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Abstract 

Background 

Rheumatoid arthritis (RA) is a systemic autoimmune disease. The hypothesis of this 

study is that defects in the resolution of episodes of acute inflammation may contribute 

to the pathogenesis of this disease. The primary aim of this thesis is to establish if there 

is a difference in the onset and resolution of acute inflammation in patients with RA and 

Osteoarthritis (OA) compared to healthy controls. 

 

Methods 

 A human model of acute, spontaneously resolving inflammation in response to 

intradermal ultra-violet light killed E.coli (UVkEC) has been developed. The use of suction 

blisters enables study of the whole coordinated immune response from onset through 

to resolution. This UVkEc blister model was used to assess the innate immune response 

in a cohort of healthy females. After demonstrating the acceptability to human 

volunteers, it was translated into participants with RA and OA and healthy control 

groups. The systemic and local response was assessed; encompassing clinical 

parameters as well as the response at the level of cells, proteins and lipids to identify a 

defect in the resolution of inflammation. 

 

Results  

This research identified key differences between the innate immune response of healthy 

human females and males, encompassing local blood flow, influx of haematopoietic 

cells, and production of inflammatory cytokines.  

Study of the innate immune response in participants with RA demonstrated no evidence 

of defective resolution of inflammation in the indices measured. In fact, there was a 

trend towards quicker or more efficient resolution. The response in participants with OA 

resembled that of RA participants. 
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Conclusions 

This work demonstrates the practicability and challenges of using the UVkEc blister 

model in patients.  The differences identified between males and females may be 

relevant to the prevalence of autoimmune disease in the different sexes and highlights 

the need for including both sexes in the early phases of research. Differences identified 

in the immune response of participants with RA and OA can be extended to further 

understand the pathogenesis of these diseases and may contribute to the debate 

surrounding the inflammatory component of OA.  
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Impact Statement 

Results of this thesis show clear differences in the acute inflammatory response to 

intradermal UVkEC between males and females.  With the current challenges posed by 

covid-19, sex biases in the manifestation of disease and response to treatment are at 

the forefront of our attention and this thesis begins to unpick some of these differences. 

It demonstrates the potential of such an in vivo experimental model to further 

interrogate this.  In addition, it establishes a clear need for both male and female 

subjects to be included in all phases of basic, translational and clinical research, 

particularly in relation to inflammation and infection: Interpretation must be mindful of 

potential sex differences, and cohorts sex-matched appropriately. Currently there is still 

a trend for translational research to include only male participants initially, perhaps 

missing important findings that may manifest in females due to the fundamental 

differences in the acute immune response.   

The translation of the model into a cohort of RA and OA patients proved the concept 

that this human in vivo model could be used in patients and was also acceptable to 

patients. This has paved the way for the model to be used in different larger cohorts of 

patients to better understand both the pathology of disease and in vivo pharmacology 

of both existing and novel anti-rheumatic drugs. 

The development and characterisation of the human in vivo model of inflammation, 

using UVkEc suction blister was published in The Journal of Pathology: Clinical Research 

(1) and has had >10 citations.  Further results of this thesis will be presented at national 

and international meetings and submitted to peer reviewed journals.  Results have been 

used in grant applications supporting further research within the host laboratory. 
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Collaborations 

Collaboration with Dr Madhur Motwani enabled the characterisation of the UVkEc 

model in healthy males to be compared to the healthy female response. 

A collaboration with Parinaaz Jallali facilitated the investigation of pain threshold in 

healthy male volunteers. These volunteers were being recruited for a separate study, 

but undergoing the same experimental procedures.   

Acknowledgements 

I am very grateful to the Wellcome Trust for not only generously funding this research, 

but also for their flexibility in allowing me to work around my parenting responsibilities.  

Volunteers are crucial to all human scientific work and I am immensely grateful to all 

those who gave up their time and forearms to allow me to complete this work. I was 

struck by the altruism of members of the university and the public wishing to help the 

progress of research into rheumatic disease. The volunteer members of the Patient 

Research Partnership at the University of Birmingham were also instrumental in the 

design of the study. 

Derek Gilroy has been a fantastic supervisor, second to none. His wealth of knowledge 

and experience, readiness to push me, and to discuss and progress my results has been 

inspiring, but I have also really appreciated his optimism, good humour, openness to 

debate and feedback, and unwavering support throughout my time in his lab. 

Having spent nearly 7 years dipping in and out of the Gilroy lab, I have a long list of 

thanks to the many individuals within the group and division who have come and gone. 

They have all given generously of their time and intellect to bounce ideas and help me 

overcome setbacks: Maddy, Justine, Roel, Tatsiana, Marc, James F, Jimmy A, Jimmy G, 

Alistair O’Brien, Alex M, Jamie Evans, Daniel Marks, Simon, PJ, Amit, Liv, Karen, Natalia, 

Rachel , thank you all, and it has been truly humbling to work with such a talented group 

of individuals. 

Recruiting patients with rheumatic disease posed arguably the greatest challenge of all 

and I am very grateful to the Rheumatologists Professor Mike Ehrenstein, Dr  Coziana 



6 
 

Ciurtin, Dr Vanessa Morris, Dr Jessica Manson and the rest of the team at UCLH for their 

efforts. The rheumatology research group at the University of Birmingham have 

provided me with clinical and academic mentorship from an early stage in my career 

and thanks to Dr Andrew Filer, Professor Karim Raza and Professor Christopher Buckley 

for continuing to support me through this study, and Jo Dasgin and her team of research 

nurses and to the clinicians at the Queen Elizabeth Hospital Birmingham (especially Dr 

Elizabeth Rankin, Dr Paresh Jobanputra and Dr Alison Sabine) for their efforts in 

recruiting patients. 

I applied for fellowship funding as a young, recently married clinician, and finally submit 

this thesis as a ‘Doctor Mummy’ to three wonderful daughters.  I  need to express my 

appreciation of my husband, John, for his support throughout, persistent 

encouragement, and considerable help in clarifying my thoughts and ideas at a critical 

stage. And to my parents and parents-in-law, for the constant strength of support, and 

help with childcare over many more months than any of us anticipated.   

  



7 
 

 

Table of Contents 

Abstract ........................................................................................................................ 2 

Impact Statement......................................................................................................... 4 

Collaborations .............................................................................................................. 5 

Acknowledgements ...................................................................................................... 5 

Table of Contents ......................................................................................................... 7 

Table of Figures ............................................................................................................ 8 

Table of Tables ........................................................................................................... 13 

Abbreviations ............................................................................................................. 14 

1 Introduction ........................................................................................................ 17 

2 Materials and Methods ...................................................................................... 39 

3 Characterisation of the UVkEc blister model in healthy females ....................... 69 

4 Using the UVkEc blister model to study the acute inflammatory response in 

participants with RA and OA compared to healthy controls ..................................... 94 

5 Soluble mediators of inflammation in response to intradermal UVkEc in participants 

with RA and OA compared to healthy controls ....................................................... 136 

6 Investigating mechanisms of neutrophil death in the UVkEc blister model .... 182 

7 Discussion ......................................................................................................... 211 

8 Bibliography ...................................................................................................... 232 

9 Appendices 1-3 ................................................................................................. 247 

Appendix 1: Protocol 

Appendix 2: Patient Information Sheet 

Appendix 3: REDCap data collection instrument 

  



8 
 

Table of Figures 

Figure 1-1 The phases of acute inflammation ................................................................ 18 

Figure 2-1 RA study design and procedures ................................................................... 41 

Figure 2-2 Diagram of suction blister formation ............................................................ 47 

Figure 2-3 Polychromatic flow cytometric analysis and gating strategy ........................ 52 

Figure 2-4 Gating strategy for intracellular IFNɣ and IP-10 staining following intradermal 

UVkEC (blood and blister cells) ....................................................................................... 55 

Figure 2-5 Neutrophils morphology after 4h stimulation with 40nM PMA. .................. 59 

Figure 2-6 Representative standard curve for sytox green stain of placental DNA ....... 60 

Figure 2-7 Standard curve using manufacturer’s LDH standard: .................................... 63 

Figure 3-1 Peripheral full blood counts following i.d. UVkEc ......................................... 72 

Figure 3-2: Microvascular reactivity in healthy volunteers following i.d. UVkEc ........... 73 

Figure 3-3 Sex differences in microvascular reactivity following i.d. UVkEc .................. 74 

Figure 3-4 Acute inflammatory cells and exudate obtained by suction blister in males 

and females following i.d. UVkEc. ................................................................................... 75 

Figure 3-5: Proportions of haematopoietic cells in suction blisters following i.d. UVkEc

 ......................................................................................................................................... 76 

Figure 3-6 Haematopoietic cells in suction blister fluid of males and females following 

i.d. UVkEc ........................................................................................................................ 78 

Figure 3-7 Surface CD14 expression on MP cells at the site of i.d. UVkEc induced 

inflammation in males and females ................................................................................ 79 

Figure 3-8: Cytokine levels (pg/ml) in blister fluid of healthy males and females following 

i.d.l UVkEC ....................................................................................................................... 83 



9 
 

Figure 3-9 Correlation of CD14+ mononuclear phagocytic cells with cytokines involved 

in monocyte recruitment, or released by MPs ............................................................... 85 

Figure 3-10: Immunohistochemistry of skin biopsies following i.d. UVkEc .................... 87 

Figure 3-11 Pain at site of i.d. UVkEc injection in female volunteers ............................. 89 

Figure 3-12 Tolerability of UVkEC suction blister model ................................................ 90 

Figure 4-1 RA/OA study: Age of participants in the three groups .................................. 97 

Figure 4-2 Clinical symptoms manifest following i.d. UVkEc. ....................................... 104 

Figure 4-3 Pressure induced pain score (pain threshold) following i.d. UVkEc ............ 105 

Figure 4-4 Full blood count (FBC) and CRP in RA/OA and healthy controls following i.d. 

UVkEC ............................................................................................................................ 108 

Figure 4-5 Peripheral blood monocyte populations (per ml) in RA/OA and healthy 

participants following i.d. UVkEC .................................................................................. 109 

Figure 4-6 Microvascular reactivity to i.d. UVkEc injection: Example images showing 

value of total and mean flux measurements ................................................................ 111 

Figure 4-7 Microvascular response in RA/OA and healthy participants following i.d. 

UVkEc ............................................................................................................................ 112 

Figure 4-8 Relationship between different methods of reporting microvascular response

 ....................................................................................................................................... 113 

Figure 4-9 Blister volumes and total cell counts following i.d. UVkEc .......................... 114 

Figure 4-10 Proportion of neutrophils, MPs and lymphocytes in blister fluid ............. 115 

Figure 4-11 Mononuclear phagocytes in blister fluid following i.d. UVkEc. ................. 116 

Figure 4-12 Surface expression of CD16 on blister mononuclear phagocytes ............. 117 

Figure 4-13 surface expression of HLA-DR, CD163 and CXCR2 on mononuclear 

phagocytes in the tissues (blister fluid) and peripheral blood following i.d. UVkEc. ... 120 



10 
 

Figure 4-14 Correlation between surface expression of mononuclear phagocyte CXCR2 

and cell numbers in blister fluid .................................................................................... 121 

Figure 4-15 Numbers of classical (CD14+ CD16–) and intermediate (CD14+CD16+) 

mononuclear phagocytes in blister fluid from 4h to 24h following i.d. UVkEc ............ 122 

Figure 4-16 surface phenotype of monocytes in peripheral blood and tissues at 24h 

following i.d. UVkEc....................................................................................................... 125 

Figure 4-17 Blister neutrophils following i.d. UVkEC .................................................... 126 

Figure 4-18 Correlation of neutrophil clearance and mononuclear phagocytes ......... 127 

Figure 4-19 Blister and peripheral blood neutrophil surface markers: CD62L and CXCR2 

following i.d. UVkEc....................................................................................................... 130 

Figure 4-20: Tissue lymphocyte numbers per ml blister fluid following i.d.UVkEc ...... 132 

Figure 5-1 Cytokine levels in cell free inflammatory exudates of RA and OA participants 

versus healthy controls at 4h and 24h following i.d. UVkEc ......................................... 140 

Figure 5-2 Cytokine levels in cell free inflammatory exudates of RA and OA participants 

versus healthy controls at baseline and day 14 following i.d. UVkEc ........................... 144 

Figure 5-3 Cytokine levels in plasma at baseline, 4h and 24h following i.d. UVkEc ..... 148 

Figure 5-4 Correlation heatmaps of blister cytokines at 4h and 24h following i.d. UVkEc

 ....................................................................................................................................... 151 

Figure 5-5 Correlation of blister neutrophil CXCR2 expression and IL-8 at 4h and 24h 

following i.d. UVkEc....................................................................................................... 153 

Figure 5-6 Correlation of IL-6 and mononuclear phagocytes in blister (4h and 24h) ... 155 

Figure 5-7 Correlation of MP counts with relevant chemokines in suction blister at 4h-

24h following i.d.UVkEc ................................................................................................ 156 

Figure 5-8 Correlation of IFNɣ with cell counts in suction blister at 4h and 24h following 

i.d. UVkEc ...................................................................................................................... 157 



11 
 

Figure 5-9 Intracellular staining for IFNɣ/IP-10 in whole blood following PMA/ionomycin 

stimulation .................................................................................................................... 160 

Figure 5-10 Intracellular staining for IFNɣ/IP-10 in whole blood following LPS stimulation

 ....................................................................................................................................... 161 

Figure 5-11 Intracellular staining for IFNɣ/IP-10 in 8h and 24h blister mononuclear 

phagocytes following i.d. UVkEc ................................................................................... 163 

Figure 5-12 Intracellular staining for IFNɣ/IP-10 in 8h blister cells following i.d. UVkEc

 ....................................................................................................................................... 165 

Figure 5-13 Intracellular staining for IFNɣ/IP-10 in 24h blister mononuclear phagocytes 

following i.d. UVkEc....................................................................................................... 166 

Figure 5-14 CCR2 and CXCR3 expression on peripheral blood following i.d.UVkEc ..... 168 

Figure 5-15 Peripheral blood and blister cell CCR2 expression following i.d. UVkEc ... 169 

Figure 5-16 Peripheral blood and blister cell CXCR3 expression following i.d. UVkEc . 170 

Figure 5-17 Lipid mediators in blister fluid following i.d.UVkEc ................................... 178 

Figure 6-1 CD16dim neutrophils in blister fluid following i.d. UVkEC .......................... 185 

Figure 6-2 Live/dead cell stain uptake by apoptotic and necrotic neutrophils ............ 186 

Figure 6-3 Apoptotic and dead cells in the peripheral blood 8h following i.d. UVkEc . 187 

Figure 6-4 “Apoptotic” neutrophils in blister fluid at 8h and 24h following i.d. UVkEC

 ....................................................................................................................................... 188 

Figure 6-5 “Apoptotic” neutrophils in 24h blister: fluorescence of live/dead stain ..... 189 

Figure 6-6 “Apoptotic” neutrophils in blister 24h following i.d. UVkEc: surface expression 

of CD62L ........................................................................................................................ 190 

Figure 6-7 Extracellular free DNA in neutrophil culture supernatants ......................... 192 

Figure 6-8 Effect of neutrophil culture conditions on extracellular LDH: ..................... 193 



12 
 

Figure 6-9 Effect of neutrophil concentration on extracellular free DNA and LDH:..... 194 

Figure 6-10 Extracellular free DNA in blister fluid following i.d. UVkEc in healthy young 

females: ......................................................................................................................... 195 

Figure 6-11 Extracellular LDH in blister fluid (9ul) of healthy young females following 

i.d.UVkEc ....................................................................................................................... 196 

Figure 6-12 Free DNA and LDH in blister fluid (10ul/5ul) of healthy young females 

following i.d.UVkEc ....................................................................................................... 197 

Figure 6-13 Extracellular free DNA in blister fluid of participants with RA, OA and healthy 

controls following i.d.UVkEc ......................................................................................... 198 

Figure 6-14 Extracellular LDH in blister fluid of participants with RA, OA and healthy 

controls following i.d.UVkEc ......................................................................................... 199 

Figure 6-15 Correlations of free DNA with neutrophil clearance (A) and monocyte count 

(B) .................................................................................................................................. 200 

Figure 6-16 Correlations of LDH v neutrophil clearance (A) and monocyte count (B) in 

blister fluid following i.d.UVkEc .................................................................................... 201 

Figure 6-17 Correlation between LDH and free DNA in blister fluid following i.d. UVkEc

 ....................................................................................................................................... 202 

Figure 6-18 NETosis measured in Inflammatory exudate and plasma from healthy 

females following i.d. UVkEc ......................................................................................... 203 

Figure 6-19 NETosis measured following dilution of blister fluid with PBS and block buffer

 ....................................................................................................................................... 204 

Figure 6-20 NETosis measured following neutrophil culture in protein lo-bind 

Eppendorfs .................................................................................................................... 206 

Figure 6-21  NETosis measured in blister fluid od participants with RA, OA and healthy 

controls following i.d. UVkEc ........................................................................................ 207 

  



13 
 

Table of Tables 

Table 2-1: Antibodies used for flow cytometry .............................................................. 56 

Table 4-1 RA/OA study key inclusion and exclusion criteria ........................................... 96 

Table 4-2  Characteristics of 9 healthy participants in RA/OA study. ............................. 99 

Table 4-3 Characteristics of 6 RA participants in RA/OA study. ................................... 100 

Table 4-4  Characteristics of 6 OA participants in RA/OA study. .................................. 101 

 

  



14 
 

Abbreviations 

4h, 24h 4 hours or 24 hours respectively after UVkEC injection 
AA Arachidonic acid 
ANOVA Analysis of variance 
Anti-CCP Anti cyclic citrullinated protein 
AxV Annexin V 
COX Cyclooxygenase 
CRP C -reactive protein 
DAS-28 Disease activity score using 28 joint count 
DC Dendritic cells 
DMARDs Disease modifying anti-rheumatic drugs 
DNA Deoxyribonucleic acid 
EDTA Ethylenediaminetetraacetic acid 
ELISA Enzyme linked immunosorbent assay 
ELISA Enzyme linked immunosorbent assay 
FACS Fluorescence-activated cell sorting 
FBC Full blood count 
FCS Fetal calf serum 
FMO Fluorescence minus one control 
FSC Forward scatter 
HCQ Hydroxychloroquine 
HLA Human leucocyte antigen 
IFN Interferon 
IL Interleukin 
LC-MS Liquid Chromatography Mass Spectometry 
LDH Lactate dehydrogenase 
LDI Laser Doppler Imager 
LO Lipoxygenase 
LT Leukotriene 
LX Lipoxin 
MAPK mitogen-activated protein kinase 
MFI Median Fluorescence Intensity 
mg milligram 
ml  millilitre 
MP Mononuclear phagocyte 
MPO myeloperoxidase 
MTX methotrexate 
Neg negative 
NET Neutrophil extracellular trap 
NFkB Nuclear factor kappa B 
NK cell Natural killer cell 
OA Osteoarthritis 
PBMC Peripheral blood mononuclear cell 
PBS Phosphate buffered saline 
Pos positive 



15 
 

PU Perfusion units 
RA Rheumatoid arthritis 
RBC Red blood cell 
RF Rheumatoid factor 
RNA Ribonucleic acid 
ROS Reactive oxygen species 
RPM Revolutions per minute 
Rv- Resolvin 
sEH Soluble epoxide hydrolase 
SSC  Side scatter 
SSZ sulfasalazine 
TDL The Doctors’ Laboratory 
TLR Toll-like receptor 
TNF Tumour necrosis factor 
TX Thromboxane 
UVkEc Ultraviolet light killed Escherichia coli 
VEGF Vascular endothelial growth factor 
μg microgram 
μl microlitre 

 

 

  



16 
 

 

 

 

 

Chapter 1 

Introduction 

  



17 
 

1 Introduction 

Inflammation is a key component of almost all human diseases, from infections to heart 

disease and cancer.  In autoimmune diseases, such as rheumatoid arthritis (RA), 

inflammation has become dysregulated to the extent that host tissues are attacked, and 

successful treatments require significant immunosuppression.   

