a coverslip famagngon an Observer Z1 confocal imaging system (Zeiss, Germany).
The same settings were us&vithin each patient, where microscope settings were always
configured using the prsurgery samplehiswas then usd when imaging the posturgery

sample. Average PACAP staining intensity in samples from ten patients was quantified before and
after sugery using ImageJ (NIH, USA). Staining intensity was quantified firstly in an area overlying
the epidemis and subepidenal plexus including both neuronal and ronauronal structures and
secondly, specifically within PGP+ nerve fibers using thresholditigoxon tests were used to
determine differences in the PACAP fluorescence intensity from beforagosafrgery. PedB 2 YV Q a
correlations were used to determine associations between the Log2 fold changes of ADCYAP1

expression and PACAP fluorescence isitgnin each case a P<0.05 was considered significant.

| also determined the localization tife PACIeceptor in huma skin by using double
immunostaining with PAC1 (Cambridge Bioscience, 1:100) and PGP Ra@Bin200) primary
antibodies. Brieflyl cut50 mm skin sectiason a cryosta(Leica, Germanygnd placedthem into
a well of a 96 well platélled with PBS- 0.2% TritorX before boihg themin 10 mM citric acid
with 0.05% Twee20 for 5 min. Samples were then incubated for 30 minutes % §i@at serum
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in PBS and 0.2% Tritohat room temperaturel added pimary antibodiedo the samplesand
incubatedthem overnightat 4°Con a shaker. The next day, sections were washed 3x with PBS +
0.2% TritorX and incubated with biotinylated goat amtibbit antibody (Vector laboratories,

1:200) for 2h at room temperaturé.then added scondary antibodie Alexa Fluor Santk

mouse (Life technologies, 1:1000) and Streptavidin 488 (Life technologies, 1:500) for 2h at room
temperature in the dark. Sectienwere washed, mounted and imaged on an Observer Z1 confocal
imaging system (Zeiss, Germany). No staastests wereonducted here as the presence of

PACL1 in the skin was reported qualitatively.

4.2.7 Cell culture

To investigate the regenerative cagity of PACAP on human sensory neurons, | used human
induced pluripotent stem cell derived (hiPSCd)ssepneurons. Two control iPSC lines were used
that were derived fronthe fibroblasts of a healthy 4¢earold female (NHDFE¥ and a healthy
51-yearold mde (AD2) (NRES Committee South CeqtBerkshire UK, REC 10/H0505/ 71).
Thesecell lines were differentiated to sensory neurons as previoushcdieed**>*°’ Briefly, cells
from each line were ptad out & high density following Versene ED{lThermo Fisher Scientific,
UK)passaging. Neural induction was initiaiedK SR mediurmontaining KnockoutDMEM, 15%
knockoutda S NHzY NXB LJ I O SnérSaptiethansl /19 namessential amino acidsatib
Gltamax(Theamo Fisher Scientific, UKDy the dualinhibition of SMADusingSB431542 (Sigma,
Mn>a0 | YR [ 5b mdo MInday thieed 3nvall holesule€HYRO9021 (Sigma,
o>a0%X {!pnnH Ows5 {@daitSYasz wmn>av | yidaypshe ¢ o{ A 3"
dual SMAD inhibitors were withdrawn. KSR medium was transitiongdarierincrements to
neural mediumcontainingN2/B27 Neurobasal medium, 2% B27 suppkam 1% N2 supplement
and 1% Glutamax;Thermo Fisher Scientific, U)er a period of 11 day&dls were then

dissociated and replated out onto coverslips in neural medium that was supplemented with
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growth factors BDNFThermo Fisher Scientific, UK) 3, NG, GDNF (PeproTech, USA).
CHIR90221 was included for an extrdays. Phenolfree Matrigel Comning, 1:300) was used from
25 days onward and cell medium was changed twice a week. Young neurons (8 weeks old) and

neurons matured for up to 27+3 weeks were dse neurite outgrowth assays.

To determine the regenerative capabilities of PACAP on hipriarary sensory neurons, | made
use of a humanizeih vitromodel of nerve injury previously describ&iMature hiPSCd sensory
neurons were first treated with 0.1% TrypgiFhermo Fisher Scientific, Ukd) 30 min before

being mechanically dissociated with a glpigmette. Single cells were repéal onto Matrigel™
treated coverslips at low density to dedt individual nerve growth in the presence of varying
concentrations of the PACAP protein (10 Al uM, AnaSpec and Bachem), vehicle (0.01%
DMSO, Sigma) or a setive PAC1 agonist maxadilarufll, Bachem). Cells were then fixed 18
hours later and anaed by immunocytochemistry. This method was designed to mimic axonal
injury and subsequently work as a model for nerve regeneration in a dish. Cell culture

experiments were performed by Greg Weind Alex Clark.

4.2.8 Quantification of neurite outgrowth

hiPSCd sensory neurons derived frimar separate differentiations were used for outgrowth
guantification. Neuronal cells cultured on a-24Il plate were taken andissociated onto
individual coveslips to form each experimental unit (I§ixdissociatiorexperiments were
performed. | calculated the average neurite outgrowth frogi@ technical replicates (number of
coverslips of replated neurons for a particular adition). hiPSCd sensory neurdhat were
treated with either vehicle or PACAP were immuiagsed with the neuronal marker NF200 using

immunocytochemistry. | chose NF200 as it is expressed in almost all human DRG ffurons.
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| applied he primary NF200 antibody (Sigma, 1:500) to sensory neurons fixed on coverslips and
incubatedthem overnightat room temperature. Cells were then washed 3x with PBS + 0.01%
TritontX. The secondary antiouse antibody Alexa Flour 488 (Life Technologies: 1:1000) was
added for 2h at room temperature in the dark. Neurons were washed 3x with PBS + 0.@t Tri

X and he coverslips were then mounted on slides and sealed. 20x magnified images of individual
sersory neurons from each coverslip were taken on an Observer Z1 imaging system (Zeiss,
Germany), neurite length was analyzed using-Wé8romath software® Only neurons with a

neurite length of at least half the diameter of the cell body were included.dsmed neuite

length inum per cell and the neurite lengths from individual neurons were averaged per
coverslip. Independenttestsoroneg @ ! bh+! dz2aAy3a CAaAKSNDa [ SlFad
post hoc tests were done to compare neurite lengthswetn conditons. Neuronal binding of
PACAP (biotinylated protein, AnaSpec) on sensory neurons wageaalsing doubkabelling

with the protein of interest and NF200 (Abcam, 1:2000) to determine neuronal structures. The

immunohistochemistry protocol olihed abovewas used.

4.2.9 Gene set enrichment analysis

GSEA for immune cell signatures atidicalphenotypes using RNAseq data derived from

LI GASYyGaQ alAy o0A2LIAASAE ¢ BA9 FOAh¢de dralys&sRRNASEg 4 S G 2 «
data were corected forage and sex and the phenotypic and clinical data included in the analyses

are shown in Tabld.1 and Table&l.2. Associations were not corrected for multiple testing as

these investigations were exploratory.
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4.2.10 Deconvolution analysis

Dewmnvolutionanalysis was conducted with RNAseq data derived from patient skin biopsies as

described in @apter 3,3.2.10.

4.3 Results

4.3.1 Patient demographics and clinical phenotypes

Patient demographic and clinical data are shown below in TalldPatient markrs of nerve

regeneration are shown in Tabde2.

Table4.1: Patient demographic data andioical phenotypes

Data are shown for patients with CTS before (pre) and six mootlwsving surgery (postPaired
T-tests were conducted to determine differenclketween clinical phenotype scabefore and
after surgeryUnless otherwise stated data ashown as meat standard deviation.

Patients with CTS Pre Patients with CTS P values
Surgery PostSurgery
Number of participants 47 47
Mean Age (SD) [years] 63 (12)
Male:Female 18:29
Duration of symptoms 69.23 (106.19)
(SD) [Months]
Median DT grade [IQR 3[1] 2 2] <0.001
Boston Symptom score 2.83(0.72) 1.48 (0.51) <0.001
(SD)
Boston Pain sulcore 2.67 (1.06) 1.48 (0.51) <0.001
(SD)
Boston Weakass sub 2.64 (1.06) 2.06 (0.78) 0.001
score (SD)
Boston Paresthesia suk 3.19 (084) 1.28 (0.49) <0.001
score (SD)
VAS Pain (SD) 3.17 (3.05) 0.33(0.75) <0.001
Median GROC Score 712]
[IQR]
NPStompositescore 13.84 (9.03) 2.16 (3.62) <0.001
(SD)
NP$ burning (SD) 2.53 (3.27) 0.23 (0.94) <0.001
NPSI deep pressure (S 2.15 (2.55) 0.22 (0.2) <0.001
NPSI evoked (SD) 1.37 (1.94) 0.62(0.99) 0.027
NPSI paresthesia (SD) 5.79 (3) 0.59 (1.37) <0.001
NPSI paroxysmal (SD) 2.01 (2.62) 0.51 (1.27) 0.001
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SD Standard Deviation, IQR: Int@uartile RangeyAS = visual analogue scale, NPSI =
Neuropahic Pain Symptom Inventory, EDT = Electrodiagnostic test, GROC = Global rating of
change.

Table4.2: Patient markers of nerve regeneration

Molecular markers inidating nerve regeneration are shown foatients with CTS before (pre)
and six months follwing surgery (postyith paired TFtests identifying statistical difference
between groupsData are shown as mearstandard deviation.

Patients with CTS Patients with CTS P values
Pre-Surgery PostSurgery
IENFD counts (SD) 4.21 (2.85) 5.13(2.83) 0.006
[fibres/mm]
Meissner corpuscles$sD) 0.39 (0.32) 0.43 (0.36) 0.53
[per mm epidermib
ADCYAP1 expression 2.42 (0.13) 2.59 (0.41)
[Log2 normalizedaunts]
Regenerators:Non 29:18

regenerators
IENFD = Intraepidermal Nerve Fiber Density.

4.3.2 ADCYP1 expression is increased pesirgery

¢KS wb! aSl 2F LI GASYyGaQ aiAy o0A2L1AASaE FTNRY 0S7T:
genes, where 23 genes were tggulated after surgery and 11 genes were downregulated (Figure

4.1, A). The gene showingelgreatest increase in expression aftargery was ADCYAP1, which

was identified to be involved in neuronal growth and survi#af®’- 592As ADCYAP1 was an

interesting candidate for further study based onbislogical relevance and as it was found to

correlate with IENFD regeneratidtthe expression of this gene wasnfomed using ddPCR

(Figured.1, B). The epression pattern of ADCYAPL1 in patient samples both before and after

surgery were very similar between the two techniqugskK A OK g+ a O2y FANNXSR o0& t

correlation (Figuret.2, C).
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Figure4.1: ADCYAP1 gene expression dysregolatvas identified byRNAseq and confirmed by
ddPCR

A. Alist of 34 significantly dysregulated genes from the RNAseq analysis of patient skin biopsies.
ADCYAP1 gene expression showed the greatest fold change in expressisurgest. B. ADCYAP1
expressio was confirmed using ddPCR. Pre andsasgiery expresion patterns for ADCYAP1 were
similar to the expression patterns from the RNAseq analysis. RNAseq data is presented as Log2
normalised gene counts while ddPCR data are presented as a hormaliseexgeession ratio (target
expression/reference expressiprC. Correlation analysis for pre and psgtgery expression values of

15/ ttwm 0633658y RRt/w FyR wb!asSlj aK26SR | adN2

where p<0.05 was considered sigeceint.
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4.3.3 PACAP is expressed in nerves innervating the skin