The underlying cause of RA remains unclear. Clinically it can be difficult to differentiate 

acute joint inflammation that will resolve and not recur, from that which will progress 

into the persistent recurrent inflammation characteristic of RA. However, systemic risk 

factors for the disease (e.g. genetics, smoking) are well described and it seems likely that 

there is an underlying systemic defect in the inflammatory response which contributes 

to the persistence of inflammation, or failure of resolution, within the joints. Identifying 

a defect in the resolution phase of inflammation would be clinically relevant as it may 

suggest therapeutic vulnerabilities within this phase, opening new treatment 

approaches different to the traditional focus on dampening the onset of inflammation.  

There are many mouse models of arthritis which have furthered our understanding of 

the disease(2), but there are likely multiple contributing factors to the pathogenesis of 

the human disease (many of which may be hitherto unrecognised) which cannot all be 

incorporated into such models. The Gilroy laboratory has developed an in vivo human 

model of resolving inflammation which has been used to characterise the onset and 

resolution of acute inflammation in human healthy male volunteers. In this thesis I use 

this model to compare healthy human females and males. I then translate it into patients 

to test the hypothesis that patients with RA have a systemic defect in the resolution of 

acute inflammation. 

1.1 The acute inflammatory response 

The acute inflammatory response in a healthy individual can be considered as a 

continuum of phases from ‘onset’, when inflammatory cells are recruited to the site and 

inflammatory mediators are secreted, through to ‘resolution’, when these cells and 

mediators are actively cleared from the site.  
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Figure 1-1 The phases of acute inflammation 
The onset phase of acute inflammation is directed towards elimination of the 
inciting stimulus or pathogen. Thereafter resolution ensues, clearing the resulting 
debris towards the goal of restoring normal homeostasis. The resolution of acute 
inflammation is an active process and can be considered as a bridge between 
innate and adaptive immunity. Pro-inflammatory cells and soluble mediators make 
way for cells with resolution phenotype, and soluble mediators of resolution. This 
process dictates the post-resolution inflammatory environment, which may have 
consequences for effective adaptive immunity or tolerance.  

The primary role of the immune system is traditionally viewed as being to fight foreign, 

potentially harmful, microorganisms. The body’s weapons for the very early response to 

invasion by pathogens are present throughout different tissues, forming the first line of 

defence of the everyday encounters with infectious agents. First, a pathogen needs to 

breech the host’s anatomical barriers such as skin and epithelium. If these barriers fail, 

there are other immediately available local defence mechanisms such as the production 

of antimicrobial enzymes (e.g. lysozyme) and peptides (e.g. defensins), which can 

destroy bacterial cell membranes, and the innate complement system which tags 

pathogens thereby directing them to be killed by tissue resident cells (e.g. phagocytosis 

by macrophages). However, if this local defence is breached, further support is needed 

and this sets in motion the cellular and soluble components of “induced innate 

immunity” which forms the main focus of this thesis. During this phase, innate immune 

cells are activated when they recognise foreign molecular patterns (PAMPs or pathogen-

associated molecular patterns) which differ from the host’s cells. These activated cells 

(both local and those recruited from the circulating blood) and soluble factors described 
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in more detail below can sometimes suffice to eliminate the pathogen. But the adaptive 

immune system also comes in to play whereby lymphocytes which specifically recognise 

non-self peptides are expanded and differentiate into effector cells that can target the 

pathogen. The provision of immunological memory via the resulting specific ‘memory 

cells’ to enable more rapid and efficient clearance of pathogens that have been 

previously encountered, is of clear evolutionary benefit. 

Clinically, inflammation manifests itself as redness (rubor), heat (calor), swelling 

(tumor), and pain (dolor) in the affected tissues i.e. red hot swollen joints in 

inflammatory joint diseases such as RA, and these signs are evident from the start of the 

induced innate immune response. These features are largely due to the vascular changes 

occurring at the site to enable to recruitment of cells from the blood into the affected 

tissue. Inflammatory mediators drive an increase in vessel diameter resulting in 

increased local blood flow (hence heat and redness), but reduced velocity of blood flow, 

thereby enabling circulating leukocytes to bind to adhesion molecules expressed on 

endothelial cells and begin the process of extravasation or transmigration. This process 

is aided by increased vascular permeability, which also enables fluid and plasma proteins 

such as complement to enter the affected tissues (hence swelling /oedema and pain).  

1.2 The induced innate immune response 

Once a pathogen begins to replicate within the tissues of the host, having evaded the 

physical epithelial barriers and immediate defences, the induced innate immune 

response is initially focussed on phagocytosis by three major classes of cells; 

mononuclear phagocytes (MPs), granulocytes (neutrophils, eosinophils and basophils) 

and dendritic cells. Activation of cell-surface receptors (such as mannose receptors, 

scavenger receptors, complement receptors, Toll-like receptors) on these cells triggers 

phagocytosis and pathogen killing, and/or cytokine production. Pathogens are usually 

recognised first by macrophages at the site of invasion, but neutrophils are quickly 

recruited. 

Neutrophils are the commonest circulating leukocyte and are involved in the early 

defence against trauma or infection. Neutrophils are not generally present in healthy 

tissues but are rapidly deployed from circulating blood. Their roles include phagocytosis 
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and destruction of microorganisms by enzymes in vesicles; the microbicidal contents of 

cytoplasmic granules; a respiratory burst; production and release of cytokines and 

chemokines to fight invading microorganisms; and bacterial killing by the release of 

extracellular traps (3). Neutrophils in the tissue also attract monocytes to the site (e.g. 

by activating endothelial cells, altering chemokines, or by the ‘find me’ signals released 

by apoptotic cells) (reviewed in (4)).  

Monocytes are also recruited to the site to become monocyte derived macrophages and 

assist with the process of phagocytosis, and clearing apoptotic neutrophils. Endothelial 

activation results either from inflammatory mediators (such as histamine or cytokines 

released from sentinel leucocytes recognising pathogens), or by direct pattern 

recognition of pathogens. P-selectin and E-selectin are then upregulated on endothelial 

cell surfaces and interact with glycoproteins on leukocytes causing them to roll slowly 

along the endothelial cell wall. This permits the interaction between endothelial cell 

adhesion molecules(e.g. ICAM-1 and ICAM-2) and leukocyte integrins (e.g. LFA-1 and 

CR3)  facilitating migration of the leukocyte between endothelial cells into the 

extracellular space. Chemokines such as CXCL8 and CCL2 produced at the site of 

inflammation can alter the conformation of neutrophil or monocyte integrins 

respectively, to enhance this migration. Cytokines such as TNFα also contribute to this 

process by inducing adhesion molecules on endothelial cells. Once in the tissues, 

chemokine gradients direct the inflammatory cell to the site of inflammation.  

A third major cell type of the induced innate immune response is the NK cell, although 

their role is thought to be greater in the anti-viral response. They are activated 

predominantly in response to type-1 interferons (IFNα and IFNβ) produced by virus 

infected cells. NK cells have invariant receptors, but they induce programmed cell death 

of a virus infected cell in a similar manner to cytotoxic T cells. NK cells are also 

responsible for production of IFNɣ early in the induced innate response, prior to 

production by cytotoxic T cells.  

Cytokines released by macrophages and dendritic cells at the site of inflammation have 

further roles to contain (e.g. TNFα induces local blood clotting) and fight the infection. 

Pyrogenic cytokines such as TNFα IL-1β and IL-6 increase body temperature via 

increased PGE2 production, which advantages the adaptive immune response over most 
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pathogens (which divide better at lower temperatures), as well as stimulating the acute 

phase response. For example, C-reactive protein released by the liver can opsonise 

bacteria and activate the complement cascade. These cytokines also assist the induced 

innate response by mobilising neutrophils from the bone marrow and epithelial surfaces 

and stimulate the adaptive response by directing DCs to lymph nodes. 

1.3 Active resolution pathways  

The period between the peak influx of inflammatory cells, and the clearance of these 

cells from the tissue site with a return to a state of tissue homeostasis is defined as the 

resolution phase. This is no longer considered a passive event in which inflammation 

simply fizzles out(5, 6), but an active orchestrated process.  

The first requirement for the resolution of inflammation is the complete neutralisation 

of the inciting stimulus by the innate +/- adaptive immune responses described above.  

Subsequently pro-inflammatory mediators are catabolised, and production is halted, 

stopping further leukocyte recruitment and oedema. The presence of activated cells 

recruited to clear the inciting stimulus can themselves cause tissue damage if not closely 

controlled; for example contents of the phagosome (e.g. enzymes, peptides and reactive 

oxygen species) if released extracellularly can result in host tissue damage(7). Clearance 

of inflammatory cells (e.g. granulocytes, lymphocytes) is therefore a second important 

aspect of the resolution of inflammation. This can be efficiently achieved by re-entry 

into the systemic circulation; or cell death by necrosis or apoptosis, followed by their 

efferocytosis by monocyte derived macrophages recruited to the site. Such interactions 

are controlled by signalling mechanisms such as cell-cell receptor binding, and soluble 

mediators such as bioactive lipids. Having completed efferocytosis, macrophages can 

leave the site via the lymphatic system, or a small proportion may undergo local 

apoptosis(8). Thirdly, the parenchymal or stromal cells at the site of the inflammatory 

response, which have been activated into an ‘inflammatory phenotype’, need to revert 

back to their resting state (9) . These latter two requirements for inflammation 

resolution are relatively under-exploited by our existing treatment strategies.  

Immune mediated inflammatory diseases such as RA may be argued to epitomise failure 

of resolution.  These diseases are different to the chronic inflammation resulting from 
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chronic persistent infection e.g. pseudomonas infections. The inflammatory process 

may get switched on by a similar inciting stimulus (or perhaps co-existence of several 

stimuli), but then persists despite this trigger event no longer being detectable(10). 

Resolution processes can be modulated by events occurring right at the start of the 

inflammatory response i.e. ‘the beginning programs the end’ (11). For example, lipid 

mediators (derived from arachidonic acid (AA), docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA)), generated during the onset phase of inflammation limit 

further PMN recruitment; programmed cell death (apoptosis) of neutrophils triggers 

clearance by macrophages(12), and inhibits further neutrophil recruitment (e.g. via 

lactoferrin or Annexin A1 release); and this phagocytosis may signal to the inflammatory 

macrophage to alter its phenotype (13) and secrete anti-inflammatory cytokines and 

leave the site of inflammation via the lymphatics.  Phagocytosis of apoptotic neutrophils 

also prevents the recruitment of further neutrophils to the site of inflammation via 

lipoxin production (4).  

1.3.1.1 Negative regulation of proinflammatory pathways  

Toll-like receptors (TLRs) and nod-like receptors (NLRs) present another example of 

endogenous resolution pathways. These families of receptors recognise a range of 

microbial products (e.g. LPS by TLR4 and bacterial lipoproteins by TLR2, peptidoglycan 

breakdown products by NOD1 and NOD2) (14) and products of inflamed tissue (e.g. 

hyaluronic acid fragments by TLR2 and TLR4(15). Endogenous mediators have been 

shown to negatively regulate TLR signalling (and subsequent NF-κB activation), thereby 

reducing transcription of pro-inflammatory cytokines, dampening down this response. 

For example, PGE2, which is produced at sites of infection, has been shown to reduce 

protein levels of TLR4 in rat alveolar macrophages, and led to a reduction in TNFα in 

response to LPS(16). TLR has also been found to induce many inhibitors of TLR and NLR 

action i.e. there is an inbuilt negative feedback system.(17). Therefore, the effects of 

TLRs/NLRs are naturally self-limiting, unless of course, this internal regulation itself 

becomes dysregulated.  

Tristetraprolin, an RNA binding protein, provides another example of endogenous 

negative regulation of inflammation. Tristetraprolin biosynthesis is mediated by TNFα 

and other mediators associated with TNFα production such as LPS, but it acts to inhibit 



23 
 

TNFα production from macrophages by destabilising its messenger RNA(18), as well as 

other inflammatory mediators such as GM-CSF, IL-2 and IL-6. Its role in the regulation of 

inflammation in vivo is demonstrated by tristetraprolin deficient mice, which  have 

excess circulating TNFα and an autoimmune phenotype with polyarthritis(19).  

1.3.2 Cellular players of resolution  

The acute inflammatory response also exhibits internal regulation at the cellular level. 

Clearance of the neutrophils involved in the acute response can happen in three major 

ways: migration back into the systemic circulation; exit via the lymphatics, enabling 

interaction with the adaptive immune response; or through cell death at the site of 

inflammation. There are many mechanisms of cell death, but granulocyte death by 

apoptosis leading to non-phlogistic efferocytosis by macrophages is considered the most 

favourable to resolution(20). Alternatively, necrosis is considered to lead to increased 

inflammation and tissue damage, but in some cases has been shown to be programmed 

(termed necroptosis), and can also have anti-inflammatory features e.g. by the 

externalisation of annexin A1, a pro-efferocytotic and anti-inflammatory protein(21). 

Other mechanisms include autophagy or “self-eating” whereby cells digest their own 

cytoplasmic constituents in lysosomes(22); and NETosis where chromatin 

decondensation leads to binding with granule enzymes and release as NETs.  

For apoptotic cells to be cleared, they are first tethered to phagocytes, and then 

engulfed through recognition of phosphatidylserine (PS) exposed on apoptotic cells. 

Mononuclear phagocytic cells are attracted to the dying cells by neutrophil release of 

chemoattractants, and upregulation of neutrophil ‘eat-me’ signals(23, 24)  (25).  But 

efferocytosis has a role beyond clearing of debris: It shapes the ensuing mononuclear 

phagocyte (MP) activity(26), and can promote resolution(27) skewing the phenotype of 

phagocytosing macrophages towards resolution, for example by increased secretion of 

anti-inflammatory IL10 / TGFβ but reduced secretion of pro-inflammatory cytokines 

such as TNFα, GM-CSF, IL-1β , IL-12 and IL-18, and release of pro-resolving lipid 

mediators such as RvE1, protectin D1 and maresins (reviewed in (28)).  Conversely 

defects in efferocytosis, for example functional impairment of Mer tyrosine kinase 

(MerTK), a major macrophage apoptotic cell receptor, can promote autoimmunity and 

atherosclerosis(29, 30). 
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Regulatory T cells (Treg) are a population of lymphocytes which limit immune responses, 

maintaining tolerance to self-antigens and suppressing pathological self-reactivity by 

suppressing effector T cells. Insufficient Treg activity has therefore been implicated in 

autoimmune diseases such as RA (31).  Myeloid-derived suppressor cells (MDSCs) also 

have immunoregulatory function. These cells are of myeloid lineage, but are similarly 

capable of suppressing T cell responses (32) and stimulating Treg , and their role in 

autoimmune disease has been subject to investigation.  Both these regulatory cell types 

appear to have roles in the resolution of a normal inflammatory response, with 

populations expanding during the resolution phase (33). For example, during the acute 

inflammatory response TLR2 ligands are sensed by inflammatory cells including 

macrophages and effector T cells but also Tregs. However, whilst this leads to an 

expansion in the population of Tregs, their suppressive activity is inhibited. This brake on 

suppressive activity stays in place until the TLR ligands are removed at which point the 

cells start to act in an anti-inflammatory and pro-resolution manner (34, 35). 

The tissue-specific stroma, comprised of fibroblasts, endothelial cells and macrophages 

and their extra-cellular matrix, is also a key player in the regulation of inflammation. 

During the resolution phase, stromal cells can withdraw survival signals and promote 

apoptosis in infiltrating leukocytes, and normalise chemokine gradients, thereby 

controlling the duration of the immune response(36).  

1.3.3 Soluble mediators of resolution including bioactive lipids 

Clearance of pro-inflammatory cells from the site reduces the capacity to produce 

soluble mediators of inflammation, and pro-inflammatory signalling can also be kept in 

check by regulatory mechanisms(37). Cytokines such as IL-10 can counteract pro-

inflammatory signals, but pro-inflammatory mediators released in the onset phase can 

also have anti-inflammatory roles in the resolution phase, for example the role of IL-6 in 

promoting efferocytosis and a pro-resolution phenotype of macrophages(38). 

The role of lipid mediators has also been the subject of research into active resolution 

pathways. Arachadonic acid may be metabolised into a wide range of lipid mediators 

with diverse biological activity, via cyclooxygenase (the source of prostaglandins and 
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thromboxane A2), lipoxygenase and cytochrome p450 pathways. Mononuclear 

phagocytic cells produce and release lipid mediators during chronic inflammation. 

Bioactive lipid mediators are known to be involved in acute inflammation, and have 

been shown to have both pro-inflammatory effects (predominantly derivatives of 

saturated fatty acids, n-6 polyunsaturated fatty acids (n6-PUFA) such as arachidonic acid 

(AA) and its metabolites; prostaglandins, thromboxanes and leukotrienes) and pro-

resolution effects (predominantly metabolites of n-3 PUFA, docosahexaenoic acid (DHA) 

and eicosapentaenoic acid (EPA) and their derivatives; resolvins, maresins and 

protectins). Although the arachidonic acid derivatives are traditionally thought to have 

more pro-inflammatory effects, the lipoxin family have been implicated in the resolution 

of inflammation, and the role of PGE2 in RA appears to be more complicated, with pro-

inflammatory and anti-inflammatory effects being noted in different contexts (39) (40).  

A group of derivatives of AA (metabolised via lipoxygenases into lipoxins), DHA and EPA 

(metabolised by COX and lipoxygenases into resolvins, protectins and maresins) may be 

collectively referred to as specialised pro-resolving lipid mediators (SPMs) (41). This 

group of lipids have been implicated in the resolution of murine models of inflammation 

(42)and arthritis (43) (44) (45) (40).  SPMs have also been detected, and may be playing 

a role in the balance of pro-inflammatory and pro-resolution signals, in the joints of 

patients with RA (46) (47). RA patients have been shown to have higher levels of lipoxin 

A4 than controls with OA, with higher expression of lipoxin A4 receptor and 15-

lipoxygenase in synovial fluid (48) and increased levels of 5-LO and 15-LO in synovial 

tissue (49). It is hypothesised that this elevation in SPMs is a frustrated attempt to 

control chronic inflammation, but the source and mechanisms of action of SPMs in the 

resolution of inflammation are still being worked out (50). As well as contributing to the 

resolution of acute inflammation, SPMs may also affect the adaptive immune response. 