As ADCYAP1 was found to be dysregulated in the genetic analysis, | hext investigated the
expressiorand localization of the ADCY AgYicoced protein PACAP in patient skin biopsies
(Figured.2, A). PACAP staining-taxalized with neuronal markers indicagithat PACAP is

located within sensory nerves innervating the skin (FigugeA). PACAP staininiga appeared

to be present in the basement membrane of the skiotentiallyindicaing PACR is also being
expressed by skin cells such as keratinocytes.ddemas no cataining was done for
keratinocytes and PACAP, the expression of PACAP by thesmoets be determined here. The
fluorescence intensity of the PACAP staining in beforeadied surgery samples was quantified,
both within neuronal structtes (Figuret.2, BD) and within a specific section including neuronal
and nonneuronal structuresKigure4.2, EG). However, the fluorescence intensity of the PACAP
staining before and aftr surgery did not match with the fold change in ADCYAPL1 expmessio
when patients were grouped on this characteristic (Figug& B and E). Correlation analysis of
the Log2 fold change in fluorescence intensity with the Log2 fold change for ADCYAPdi@xpres
showed no significant correlation when looking either witheuronal structure®r within a

region of interest (r=0.23, p=0.5 and r=0.3, p=@gpectively) (Bure4.2, C and F). However

when comparing fluorescence intensity from before to aftergguy at a group level, PACAP
staining intensity was significanilycreased after surgery both within neuronal structures and in
a region of interest (Figur¢.2, D and G). The expression of ADCYAP1 in the skin may therefore
not directly translate to prota production in every patient however PACAP expression appears
to be generally increased after surgery. Challenges associated with quantification of fluorescent
sigral have also to be considered for the discrepancy between genetic expression and

fluorescence intensity.
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Figure4.2: PACAP localised with sensory afferents in the skin but did not correlate with
ADCYAP1 expression

A. Using IHC, PACARIacalised in the skin with PGP 9.5 indicating PACAP is located within
neurons. The white boxdicates a region of interest which isostn enlarged in panels on the
right. White arrows indicate PACAP staining whiclocalises with PGP 9.5. B & E.

Quantification of the mean fluorescence intensity of PACAP within neuronal structures and
within aregion of interest respectively, from skimopsies both pre and posturgery. Patients

have been grouped based on their ADCYAPL1 fold change from the RNAseq analysis. Patients
with a positive ADCYAPL fold were expected to display an increase in PACé&dedince post
surgery while patients with aegative ADCYAPL1 fold change were expected to have decreased
PACAP fluorescence pesirgery. However this was not the case for the majority of patients
when looking within neuronal structures of in a region dérest. C & F. Log2 fold changes for
fluorescence intensity from IHC and ADCYAP1 expression from RNAseq are shown, however no
significant correlations were found, indicating that changes in ADCYAP1 expression may not
translate to PACAP production. D & Ghalf comparing mean fluorescence intensityrh pre

to postsurgery the PACAP fluorescence intensity was found to generally increassupgesty.

This was the case when looking within neuronal structures and in a region of interest. Data are
presented asiagle data points. *P<0.05. 130



4.3.4 PACL1 colocalizes with sensory afferents innervating the skin

The PACAP specific receptor PAC1 was found-tacalize with neuronal markers in the skin,
indicating PACL1 expression in sensory affes (Figuret.3). This was not fountb be the case

when a no primary antibody control (Blank) was used.

Blank PAC1 Magnified

Figure4.3: PACI1R staining in the skin

The PACAP receptor PAC1 colocalised with the neuronal marker PGP9.5 indicating expitegsion
sensory afferents innervating the skin. PAC1 staining was esept in a blank control where no
primary antibody was used. The white box indicates a region of interest which is magnified in par
the far right. Arrow heads indicate PAC1 stagnand arrows indicate PAC1 staining colocalised with
PGP9.5

4.3.5 Exogenous PACAP increases riieuoutgrowth after injury

As ADCYAP1 was increased after surgery and PACAP was fbarekpressed in sensory

afferents in the skin and upregulated after surgery, | then investigated the effect of PACAP on
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regeneration of hiPSCd sensory neurons afiemve injury. Initially, thepplication of 10nM

PACAP on hiPSCd sensory neurons (NHOmReglvas able to cause a significant increase in
neurite outgrowth (Figurd.4, A). Representative neurons showed characteristic neuron
morphology of arborising neons growing in a webke dructure. | then sought to replicate this
finding using anotér cell line (AD2), however @onductionof the experiment no significant
increase in neurite outgrowth could be detected in PACAP treated neurons (BiguB. he
morphology of these cellwas however unusual as they produced long singular projestien
opposed to characteristic welike structures (Figuréd.4, B). Due to the atypical structure of the
neurons, | repeated the experiment (Figurd, C), howeverttese neurites again displayed
atypical morphology (singular long projections) and neusitégrowth was again no different
between PACAP and vehicle treated cells (FiguteC). Upon strategic comparison of the
experimental parameters | discovered, thate main difference betweerhe neurons used in the
original experiment to those used lateapart from the difference in cell line, was that the original
neurons were much older (23 weeks compared to 8 weeks). | hypothesized that the different
ages mayause different regenerativehenotypes in the hiPSCd sensory neurons, as the younger
neurons may have a predisposition for increased groanliwayand could express higher levels

of factors aiding in neurite growth.

| therefore comparedjene expressionata previouslyobtainedin our lab of young hiPSCd

sensory neurons (8 weeks) and maturB8Cd sensory neurons 23 weeks). This revealed that
the endogenousxpression of ADCYAP1 was indeed significantly higher in younger neurons
compared to mature netons Supplementaryrigurel in Appendiy. This increase in endogenous
ADCYAP1 expressioould have made the availability of PACAP in the vehicle treated cells equal
to that of the PACAP treated cells. As a result this may have reduced any differepoeii@ n
outgrowth after PACAReatment as endogenous PACAP was also readily availabéhitcles

treated cells.
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To test this hypothesis, | repeated the initial experiment using the same cell line (NHDF) and
made sure that to prevent a potential pregeneative phenotype of young neans, | used

mature neurons (2# 3 weeks). The administratioof PACAP on neurons of the same maturity as
used in the original experiment, indeed replicated my original findings (Fgdr®).Of note, the
morphology of thes cells were agaioharacteristic of sensory neurons. Two different doses of
PACAP were &d in this assay (100nm andpifl) and | discovered a clear dose dependent

significant increase in neurite outgrowth (Figurd, D).

To confirm that PACAP was binglito hiPSCd sensomgurons, the application of biotinylated
PACAP showed specific stageround the cell soma by immunocytochemistry (Figude E).