For example, 12/15-Lipoxygenase promotes the uptake of apoptotic cells by resident 

macrophages rather than inflammatory monocytes, maintaining immunological 

tolerance (51). Similarly, in mice, 17-HDHA can encourage B cells into an antibody 

producing phenotype, and increase titres of specific antibodies produced in response to 

immunisation(52).  
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Cytochrome p450 pathways metabolise arachidonic acid to yield epoxyeicosatrienoic 

acids (EETs), hydroxyeicosatetraenoic acids (HETEs), as well as metabolising 

polyunsaturated fatty acids such as linoleic acid and docosahexaenoic acid into less well 

understood products such as eposyoctadacamonoenoic acids (EpOMEs) and 

epoxydocosapentenoic acids (EpDPEs). In most tissues these products are unstable and 

rapidly metabolised by epoxide hydrolases (e.g. converting EETs to 

dihydoxyeicosatrienoic acids or DHETs, EpOMEs into dihydroxyoctadecenoic acids or 

DiHOMEs etc). Blocking this enzyme, thereby elevating the levels of endogenous 

products of the cytochrome p450 pathways, limited the accumulation of inflammatory 

monocytes and altered the pheonotype of monocytic cells, demonstrating the role of 

these lipids in monocyte resolution activity (53).  

Thus, progression of inflammation into the resolution phase is actively mediated. Cells 

and soluble mediators recruited in the onset phase may be cleared (and replaced with 

pro-resolution mediators), or the role of these mediators and the surrounding stroma 

can adapt to promote resolution rather than inflammation.  

1.3.1 Post-resolution biology  

Many of the resolution processes described above with respect to the acute 

inflammatory response may also have longer term impact on the immune system i.e. we 

do not return to homeostasis, but to an adjusted homeostasis or ‘post resolution’ 

phase(54).  

This phase has been studied within our group using a murine model of resolving 

peritonitis, and demonstrating a prolonged post-resolution phase dominated by MPs 

and lymphocytes(54). It is within this environment that the adaptive immune system is 

active, leaving an immune memory of the event within the T and B lymphocytes. Thus 

the resolution phase may act as a bridge between innate and adaptive immunity(54). 

The idea that frustrated resolution of inflammation might underlie an inappropriate 

adaptive response is supported by evidence that the function of immune mediators can 

vary depending on the phase of the response. For example, whereas TNF is an essential 

component of the acute inflammatory response, chronic administration of TNF to mice 

actually dampens T cell responsiveness, whereas anti-TNF enhances it(55). Similarly, the 
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early type 1 interferon (IFN) response to a virus (lymphocytic choriomeningitis virus) can 

be beneficial to the host early on promoting viral clearance, but in persistent infection, 

the chronic exposure to type 1 IFNs causes immunosuppression and impairs the ability 

of the host to develop specific immunity(56, 57). Therefore impaired resolution of the 

acute inflammation may negatively impact the adaptive response. 

This resolution phase may have important clinical manifestations. For example, patients 

with sepsis, having recovered from the initial infection can manifest significant and 

prolonged immunosuppression (58). Pro-inflammatory and pro-resolving lipid 

mediators are also known to have wide ranging effects on T cells directly, modulating 

proliferation, recruitment and cytokine production (59) (reviewed in (60)). It may be that 

during the post-resolution phase, there is also the potential for the development of 

autoantibodies, and some recent work within our group suggests that this post-

resolution phase with increased PGE2 biosynthesis plays a role in the maintenance of 

tolerance by suppressing lymphocyte function (61).  

1.4 Defective resolution pathways may drive chronic inflammatory 

diseases. 

Just as defects in the onset of inflammation (immunosuppressed state) can lead to 

chronic infection, defects in the resolution of inflammation may play a role in chronic 

inflammation. Incomplete clearance of an antigen may prevent resolution of 

inflammation and lead to persistence, such as in chronic granulomatous diseases(62).  

But even in the absence of persistent antigen, impaired or delayed resolution leading to 

prolonged episodes of inflammation could increase the risk of autoimmunity. For 

example, apoptotic neutrophils not being phagocytosed could lead to prolonged 

exposure of self-antigens on the surface of these cells, increasing the chance of 

development of autoantibodies. This is thought to have a role in the pathogenesis of 

autoimmune diseases such as systemic lupus erythematosus(63). Research in mice has 

supported this hypothesis(64). For example, milk fat globule-EGF-factor 8 (MFG-E8), 

produced by activated macrophages, binds to PS and promotes the phagocytosis of 

apoptotic cells. When a mutant version of this milk fat globule-EGF-factor 8 (MFG-E8) 

protein is injected into mice, it binds and blocks PS and was associated with sustained 
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autoantibody production (anti-cardiolipin and ANA) and deposition of immunoglobulin 

in the glomeruli of the kidney. The production of autoantibodies was enhanced by the 

co-injection of apoptotic cells (65). This is consistent with previous data that prolonged 

exposure to apoptotic cells is associated with autoantibody production in mice (29, 66, 

67).  

Therefore, just as events occurring during the onset phase of inflammation appear to 

play a role in directing the resolution phase, it seems reasonable to suggest that events 

occurring during the onset and resolution of the acute inflammatory response may play 

a role in directing the maintenance (or break) of tolerance and the risk of development 

of autoimmune diseases such as RA.  

1.5 Diseases like RA are driven, in part, by impaired innate resolution 

Many healthy individuals will experience joint inflammation at some point in their lives, 

whether a result of direct trauma to a joint, or perhaps a ‘reactive arthritis’ e.g. joint 

swelling in response to diarrhoeal illness. However, the healthy response is 

characterised by complete resolution of this inflammatory episode, enabling the joint to 

function normally thereafter. In RA, a patient will often initially present to their doctor 

with an episode of acute joint inflammation, and it can be clinically very difficult to 

foresee that this inflammation will not resolve of its own accord. However, the 

inflammation persists and recurs, leading to a chronic inflammatory state and the 

accrual of damage over time. The reasons for this switch to chronic inflammation are a 

key question when trying to understand the pathogenesis of RA.  

It seems likely that at the point of developing RA, patients already have a systemic defect 

in their immune response, and perhaps specifically in the resolution of the innate 

immune response, which leaves them vulnerable to the development of chronic 

inflammation. 

1.5.1.1 Evidence of a pre-existing systemic defect in immune response in RA 

Much work has been done to ensure that patients with RA are treated as early as 

possible in their disease course, as there is good evidence that this can reduce the joint 

damage that patients accrue over time (68) (69) (70) (71). A major obstacle in the way 
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of early treatment is early diagnosis, and so, in parallel, work has been done to try to 

diagnose the disease earlier(72). This research has led to a widely held paradigm that 

over time, patients can accumulate a series of ‘risk factors’ for the disease (73) (74). 

These risk factors, described below, reflect alterations in the immune system; they are 

systemic, i.e. not confined to the joints, (which makes sense as RA is a systemic disease); 

and they pre-date the onset of disease. 

Firstly, there are genetic risk factors for the development of RA. The precise role of these 

is unknown, but they are clearly relevant to the function of the immune system. For 

example, the commonest genetic risk factor for RA is the presence of certain HLADRB1 

alleles or the ‘shared epitope’ (specific HLA haplotypes that encode the β-chain of MHC 

class II antigens). It is proposed that this group of alleles have a common effect on the 

structure of the peptide binding groove, leading to more efficient antigen presentation 

to T cells, increasing the risk of tolerance being broken and autoantibodies being 

produced.  

Secondly, in the context of a genetic predisposition to the disease, environmental 

factors such as smoking (75) and periodontal infection with p.gingivalis(76, 77) can 

further increase the risk of developing the disease.  

Thirdly, patients who have signs of systemic autoimmunity have a yet higher risk of 

developing RA (78). The two types of auto-antibodies in clinical use in the diagnosis of 

RA are the ‘rheumatoid factor’ (‘RF’ directed against the Fc portion of IgG), and anti-

cyclic citrullinated protein antibodies (anti-CCP, or ACPA).  This is of particular interest, 

as people with evidence of systemic autoimmunity can potentially be studied prior to 

the onset of overt clinical disease, looking for clues to help us further understand the 

pathogenesis of disease in those who do go on to develop RA compared to those who 

don’t.   

Although not pathognomic, systemic autoimmunity is common in patients with RA and 

is likely relevant to the pathogenesis. The RA risk known to be conferred by 

environmental factors such as smoking may also relate to accelerated systemic 

citrullination, forming the first ‘hit’ in the pathogenesis of RA. The second hit, which may 

occur years later, would be an unrelated episode of otherwise self-limiting synovial 
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inflammation. Since citrullination of proteins is a feature of inflammatory tissue, the 

presence of pre-existing ACPA could exacerbate and perpetuate the synovitis.  Although 

the pathogenicity of these autoantibodies is still debated, potential mechanisms by 

which they could contribute to tissue damage have been described. For example, IgA RF 

from the plasma and synovial fluid of RA patients has been shown to be able to activate 

neutrophils (79); and immune complexes including ACPA, RF (IgM or IgA) and 

citrullinated fibrinogen have been shown to increase the inflammatory cytokine 

production in monocyte derived macrophages, and increase activation of the 

complement pathway (80). 

Retrospective clinical studies have shown that if you look back historically at the serum 

of patients who have developed RA, auto-antibodies can be present in the blood for 

years or even decades prior to developing the disease(81, 82), and in the few years 

leading up to the disease, these auto-antibodies show epitope spreading, becoming 

reactive to a wider range of antigens(83, 84).  

Finally, there is some evidence of an altered cytokine environment within the peripheral 

blood of patients prior to the development of RA, detected both directly (78, 85, 86) and 

with genetic analysis revealing an altered ‘Interferon signature’ (increased relative 

expression of a set of type 1 interferon response genes)(87) which may be hypothesised 

to impact on the maturation of immature dendritic cells (88). Another study 

demonstrated small but potentially significant reductions in lymphocyte subsets 

(cytotoxic T cells and memory B cells) in those developing RA (89).  

Taken together, this evidence is suggestive of an alteration in the immune system, which 

is not just confined to the joints, and pre-dates the clinical manifestation of disease. 

1.5.1.2 Clinical evidence for a systemic defect in inflammation in RA 

Active RA is associated with elevated systemic markers of inflammation and many 

patients have extra-articular complications of disease, for example pulmonary fibrosis, 

scleritis or vasculitis.  Furthermore, there appears to be an increased risk of infection in 

patients with RA, but whether this is due primarily to the disease itself, or to the 

immunosuppressive treatment has been difficult to establish (90, 91). The increased 

susceptibility to infection is however preserved across a wide range of pathogens, and a 
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wide range of tissues, and is not just confined to the joints. We do not have clear 

evidence regarding which particular groups are more at risk of infection, or any 

biomarkers to identify increased risk in the individual, other than drug use, which can 

counfound research in this area. Therefore, as well as the evident ‘overactivity’ of the 

immune system in generating autoimmunity, it is also likely that the ability of the 

immune system to perform its primary role, that of fighting infection, is impaired.  

In summary, when a patient with RA first presents with acute joint inflammation, this is 

occurring in a very different immune environment when compared to an episode of joint 

inflammation in a healthy individual, due to the pre-existing systemic risk factors for RA 

(including genetic, environmental, or systemic autoimmunity). It is likely that this 

environment contributes to the persistence of inflammation in these individuals and it 

is these systemic differences in the pre-existing immune environment that I seek to 

identify. As described above, MPs and lipid mediators have been shown to play key roles 

in the resolution of inflammation, and will be a particular focus of this thesis.  

1.5.1.2.1 The role of monocytes in acute inflammation in RA 

Human peripheral blood monocytes may be classified on the basis of their surface 

expression of CD14 (a co-receptor for LPS), and CD16 (a low affinity Fc receptor) i.e. 

classical (CD14hi/CD16−), intermediate (CD14hi/CD16+), and non-classical 

(CD14lo/CD16+). Peripheral blood monocytes are predominantly classical, whereas non-

classical CD14lo/CD16+ monocytes are considered to resemble resident tissue 

macrophages with patrolling functions(92, 93).  

Mononuclear phagocytic cells are of particular interest in RA as macrophage like 

synoviocytes are the other predominant cell type of the synovial membrane, are 

phenotypically similar to other tissue resident macrophages, and are derived from the 

bone marrow (94). Radiological progression of RA correlates with degree of synovial 

macrophage infiltration(95) and quantification of sub-lining CD68+ synovial 

macrophages is a validated biomarker for disease severity(96) and response to therapy 

(97). One of the most effective therapies for RA is directed against macrophage derived 

cytokines (TNFα), and the therapeutic efficacy of DMARDs correlates with down 

regulation of macrophage functions(98).  
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In the human cantharadin induced skin blister model, HLA-DR+ CD14+ MPs gain CD16 

expression over the course of the inflammatory response, but it is not known whether 

this reflects increased harvesting of resident cells, a newly influxed non-

classical/intermediate monocyte population or a classical monocyte-derived 

macrophage population that gain CD16 expression(99). This observation was confirmed 

in the UVkEc suction blister model used in this thesis, where HLA-DR+ CD14+ MPs were 

shown to have increased expression of not only CD16, but also CD163 and CCR7 at the 

start of the resolution phase, when compared to the onset phase (1). The Gilroy lab has 

characterized resolution phase macrophages (rM) in the resolution of acute 

inflammation (100) in line with those described by other groups(101-103).  

Alterations in monocyte phenotypes in the peripheral blood of patients with RA have 

been reported, with several studies suggesting an expanded population of intermediate 

monocytes(104). Studies of MP activity during the acute inflammatory response have 

usually been done in affected joints, and the lack of any appropriate control tissue limits 

the interpretation of these data. During this study, I aim to understand any changes in 

the phenotype of MPs responding to a controlled inflammatory challenge in a previously 

unaffected tissue, and will also be able to compare the response in RA patients to that 

of healthy controls.  

1.5.1.2.2 Lipid mediators in RA 

A hint that lipid mediators may be relevant in the pathogenesis of RA stems from the 

observation that dietary fish oils can alter clinical disease. A meta-analysis of the clinical 

benefit of increased dietary intake of n3PUFA in established RA reported a modest but 

relatively consistent effect on disease activity parameters such as morning stiffness and 

joint swelling (105), although this was not reproduced in a more recent study of dietary 

n3PUFA in 109 established RA patients (106). However, there is some evidence of dose 

dependent benefit of n3-PUFA in early disease in terms of response to initial treatment 

(higher rates of remission and lower rates of ‘failure’ of triple DMARD therapy)(107), 

and in the risk of developing RA amongst healthy individuals.(108-110). 

However, neither causality (resulting from deficiency in SPM production initially), nor 

direct therapeutic potential (inducing supra-normal levels of SPMs) has yet been 
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demonstrated in autoimmune rheumatic disease. This study provides the opportunity 

to analyse lipid mediators in response to an acute inflammatory challenge in previously 

uninflamed tissue of patients with RA. This could identify any inherent differences in the 

production of SPMs, which may help us to differentiate altered lipid levels in response 

to chronic inflammation from a potential role of these lipid pathways in the 

pathogenesis of disease.   

1.6 Osteoarthritis  

 Osteoarthritis (OA) is a degenerative joint disease characterised clinically by 

degradation of articular cartilage, sclerosis of subchondral bone, synovitis and 

osteophyte formation. Traditionally it has been viewed as a disease of ‘wear and tear’, 

with excessive joint loading physically or mechanically exacerbating the disease process. 

However, signs of an inflammatory response within osteoarthritic joints are common 

and can be difficult to distinguish clinically from an inflammatory arthritis such as 

RA(111). Whilst evidence is accumulating towards an inflammatory component in the 

pathogenesis of OA, a systemic defect in inflammation or resolution thereof has not 

been described, and patients with OA are therefore used as a control group in this thesis. 

1.7 Approaches to the study of the immune response in RA 

Many rodent models of acute and chronic inflammation have been developed to mimic 

and therefore enable study of various inflammatory diseases(112). These models have 

generated invaluable information relating to inflammatory cell trafficking and soluble 

mediators which control such processes, ultimately leading to the development of a 

wide array of anti-inflammatory drugs. Translation of findings between species needs 

consideration of altered timecourses, different proportions of important cell types, 

genetic variability or lack thereof etc. Animal models are naturally further limited by the 

inevitable differences in the inflammatory processes between species and so the extent 

of their utility has been the subject of robust debate (113, 114). Our incomplete 

understanding of the pathology of the diseases in question means that of course we 

cannot generate perfect models thereof. 

Study of human inflammatory disease in humans is therefore desirable. This approach 

is not easy or without its limitations (115). For example, it is impossible to study humans 
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of all ages and races, not to mention sex differences, comorbidities, polypharmacy and 

individual lifestyle choices throughout the life of the individual participant as well as 

during the time of study. However, findings from the study of a population of humans 

that is still detectible above this background variability are surely more likely to be 

biologically relevant than findings from a clone of genetically identical rodents with the 

same lifestyle. 

Defects in various components of the immune system of patients with RA have been 

described in murine models of the disease, but there is also a wealth of human studies 

profiling the immune system in patients with RA. These studies are often based on 

peripheral blood and synovial fluid, and are not without their challenges. For example, 

it is difficult to obtain synovial fluid from healthy joints so there is usually no ‘healthy 

control’. Furthermore the phase of inflammation in a patients’ joint is difficult to 

ascertain, and would be expected to vary depending on whether this is the start of a 

flare, the end of a flare, a chronically inflamed joint, and whether or how many times 

the joint has been inflamed previously.  

Dynamic human models of inflammation are also available. For example, vaccination has 

been used as a surrogate to study response to infection in patients with RA, and 

conflicting results have been reported as to whether patients with autoimmune 

rheumatic disease respond to vaccinations as well as healthy controls (116-119). This 

allows assessment in healthy controls compared to patients and allows assessment of 

the inflammatory response at uniform timepoints (time after vaccination).  However, 

reported outcome measures have generally been limited to clinical parameters (120, 

121) and antibody titres and has not been used to try to identify defects in acute 

inflammation or the resolution thereof either locally or systemically.  

The accessibility of the skin has lent itself to other models through which to study acute 

inflammation. For example, exposure to cantharidin(122) induces a sterile tissue injury 

characterised by rapid infiltration of PMNs followed by macrophage and lymphocyte 

recruitment, but the stability and structure of the blister does not allow for the study of 

the resolution of inflammation.  
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1.8 The UVkEc suction blister model 

We have developed a model in healthy volunteers to enable study the local innate 

immune response to a controlled inflammatory insult.  Acute spontaneously resolving 

inflammation is induced in accessible skin by the intradermal injection of an ultraviolet 

killed Escherichia coli (UVkEc). This model builds on previous work using the same strain 

of E.coli to study the process of acute inflammation in healthy volunteers and patients 

with inflammatory bowel disease (123-125). E.coli is a gram-negative coliform 

bacterium. There are multiple strains, most of which are harmless and form part of the 

microbiota of the healthy human gut. As a facultative anaerobe, pathogenic E.coli 

infection usually affects the GI tract, urinary tract or brain (meningitis), and it is not 

considered a usual skin pathogen. The inflammatory response to the intradermal UVkEc 

injection can be studied both systemically (alterations in peripheral blood as well as 

patient reported symptoms), and locally at the site of inflammation.  A laser Doppler 

imager is used to quantify local alterations in blood flow, and the presence of cellular 

and soluble mediators of inflammation and resolution is studied using a suction blister. 

Alternatively, a skin biopsy can be taken for immunohistochemistry. This provides a 

‘window’ into the local inflammatory response in-vivo at any given timepoint.  In healthy 

male volunteers, this approach has demonstrated the local onset, progression and 

resolution of inflammation, with the expected influx of neutrophils, influx of monocytes, 

clearance of neutrophils and macrophages and re-population by lymphocytes over time.   

The response to UVkEc in patients with RA is unknown, and this model provides an 

opportunity to detect a systemic defect in the resolution of acute inflammation in these 

patients compared to healthy controls. However, a current or historical burden of 

inflammation within the joints might be a confounding factor  and so patients with OA 

provide a useful control group. Such individuals will have had episodes of inflammation 

within the joints, but in contrast to RA would not be expected to have a systemic defect 

in the ability to resolve inflammation.  

1.9 RA is more common females than males 

As described above, the UVkEc blister model has been used to characterise the innate 

immune response in healthy males. However autoimmune diseases such as RA are 
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generally more common in females.  Differences in the response to UVkEc between the 

sexes are important for recruitment of appropriate controls but may also offer insight 

into female predominance of autoimmune diseases.  

Compelling evidence for the important role of sex-hormones in RA comes from the 

higher incidence of disease in women of childbearing age, whilst the sex difference is 

less pronounced (approximately 2:1) in those developing the disease >60years (126).  

There is also the well-recognised clinical phenomenon of pregnancy-induced 

amelioration of disease, and post-partum flares. This probably involves anti-

inflammatory and tolerogenic effects of high circulating levels of progesterone, 

oestrogen and cortisol during pregnancy.  

Oestrogen, progesterone and testosterone can all directly affect the effector cells of the 

immune system. Overall, progesterone and testosterone are considered to be broadly 

immunosuppressive, whereas oestrogen is considered to be immunostimulatory, and 

therefore contribute to the female predominance of autoimmune diseases. However, 

the picture is further complicated by the altered hormonal states of women throughout 

life with dramatic shifts at puberty and menopause (and monthly cycles in between); 

pregnancy and breastfeeding; exogenous hormone use in contraceptives or HRT; and 

other conditions altering oestrogen levels such as poly cystic ovary syndrome. This 

probably explains why the relationship between hormone levels and RA has been so 

difficult to establish (127).  

Study of the acute immune response to UVkEc in females and males could shed further 

light on the importance of female factors in the pathogenesis of RA.  
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1.10 Hypotheses 

The primary hypothesis of this thesis is that patients with RA have a pre-existing systemic 

defect in the resolution of acute inflammation. 

The secondary hypothesis is that a defect in the resolution of acute inflammation could 

play a role in the pathogenesis of inflammation, by facilitating a post-resolution state 

following episodes of acute inflammation that is permissive to the development of 

autoimmunity and chronic inflammatory disease. 

 

1.11 Aims 

1) Establish if there is a difference in the onset and resolution of acute inflammation 

between males and females, using the UVkEc blister model and then to translate 

the model from the healthy volunteer population into patients. 

2) Investigate differences in the onset and resolution of inflammation in patients 

with RA and OA compared to controls; specifically, differences in cells trafficking 

to the site, release of cytokines and other soluble inflammatory mediators, and 

how these relate to clinical parameters of inflammation such as pain and change 

in local blood flow. 

3) Further explore whether differences in the mechanisms of cell death could 

underlie the differences identified between patients with RA, OA and healthy 

controls.
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2 Materials and Methods 

2.1 Ethics 

Written informed consent was obtained from all volunteers. The study procedures for 

the healthy volunteer cohort were approved by the UCL Institutional Ethics Committee 

(UCL ID: 5051/001).  

The study procedures for RA study required recruitment of NHS patients, and thus a 

complete application was submitted via the Integrated Research Application System 

(IRAS) to undertake this study. A detailed protocol was written following consultation 

with research and clinical colleagues, and patient representatives (via the Patient 

Research Partnership established by the University of Birmingham Rheumatology 

Research Group). A data collection form was designed using REDCap, a mature, secure 

web application for building and managing online surveys and databases(128). 

Arrangements were made for secure storage of confidential participant information 

using UCL data safe haven, which uses two-factor authentication (DSH password, PIN 

and Token).  Patient information leaflets, a ‘letter to GP’, and recruitment emails and 

posters were designed and written. All documentation was reviewed by independent 

colleagues prior to submission to IRAS. Contracts were established with the university 

sponsor (UCL) and participating NHS sites, and with The Doctors’ Laboratory (TDL) for 

the processing of peripheral blood samples. 

The study was approved by the West Midlands- Solihull NHS Research Ethics Committee 

(Ref 15/WM/0368, IRAS ID 177924). An application was also made, and approved, for 

the study to be incorporated onto the Clinical Research Network Portfolio (ID:20234). 

The study was then submitted for approval to Research and Development teams at each 

participating NHS site, together with research passports or honorary contracts to enable 

me to recruit patients. 

The latest version of the protocol, patient information sheet (blister) and REDCap data 

collection forms are included in appendices 1-3 respectively. 
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2.2 Participant recruitment 

For the female characterisation study 29 Healthy female volunteers were recruited via 

university mailing lists, and staff noticeboard at UCLH.  

For the RA study, healthy volunteers and participants with OA and RA were recruited as 

above and from University College London Hospitals NHS Foundation Trust and 

University Hospitals’ Birmingham NHS Foundation Trust rheumatology outpatients’ 

departments. Patients with RA who were not taking DMARDs and had a DAS 28 score 

<3.2 were eligible for recruitment. 

The background, aims, and criteria for the study were presented to clinicians in each 

department, and thereafter clinicians were regularly contacted to encourage 

identification of potential participants. Clinicians in the primary treatment team made 

the initial approach to the patient seeking consent to be contacted about the study. 

Further detailed information was then provided by phone. If, after at least 24hours 

consideration, the individual wished to participate, a further meeting or phone call was 

arranged to check understanding, and that all criteria were met, and to seek consent.  

Exclusion criteria for all participants (healthy, OA and RA) were: Pregnancy or 

breastfeeding; concurrent HIV infection or other immunodeficiency, leukopenia or 

neutropenia; current infection or antibiotic treatment; use of systemic 

immunosuppressant medication within the last 3 months (including systemic 

corticosteroids); inability to stop non-steroidal anti-inflammatory drugs (NSAIDs) for one 

week prior to the study, and until after their final sample collection; and a personal or 

family history of pyoderma gangrenosum (129).  Participants were also required to be 

able to communicate effectively with the research team in English and to have capacity 

to provide informed consent. Finally, participants were asked about any current or 

recent involvement in other research to ensure that participation would not impact on 

either study. 

 

2.3 Summary of study protocol and study visits 

Participants attended a screening visit, where eligibility and exclusion criteria were 

checked, a medical history was taken, together with a joint examination (GALS screen or 

focussed examination) if appropriate for the RA study. If no recent (<3months) blood 
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test results were available, screening bloods were sent to TDL trials (The Doctors 

Laboratory Ltd, 60 Whitfield Street) to ensure a normal full blood count (FBC) and renal 

function (U&E) prior to proceeding with the study. All volunteers attended for a baseline 

visit (including blood tests and laser doppler imaging) and underwent injections with 

UVkEc into both forearms at the end of this visit. Each volunteer then returned on at 

least 2 occasions in order to have a blister or a biopsy over each injection site (one 

forearm at each visit).  

 

Figure 2-1 RA study design and procedures 
In the RA study, UVkEC is injected into both forearms at baseline. Skin blisters are 
formed and harvested at 4h and 24h (one arm at each timepoint), and again at day 
14-15 (one blister over previously inflamed site, and one over uninvolved skin on 
the same forearm). At baseline, 4h and 24h, blood is taken for peripheral blood 
cell count and flow cytometric analysis, plasma cytokine analysis, PBMC storage. 
Clinical assessment is also undertaken: systemic and local temperature, pain and 
tenderness scores and any other symptoms are recorded.  

2.3.1 Healthy female characterisation  

In the healthy characterisation study, volunteers each contributed two blisters, each to 

one of the study timepoints, which were as follows: 4hours, 8hours, 24hours, 48hours, 
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72hours, day5 and day7. Recruitment continued until data was available for at least 3 

volunteers at each of the study timepoints.   

In order to obtain a temporal profile of peripheral blood and local blood flow within the 

same individual, the first three volunteers underwent either a blister or a biopsy at two 

of the later timepoints, but additionally attended for blood tests and doppler imaging at 

each of the earlier timepoints.   

2.3.2 RA/OA study first cohort 

The first cohort of the RA/OA study included 9 healthy volunteers, 6 participants with 

RA and 6 participants with OA.  

Timepoints were chosen using the results of the healthy female characterisation study 

to capture the onset of inflammation (4hours) and the start of the resolution phase 

(24hours). In addition, participants were asked to return after 2 weeks, when further 

blisters were taken; one over the previously inflamed site was used to assess changes at 

the site of inflammation at day14, and one over a site distal to the site of inflammation 

(i.e. not within the maximum field of the erythematous skin at 24h) was used as a 

surrogate for baseline uninflamed skin. This was a pragmatic approach, due to the time 

limitations of doing a baseline blister prior to injection, particularly for volunteers who 

were travelling long distances to participate. A summary of the RA study design is shown 

in Figure 2-1. 

Initial results led me to believe that further study of cell death (particularly neutrophils), 

and IFNɣ and IP-10 production was warranted and so 3 healthy volunteers were sought 

to study these processes in blisters at 8h and 24h following injection. 

2.3.3 RA/OA study future cohort 

Following analysis of results of the first cohort, it became clear that an increased number 

of participants at the 24hour timepoint would help to confirm observed trends in the 

data. In addition, the impact on later resolution of the changes seen at 24hours would 

be important. Recruitment has commenced for participants to study at 24h and 48h, to 

date including 3 further healthy controls, 2 participants with RA and 1 participant with 

OA to date. Where methodology may be susceptible to a batch effect e.g. multiplex 

cytokine arrays and lipidomics, samples will be analysed once the whole cohort has been 
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completed, and the majority of data for this subsequent cohort are therefore outside 

the scope of this thesis.  

2.4 Intradermal injection of E. coli 

UV killed E.coli (UVkEc, Strain: NCTC 10418, Source: Public Health England, UK), was 

prepared by Dr M Motwani as described previously (1). This same strain has been used 

in previous studies to examine the acute immune response in patients with 

inflammatory bowel disease (123-125).  

Briefly, E. coli were grown overnight in Luria Broth (Sigma) at 37°C. The next morning 

the bacteria were washed twice in sterile PBS (2500 g, 20 min, 4°C) and re-suspended in 

a sterile petri dish. Bacteria were then killed by exposure to an ultraviolet light (UV) 

source (302 nm, ChemiDoc, trans-UV mode; Bio-Rad laboratories) for 60 min and then 

washed again in sterile saline. Bacterial counts were determined by optical density 

(OD600 = 0.365 equates to 108 E. coli/ml). UV killed E. coli (UVkEc) were re-suspended 

in a volume of sterile saline to obtain the count of 1.5 × 108/ml, aliquoted into sterile 

Eppendorf tubes (300ul each) and then frozen at −80°C until used for injections. Non‐

viability of a random selection of final samples was confirmed by UCLH (University 

College London Hospitals, UK) Microbiology department. 

The same batch of UVkEc was used for the characterisation of this model in healthy male 

volunteers (1) as the characterisation in healthy females, and RA/OA study described in 

this thesis. 

UVkEc aliquots were defrosted and vortexed immediately prior to injection. An injection 

site was marked on the forearm, 6-9cm distal to the antecubital fossa. The site was then 

cleaned with an alcohol wipe and 100ul (1.5x107) UVkEc was injected into the dermis at 

the injection site, by entering the skin 7-10mm distally and tracking through the dermis. 

This was to ensure that the skin puncture site lay out of range of the blister.  

2.5 Safety 

The experimental techniques to be used in this study had all been used before, but not 

in patients with RA. A tolerability questionnaire was developed using 

www.surveymonkey.com (130). An anonymous email link was sent to the first 24 

participants in the healthy male volunteer study, with a single reminder sent after 
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11days, to gain insight into the participant experience. The study protocol was also 

discussed in detail with patient members of the Patient Research Partnership set up by 

the  University of Birmingham Rheumatology Research Group to obtain a patient 

perspective on participation in this study.  

Particular concerns relating to the safety of intradermal injection of UVkEc were 

considered using the experience both of healthy volunteer studies(1), and studies in 

patients with inflammatory bowel disease (123-125).  Historically there has been one 

adverse event of an exuberant inflammatory reaction resembling pyoderma 

gangrenosum, following injection of this strain of bacteria (129). This occurred following 

subcutaneous (rather than intradermal) injection at a dose of 1x109 bacteria, which is 

>60 times the dose that we currently use (1.5x107 bacteria per arm).  

To date no patients with inflammatory bowel disease who have been exposed to 

intradermal UVkEc have reported an adverse effect on their disease symptoms. 

Additionally, the literature relating to the effect of vaccinations on autoimmune 

rheumatic disease was reviewed, and was generally reassuring. Indeed, both the 

American College of Rheumatology (ACR) and European League against Rheumatism 

(EULAR) recommend additional routine vaccinations (e.g. seasonal flu vaccination) in 

patients with RA (131, 132). Infections themselves may exacerbate rheumatic disease 

activity(133), but data relating to this is difficult to interpret, as during episodes of 

infection patients may be advised to alter their immunosuppression, which will also 

affect the course of disease.  

There was one adverse event in the RA study. A participant with RA experienced a flare 

of RA from 24h after injection with UVkEc. This was reported to and discussed with the 

sponsor and clinical consultant rheumatologist collaborators. Whilst she did not wish to 

be withdrawn from the study, and so data has been included up to that point, further 

blister samples were not taken from this individual. No further flares of RA disease were 

reported in other participants recruited. 

2.6 Clinical Scores 

At each study visit, participants were asked to report any symptoms that they 

experienced throughout the study. Specifically, they were asked to rate the pain in each 
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forearm and any symptoms of headache, fever, muscle ache on a visual analogue scale 

of 0 (no pain / symptom) to 10 (worst pain or symptom imaginable).  

In the RA/OA study, participants were similarly asked to report any symptoms they 

experienced and were specifically questioned about symptoms that had been reported 

in the characterisation cohort, namely headache, muscle ache, armpit ache and 

feverishness. Clinical assessment included systemic temperature (middle of the 

forehead) using a non-contact thermometer (thermofocus); temperature of the 

injection sites; a pain rating on a visual analogue score of 0-100 (“where 0 is no pain, 

and 100 is the worst pain that you can imagine ever having in your forearms”) whilst 

sitting still; a tenderness rating in response to a 100g weight, also on a visual analogue 

score of 0-100. Due to technical difficulties with the thermofocus thermometer, 

temperature readings are not available for all participants at all timepoints, and so only 

available data are shown (Baseline: n=5 healthy, n=5 RA, n=6 OA, 4h: n=4 healthy, n=6 

RA, n=5 OA, 24h: n=5 healthy, n=6 RA, n=6 OA). 

Pain threshold where described in healthy volunteers was tested using a digital force 

guage (Wagner Instruments FDX 10). Pressure was applied over the sternocleidomastoid 

muscle until a pressure of 40Newtons was reached, and held for 2 seconds. Volunteers 

were asked to rate the ensuing pain verbally on a scale of 0 (no pain) up to 10 (worst 

pain imaginable at that site).  

2.7 Laser Doppler imaging 

Blood flow at the site of inflammation was measured using a Laser Doppler Imager 

(Moor LDI V5, Moor Instruments Ltd, Axminster, Devon, UK). Each forearm was placed 

under the scanner at a fixed distance, centred on the point of UVkEc injection. A laser 

beam penetrates the tissue and part of the incident light is scattered by moving red 

blood cells. This results in a frequency broadening that is then detected by a 

photodetector, such that the velocity and concentration of red blood cells at each pixel 

can be measured as ‘flux’ in arbitrary perfusion units (PU). The data was analysed by 

moor LDI software and presented as colour coded image representing varying degrees 

of blood flow / flux over the scanned area.  One scan took approximately 5 min using a 

scan resolution of 4ms per pixel (134). 
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The flare area (the size of area of inflammation; or the number of ‘valid pixels’ with flux 

>300perfusion units) and mean flux (representing the intensity of microvascular 

reactivity at the site; or the average flux of the ‘valid pixels’) were calculated. The 

threshold for a “valid pixel” was set at 300PU as this effectively excluded perfusion at 

baseline.  The total flux (or blood flow, measured in PU), is calculated as the product of 

mean blood flow and valid pixels. Total flux is the main measurement used in this thesis, 

as it captures both the size of the inflammatory response (larger area will generate a 

higher result) and the intensity of the inflammatory response (greater blood flow 

generates more ‘redness’ at that pixel and a higher result).  

In the healthy characterisation cohort, laser Doppler imaging was performed at each 

study visit. However, at the study visit for the 2nd blister/biopsy, only one forearm 

underwent imaging, as the other forearm had previously undergone a blister/biopsy. At 

48h, the vascular hyperaemia due to UVkEC was resolving and a small area of increased 

doppler signal could usually be identified over the site of an earlier blister. However, at 

24h, the doppler flare from a recent blister was generally no higher than the overall 

doppler signal resulting from UVkEc.  Therefore, in the RA study, laser Doppler imaging 

was performed on both forearms at all study visits, and the total blood flow was 

averaged between the two forearms (same procedure for all study groups).  

2.8 Blood sampling 

Peripheral blood was taken at each study visit. 6mls whole blood (collected in sodium 

heparin vacutainer tubes, Griener bio-one 455051) was centrifuged at 2500g to obtain 

plasma, which was aliquoted and frozen at -80° for future use. 1ml whole blood 

(collected in EDTA vacutainer tubes, Griener bio-one) was lysed in 9mls ACK lysing buffer 

(Lonza) for 10minutes, centrifuged at 300g for 5minutes, washed in FACS buffer (5% 

fetal calf serum, 1% sodium azide in PBS), and then stained for flow cytometry analysis 

as described below. The residual white blood cells were spun into a pellet and frozen at 

-80° in a DNA lo-bind Eppendorf for potential future use. 

In the RA/OA study, in addition to the above, peripheral blood was sent to TDL for FBC 

(EDTA sample) and c-reactive protein (CRP) (SST sample) at all timepoints, and renal 

function, rheumatoid factor and anti-cyclic citrullinated protein (ACPA, measured by 

EliATM fluoroenzyme immunoassay) antibody titres were measured at baseline.  
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2.9 Blister technique 

To obtain the inflammatory exudate from the site of inflammation, 10mm wide suction 

blisters were induced over the site of injection as described previously (135). A negative 

pressure instrument (NP-4, Electronic diversities Ltd.) was connected by plastic tubing 

to a chamber, as shown in Figure 2-2. The chamber is made of three parts: A template 

(a round metal disc with a 10mm diameter aperture), a nylon cup and a transparent 

glass lid, all secured by a detachable air tight seal. The suction chamber was secured 

with the metal template facing the skin, and the 10mm aperture positioned over the 

injection site as shown in the diagram (Figure 2-2). The negative pressure was applied 

gradually from 2 to 10 inches of Mercury (Hg) using a standard protocol until a single 

uniloculated 10mm blister covering >90% of the surface area within the aperture was 

formed. The pressure was brought down gradually to baseline after the blister was 

completely formed, following a standardized protocol. The entire process took 1-1.5hrs 

per blister.  

 

Figure 2-2 Diagram of suction blister formation 
The suction blister cup was applied over the site of inflammation, on the ventral 
aspect of the forearm distal to the antecubital fossa (left). The 1cm diameter 
circular hole in the metal template of the suction cup was positioned exactly over 
site of deposition of UVkEC. The metal template of the suction cup lay flush to the 
skin and covered the needle entry puncture site. Following connection to negative 
pressure suction (right), the epidermis slowly separated from the dermis, forming 
a clear fluid filled blister.  Graphic adapted with permission from M Motwani.  
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The suction blister was aspirated immediately. After cleaning the skin with an alcohol 

wipe, the blister roof was pierced along its lateral border using a 26.5 gauge needle. The 

exudate was then obtained by rolling a 1ml syringe over the blister roof, simultaneously 

aspirating using a 200ul pipette. The exudate was collected into a single well of a 96 well 

V-bottom plate containing 50μl of 3% sodium citrate in PBS. The blister area was then 

cleaned using 0.5% Cetrimide spray (Savlon) and covered with a protective dressing pad 

(9 x 10cm, Mepore) (99).  