This was not observed when using a no primary antibody control (Fg4rg).

| also endeavoretb determine whethe modulation of the PAC1 receptors with an exogenous
agonist could cawssimilar effects on neurite outgrowtland sol applied the PAC1R agonist
maxadilan to hiPSCd sensory neurons after injury (Figdres). Maxadilan was able to
significantly increasaeurite outgrowth compared to vehicle treatment. The increase in neuri

outgrowth was comparable to that of PACAP treatment (FiduéeG).
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Figure4.4: Exogenous PACAP causes increase neurite outgrowth after injury in mature neurons

A. The application of PACAP caused an significant increase in the outgrowth of mature (NHDF cell line
27+3 weels old) hIPSCd sensory neurons after injury. Representative images show that neurons treatec
with PACAP had longer and more complex neurite primjast B. PACAP did not have an effect on the
outgrowth of younger (AD2 cell line of 8 weeks old) neurons. dfeimages show an irregular cell
morphology where cells sprout singular, elongated neurites. C. The repeat experiment using younger
neurons foundhat PACAP administration did not have an effect on neurite outgrowth. D. The use of
more mature neurons (NHDdell line of 2%3 weeks old) reestablished the effect of PACAP on neurite
outgrowth as cells treated with PACAP had a significantly increaggtbaih compared to controls.

This effect was found to be dose dependent. Images demonstrate increased gbligher

concentrations. E. PACAP bound to the cell soma of neurites. White arrows indicate PACAP binding ar
the white dotted box marks a regiaf interest. Panels on the far right show a magnified region of
interest. F. Using a nprimary antibody conbl did not produce any specific staining. GiMLmaxadilan

and 1uM PACAP caused significant increases in neurite outgrowth compared to @i@eell line of

27+3 weeks old). No difference was observed between PACAP and maxadilan treated celise Data

shown as meatt SEM and as single data points. *P<0.05, **P<0.01, ***P<0.001. 134



4.3.6 Tcell genes are enriched with patient symgmns presurgery which is abolished following

de-compression surgery

| next sought to detenine whether signs of inflammation/immune cells could be identified in the
target innervation territory of the méian nerve and whether they are associated with nerve
regeneration. Using GSEA, enrichments of signature immune cell genes were determined from
LI GASYGaQ ailAy o0A2LJAASaupplementaklabeSirrAppediin. PR | F G S NJ
surgery, no sigficant enrichments were found for genes specificltal, Th2, Th17, Treg, CD8+ T
cells or M1 macrophages. However, several significant ensotsrwere observed for genes
specific to naive CD4+cé&lls. These genes were positively enriched for the Basgamtom score

as well agpain and weakness subdomajribe NPSI composite score and Meissner corpuscles
number (Figuret.5, A). This indicatethat the expression of naive CD4-dll genes were

increased in patients who had more severe symptoms or inedeissner corpuscles numbers
beforesurgery. Genefor M2 macrophages also showed a significant positive enrichment for the

Boston pain swscore presurgery (Figurd.5, A).

However, in the GSEA using peatgery samples, the positive enrichments fiaive CD4+-gell
genes were abolished and only agagive enrichment for Meissner corpuscle numbers could be
detected (Figurd.5, B). Therevere however several significant enrichments for macrophage
related genes where M1 specific genes were positieglriched for VAS pain and negatively
enriched for he NPSI paroxysmal sgbore. M2 specific genes were negatively enriched for
Meissner corpacle numbers, Boston paresthesia sdores andADCYAPéxpression, but were
positively enriched for VAS pairidére 4.5, B). No other significant enrichments weaxieserved

for immune cell gene signatures using pestgery data.

GSEA carried out to detaine whether the expression of immune genes changed from before to
after surgery did not show any significant enrichments, indicating that immune cell gene

expresan is not significantly differenthen looking directly betweepre-and postsurgery
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samples Supplementary Table 8, in Appendifpart from some significant enrichments for
Meissner corpuscle numbers and PACAP expression, no other markers of regermrali@s

IENFD counts or patientgeneraton statuswere associated with immune cell genes
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Figure4.5: GSEA analysis of RNA from pre and psstgery skin biopsies

A.GSEA using RNAm pre-surgery skin samples revealed significant positive enrichments of genes
specific for naive CD4Rcells with Meissner corpuscle counts, Boston symptom scores as well as pa
and weakness sutiomains and the NPSI composite score.irophage spsfic genes were enriched
for Meissner corpuscle counts. Positive enrichments indicate increased geressigor in patients with
more severe symptomar increased signs of regeneration (e.g. higher Meissner corpuscle numbers)
GSEA us@RNA from possurgery skin samples identifi€€D4+ Icellgenes to be negatively enriched fc
Meissner corpuscle countd1 macrophage genes were positively enriched with VAS pain and nega
enriched for NPSI paroxysmal sedpre values. M2 genes veenegatively ariched for Meissner
corpuscle counts and Boston paresthesia-sabres, but were positively enriched foAS pain. Negative
enrichments indicate increased gene expression of specific immune cell genes in patients with less
symptoms o decreased maers of regeneration.

4.3.7 Deconvolution analysis revealed macrophages, neutrophils ana®lls as the rost

prominent immune cells in the skin.

To determine the proportions of common immune dgpes in the skin biopsies, decaiution
analysis wasonductedusing RNAseq data from before and atergery samples. M1 and M2
macrophages as well as neutrofshaind NkKells were the only cell types consistently expressed
in the samples, with Bells being expressed omly afew patents Supplementaryrable9, in
Appendiy. Of the immune cell types, Ni€lls had the greatest proportion, followed by
neutrophils, M1 and M2 macrophag¢Bigure 4.6, A ¢ KS LINPLR2 NI A2Yy FT2NJ OSf f
the largest proportion, which providegassurancén the findingsas the skin is mainly composed
of nonimmune cells such as keratinocytes, melanocytes and MerkePg€llse proportions of
macrophages, neutrophils and NElls did not change significantly from before to aftergary
(Figure4.6, B) When correlating the proportions of macrophages, neutrophils andeMIK with
clinical phenotypes, sitficant correlations were observgatedominantlywith postsurgery
scores where M1 macrophages negatively correlated with theédBasymptom scorgthe Boston
pain andweakness subdomadnneutrophils negatively correlatl with GROC scorasd NKcells
positively correlated with IENFD valu&upplementary Table 10, in AppendiM2 macrophage
proportionsbefore surgery positivelyorrelated with duration of symptomsA selection of these

correlations are shown in Figu#e6, C The negatig association of M1 macrophages with Boston
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scores indicates that patients with lower numbers of macrophages after surgery have decreased
symptomseverity The positive association with MElls and IENFD suggests that patients with

increased NKcell numbaes in the skin after surgery fiaincreased intraepidermal nerve fibres in

the skin.
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Figure4.6: Deconvolution analysis of RNA from pre and pestrgery skin biopsies