The plate was then centrifuged at 1000g for 5 mins, 100 C to separate the cells from the 

supernatant. The supernatant was carefully removed and placed in a clean pre-weighed 

Eppendorf on ice. The cell pellet was re-suspended in 200ul of ACK Lysis buffer (Lonza) 

for 3-5minutes to lyse the RBCs, then centrifuged at 800g for 3minutes. The RBC 

depleted cell pellet was re-suspended in 100ul of FACS Buffer and the cell count was 

obtained on the manual haemocytometer (female characterization cohort) or an Adam 

automated cell counter (RA study). Manual counting results of the first three female 

volunteers were cross checked with Dr Motwani, who was performing the same 

technique in the healthy male volunteers.  

Cells were then stained for flow cytometric analysis as described below. The Eppendorf 

containing the blister fluid cell-free supernatant was weighed (pre-and post- blister 

harvesting) to estimate the blister fluid volume, split into 30ul aliquots and then stored 

at -80 0C for future cytokine analysis and mechanistic studies. For the RA/OA study, 2 

aliquots of blister fluid were each added to 60ul of ice cold methanol (2:1 ratio by 

volume) in glass vials for lipidomic analysis, and the remainder stored neat in Eppendorf 

tubes. All samples were sealed with parafilm under a stream of nitrogen gas before 

freezing at -80degrees. 

Cell numbers and cytokines are reported as a concentration (i.e. per ml of blister fluid) 

to correct for any difference in blister volumes resulting from a difference in surface 

area of the blister (affected by both skin elasticity and skin surface area). 

2.10 Whole blood stimulation 

6mls blood was collected from healthy human volunteers in sodium heparin vacutainer 

tubes (Griener bio-one 455051) and diluted with 24mls (1:4) RPMI. This diluted blood 

was divided into 5ml samples in separate 15ml falcons, which were stimulated with 
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either LPS (1 μg/mL sigma L4391), or PMA (Sigma P1585, 50ng/ml) and Ionomycin (1 μg 

/ml Cayman 10004974) , with control samples left unstimulated. Falcons were mixed by 

inversion and then incubated for 5 hours (37 °C, 5% CO2), mixed by inversion again after 

2hours. For intracellular staining experiments (analysed by flow cytometry), 3.33 μL 

Golgistop (monensin, BD 51-2092KZ) was added to each falcon after 20 minutes 

incubation. Following incubation, samples were cooled on ice, centrifuged at 500g for 7 

minutes (4 °C), supernatant was discarded, and pellets resuspended in 10 mL ACK lysis 

buffer for 8 minutes, before centrifugation at 800 g for 5 minutes (4 °C). Cells were 

counted (Countess) and re-suspended in FACS buffer to a concentration 1x106 cells/ 

50μL.  

2.11 Flow cytometry 

Single cell pellets from peripheral blood were re-suspended in FACS buffer (5% fetal calf 

serum, 1% sodium azide in PBS) at a concentration of 3-6 x10^6/ml. 100ul (approx. 3-

6x10^5 cells) cell suspension was incubated with a cocktail of cell surface marker 

antibodies (as shown in Table 2-1) at 4° for 25minutes in a single well of a 96 well V-

bottom plate. Blister cell samples (90ul after 10ul was used for counting) were stained 

in the same manner. Antibodies were washed by the addition of 150ul wash buffer (1% 

fetal calf serum, 2mM EDTA (Sigma Aldrich 03690, in PBS), centrifuged at 800g for 3 

minutes and re-suspended in 150ul wash buffer and transferred to FACS tubes.  150ul 

fix buffer (1% formaldehyde in PBS) was added to each tube, leading to a final 

concentration of 0.5%formaldeyde. Samples were stored at 4degrees in the dark until 

analysis within 4 hours on BD LSR Fortessa flow cytometer. For experiments including 

live-dead and Annexin V (AxV) staining, surface staining including live-dead stain was 

performed as above, but washed in PBS and then cells were resuspended in 100ul of 

AxV antibody in staining buffer (1:80) for 15minutes at 4°C. 300ul of AxV buffer was then 

added to each sample in a FACS tube and samples were analysed on LSR Fortessa x20 

(UV) flow cytometer within 15minutes. 

During the RA/OA study, CS&T beads (BD 655051) were used to correct for voltage drifts 

in the flow cytometer over time and enable direct comparison of samples throughout 

the study. Antibodies were optimised on peripheral blood (also using the low cell 

numbers equivalent to a blister yield). Single stained controls were made to enable 

compensation by staining UltraComp ebeads (Invitrogen 01-2222-42) with each 
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individual antibody, or ArC Amine Reactive Compensation beads (Invitrogen A10346) in 

the case of live-dead stain. Fluorescence minus one (FMO) controls were performed at 

the start of the study on peripheral blood. There were too few cells to do this for each 

blister, but two extra healthy volunteers were also recruited to perform FMOs on blister 

samples to set appropriate gating strategies.  Isotype controls were included for 

intracellular staining experiments to correct for non-specific staining. A live/dead stain 

could not be included routinely due to fluorochrome restrictions, and needing to use a 

flow cytometer with sufficient availability to allow for inevitable changes in timings due 

to human volunteer research, but antibody panels were adapted and samples analysed 

on the LSR Fortessa x20 (UV) for the cell death experiments.   

The gating strategy used to define populations of cells in both peripheral blood and 

blister are shown in Figure 2-3, and were designed in line with those used in the 

literature  (136). 

Small and agranular debris (A); and doublets (B) were excluded based on forward scatter 

(size) and side scatter (granularity) characteristics.  CD45+ cells (C) were then used to 

identify parent populations of mononuclear cells, lymphocytes and neutrophils (D) with 

high sensitivity but low specificity. Cell surface markers were then used to define each 

population more specifically.  

Within the ‘lymphocyte’ parent population (E), contaminating mononuclear cells and 

neutrophils were excluded based on CD14 and CD16 staining, and the remaining cells 

defined as lymphocytes. These lymphocytes fell into two clear populations of HLA-DR 

positive (likely B cells) and HLA-DR negative (likely T cells). A population of NK cells was 

estimated based on cell surface staining for CD16 but not HLA-DR, and falling within the 

lymphocyte (not neutrophil) parent gate on a FSC v SSC plot i.e. a similar size and 

granularity to other lymphocytes.  

Within the ‘neutrophil’ parent population, contaminating lymphocytes (CD3+, CD19+, 

CD20+ or CD56+), and mononuclear cells (HLA-DR+) were excluded. The remaining HLA-

DR-, Cd16+ cells were predominantly CD66b+ and are defined as neutrophils, and 

further sub-divided into a CD16 high and CD16 dim populations.  
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Within the ‘Mononuclear phagocyte’ (MP) parent population, contaminating 

lymphocytes (CD3+, CD19+, CD20+ or CD56+), and neutrophils (HLA-DR-) were excluded. 

In blister samples, a total MP population of CD14+ cells was defined, whereas in 

peripheral blood, these cells were divided into classical, intermediate and non-classical 

monocytes. Blister samples did show populations of cells in keeping with the classical / 

intermediate / non-classical phenotypes as shown here, but as the origin and trafficking 

of these cells was unknown (i.e. whether CD16 was acquired by classical cells already 

migrated into the site, or whether a separate population of intermediate cells migrated 

into the site), most analyses were performed using the whole CD14+ mononuclear cell 

population.  The HLA-DR+ but CD14-/CD16- cells are mostly dendritic cells, as we have 

shown the majority of this population to be CD1c positive (1).  
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Figure 2-3 Polychromatic flow cytometric analysis and gating strategy 
1.5x107 UVkEc were injected into the dermis of study participants. Immune cells were acquired from the inflamed site by negative pressure suction cup and 
separated from inflammatory exudate by centrifugation. Cells were stained and processed using BD LSR Fortessa. Debris was excluded (A), followed by doublets    
(B, C). CD45+ cells were used to define the ‘parent’ populations (D) of lymphocytes (E next page), neutrophils (F) and MPs (G) based on FSC(size) and 
SSC(granularity) characteristics. Surface staining was used to define subsets of each population (E,F,G  next page). Data were analyzed using ‘Flowjo’ software



 

Figure 2-3 Polychromatic flow cytometric analysis and gating strategy continued 53 
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2.12 Intracellular staining for IFNɣ / IP-10 

Peripheral blood cells were re-suspended in FACS buffer to a concentration of 1x106 / 

50 μL. For blister samples, all cells were resuspended in 50 μL FACS buffer. 50μL of this 

cell suspension was mixed with 50μL of antibody mastermix (surface markers) in brilliant 

stain buffer in a 96 well v bottom plate, and stained for 25 minutes (4 °C in the dark). 

Cells were then washed with the addition of 100 μL PBS, centrifuged (500 g, 3 minutes), 

and resuspended in 100 μL Fixation buffer (Biolegend 420801) for 20 minutes (4 °C in 

the dark). Cells were washed by adding 100 μL Perm-Wash Buffer (Biolegend 421002, 

diluted from 10x to 1x in PBS) and centrifuged (500 g, 3 minutes). Cells were then re-

supended in 100μL of an antibody mastermix (intracellular markers or isotype controls) 

in Perm-Wash Buffer and incubated for 30 minutes (4 °C in the dark). Cells were washed 

twice by adding 100μL perm wash buffer, centrifuged (500g, 3 minutes), re-suspended 

in 200ul perm wash buffer and centrifuged again (500g, 3 minutes).  Finally, cells were 

re-suspended in 150μL FACS buffer with 150μL Fix buffer and analysed on the LSR 

fortessa within 2 hours.  

Antibodies to cell surface markers (CD3, CD19, CD20, HLA-DR, CD56, CD14, CD16, 

CD66b) and forward scatter (FSC) and side scatter (SSC) were used to enable gating of 

populations of interest by their expected size, granularity and surface markers (Figure 

2-4). NK cells were defined as CD56+ lymphocytes (Figure 2-4 B), T and B lymphocytes 

were CD3+, CD19+ or CD20+ (Figure 2-4 C), MPs were CD56-/ CD3-/ CD19-/ CD20- and 

HLA-DR+ (Figure 2-4 D), with classical monocytes defined as CD14+CD16-, intermediate 

monocytes CD14+Cd16+, and non-classical monocytes were CD14-CD16+ (Figure 2-4 

E,F,G). Neutrophils were defined as CD56-/ CD3-/ CD19-/ CD20-/HLA-DR- and  

CD16+CD66b+ (Figure 2-4 H). Intracellular staining using antibodies to IFNɣ and IP-10 

was used to identify IFNɣ and IP-10 production by each respective cell population.
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Figure 2-4 Gating strategy for intracellular IFNɣ and IP-10 staining following intradermal UVkEC (blood and blister cells) 
1.5x107 UV-killed E. coli were injected into the dermis of study participants. At 8h and 24h, immune cells were acquired from the site by negative 
pressure suction cup and separated from inflammatory exudate by centrifugation. Cells were stained and processed using BD LSR Fortessa. Cells were 
sorted broadly into lymphocytes, MPs and neutrophils (A) based on FSC (size) vs SSC (granularity). Cell populations were then defined based on cell 
surface markers. Clockwise from top left: NK cells were defined as CD56+ lymphocytes (B), T and B cells were CD3/CD19/CD20+ (C) and T cells were 
divided into CD4+ / CD8+. Mononuclear cells were HLA-DR positive but negative for lymphocyte surface markers (CD3/19/20) (D), and divided into 
classical (E: CD14+ CD16-), intermediate (F: CD14+CD16+) and non-classical (G: CD4-, CD16+). Neutrophils were CD16+ (and negative for CD14 and 
CD3/19/20) (H). A representative plot is shown from peripheral blood obtained at 8hrs following UVkEc. The same gating strategy was employed for 
peripheral blood and blister cells at all timepoints. 
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Stimulation of whole blood with PMA/Ionomycin led to neutrophil cell death 

(neutrophils became smaller with reduced granularity (SSC)), and there was loss of CD16 

surface expression from all cells. The gating strategy for stimulated blood therefore had 

to be adapted accordingly: Lymphocytes (CD3 / CD19 / CD20+ or CD56+) were 

determined first. Non-lymphocytes were then gated to determine monocytes (HLA-DR+, 

CD14+) and residual neutrophils (CD66b+). Lack of CD16 surface expression prevented 

monocyte populations (classical, intermediate, non-classical) being defined.   

Fluorescence minus one (FMO) controls were stained alongside the fully stained 

samples to allow appropriate gating, differentiating background fluorescence from 

fluorescence due to antibody binding. For intracellular markers, isotype controls were 

used to correct for non-specific antibody binding. Optimal staining volumes for new 

antibodies were ascertained using peripheral whole blood. For IFNɣ / IP-10 antibodies, 

blood was stimulated as described in methods section 2.10) 

Table 2-1: Antibodies used for flow cytometry 

Surface 

marker 
Fluorochrome Clone Supplier Dilution 

Healthy 
characterisation 

(HC), RA study (RA), 
intracellular staining 

(INT) or cell death 
(CD) 

CD3 FITC HIT3a Biolegend  1:80 HC + RA + INT + CD 

CD19 FITC HIB 19 Biolegend  1:80 HC + RA + INT + CD 

CD14 BV605 M5E2 Biolegend 1:80 HC + RA + CD 

CD16 APC 3G8 Biolegend 1:80 HC + RA + CD 

HLA-DR BV421 L243 Biolegend 1:80 HC + RA 

CD86 BV510 IT2.2 Biolegend 1:80 HC + RA 

CD206 PerCP Cy5.5 15-2 Biolegend 1:80 HC + RA 

CD56 FITC HCD 56 Biolegend 1:80 HC + RA 

CD163 PE M80 Biolegend 1:80 HC 

HLA-DR APC-H7 G46-6 BD 1:40 HC 

CCR7 BV711 G043H7 Biolegend 1:80 HC 

CD80 PECy7 2D10 Biolegend 1:80 HC 

CD1c BV421 L161 Biolegend 1:80 HC 

CD4 AF700 RPA-T4 Biolegend 1:80 HC 

CD8 BV785 RPA-T8 Biolegend 1:80 HC 
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CD11b PerCP Cy5.5 ICRF44 Biolegend 1:80 HC 

CCR2 PECy7 K036C2 Biolegend 1:80 HC 

CD11c BV510 3.9 Biolegend 1:80 HC 

CXCR2 PE 5E8 Biolegend 1:80 HC 

CD62L PECy7 MEL-14 Biolegend 1:80 HC 

CD11c BV421 3.9 Biolegend 1:100 RA 

CD56 AF488 5.1H11 Biolegend 1:80 RA + CD 

CD20 FITC 2H7 Biolegend  1:100 RA 

CD163 PE-Cf594 GHI/61 BD 1:80 RA 

CXCR2 PECy7 5E8 Biolegend 1:80 RA 

CD62L AF700 DREG-56 Biolegend 1:160 RA 

CD45 BV785 HI 30 Biolegend 1:80 RA 

CD209 PE 9E9A8 Biolegend 1:80 RA 

Cd206 BV785 15-2 Biolegend 1:100 RA 

CD20 AF488 2H7 Biolegend 1:80 INT + CD 

CD141 PerCP Cy5.5 M80 Biolegend  1:100 INT 

HLA-DR BV510 L243 Biolegend  1:50 INT + CD 

CD1c BV605 L161 Biolegend  1:100 INT 

Cd16 BV711 3G8 Biolegend  1:100 INT 

CD123 BUV395 7G3 BD 1:100 INT 

CXCR3  PE G025H7 Biolegend 1:100 INT 

CCR2  PE Cy-7 K036C2 Biolegend 1:100 INT 

CD14 BUV805 M5E2 BD 1:100 INT 

CD11c BV421 B-ly6 BD 1:100 INT 

IFNɣ  BV785 4S.B3 BD  1:50 INT 

IP-10 APC REA334 MACS  1:50 INT 

CD8 APC-Cy7 RPA-T8 Biolegend 1:100 INT 

Cd56 PE-Dazzle QA17A16 Biolegend 1:100 INT 

Cd16 APC 3G8 Biolegend 1:100 CD 

CD66b AF700 G10F5 Biolegend 1:100 CD 

CD62L APC-Cy7 DREG-56 Biolegend  1:100 CD 

Annexin 

V 
PE Cat 556547 BD 1:80 CD 

Live/ 

Dead 
Blue UV Cat L23105 Invitrogen 

1:200-

1:1000 
CD 
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Isotype controls 

(for IP-10) REA APC REA-293 Miltenyi Biotec 
1:10

0 
INT 

(for IFNɣ)  BV785 
 MoPC-21 

Biolegend 
1:10

0 
INT 

Buffers 

Brilliant Stain Buffer 
Cat563794 

BD 
50ul/ 

well 

RA, INT and 

CD 

Annexin V Buffer 

Cat559763 

BD  

100u

l/ 

well 

CD 

 

2.13 Generating necrotic, apoptotic and NETotic neutrophils 

PMA stimulation is a standard method used for inducing NETosis(137). 

Blood was collected in sodium citrate vacutainer tubes (3.2%, Griener bio-one 454329), 

transferred into a 20ml syringe with the addition of dextran at a final concentration of 

1% and mixed by inverting (pipetting was minimised throughout to reduce neutrophil 

stimulation). The syringe was kept upright for ~1 hour, after which the white layer was 

layered onto ficoll and centrifuged for 20 mins (1000g no break or acceleration).  

Residual red blood cells in the pellet were lysed by suspension in ACK lysis buffer (3mls 

for 8minutes). Following centrifugation (300g for 5 mins, RT) the pellet was resuspended 

in 10 mls of neutrophil buffer ( PBS + 5mmol/l glucose + 0.2% BSA) and counted using 

Countess.  

Neutrophils were seeded in 24well plates (concentrations of 3x10^5 – 1x10^6/ml) and 

cultured at 37degrees for 4-6hours. To induce NETosis, PMA (final concentration of 

40nM) was added after the initial 15 minutes of culture. Control neutrophils were left 

unstimulated. Following culture, cells were observed under the light microscope to 

confirm morphological change associated with PMA treatment (Figure 2-5). Microscope 

field of view was 0.05mm using 40x objective lens and 10x/20 eyepiece. Images were 

obtained using an iPhone through the eyepiece as no camera was connected to 

microscope, and are therefore not to scale. 
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Figure 2-5 Neutrophils morphology after 4h stimulation with 40nM PMA.  
Neutrophils were isolated from human peripheral blood, resuspended in 
neutrophil buffer at 3x105/ml and seeded into each well of a 24well plate. PMA 
was added to 12 wells at a final concentration of 40nM. The whole plate was 
cultured at 37°C, 5%C02 for 4hours. Cells were then visualised as shown here by 
light microscopy at 40x magnification. Image obtained using iPhone through the 
10x/20 eyepiece. 

The supernatant was then removed and stored (labelled SN1 or “supernatant 1”) and 

replaced with fresh pre-warmed RPMI (500ul/well) to wash the cells. Cells were left in 

culture for 10minutes before removal (and storage) of this supernatant (labelled ‘Wash 

1’). This process was repeated a total of 3 times (“wash 1-3”). The cells were then treated 

with  either warm RPMI (controls), or DNAse-1 (Ambion AM2222,Applied Biosystems, 

5units/500ml) in warm RPMI together with a protease inhibitor cocktail (Sigma-Aldrich, 

P8340, 1:200 i.e. 2.5ul/500ul) and cultured for 20 mins at 37degrees/5%CO2 in order to 

cleave neutrophil bound NETs from the cell surface. The reaction was stopped with EDTA 

(Sigma Aldrich 03690, 5mM final concentration). Supernatants were stored (labelled 

“DNAse” / “wash 4” for controls). All supernatants were stored at -80degrees until use. 

Prior to use, supernatants were defrosted on ice and centrifuged at 2000G for 3minutes 

to remove particulates.  

In later experiments, neutrophils were cultured and stimulated directly in protein lo-

bind eppendorfs. Cells were cultured for 4hours15minutes at 37° either unstimulated, 

or stimulated with PMA (40nM)  or calcium ionophore (5μM)  for the last 4hours. Cells 

were centrifuged at 300g for 3 minutes (to allow cells but not NETs to settle). 

Supernatant was then removed (“SN1”). Cells were resuspended in RPMI alone 
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(controls), or RPMI with DNAse/Protease inhibitor cocktail as previously for 15 minutes 

at 37°. After 15minutes, samples were centrifuged at 300G for 3minutes and 

supernatant was removed (“SN2 DNAse”, or “SN2 wash” for controls). All supernatants 

were then frozen at -80° until processing.  

2.14 Sytox Green stain for cell free DNA 

To quantify DNA in extracellular fluid, aliquots of blister fluid or neutrophil supernatant 

were defrosted on ice. 87 μl of supernatant was incubated with 3 μl of SYTOX Green 

(Thermo Fischer Scientific S34860 30uM in DMSO) at a final concentration of 1 μM in a 

black 96-well assay plate (Corning CC691) and incubated for 30 min at RT. Blister fluid 

was diluted in PBS to a final volume of 87ul:  Initial optimisation was performed with 5-

10ul blister fluid per sample, final experiments were performed with 9ul blister fluid per 

sample. Fluorescence values were obtained at an excitation wavelength of 485nm and 

emission wavelength of 530 nm using a Fluorostar plate reader.  

A standard curve in duplicate was performed for each experiment using serial dilutions 

of placental DNA (Sigma-Aldrich, D3035). A representative example is shown (Figure 

2-6).  

 

Figure 2-6 Representative standard curve for sytox green stain of placental DNA 
A standard curve was performed for each experiment using serial dilutions of 
placental DNA in DEPC water. A representative standard curve is shown as a third 
order polynomial (cubic) line, which provided the best fit, with 95% confidence 
intervals. Standard curves were interpolated using GraphPad Prism, and 
fluorescence results were then expressed in nanograms of DNA per 100ul sample. 
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GraphPad Prism was used to interpolate the standard curve, and a third order 

polynomial (cubic) line was found to provide the best fit, shown here with 95% CI. 

Fluorescence values obtained from samples could then be interpolated using the 

standard curve created at each experiment and expressed in DNA (ng per 100ul sample).  

2.15 NETosis ELISA 

A sandwich ELISA, developed by Dr Akif Kahawaja PhD UCL, was used to detect products 

of NETosis in blister fluid. In this assay, NET products containing myeloperoxidase (MPO) 

and cirtrullinated histones (cit-H3) are sandwiched between an ELISA plate coated with 

anti-MPO antibodies and an anti-citH3 antibody.  

Streptavidin-coated plates (Fisher Scientific, UK) were washed x3 (wash buffer: PBS with 

0.1% TWEEN-20), then coated with 50ul/well of a biotin-conjugated anti-MPO capture 

antibody (Abcam, UK, diluted to 1μg/ml in block buffer: PBS with 0.1%TWEEN-20 and 

0.5%BSA) and left at 4°C overnight. Plates were then washed x5 (wash buffer) and 

blocked (100ul/well block buffer) for 1.5 hours at 37°C.  Plates were then washed x5 

(wash buffer) and incubated with 100µl of neutrophil supernatants for 2 hours at 37°C. 

Following incubation, plates were washed x5 (wash buffer) and 100µl/well of an anti-

citrullinated histone H3 detection antibody added (Abcam, UK, diluted to 1μg/ml in 

block buffer), and incubated for 1 hour at 37°C. Plates were washed x5 (wash buffer) 

and incubated with 100ul/well horseradish peroxide (HRP)-conjugated secondary 

antibody (Polyclonal Goat anti-Rabbit Immunoglobulins/HRP (P0448) Dako, UK, diluted 

1:1000 in block buffer) for 1 hour at 37°C.  Plates were then washed x5 (wash buffer) 

and 100µl/well of tetramethylbenzidine (TMB) Peroxidase Substrate (Biolegend 77247; 

this is colourless until oxidised by HRP into blue TMB diimine) was added at room 

temperature, before incubation in the dark for 30- 45mins at 37°C. The reaction was 

then stopped by the addition of 50µl/well of sulphuric acid (thereby turning TMB diimine 

from blue to yellow), and absorbance was read at 450nm using a Fluorostar plate reader.  

The anti-MPO antibody went out of production during the course of this work, and so 

the ELISA had to be modified for the final experiments. The same clone of anti-MPO 

antibody could not be sourced in any format, and so a different clone (still mouse anti-

human) was used in the form of precoated plates (LegendMax MPO ELISA, Biolegend 

UK) and the method was adapted with reference to the manufacturers instructions for 
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using this plate as an ELISA for human MPO only. Plates were washed x5 as previously. 

50ul of the manufacturers “assay buffer B” was added to each well (containing PBS, BSA, 

and sodium azide), prior to the addition of samples: 50ul of neutrophil supernatants 

were used un-diluted, whereas 10ul blister fluid was diluted with 40ul assay buffer B. 

Samples were incubated at room temperature with shaking at 200rpm for 2 hours. 

Following incubation, plates were washed x5 (wash buffer) and 100µl/well of an anti-

citrullinated histone H3 detection antibody added (Abcam, UK, diluted to 2μg/ml in 

block buffer), and incubated for 10minutes at room temperature with shaking at 

200rpm, followed by 1 hour at 37°C. Plates were washed x5 (wash buffer) and incubated 

with 100ul/well HRP-conjugated secondary antibody (Polyclonal Goat anti-Rabbit 

Immunoglobulins/HRP (P0448) (Dako, UK, diluted 1:1000 in block buffer) for 10minutes 

at room temperature with shaking at 200rpm followed by 1 hour at 37°C.  Plates were 

then washed x5 (wash buffer) and 100µl/well of TMB Peroxidase Substrate (Biolegend 

77247) was added at room temperature, before incubation in the dark for 30mins at 

room temperature. The reaction was then stopped by the addition of 50µl/well of 

sulphuric acid, and absorbance was read at 450nm using a Fluorostar plate reader .  

2.16 Lactate Dehydrogenase (LDH) assay 

An LDH assay kit (Promega G1782) was used to detect LDH levels in blister fluid samples. 

Extracellular LDH is measured with a coupled enzymatic assay, and in in-vitro assays this 

is proportional to the number of lysed cells. In this assay, lactate and nicotinamide 

adenine dinucleotide (NAD+) are supplied and LDH in the sample converts lactate into 

pyruvate, releasing H+ ions for the reduction of NAD+ to NADH. The release of H+ ions 

from NADH as it reverts to NAD+ catalyses the reduction reaction of colourless 

tetrazolium salt (INT) into a red Formazan product, until the reaction is stopped after 

30minutes with acetic acid. The formazan is detected by visible wavelength absorbance 

at 490nm.  

A positive control solution was provided by the manufacturer (2ul LDH positive control 

diluted in 10mls PBS + 1% BSA suggested). A series of standards were created by diluting 

2ul LDH positive control in 1ml PBS + 1% BSA (standard 1), and serially diluting this in 

PBS by 50% each time (standards 2-5). These standards were made up fresh prior to 

each experiment and included in duplicate on each plate. Samples were prepared by 

defrosting supernatants and blister fluid samples on ice, and centrifuging at 2000G for 



 

 63 

3 minutes to remove particulates. Different dilutions of sample in PBS were tested 

during optimisation and thereafter 50ul of neat cell culture supernatants were tested, 

whereas blister samples were diluted in the plate in the ratio 9ul blister fluid to 41ul PBS. 

Negative control wells of PBS were included on each plate, but these consistently 

returned low absorbance readings of 0.034-0.041nm and are generally not included on 

graphs. Experimental negative controls (e.g. supernatants from unstimulated neutrophil 

culture and washes) were also included in each experiment. 

The assay was conducted following the manufacturers instructions. 50ul samples were 

placed in a 96well clear flat bottom plate. 50ul CytoTox96® reagent was then added to 

each well and the plate was incubated in the dark at room temperature for 30minutes. 

50ul Stop solution (1M acetic acid) was added to each well. Any bubbles were popped 

prior to absorbance being recorded at 490nm immediately on a Fluorostar plate reader.  

A standard curve in duplicate was performed for each experiment using serial dilutions 

of the manufacturer’s ‘LDH standard’ in PBS + 1%BSA and a representative example is 

shown  (Figure 2-7)  

 

Figure 2-7 Standard curve using manufacturer’s LDH standard:  
A standard curve was performed using serial dilutions of the manufacturer’s ‘LDH 
standard’ in PBS. Each well had a total volume of 50ul. Analysis was performed 
according to manufacturer instructions. A linear relationship was noted up to an 
absorbance of 2.6nm. 
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Each well had a total volume of 50ul. The amount of LDH in this ‘LDH standard’ is 

unknown, and so raw absorbance data are shown throughout. A linear relationship was 

noted up to an absorbance of approximately 2.6nm.   

2.17 Cytokine analysis 

The human cytokine 30-plex kit (three 10-plex panels—Proinflammatory Panel 1, 

Cytokine Panel 1, and Chemokine Panel 1) was purchased from Meso Scale Delivery 

(MSD). Blister fluid samples were defrosted on ice, centrifuged and diluted in 

appropriate assay diluent before the assay was performed as per manufacturer’s 

instructions. All assay components were supplied by the manufacturer. For the RA/OA 

study, the same kit was used and dilutions were optimised for each panel based on 

healthy male and female volunteer results. 

2.18 Lipidomics 

30ul blister fluid was mixed immediately with an equal volume ice cold methanol, in an 

amber coloured glass vial with micro-vial insert (agilent). Vials were closed under a 

stream of nitrogen gas and sealed with polyfilm to minimise oxidation during storage. 

Samples were then frozen immediately at -80° until analysis. Frozen samples were 

shipped in a single blinded batch on dry ice for our external collaborator, Matthew Edin 

at National Institute for Environmental Health Sciences, National Institues of Health, 

USA, to perform LC-MS.  

Briefly, the sample was prepared as follows: 60ul sample (blister fluid: methanol in a 1:1 

ratio) was washed and acidified with 60ul of wash solution (5% methanol, 0.1% acetic 

acid) and 10 uM t-AUCB (an inhibitor of soluble epoxide hydrolase, sEH). Internal 

standards were added. Liquid:liquid extraction was then performed in 1.5ml ethyl 

acetate, and samples were dried with vacuum centrifugation. Samples were 

reconstituted in 50ul 30% glycerol.  10ul prepared sample was then injected for liquid-

chromatography mass spectrometry (LC-MS), as they have previously described(138, 

139). 

2.19 Skin biopsy 

A sterile technique was employed. The site was cleaned with chlorhexidine, followed by 

iodine solution. Local anaesthetic (2% lignocaine) is injected intradermally and 
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subcutaneously. Once the site was fully anaesthetised, a 3mm punch biopsy was taken. 

Sterile dressings were applied (including an alginate dressing and pressure to aid 

healing). This whole process took approximately 15-30 minutes. Skin biopsy samples 

were immersed immediately in 10% neutral buffered formalin and stored at 4degrees 

for at least 24hours prior to paraffin embedding. Samples were then transported to the 

histopathology department at the Institute of Neurology, where fixed skin biopsies were 

embedded in paraffin wax and 4μm thickness sections were cut. Skin sections were 

collected on the glass slides and stained after unmasking of antigen by Angela Richard-

Londt at the Institute of Neurology.  Antibodies used included CD4 (clone 1F6, from VBS), 

CD8 (clone C8/144B, DAKO), CD68 (clone PG-M1, Abcam), CD163 (clone 10D6 Leica 

Biosystems). Antigen retrieval methods included CC1  (equivalent to EDTA, Ventana) for 

8 minutes (CD4 and CD8); RCC (equivalent to citrate buffer, Ventana) for 8 minutes 

(CD163); and Protease 1 (Ventana) for 16minutes (CD68). Images were obtained on a 

nanozoomer (Hamamatsu). 

2.20 Data storage 

Confidential participant information was stored securely online using UCL data safe 

haven, which uses two-factor authentication (DSH password, PIN and Token). Hard 

copies of consent forms and contact details were stored in a file in a locked drawer 

within a locked office within a secure (ID card entry) building. 

Study data were collected and managed using REDCap electronic data capture tools 

hosted at UCL(128). REDCap (Research Electronic Data Capture) is a secure, web-based 

application designed to support data capture for research studies, providing 1) an 

intuitive interface for validated data entry; 2) audit trails for tracking data manipulation 

and export procedures; 3) automated export procedures for seamless data downloads 

to common statistical packages; and 4) procedures for importing data from external 

sources. 

All samples were pseudo-anonymised using a unique study reference number. The link 

between the unique study reference number and the participant identifying information 

was stored only on the UCL data safe haven.  
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2.21 Data analysis, presentation and statistics 

A formal sample size calculation was not possible, as this was a novel study, and the 

effect size could not therefore be estimated.  However, during the characterisation of 

this model, using 6 healthy volunteers at each time point, we had demonstrated a trend 

of influx and efflux of the cell types that would be expected during the different phases 

of inflammation, which correlated with the expected soluble mediators of inflammation 

(1). For example, between 4hours and 24hours post injection, there was a significant 

reduction (p=0.002) in neutrophil numbers. If the null hypothesis was correct, that there 

is a defect in the resolution of inflammation in patients with autoimmune rheumatic 

disease, I expected this effective clearance of neutrophils to be lost. I therefore 

proposed that 6 patients per group could be sufficient to accept or reject our null 

hypothesis.     

2.22 Statistics 

Where data were parametric on a linear scale, the mean was presented. For non-

parametric data, the median was presented. Data were presented graphically on log2 

scales where biologically relevant and appear skewed on a linear scale. For example, 

when considering expression of surface markers, growth in cell numbers or cytokine 

production, proportional change was of interest. In these cases, a geometric mean was 

presented. The geometric mean is the ‘nth root of the product of n numbers’ but is also 

the average (mean) of logarithmic values when converted back to the anti-log scale. 

Where data are symmetric on the log scale, the geometric mean approximates more 

closely to the median on the original anti-log scale.  

Where data from two groups were compared (e.g. male v female), a 2-tailed unpaired 

students’ t-test was used. Where two measurements within an individual were 

compared (e.g. pain vs tenderness, or pain pre/post blister), a 2-tailed paired students’ 

t-test was used.  

To compare data between the three groups (healthy, OA, RA); where data were 

parametric (and presented on a linear scale), a one-way ANOVA was used, and where 

data were non-parametric and normalised by presentation on a log(2) scale, a Kruskall-

Wallis test was used to determine statistically differences.  
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To perform correlation analyses, data were entered into R studio (140), and a matrix of 

correlation p values was generated using spearman rank correlation method.  
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Chapter 3 

Characterisation of the UVkEc blister model in 

healthy females 
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3 Characterisation of the UVkEc blister model in healthy females 

3.1 Introduction 

The UVkEc skin blister model had previously only been characterised in healthy young 

males. My aim was to study a cohort of patients with RA, a disease with a sex ratio of 

approximately 3 females : 1 male(141, 142). Therefore, it was first important to establish 

the normal response in healthy female participants across a wider age range.  

Reduced severity and incidence of innate immune conditions such as sepsis and post-

surgical infections have been reported in women compared to age-matched men (143) 

(144) (144). Sex-differences are evident in multiple species, affecting the prevalence and 

outcomes of a wide range of infections, often resulting in reduced severity and loss of 

tissue function in females compared to males. This has most recently been evident 

during the covid-19 pandemic, with apparent increased severity in males compared to 

females(145). Females <75years old also have reduced cardiovascular morbidity 

compared to males (146).  

The clinical consequences of this sexual dimorphism may extend beyond an increased 

survival in women and have important implications for treatment of inflammatory 

disorders. Indeed, recent evidence implies a reduced efficacy of certain anti-

inflammatory drug treatments (including aspirin(147) and statins(148)) in women, 

supporting the notion that innate immune responses may be inherently different in 

females.  

Understanding the nature of these distinct innate immune responses in males and 

females is essential for identifying novel strategies to appropriately target inflammatory 

disorders in both sexes. Human clinical trials as well as experimental animal studies need 

to be designed with sex-differences in mind if the nature and progression of immune 

responses to infection and injury as well as responsiveness to anti-inflammatory drug 

treatment are sex-specific. 

It was therefore important to gain experience of this model in an appropriate population 

of healthy individuals before embarking upon using the model to study patients with RA. 

Although the aim would be to appropriately age and sex match healthy controls for the 

disease groups, the degree of variability within a more heterogenous group of healthy 
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volunteers remained to be established, as well as determining the appropriate blister 

timepoints to enable study of the onset and resolution phases of inflammation in 

females.   

In this chapter I perform the first assessment of this model in healthy females and 

compare the systemic and local inflammatory responses to those previously acquired in 

healthy male volunteers.  I also assess the tolerability of this model to volunteers as a 

critical aspect of translating this model into patients. 
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3.2 Results: Healthy female characterisation cohort 

29 Healthy female volunteers were recruited via University College London (UCL) mailing 

lists, and staff noticeboards at University College London Hospitals (UCLH). Median age 

was 28years (range 22yrs-50yrs). Volunteers had no significant past medical history or 

medication use, although 19/29 were taking hormonal contraceptives (oral 

contraceptive pill, intrauterine device or implant). All were non-smokers (4/29 ex-

smokers) and volunteers had a median BMI of 22 (range 19.7-31.2). 

3.2.1 Healthy females mount a peripheral leukocyte response to 

intradermal UVkEc injection 

Healthy female volunteers mounted both a local and systemic response to the UVkEc 

injection (Figure 3-1). Total white blood cells (per ml of whole blood), counted by 

automated haemocytometer (countess) in all volunteers at each visit increased from a 

mean of 4.48x106/ml at baseline, to a mean 10.57x106/ml at 4h, and then gradually 

returned to baseline by 72h. Peripheral blood was also sent to The Doctors’ Laboratory 

(TDL) at each timepoint for the first 3 volunteers. In these volunteers peripheral 

neutrophil count significantly increased from 4.3x106/ml, SD 1.38 at baseline, to 10.63 

x106/ml, SD 1.84 at 4hrs, and reducing to 6.15 x106/ml, SD 1.64 by 24hours and 

normalising at 4.5x106/ml, SD 0.98 by 48hours. There was a similar pattern seen in 

peripheral blood monocytes, increasing from 0.47x106/ml, SD 0.15 up to 0.90x106/ml, 

SD 0.15 at 4 hours, and back down to 0.57x106/ml, SD 0.2 by 24hours. Lymphocytes 

showed a slight but consistent increase at 8hours (2.54x106/ml, SD 0.15 from a baseline 

of 2x106/ml, SD 0.06), decrease at 24hours (1.7x106/ml, SD 0.35) and normalised at 

48hours (1.97x106/ml, SD 0.32). 
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Figure 3-1 Peripheral full blood counts following i.d. UVkEc 
1.5x107 UV-killed E. coli were injected into the dermis of 3 healthy female 
volunteers. At the time points indicated following injection, peripheral blood was 
collected into EDTA vacutainer tubes, and analysed for differential cell counts. 
Individual counts of neutrophils (A), monocytes (B) and lymphocytes (C) x106/ml, 
are shown together with the mean value. Dotted lines show the laboratory upper 
and lower normal reference ranges. 