A.The aerage immune cell proportions in tfgkin from deconvolution analysis areostm for pre
and postsurgery skin samples. B. The cellular projppo of the four immune cell types present |
the tissue do not change from pre to pesiirgery. C. Correian analysis revealed M1
proportions were negatively correlated with the Bostomgptom score. NKells were positively
correlated with IENFD countBata are presented asMear{ 9a ® { LISI NX I y Qa
was used where P<0.05 was significdlBNFD = Intraepidermal nerve fibre density.
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4 4 Discussion

The use of CTS as adebsystem to study molecular determinants of nerve regeneration
revealed ADCYAPL1 to thee most dysregulated gene showing the greatest fold change increase in
expression after surgery, a finding that | confirmed by ddPCR. The PACAP protein, encoded by
ADCAP1 cdocalized with neuronal markers and so was located within nerves innervating the
skin. Although the fold change in fluorescence intensity of PACAP staining in the skin did not
match the fold change of ADCYAP1 expression, there was a clear PAE\Ratipn after

surgery, in line with RNAseq data. The PACAP receptor PAC1 was alsto foeircelocalied

with sensory afferents in the skin. The exogenous application of PACAP onto hiPSCd sensory
neurons after injury caused significantly increased itewutgrowth compared to sensory

neurons treated with vehicleandwas found to be das dependent. However, this was only
observed in mature neurons. The use of maxadilan, a RA@dnist, caused comparable neurite
outgrowth to that of PACAP, suggestmgherapeutic potential for the modulation of the PAC1
receptor. GSEA analysis, to dehéne signs of inflammation in the skin and how they might be
associated witkelinicalphenotypes and nerve regeneration, revealed positive enrichments for
naive CD4+-gell signature genes. The expression of these genes was increased in patients with
more sevee symptomsbefore surgery After surgery these enrichments were diminished and
instead, increased enrichments were observed for macrophage signature genes,imdécat

swing in the immune cell type associated wigtovery Deconvolution analysis tdie RNA from

skin biopsies identifieM1 and M2 macrophages, neutrophils aN&cellsto be present in the

patient samplesProportions of these cell types did not clggnfrom before to after surgery,

however M1 macrophages and N#&lls showed significant aggations with clinical phenotypes.
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4.4.1 Increased expression of ADCYAPL1 after surgery and PACAP/PACLR localissition

afferents present as molecular maeks of nerve regeneration

Increased ADCYAP1 expression after surgery and the localisaB&Ca&P and PAC1R on sensory
afferents in the skin indicate that PACAP could be exerting neurotrophic functions dimectly
damaged peripheral nerves and so couldaiding in the regeneration and survival of neurons in
the skin after injury. The neurotrophactions of PACAP are well documentédnd PACAP has
been found to bencreased in the sciatic nerve and DRG inglireical models after nerve injury,
during periods of nerve regeneratiéff->°¢ In these studies, PACAP expression in the DRG was
found to be localised to small andegium diameter neurons before injury, indicating basal
PACAP expression in primary sensory neurons. After nerve injury, RA@ABsion was found to
be increased bth in small and large diameter neurons indicating that PACAP is expressed in
nerves aftermjury regardless of neuron cell size and is likely important in nerve repair.
Interestingly, the expression of PAC1R was faortse unchanged in the DRG and théngp cord

after injury, suggesting that the increased PACAP is acting on receptors alreadgtp’*

In humans, there iBmited data describing PACAP expressand action after peripheral nerve

injury. However, PACAP was found to be decreasedmfay i d oA GK ! f 1 KSAYSNRA
PACAP concentrations in the cerebral spinal fluid (CSF) were progressively decreased fro

controls to patients with mild cogtive impairment and those with more severe cognitive

impairment®. PACAP expression in the CSFals@lated with several cognitive tests, indicating

that PACAP may have a protective effaghinst neurodegeneration and cognitive impairment.

PACAP expression from human cadaveric tissue has indicated that PAQ#ESsesl in the

trigeminal gangliz’® the DRG and in the nerve fibres of the superficial dorsal #8irhe

expression of PACAP in humans suggests that PACAessexbin primary sensory neurons and
matches the expression pattern of PACAP in animals. In my study, PACAP was locatatyn se

nerve fibres innervating the skiwhich was increased after surgery, suggesting that PACAP is
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being produced by these neume after injury during the regeneration phase. From the human
cadaveric studies no information was provided as to the exprassfi®® AC1R in human spinal

cord or DRGhowever PAC1R expression was observed in human trigeminal gahigiaaygh no
indication was given as to the size bétPAC1R+ cell bodies. As PAC1R was found to be located
on skin afferents in the biopsiei$,suggests that PAC1R is expressed by sensory neurons

innervating the skin and that PACAP may exert its function directliiesetnerves.

The preclinical studesthat describe increased PACAP expression in the DRG or in the nerve after
injury, suggst an autocrine function for PACAP. However one study has suggested that PACAP
may also have paracrine functions as the aggtlon of exogenous PACAP to culturad

Schwann cells was able to induce increased expression of Krox20, Mpz and Mbpupéciesre

key markers of myelinating Schwann célfThis indicates thaPACAP could increase

regeneration by activating nearby Schwann cells to start myelindtiomy study, the source of
PACAP in the skin is unknown, however keratinocytes could be a potential source as PACAP
staining @peared to be present in the basemanembrane and PACAP mRNA has been detected
in these cell$ It may then be the case that PACAP is acting in a paracrine function on sensory
nerves in the skin and that keratinocytes are providing trophic sttgpaegenerating nervedn-

situ hybridisation studies to detect ADCYAP1 mRNA in skisyggrtions aald be useful to

confirm which cell type in the skin is responsible for the production of PACAP. This would help to

further define the role that PACA#®ays in nerve regeneration in humans.

PACAP has been suggested to be nociceptivegasdoises of imathecally injected PACAP were
able to induce pain like syndrome in mitéThe nociceptive effects of PACAP are further
demonstated by knockut mice deficient in PACARat do not develop neuropathic pain after
nerve injury or mechanical allodynia after NMDA injecfitiThe increase in ADCYAP1 expression

after surgery and theqgsence of PACAP on nerves in the skin could then be serving two
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purposes. One, to provide neotrophic syport to the damaged nerve allowing regeneration and

two, to sensitise the nerve to alert the individual to rest the damaged area.

4.4.2 Therapeutigotential of modulating the PACAP/PAC1R pathway in nerve injury

Exogenous PACAP applicatrio maturecultured hiPSCd sensory neurons increased neurite
outgrowth after injury compared to vehicle treated cells. This shows direct neurotrophic and
regeneative effects of PACAP on human sensory neynoh&h has previously not been
demonstrated PACAP has beeahown to increase neurite outgrowth in cultured central and
peripheral sensory neurons from animals where trigeminal ganglia and DRG neurons showed a
significant increase in neurite growth after PACAP administrd#fot?® 9% 54n cultured human
cells, PACAP was found to help prevent apoptosis of hiPSCd motor neurons and aid in their
survival after neurdegenerative stimuli. PACAP treatment was also found to inhibit the
expression of the prapoptotic proteinBAX in these cultured ceff€.Due to this large body of
work illustrating the neurotrophic potential of PACAP and along with therfgedof my study,
PACAP therefore could be used for therapeutic benefit in facilitating nerve regeneration.
However, more work is needed to define the therapeutic use of PACAP for nerve injury,

particularly due to the nociceptive effects observed after PR@dministratiorp!?

PACAP has been shown to be able to influence the direction of the growth cones of developing
neurons as cultureXenopusortical neurons were found to grow in the direction of a PACAP
gradient®'° this effect was found to be mediated by PACAP binding to PAC1R at the growth cones
of these neurons. It would bef interest to determine whether hiPSCd sensory neurons behave in
such a manner and could grow along a PACAP concentration gradient. This mag provid
information as to the exact function of PACAP in peripheral tissue, and in the case of PACAP

expressionn the skin, could determine whether PACAP is merely providing trophic support or
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actively guiding neurons to their target destination. Future studiey seek to culture hiPSCd

sensory neurons in the presence of a PACAP gradient to determine this.

Interegingly, the addition of maxadilan to hiPSCd sensory neurons caused a similar effect on
neurite outgrowth as PACAP. Maxadilan is a selective PAChRt#§8 and so highlights the
therapeutic potential of modulating the PACLR to initiate nerve regeneration. The therapeutic
potential of maxadilamas already been investigated by treating retinal degeneration in rats
caused by bilateral common carotigtery occlusion (BCCABjIntravitreal administration of
maxadilarwas able to cause significant protection in the thickness of retinal layers compared to
vehicle treatment, with higher concentrations of maxadilan demonstrating an increased effect.
Maxadilan has been further shown to have neuroprotective effects asritpratect mice

olfactory placode cell lines OP6 and OP27 fromThiEuced damage through the activation of
the PAC1R Signalling through the PAC1R may therefore prove to be therapeutically useful.
Additionally as maxadilan is selective only for PAC1R, it may hdweeet off target effects
compared to PACAP, which can also birelréceptors VPAC1 and VPAEZEuture work to
investigate the therapeutic potential of maxadilan could make use otfinical models of
sensory nerve damage and repair, however as maxadilan has been shown to ceigsgtive
behaviour§** and mechanical allodyri® when administered intrathechl, careful consideration
must be taken to reveal therapeutic befitanvithout adverse effects. Interestingly, PACAP
antagonists have been trialled as a treatment for migraine in hurd&msd so inhibition of the
PACAP/PACRL1 pathy may also provide therapeutic benefit depending on the specific disease

being treated.

4.4.3 GSEA indicates increased inflammatioefore surgery which decreasesfter surgery

GSEA revealed that genes specific to naive ClbélsTwere posively enriched wittclinical

phenotypes including the Boston symptom score and the NPSI compositebgeforesurgery.
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This indicates an increased immune cell inflammation in those patigith more severe

symptoms. The increased expression of naivetCEsell genes may be somewhat unexpected as
naive CD4+ dells are usually located in secondary lymphoid organs where they await stimulation
through antigen presentatiot®® It may therefore be expected that genspecific for Th effector
subgroups such as Thl, Th2 or Th17 would be increased instead, though this was not found to be
the case. However one study has shown that a significant numbefivé @D4+ Tells can

migrate to nonlymphoid tissues such as thkiis as part of normal cell migration patterpsit

was found that 18% of the-dell population in the skin displagtea naive phenotype and were
functionally naive as well. Other work goes further to suggest that the skin may act as a
secondary lymphoid orgdf? where memoryT cells migrate to become stimulated by antigen
presentation on tissue resident antigen presenting céfislowever whether naive CD4-dlls

can actually become activated by antigen presentation in the iskgurrently unknown. It may
therefore be possible that the enriched naive CD4ellTgenes from the GSEA are a result of
increased migratory naivecElls in patients with more severeraptoms where increased
inflammation could be present. This is papted by a finding in micehowingthat naive Tcells

can migrate into skin air pouches after treatment with the cytokine CCL21, which is expressed in
tissues during inflammatiof?.” However as memory dells have beefound to masquerade as

naive Tcell$?®and can share gene expression similaritfé# may be possible thasome of the

genes found to be enriched in the naive CD4ellsignature are in fact coming from an

increased memory-€ell population present in the tissue.

Using postsurgery data in the GSEA revealed that naive CExéH geres were no longer
enrichedwith clinicalphenotypes and instead showed that genes specific for macrophages were
enriched. As the posturgery time point is reflective of a state of repair, the lack of enrichment
for T-cell genes could indicate a cessata@rinflammatory actiorafter surgery, which is

supported by the finding that genes specific for M2 macrophages)ved in tissue repair and
homeostasig® were significantly enrichedfter surgery. The enrichments of macrophage genes
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with clinicalphenotypes does heever appear to be vable. Negatig enrichments of M1 genes
for the NPSI paroxysmal sdiomain indicate that patients with lower expression of M1 genes
have lower paroxysmal pain symptoms after surgery. This is in agreement witlirpoal studies
finding that M1 macrophageare involvedn generating neuropathic paitil 52 3However the
negative enrichmentsfdVi2 genes for the Boston paresthesia ssdore indicate that patients
with lower expression of M2 genes have less separesthesissymptoms, which may be
unexpected as M2 macrophages have been found to be involved in nerve ¥&goth M1 and
M2 macrophage genes were positively enriched for VAS pamesdodicatig that patients
experiencing higher pain after surgery have increased expression of M1 and M2 genes. As both
M1 and M2 marophages infiltrate the injury site after nerve damag&heir positive
enrichment for VAS pain could indicatmfmnged damge even after surgery, which would

require M1 macrophages for inflammation and M2 macrophages for continued tissue repair.