There was a trend towards increased mean peripheral neutrophil count at 4h in females 

(10.63x106 SD 1.84) compared to a control group of 6 healthy male volunteers (8.59x106,  

SD 2.78) (1), but this was not statistically significant.  

3.2.2 Laser Doppler imaging demonstrates reduced microvascular reactivity 

in females compared to males through the onset and resolution of 

intradermal UVkEc induced inflammation  

Laser Doppler imaging of the site of intradermal UVkEc injection on each forearm 

enabled quantification of microvascular reactivity as described in methods (section 2.7, 

p45): The flux, a measure of blood flow (velocity and concentration of red blood cells) 

A B 

C 
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of each pixel was calculated in perfusion units. The flare area (the size of area of 

inflammation) and mean flux (average flux of all pixels at the site) were calculated. Data 

are presented as total flux, which is a composite of both measures (flare area x mean 

flux) and represents total microvascular reactivity at the site of inflammation. 

In healthy volunteers, there was a well-demarcated area of erythema by 4 hours, 

reflecting microvascular reactivity. This area of redness expanded by 24hours, with a 

further increase in total flux (Figure 3-2). This 24h peak in microvascular reactivity 

occurred later than the peak in peripheral blood response shown above, and other 

indicators of inflammation described below (systemic and local symptoms, signs and 

inflammatory cell counts). 

Compared to healthy male volunteers, there was a trend towards reduced total flux at 

4h in females (students’ unpaired 2-tailed t-test p=0.053) and 8h (p=0.283), and 

significantly reduced flux in females versus males at 24h  (p=0.0087) (Figure 3-3). From 

24h to 48h resolution of microvascular reactivity occurred at varying rates, but there 

was no significant difference between total flux in males and females at 48h or 72h, by 

which time resolution back to baseline was complete in all individuals. 

Figure 3-2: Microvascular reactivity in healthy volunteers following i.d. UVkEc  
1.5x107 UV-killed E. coli were injected into the dermis of healthy volunteers. Laser 
doppler was used to quantify the degree of local microvascular reactivity in 
response to bacterial injection. Representative images from one healthy male 
individual are shown at the specified timepoints following i.d. injection of UVkEc.  
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Figure 3-3 Sex differences in microvascular reactivity following i.d. UVkEc1.5x107 

UV-killed E. coli were injected into the dermis of healthy female and male 
volunteers.  At the indicated time points laser doppler was used to determine the 
degree of microvascular reactivity that developed around the site of injection from 
onset to resolution. Data are shown for all individuals within the healthy female 
characterisation cohort, and the healthy males included in the initial 
characterisation of this model, together with a line at the mean. For males, 
dopplers were performed at the same timepoint as (immediately prior to) blisters. 
For females, sample sizes are different for each timepoint for as dopplers were 
repeated at each timepoint until the blister was taken. Doppler sample sizes range 
from n=3 (day 5 and day 7) to n=14 (4hrs).  * indicates p<0.05 by 2-tailed unpaired 
t test. 

In summary, local microvascular reactivity to i.d. UVkEc in both males and females 

peaked at 24h and resolved from 24-72h. In females the magnitude of this microvascular 

reactivity was reduced. 

3.2.3 Sex differences in cells trafficking to sites of intradermal UVkEc 

triggered inflammation 

In males, blister volume remained constant throughout the course of the acute 

inflammatory response. In females there was a consistent trend towards increased 

volume blisters compared to males, with significant differences at 24h (p=0.0008), at 

72h, p=0.0225 (Figure 3-4A).  

The total number of haematopoietic cells obtained in the suction blister (counted by 

manual haemocytometer) reflected the time course of the systemic response, peaking 
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at 4hours and declining thereafter (Figure 3-4B). In females, there was a trend towards 

lower total cell counts compared to males, at all timepoints other than 48h(significant 

at 8h p=0.0174). The concentration of cells in the inflammatory exudate (number of 

cells/ml blister fluid) was also reduced throughout the time course (Figure 3-4C).  

 

Figure 3-4 Acute inflammatory cells and exudate obtained by suction blister in 
males and females following i.d. UVkEc.  
1.5x107 UVkEc were injected into the dermis of healthy female and male 
volunteers. At indicated time points immune cells were acquired from the 
inflamed site by negative pressure suction cup and separated from inflammatory 
exudate by centrifugation. Volume of fluid aspirated from each blister is shown (A) 
with a line at the mean volume at each timepoint. Cell count (number of live cells 
by manual haemocytometer) from the same individuals’ blisters is expressed as 
total cells per blister (B), and per ml of inflammatory exudate (C). These data are 
shown on a log(2) scale, with a line at the geometric mean for each timepoint. 
Data from females are shown in pink, and data from males are shown in blue. 
Differences between males and females analysed by 2-tailed unpaired t-test. * 
indicates p<0.05 

The same surface antibody panels were used for the initial cohorts of healthy males and 

females, enabling direct comparison of populations of neutrophils (defined as 

CD3/CD19/CD56-, HLA-DR-, CD16+) CD14+MPs (CD3/CD19/CD56-, HLA-DR+) and T 
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lymphocytes (CD3/CD19/CD56+ and either CD4+ or CD8+). In order to understand the 

composition of blister cells and the relative prevalence of the various cell types at each 

timepoint, the proportions of total haematopoietic cells were first analysed by flow 

cytometry. This was consistent with the accepted paradigm of cellular shifts during the 

acute inflammatory response (Figure 3-5). For both males and females, blister fluid was 

predominantly (90%) neutrophilic at 4hours, approximately 70% of which had cleared 

by 24hours (Figure 3-5). MPs comprised <5% of total haematopoietic cells at 4 hours, 

increasing from 8hours onwards. Lymphocytes were the predominant cell type at 

baseline (as demonstrated in the male blister cohort (1)), but made up <10% all blister 

cells at 4hours, increasing to 17-33% of blister cells at 24hours.  

 

Figure 3-5: Proportions of haematopoietic cells in suction blisters following i.d. 
UVkEc 
1.5x107 UVkEc were injected into the dermis of healthy female and male volunteers. 
At indicated time points immune cells were acquired from the inflamed site by 
negative pressure suction cup, separated from inflammatory exudate by 
centrifugation, and analysed by flow cytometry. Baseline (0h) blisters were not 
performed in females. Proportions of neutrophils (A), mononuclear phagocytic cells 
(B) and T cells (C) are shown as a percentage of the total live single cells. Data from 
females (pink) are compared to data from males (blue), with a line at the mean. 
Differences between males and females analysed by 2-tailed unpaired t-test. * 
indicates p<0.05 
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Whilst the proportion of CD16+ neutrophils and CD4+/CD8+ lymphocytes was similar 

between males and females, there was a reduction on the proportion of CD14+ MPs 

throughout the acute inflammatory response in females, most notably at 8h (students’ 

t test p=0.0048) and 24h (p=0.0267). 

Analysis of total cell numbers at the blister site gives further information. For example, 

lymphocyte cell numbers in females increased from 1300-7000 cells/ml at 4hours to 

9000-25000 cells/ml at 24hours (Figure 3-6), but lymphocyte count then remained fairly 

static, with the reduction in other cell types accounting for the increasing proportions at 

later timepoints seen above. Overall, the reduced total cell count in females compared 

to males reflected reductions across all major cell types: neutrophils, monocytes and 

lymphocytes (consistent trend, but not statistically significant at all timepoints) (Figure 

3-6).  

In summary, following UVkEc injection, healthy females showed a reduced infiltration of 

haematopoietic immune cells of all subtypes, but particularly MPs.  
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Figure 3-6 Haematopoietic cells in suction blister fluid of males and females 
following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of healthy female and male 
volunteers. At indicated time points immune cells were acquired from the 
inflamed site by negative pressure suction cup and separated from inflammatory 
exudate by centrifugation and analysed by flow cytometry. Neutrophils (A) were 
defined as CD3/CD19/CD56-, HLA-DR-, CD16+; CD14+MPs (B) were 
CD3/CD19/CD56-, HLA-DR+; T lymphocytes (C) were CD3/CD19/CD56+ and either 
CD4+ or CD8+. Data are expressed as cells per ml of inflammatory exudate and are 
shown on a log(2) scale, with a line for the geometric mean at each timepoint. 
Males are shown in blue, females in pink. Baseline (0h) blisters were not 
performed in females. Differences between males and females analysed by 2-
tailed unpaired t-test. * indicates p<0.05 

3.2.4 Surface CD14 expression on mononuclear phagocytes at the site of 

i.d. UVkEc induced inflammation 

As CD14+ MPs were reduced at UVkEc elicited tissue inflammation in females compared 

to males, I next sought to determine whether other salient features of MPs differed, and 

MP surface expression of CD14 was analysed.  

CD14 expression on total MPs of males displayed a biphasic profile peaking initially at 

8h and declining transiently at 24h only to rise again from 48h onwards. CD14 expression 
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on MPs of females was consistently lower than males throughout, and did not show the 

same early peak at 8h or later peak at 48h (Figure 3-7 A).  

The total MP population (HLADR+, CD3/CD19/CD56 negative) included classical 

(CD14+/CD16-), intermediate (CD14+/CD16+) and a few non-classical (CD14-/CD16+) 

MP cells. The decreases in CD14 expression around 24h may be explained by the shift in 

MP phenotype from predominantly classical CD14+ cells earlier, with intermediate and 

CD14- non-classical cells appearing later (data not shown). When only CD14+ MPs 

(comprising mostly classical and fewer intermediate monocytes, but excluding non-

classical monocytes) were analysed, the dip in CD14 expression in males at 24h was not 

seen. In this analysis, the surface expression of CD14 increased from 4h to 48h in both 

males and females, but the peak expression at 48h was still significantly higher in males 

than in females (Figure 3-7 B).  

 

Figure 3-7 Surface CD14 expression on MP cells at the site of i.d. 
UVkEc induced inflammation in males and females 
1.5x107 UV-killed E. coli were injected into the dermis of healthy female 
and male volunteers. At indicated time points immune cells were acquired from 
the inflamed site by negative pressure suction cup and separated from 
inflammatory exudate by centrifugation and analysed by flow cytometry. Surface 
expression of CD14 was calculated on the whole population of CD3/CD19/CD56-, 
HLA-DR+ MPs (A). This population clearly divided into CD14+ (classical / 
intermediate phenotype) and CD14- (including DCs and non-classical monocytes), 
and the relative CD14 surface expression on the classical/intermediate cells was 
also calculated (B). Differences between males and females analysed by 2-tailed 
unpaired t-test. * indicates p<0.05 

In summary, females not only demonstrated a reduced infiltration of MPs into the site 

of inflammation, but MPs also showed reduced surface expression of CD14 compared 

to healthy males. 
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3.2.5 Sex differences in cytokine and chemokine levels during i.d. UVkEc 

induced inflammation 

Cytokines and chemokines in the cell-free blister fluid of the healthy females were 

measured up to 72hours. Consistent with results in male volunteers, there was an early 

peak (4-8 hours) in pro-inflammatory cytokines such as TNFα, IL-1β , IL-2, IL-4, IL-6, IL-

12, IL-13 and IFNɣ. Chemokines known to trigger neutrophil and monocyte chemotaxis 

such as IL-8 and MCP-1, MCP-4, MIP-1α and MIP-1β peaked around 4-8hours. 

Macrophage derived chemokine (MDC) levels peaked at 24hours.  

For the majority of cytokines measured (including IL-1α, IL-2, IL-5, IL-6, IL-15, IL-17, TNFα, 

TARC, IL-13, IL-16, GM-CSF, MCP-1, MCP-4, IL-8, MIP-1α, MIP-1β , eotaxin, eotaxin-3, 

VEGF, IL-10, TNFβ ), there was a trend towards lower peak levels in females compared 

to males. There was a sustained reduction throughout the time course for IL-1α, IL-5, IL-

6, TNFα, GM-CSF. The exceptions to this include IL-1β and MDC, where the peak was 

similar or marginally higher in females (at 8h and 8h-24h respectively), but in both cases 

declined more quickly from 24h onwards (Figure 3-8A and Figure 3-8C). Many other 

cytokines also declined more quickly back to baseline in females compared to males (e.g. 

IL-12 p70 and IL-12 p40, IL-15, TNFα, IL-1β , TARC, IL-8, MIP-1α, MIP-1β , eotaxin, IL-6, 

MDC and IL-4), with exceptions to this including MCP-1 and MCP-4 (Figure 3-8C) which 

were still significantly elevated at 8h in females, having fallen (below baseline levels in 

the case of MCP-4) by this timepoint in males.  IL-7, which is known to be constitutively 

expressed by keratinocytes (149), and has a role in maintaining peripheral T cell 

populations, was supressed from 4h onwards with a trend towards a slower recovery 

back to baseline in females compared to males.  
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Figure 3-8: Cytokine levels (pg/ml) in blister fluid of healthy males and females 
following i.d.l UVkEC  
1.5x107 UV-kEc were injected into the dermis of healthy female and male 
volunteers. At indicated time points inflammatory exudate was acquired from the 
inflamed site by negative pressure suction cup, separated from inflammatory cells 
by centrifugation, and analysed using MSD V-plex. Cytokines are grouped into 
those which predominantly activate B and T lymphocytes (A), lymphocytes and 
MPs (B), MPs (C) or granulocytes (D), VEGF (E), and those considered to have 
predominantly immuoregulatory action (F). Differences between males and 
females analysed by 2-tailed unpaired t-test.* indicates p<0.05 

In summary, for the majority of cytokines tested, there was a trend towards reduced 

peak concentration in female volunteers and, with the exception of MCP-1 and MCP -4, 

levels tended to return to baseline levels more rapidly than in healthy males. 
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3.2.6 Mononuclear phagocyte numbers correlate with known 

chemoattractants 

Correllation analysis of cell numbers and cytokine levels can help to understand the 

biological processes at play. For example, neutrophil cell numbers in blister fluid 

positively correlated with IL-8 levels, a known neutrophil chemoattractant (male and 

female data analysed together at all time points p<0.0001, data not shown). In order to 

understand potential causes of the observed reduction in MPs in females, the number 

of CD14+ MPs was correlated with cytokines expected to have a role in recruiting these 

cells. CD14+ MP counts (log2 transformed) at all timepoints correlated with MCP-1, 

MDC, GM-CSF and IFNɣ (but not MCP-4), (male and female data analysed together). The 

strongest correlation was between MPs and IFNɣ. There was also a weak but significant 

positive correlation between blister CD14+ MP count and cytokines that would be 

expected to be released by monocytes and macrophages at the site of inflammation 

such as TNFα, IL-1β and IL-6. Due to small sample sizes, correlations are not shown 

separately for each sex or timepoint, but this can be assessed visually (Figure 3-9). All 

correlations were stronger at the later timepoints (24h onwards) and in the male cohort 

than the female cohort: For females alone MPs are only statistically significantly 

correlated with MDC (p= 0.0262) and IFNɣ (p=0.0192), whereas for males there are 

significant correlations of MPs with TNFα (p=0.0006), MCP-1 (p=0.0093), MDC 

(p=0.0032), IFNɣ (p<0.0001), IL-1β  (p=0.0001) and IL-6 (p=0.0001). It is therefore likely 

that these cytokines are either playing a role in recruitment of monocytes, or being 

produced by MPs at the site of inflammation. 
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Figure 3-9 Correlation of CD14+ mononuclear phagocytic cells with cytokines 
involved in monocyte recruitment, or released by MPs 
1.5x107 UVkEc were injected into the dermis of healthy female and male 
volunteers. At indicated time points immune cells were acquired from the 
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inflamed site by negative pressure suction cup and separated from inflammatory 
exudate by centrifugation. Cells were analysed by flow cytometry and cytokine 
levels in inflammatory exudate were analysed using MSD v-plex. Data are 
presented on log(2) scales and demonstrate correlations  at all timepoints (various 
shapes, see key) in males (blue) and females (pink). Correlation analysis by 
Pearson r method, with stars indicating statistical significance (corresponding p 
values shown in table). 

3.2.7 Immunohistochemistry of skin biopsy samples confirms temporal 

profile of inflammatory cells 

In order to ascertain whether the blister model accurately reflects the underlying tissue 

cell composition, skin biopsy samples were taken from 3 individuals at each time point 

(4hours, 8 hours, 24hours, 48hours, 72hours, day 5 and day7). Detailed 

immunohistology was beyond the scope of this thesis, but MP populations, detected by 

surface expression of CD68 and CD163, increased between 4hours and 24hours (Figure 

3-10), with an increase in CD4+ and CD8+ lymphocytes also seen over this time period 

(data not shown). The same patterns were observed in male volunteers. Staining for 

neutrophil elastase has been difficult to date due to non-specific staining. 

Immunohistochemistry therefore confirmed the patterns of infiltration of 

haematopoietic cells observed using the suction blister method. 
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Figure 3-10: Immunohistochemistry of skin biopsies following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of healthy female volunteers. At 
indicated time points, 3mm punch biopsies were taken from the site of injection. 
Samples were preserved in formaldehyde before being embedded in paraffin wax. 
4μm sections were stained with anti-CD163, shown here in brown. Results from 3 
individuals are shown at 4h and 24h. 

 

  



 

 88 

3.2.8 Tolerability questionnaire confirms model as acceptable to volunteers 

Translating the UVkEc suction blister into use in patients with inflammatory diseases 

required detailed risk assessment. Data relating to pain and other symptoms in females 

was collected prospectively using visual analogue scales in 22 participants.  In addition, 

a questionnaire was retrospectively administered to 24 male participants whom had 

previously taken part. Fifteen responses were obtained from males (response rate 

62.5%) and are shown in Figure 3-12.  

The most poorly tolerated aspect of the procedures in males was the initial injection of 

UVkEc, with 53% (n=8) rating this as mild discomfort, 13.3% (n-2) rating it as moderate 

discomfort, and 26.7% (n=4) mild pain and 6.7% (n-1) moderate pain. The non-invasive 

doppler imaging was well tolerated as expected. The suction blister was also well 

tolerated, with 86.7% rating this as no pain or mild discomfort (n=3 and n=10 

respectively). Following UVkEC injection, the commonest symptom in men was mild or 

moderate pain at the site of injection in 80% (n=10 and n=2 respectively, time of peak 

pain unknown). 

The pain reported by the female volunteers is shown in Figure 3-11, peaking for most 

volunteers between 8-24h.  

Other symptoms included muscle aches and pains in 47% (7/15) males and 32% (7/22) 

females (mean VAS rating 22.5/100, range 0.5-7); headache in 27% (4/15) males and 

32% (7/22) females (mean VAS rating 17/100, range 6-50);  arm heaviness in 33% (5/15) 

males; general malaise in 40% (6/15) males; fever in 20% (3/15) males and 14% (3/22) 

females; and armpit discomfort in 60% (9/15) but only 18% (4/22) females (Male data 

shown in Figure 3-12 C).  