4.4.4 Immune cell signatures do not affect nerve regeneration

Overall the effect of immune cell presence/inflaration in taiget tissue appeared to have a

limited effect on nerve regeneration. Immune cell signatures were not enriched in patidwts w
were determined to be regenerators or for ADCYAP1 expression except in one case where M2
genes weranegatiwely enrichaed for ADCYAPdxpression possurgery. PACAP and its receptors

can be expressed by cells of the immune sy$tér and can modulate several functions

including phagocytosis? differentiation™*® and survivaP®’ In this study oyt one cell type showed

a significant enrichment fohDCY APéxpression and so the interaction bezen ADCYAP4and
immune cell function in this instance appears minimal. The precise role of inflammation in nerve
regeneration is currently not fully understdoStudies have produced conflicting results which
suggest that inflammation can both enhance dridder nerveregeneration. Increased

neuroinflammation was identified as the cause of reduced nerve regeneration in older mice after
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peripheral nerve injud?® and depletion of macrophages after nerve injury in rats protected nerve
fibres against degeneration and inhibited the generation of pain assatiaith nerve injury?®
Conversely, another group found thidie ablationof the monocyte/macrophage population after
nerve injury significantly decreased axonal regeneratiéithe cytotoxic action of Ne¢€lls after
nerve injury in mice has been found to contribute to successful nerve repair by removing
damaged axons after injuf§®Indeed in my study | found N¢€ll proportions fronthe
deconvolution analysis to be significantly associated with IENFD counts after surgery.yrhis ma
suggest thaNKcells in the skin are aiding in the regeneration of small nerve fibres, perhaps by
the mechanism of clearing damaged axons and allowingffimient nerveregrowth.As no
significant enrichments were observed for immune cell genes getaissues bpatients who

were regenerators, it is difficult to determine the role of immune cells on nerve regeneration in
this cohort. However as the taggtissue was investigated here, the changes may be less
pronounced in this tissue compared to thffected newe or surrounding tissue. Future
experiments may seek to interrogate the nerve tissue directly, where greater changisely to
occur. Sigficant enrichments were observed for Meissner corpuscle density, which are used as
a marker for mglinated nenre fibres. Naive CD4+CEll genes were positively enriched for
Meissner corpuscle density pgairgery and naive CD4+c@&llgenes and M2 gersavere

negatively enriched posturgery. This indicated that patients with increased naive CExéH T
genes beforesurgery had higher numbers of Meissner corpuscles and that stfitgery patients
with a lower expression of naive CD4¢€ll and M2 genes hddwer numbers of Meissner
corpuscles. This may suggest a protective role for immune cells gkithéo preseve neural
structures such as the Meissner corpuscle during and after injury. It would be of interest to
conduct immunohistochemistry experimenitsskin biopsies from patients with CTS to determine
the extent to which immune cells are indeptksent in tke skin and define their interactions with

neuronal structures.
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4.4.5 Deconvolution analysis revealed four prominent immune cell types in the skin

Deconvolution analysis of skin RNA revealed M1 and M2 macrophages, neutrophils-eeidl NK
proportions to be pesent in the skin. However none of the proportions of these cells changed
from before to after surgery indicating that these cells may not blaimmfatory cell infiltrates

and so are not contributing to any potential inflammation in the skiowever as M

macrophages were found to negatively correlate with psgtgery Boston symptom armhin and
weaknessub-scores, it indicates that this macrogpge population may be influencing the
symptom severity in these patients after surgery. As theadaggestshat macrophage

infiltration appears unlikely, these significant correlations could reflect the activation of resident
macrophages in the tissyehich then contribute to the disease symptoms. The negative
correlations indicate that those patiehwith lessM1 macrophages in the skin have less severe
symptoms Thisis in agreement with previous findings that M1 macrophages can contribute to
symptoms sch as neuropathic paift® >*®Ultimately the immunohistochemical profilof

immune cells in this tissue would be useful to confirm their presence. IHC images cae atsalb

in the deconvolution analysis to help validate and refine the immune cell fractions genépated.
This work may aid in more accurate identification of immune cell presence in the skin of patients

with CTS.

4 4.6 Limitations

AsBulk RNAseq was conducted with the skin biopsies, the contribution of gene expression from a
particular celltype cannot be defined. Though ADCYAP1 was found to be the gene most increased
after surgery, due to the bulk RNAseq the cell types contributiegribst expression of ADCYAP1
remain unknown. This could have implications as to the functiorAGIAP in thekin and even to

the therapeutic potential of modulating the PACAP/PACIR pathway, as defining whether PACAP is

produced and functions in aautocrine or paracrine manner could affect the cell type targeted
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for therapy. As single cell RNAsefésoming moe widely available, future studies could look to
use this technique to fully define which cell types in the skin are producing PA@ARId also

be of interest to further characterise the downstream mechanism by which exogenous PACAP
causesncreased narite outgrowth of hiPSCd sensory neurofeclinical studies have

identified CAMP as being a prominent driver of PACAP mediated neurite outgt&w=® 54The
precise determiation ofthe full complement & mediators in this pathway could further our
knowledge of nerve regeneration in humamdichcould eventually be of therapeutic benefit.

The finding that naive CD4+cé&ll genes were enriched in patient skin biopsiessusgery was of
interes, howeveras this analysis used gene expression data, the actual presence of these
immune cells in thisisgsue cannot be known with certainty. This is especially evident after the
analysis in Chapters 2, where the gene and protein expression of inflamymagaiators in

blood were analysed, and Chapter 3, where a similar GSEA analysis was carried outajietls ch
showed discrepancies between gene expression and protein production. Immunohistochemistry
staining for immune cells in the skin could be doae&onfirm mmune cell presence and

determine whether there is a correlation with the genetic analysisufeustudies are therefore
required to fully elucidate the action of PACAP in nerve regeneration in humans and the role that
inflammation may playAswith the aralysis in Chapter 3, limited corrections for multiple testing
was conducted foassociations between biological measurements and clinical phenotypes.
However as stated previously this is justified by the analyses being explomatmaure, andso
although the same caveats still apply, my findings highlight interesting associatibith require

further study.

4 4.7 Conclusions

To conclude, | have used RNAseq to investigate nerve regeneration after injury in patients with

CTS as a human modsistem. Tis identified ADCYAP1 as the gene with the greatest fold
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increase possurgery.After confirming the ADCYAP1 expression with ddPCR, | found that the
ADCYAP1 encoded protein PACAP was located within sensory afferents innervating the skin of
patients with O'S. The PAC1R was also found to be located within nerves in the skin suggesting
that PACAP may be mediating its action on skin sensory afferents. Excitingly, the application of
PACAP on cultures of mature hiPSCd sensory neurons caused sidyiiicaaaed neurite

outgrowth after injury compared to a vehicle control. The PAC1R &dgoaadilan was found to

have a similar effect. Taken together, these data suggest that PACAP could be an important factor
driving nerve regeneration in humans aritht moduldion of the PAC1R pathways could have

interesting implications for future therapp treating nerve damage.

To determine whether immune cell infiltration/inflammation was present in the innervation
territory of the median nerve and whether it ght be imm@cting nerve regeneration in the skin,
GSEA analysis was conducted. Genes spémifnaive CD4+cElls were found to be enriched for
clinicalphenotypes including the Boston symptom score and the NPSI compositebaetore
surgery, which waabolishedafter surgery After surgery analysis revealed significant
enrichments for macrolpage specific genes, indicating a shift in the predominant immune cell
type associated with symptoms in before and after surgery skin. These findings indicatedd leve
inflammation present in target tissue before surgery, which could be contributingtie mt
symptoms. However immune cell gene expression appeared to have little impact on nerve
regeneration in the target tissue as few markers of nerve regeneratene worrehted with

immune cell genes. Deconvolution analysis identif@d immune cellypes in the skithat do

not change from before to after surgery, indicating that these immune cell types are not
inflammatory infiltrates. However significant cetations with clinical phenotypes suggeshe
association of resident immune cells wgymptom severity These findings indicate an immune
cell presence in the target tissue of patients with CTS however the precise role that inflammation

plays in nerveegenerationremains to be further elucidated.
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Chapter 5: Generdbiscussion.

5.1 Summary of key findings

Throughout my studies | have intended to answer two main questions:
1. What is the role that inflammation plays in the generatioraintenanceand resolutian
of neuropathic pain in humans
2. What are the mechanisms of nerve regeneration, including the molecular processes
which occur after injury in humans, and to what extent is inflammation associated in this

process.

The sections below detail hovhave attemped to answer these specific gsons by the

experiments undertaken in my study.

5.1.1 Inflammation is present in patients with CTS and is associated with clinical phenotypes
I have answered these questionsingCTS as a human model systeithwnparaleled
access to human tissueftime context of neuropathic painnlanswer to the first questioh
have found evidence of inflammation in several different biosamples from patients with CTS
which havealsobeen associated with clinical phenotypé&irstlyl identified the expression of
inflammatory mediators in the blood of patients with CH8re there was dysregulation in
cytokineexpression both at the genetic and protein levas well abetween patients with
CTS and healthy controls andtlveen patents with CTS before and aftairgery.The
patterns of cytokine expression implicated inflammatory mediators in both the active and
resolution phases of the disease. In the latterQ lvas the prominent cytokine which was
increased in patientafter sugery.These dysregulated inflamrteay mediators showed

significant correlations with clinical phenotypes, suggesting their involvement with disease
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pathogenesis and symptom severity. Several of these associations were with pain specific
clinicalphenotypes highlighting important interadvns between inflammation and paias

well as functionsnvolved in immune resolutiorBecondly, aalysisusingthe tenosynowal

tissue whichis in close proximity ahe nerve at the site of injury, led to thdentificaion of

both macrophages and-del populationswith CD4+ Tells being associated with disease
severity. Gene set enrichment analysis of CD4elllsubsets, CD8+cé&lls and macrophage
specific genes revealed several associations between immeligighature genes and clinical
phenotypes. The associations were varied and highlighted the complex role that inflammation

may play in neuropathic pain and CTS.

5.1.2 Molecular mediators of nerve repair are increased after injury and stimulate nerve

outgrowth in vitro.

To answer the second question, | conductetiomic and histological analysis of the target
innervation territory, whichrevealed the increased expressiohthe neurotrophicmolecule
ADCYAPBACAP after surger@. dzNJi K S NE  (fepen&dtve fio2midin vitrd, el
exogenous application of PACAP was able to stimulate outgrowth of hiPSCd sensory neurons.
These experimentkelped to characterize theolecular events occurring after nerve injury
which may contribute to nerve regendian. $ecifically thigevealed the role that PACAP
may have in the regeneration process after peripheral nelamagein humans.
Inflammationhoweverwas found to have Bmited association with nerve regeneration in the
skin as few significant enrichnmés were observed between immune cell gene expression
and markers of nerve regenerati@fter gene set enrichment analysidowever, naive CD4+
immune cell genes in the skivere significantly enriched with clinical phenotypes before
surgery but were abolishedfollowingsurgery, suggesting a level of inflammation present in

the innervation territory during the active state of the disease.

152



5.1.3 General summary

All togethermy findings indicate that there is a level of inflammation present in patienth wit
CTSwhich is associated with clinical phenotypes, aad be detected at multiple levels from
different bio-samples In addition, specific regenerative factors are produced following nerve
injury that coud help to facilitateregeneration of nerves in thskin and while inflammation
may be present before surgerhere islimited evidence indicating aassociation inhe

regeneration procesom the samples | have analyzed

Figure 5.1: Summary of key findings
The key findings from my studies are showhese findings are separated based on the
biological sample from which they were derived from or are associateéd wi
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