Systemic symptoms, where experienced, had resolved within 12 hours in 78% (7/9) 

males and 50% (6/12) females; within 24-48hours in 100% (9/9) males and within 24h 

in 92% (11/12) females. The remaining female had a very mild muscle ache (rated 2/100 

on VAS) until 48h. (Male data shown in Figure 3-12 D) 
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Figure 3-11 Pain at site of i.d. UVkEc injection in female volunteers 
Following i.d. injection of 1.5x107 UVkEc, female volunteers were asked to rate the 
pain in their forearms at each visit, prior to blister/biopsy, on a visual analogue 
score from 0 (no pain) to 10 (worst imaginable pain) The average score for both 
forearms is shown as a single point for each individual, with a line at the mean of 
all individuals at each timepoint 

53% of male participants stated that they would be very likely or somewhat likely (n=6 

and n=2 respectively) to participate in a similar study in the future, with 33.3% (n=5) 

being unsure. Females were not asked the equivalent question. 

These results and the free-text comments entered were used to inform the ethics 

application and participant information sheets for the RA and OA study, as well as the 

verbal information given to participants before and during the study.  



 

 90 

 

 
Figure 3-12 Tolerability of UVkEC suction blister model 
An anonymous online questionnaire was sent to recent male study participants. 
Questions pertained to symptoms resulting from procedures (A), UVkEC injection 
(B), and on the following page duration of those symptoms (C) and overall 
tolerability from the participants’ perspective (D). The raw data is shown with one 
answer per volunteer, together with the percentage (C,D). 
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Figure 3-12 Tolerability of UVkEC suction blister model continued 
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3.3 Summary 

In this chapter, I sought to determine whether participant sex affected the acute 

inflammatory response to UVkEC induced inflammation. The main aim of this thesis was 

to use a novel model of acute inflammation triggered by intradermal UVkEc to 

characterise the resolution of acute inflammation in patients with RA, and identify 

whether there are any defects in these pathways in these patients. However, as RA 

affects females more commonly than males, it was crucial to understand any 

fundamental differences in the acute inflammatory response in males and females.  

In this chapter for the first time I assess the UVkEc skin blister model in healthy female 

individuals and compare the systemic response and local dynamic changes in 

microvascular reactivity, cell influx and phenotype, and cytokine expression with those 

previously described in male volunteers (1).    

These data demonstrated the expected erythema and microvascular reactivity peaking 

at 24 hours following UVkEc injection, but this response was significantly reduced in 

females.  Overall blister cell numbers were also lower in females, most notably CD14+ 

MPs, and the average MP surface expression of CD14 was also reduced in females 

compared to males.  Characterisation of cytokines showed generally reduced peak 

cytokine levels in females compared to males. Taken together these data suggest a 

reduced acute inflammatory response to intradermal UVkEc injection in healthy female 

volunteers compared to males.  This is consistent with previous studies and clinical 

observations and will be discussed in more detail in Chapter 7 (Discussion). 

Critically, assessment of the tolerability of this model identified no significant barriers to 

translation into a patient cohort, with pain related to the injection itself being the main 

concern of volunteers. This enabled successful ethical approval for further exploration 

of this model in patients with OA and RA as presented in Chapters 4, 5 and 6.  
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Chapter 4 

Using the UVkEc blister model to study the 

acute inflammatory response in participants 

with RA and OA compared to healthy controls  
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4 Using the UVkEc blister model to study the acute inflammatory 

response in participants with RA and OA compared to healthy 

controls 

4.1 Introduction 

RA is a systemic autoimmune condition, primarily affecting the joints. Active disease is 

also associated with elevated systemic markers of inflammation and many patients have 

extra-articular complications of disease suggestive of a systemic alteration in the 

function of the immune system.  In contrast, whilst OA also manifests clinically with joint 

damage, it is considered to be a disease of wear and dysfunctional repair locally within 

the joints, with a secondary inflammatory response. Thus, a systemic defect in the acute 

inflammatory response in extra-articular tissues would not be expected in OA.  

The aim of chapters 4 and 5 is to compare the acute inflammatory response in 

participants with RA, OA and healthy controls, testing the hypothesis that there is an 

inherent difference in the innate immune response in patients with RA compared to OA 

and healthy individuals, which increases their risk of developing a chronic inflammatory 

disease, i.e. a defect that contributes to the pathogenesis of the disease.  

The UVkEc skin blister model offers an excellent opportunity to test this hypothesis in 

vivo in patients, as it elicits both systemic and local immune responses, and facilitates 

serial profiling of biological samples through the phases of onset and resolution of acute 

inflammation.  Building on the analysis of the acute inflammatory response to i.d. UVkEc 

injection in healthy females (chapter 3), the systemic response to UVkEC injection was 

assessed by asking participants a series of structured questions relating to their 

symptoms, measuring systemic temperature and peripheral blood sampling. The local 

response was assessed clinically by measuring local temperature and microvascular 

reactivity. Finally, suction blisters were raised over the site of inflammation during the 

onset phase (4h) on one arm; at the start of the resolution phase (24h) on the other arm; 

during the post-resolution phase (day 14); and over naïve skin which had not been 

affected by UVkEC associated inflammation (baseline).   
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In this chapter, I present the results describing the presence and phenotypes of different 

inflammatory cell types.   This is followed in chapter 5, by the characterisation of the 

cytokine and lipid mediator profile across time.   
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4.2 Results 

4.2.1 Participant characteristics 

In the first cohort of the RA/OA study, following screening assessments, 6 participants 

each with OA and RA were successfully recruited together with 9 healthy controls. The 

inclusion and exclusion criteria are shown in Table 4-1. Recruitment was challenging due 

to best clinical practice requiring early treatment of patients with RA with disease 

modifying anti-rheumatic drugs (DMARDs), which is usually lifelong. Hence patients with 

RA not on DMARD treatment are rare. 

Table 4-1 RA/OA study key inclusion and exclusion criteria 

 

Participant characteristics shown in Table 4-2, Table 4-3, and Table 4-4 include joint 

involvement together with known risk factors for RA (antibody status, family history and 

smoking status), and other aspects of medical history that may affect immune function 

(medical history, recent vaccinations, current and recent medications, and hormonal 

status in terms of menopause or hormonal contraceptive use for female participants).  

Inclusion criteria 
 
Healthy 

No inflammatory or autoimmune systemic condition 
Rheumatoid Arthritis 

Diagnosed by consultant rheumatologist 
‘seropositive’ for RF or anti-CCP antibodies 
Low disease activity (DAS-28 score <3.2) 

Osteoarthritis 
Clinical diagnosis  
No inflammatory or autoimmune systemic condition 

 
Exclusion criteria 

Current or recent (<2months) immunosuppressive medication  
e.g. DMARDs or steroids 

NSAID use within 1 week prior to baseline visit 
Inability to consent or communicate with research team  
Pregnancy and breastfeeding 
History of pyoderma gangrenosum or poorly healing wounds 
Abnormal baseline FBC 
 

Not excluded (In contrast to healthy volunteer study) 
Recent vaccinations 
Alcohol, smoking, or exercise restriction 
‘non-inflammatory’ co-morbidities e.g. hypertension 
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Participants were not perfectly age matched due in part to difficulty in accessing and 

recruiting healthy volunteers of working age into a time-consuming study, and fitting 

study visits around work commitments. The groups were broadly sex-matched with the 

majority of participants being female, other than one male in each of the healthy and 

RA groups.  

 
Figure 4-1 RA/OA study: Age of participants in the three groups 
Age of each volunteer recruited into the three groups for the RA/OA study is 
shown with healthy participants in blue, participants with RA in red, and OA in 
green. 

Participants in the RA group were all seropositive for anti-CCP with high titres, which has 

a high specificity for RA (150), and 5/6 participants were also seropositive for RF. None 

of the participants in the healthy or OA group had positive RF or anti-CCP antibodies. All 

participants had been diagnosed with RA by a consultant rheumatologist and managed 

as such for the duration of their disease. 3/6 had tried DMARDs at some stage but had 

stopped for a variety of reasons including inefficacy and side-effects and preferred to 

continue to manage their condition without DMARDs. The other 3 participants had 

made a decision not to start DMARDs preferring to try other methods of self-

management (e.g. fish oils, vitamins, turmeric). At the time of the study, all participants 

had low disease activity. Moderate or high disease activity (DAS >3.2) was an exclusion 

criterion, due to anticipated difficulty in interpreting the response to UVkEc in the 

context of widespread active systemic inflammation.  
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Participants in the OA group had diverse disease in terms of distribution and severity, 

but all had either confirmed radiographic evidence of degenerative disease relating to 

their symptoms, or clear clinical signs of OA.  4/6 had required surgical intervention for 

OA.  

Participants with RA and OA had a greater burden of (non-inflammatory) co-morbidity 

compared to healthy controls and were on more concomitant medications. Annual 

influenza vaccinations are recommended for participants with RA, but there was a 

similar balance of participants who had and hadn’t had recent vaccinations across the 

three groups. 

 
 

 

 

 

 

 

 

Notes for Tables 4.2-4.4 

Data shown include RF and anti-CCP antibody status at the time of study, a family history 

of RA, and smoking (all known risk factors for RA), and full past medical history.  

Other medical history, medication use, recent vaccinations and hormonal status (in 

females) could also affect the acute immune response to UVkEc and are shown for all 

participants.  

Abbreviations: 

BCC (basal cell carcinoma), COPD (chronic obstructive pulmonary disease), TIA (transient 

ischaemic attack), GI (gastrointestinal), BSO (bilateral salpingo-oophorectomy) 



 

99 

Age/ 
Sex 

Joint  
involvement 

Joint  
surgery 

RF/ 
Anti-
CCP 

Family 
history 

Smoking 
history Other medical  

conditions 
Vaccinations 

(last 3/12) 
immuno-

suppression 
Regular 

medication 
Hormonal  

history 

           

     
       

      
 

 

 
 

    

 

 

 
   

     
 

    

           

           

           

           

    
 

 

  
      

 

Table 4-2  Characteristics of 9 healthy participants in RA/OA study.  
The table shows any joint condition, together with known risk factors for RA. and other aspects of medical history that may affect immune function. 
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Table 4-3 Characteristics of 6 RA participants in RA/OA study.  
Participants’ RA joint involvement shown, together with known risk factors for RA, and other aspects of medical history that may affect immune 
function  
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Table 4-4  Characteristics of 6 OA participants in RA/OA study.  

Participants’ OA joint involvement shown, together with risk factors for RA, and other aspects of medical history that may affect immune function 
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4.2.2 Clinical response to intradermal UVkEc 

4.2.2.1 Adverse events 

There was one adverse event in the RA study. A participant with RA experienced a flare 

of RA from 24h after injection with UVkEc. This was reported to and discussed with the 

sponsor and clinical consultant rheumatologist collaborators. Whilst she did not wish to 

be withdrawn from the study, and so data has been included up to that point, further 

blister samples were not taken from this individual. No further flares of RA disease were 

reported in other participants recruited. 

4.2.2.2 Systemic symptoms are slightly more common in participants with RA 

Participants were asked about headache, muscle ache, armpit ache and fever in the time 

period leading up to their 4h and 24h visits. Headache was experienced by 33% (7/21): 

2/9 healthy (mean maximum VAS 12.5/100), 4/6 RA (mean maximum VAS 18.75/100) 

and 1/6 OA (maximum VAS 42/100). Muscle ache was also experienced by 33%: 5 of the 

same participants and 2 others (again 2/9 healthy, 4/6 RA, 1/6 OA). Armpit ache was 

experienced by 5/21 participants (3/9 healthy, 1/6 RA, 1/6 OA). Only 2 participants (both 

RA) described feverishness. An additional symptom of tiredness was volunteered by 

6/21 participants (2/9 healthy, 2/6 RA, 2/6 OA). 

Systemic symptoms had resolved by 24h in 42% (5/12) of participants. Another 5/12 had 

residual muscle ache at this stage and 2/12 had residual armpit ache. Overall, RA 

participants reported a slightly higher frequency of systemic symptoms (headache and 

muscle ache) at 4h (3/6 vs 3/9 healthy and 2/6 OA) and 24h (3/6 v 2/9 healthy and 2/6 

OA).  

4.2.2.3 Participants with RA and OA experience less pain than healthy volunteers 

All participants mounted a classic localised inflammatory response to UVkEc injection, 

manifest by pain and tenderness, erythema, and localised increase in temperature and 

swelling. At each visit (baseline, 4h and 24h), participants were asked to rate the pain 

and tenderness at the site of injection on their forearm, as described in methods (section 

2.6 p44). From healthy volunteer data (Figure 3-11 page 89), it was clear that the peak 

of pain and tenderness lay between these two timepoints and started to improve by 

24h.  Participants with RA and OA experienced less pain and tenderness at both 4h and 

24h. At 4h there was a statistically significant difference between pain reported by the 
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three study groups (p=0.0222 by one way ANOVA) (Figure 4-2). There was a significant 

correlation between the reported pain and reported tenderness across all volunteers at 

both 4h and 24h (Spearman rank correlation r=0.7375, p=0.0003 at 4h; r=0.6018 

p=0.0064 at 24h).  

The temperature at the site of inflammation increased significantly from baseline to 4h 

and stayed elevated at 24h, but there was a non-significant change in systemic 

temperature taken at the forehead (Figure 4-2).  

Interestingly, the blistering process itself at 4h did not worsen the pain at the forearm 

site. Indeed, at 24h there was a trend (not statistically significant) towards reduced pain 

in the forearm which had been blistered at 4h compared to the arm which was due to 

be blistered at 24h. Amongst healthy participants reporting any pain at 24h, 6/8 had 

worse pain in the un-blistered arm, suggesting that some of the cells/cytokines removed 

from the site during blistering contribute to ongoing pain more than the trauma of the 

suction blister process.  
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Figure 4-2 Clinical symptoms manifest following i.d. UVkEc. 
1.5x107 UV-killed E. coli were injected into the dermis of RA, OA and healthy 
participants. Clinical assessment was undertaken at baseline, 4h and 24h after 
injection. Participants were asked to rate pain and tenderness at the site of 
injection on a VAS scale 0-10 as detailed in methods (mean of both forearms for 
each participant is shown here). Temperature was taken on the forehead and at 
the injection sites (mean of both forearms shown here). Data for each participant 
are shown (healthy in blue, RA in red, OA in green), with the mean for each group. 
Differences between 3 groups analysed by one-way ANOVA, with p-values shown. 

4.2.2.3.1 Local pain reporting does not correlate with underlying pain threshold. 

I next sought to investigate whether the decreased experience of pain at the site of 

inflammation in participants with RA/OA compared to healthy controls reflects 
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differences in pain threshold, or whether it could relate to differences in the local 

inflammatory response. 

This was investigated prospectively in a separate a cohort of 18 healthy male volunteers. 

Pain threshold was measured by inducing pressure with a digital force guage held over 

the sternocleidomastoid muscle area. Volunteers were asked to score (minimum 0, 

maximum 10) the degree of pain induced by maintaining a pressure of 40Newtons for 2 

seconds.  There was very little variation in pain threshold for each volunteer through the 

experiment, and so there was a strong correlation between individual pain threshold at 

baseline vs 4h (Pearson r=0.8017, p<0.0001) and baseline vs 24h (r=0.8003, p<0.0001). 

The increased sensation of pressure induced pain at 4h (or reduced pain threshold), and 

decrease at 48h, was not statistically significant (Figure 4-3).   

 

Figure 4-3 Pressure induced pain score (pain threshold) following i.d. UVkEc 
1.5x107 UV-killed E. coli were injected into the dermis of 18 Healthy male 
volunteers. At baseline, and 2h, 4h, 24h and 48h after injection, volunteers were 
asked to score the degree of pain induced by maintaining a pressure of 40Newtons 
for 2 seconds over their sternocleidomastoid muscle (minimum 0, maximum 10).  
Data are shown for each individual with a line at the mean. 

Pressure induced pain (pain threshold) was compared with the reported pain scores at 

the site of intradermal UVkEc induced inflammation. Pain threshold (at baseline or 
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4h/24h) did not correlate with either pain or tenderness at 4h or 24h (spearman rank 

correlation r<±0.4, p>0.05 for all permutations). 

These data suggest reported pain does not simply reflect differences in underlying pain 

threshold in healthy volunteers. Differences observed in intradermal UVkEC induced 

pain or tenderness between RA/OA participants and healthy volunteers may also reflect 

differences in the local inflammatory environment, leading to differences in nociception. 

This hypothesis can be tested by applying the same methodology to future cohorts of 

RA/OA/healthy participants. Differences in the local inflammatory environment which 

may contribute to this are further explored below. 
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4.2.3 No differences in peripheral blood leukocyte profile between groups 

following intradermal UVkEc, but OA participants have a greater CRP 

response  

Peripheral full blood count and CRP analysis was performed at baseline, 4h and 24h to 

assess the systemic response to the UVkEc injection (Figure 4-4). Intradermal UVkEc 

triggered a significant increase in peripheral blood neutrophil count in all groups by 4h 

and this returned close to baseline by 24h. The increase in monocyte count at 4h was 

more modest and again returned close to baseline by 24h. Lymphocyte counts did not 

show a significant change. As expected, the CRP rise was delayed to 24h. The OA group 

had a higher geometric mean CRP at baseline and mounted a higher CRP response to 

UVkEC (at 24h p=0.0332 by Kruskall-Wallis). 
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Figure 4-4 Full blood count (FBC) and CRP in RA/OA and healthy controls 
following i.d. UVkEC 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Peripheral blood was analysed for full blood count (FBC) and C-reactive protein at 
baseline, 4h and 24h. Selected FBC (neutrophil, monocyte and lymphocyte counts) 
and CRP results are shown. The result for each participant is shown, with healthy 
in blue, RA in red and OA in green, together with a line at the mean. Differences 
between 3 groups analysed by Kruskall-Wallis, * indicates p<0.05. 

Peripheral blood was also analysed by flow cytometry, which confirmed the same trends 

in neutrophil, monocyte and lymphocyte counts following UVkEc injection, and enabled 

further analysis of monocyte populations (Figure 4-5). This demonstrated that 

CD14+/CD16- classical monocytes (Figure 4-5C) made up the majority of monocytes in 
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all groups throughout the study, followed by CD14+/CD16+ intermediate monocytes 

(Figure 4-5B) and CD14-/CD16+ non-classical monocytes (Figure 4-5C). Peripheral blood 

classical monocytes/ml increased approximately in line with neutrophils/ml at 4h, and 

so the proportion of classical monocytes in whole blood remained relatively stable over 

time. Intermediate and non-classical monocytes tended to decrease in terms of 

number/ml and proportion at 4h, returning to baseline by 24h. There were no significant 

differences in the number of peripheral blood monocytes between study groups.  

 

Figure 4-5 Peripheral blood monocyte populations (per ml) in RA/OA and healthy 
participants following i.d. UVkEC 
1.5x107 UVkEc were injected into the dermis of RA,OA and healthy participants. 
Peripheral blood was analysed by flow cytometry and the numbers of each subset 
of peripheral blood monocytes per ml of whole blood is shown. The result for each 
participant is shown, with healthy in blue, RA in red and OA in green, together 
with a line at the mean. Differences between 3 groups analysed by one-way 
ANOVA, with no statisctical significance (p<0.05) detected. 



 

110 

4.2.4 Local response to intradermal UVkEC 

4.2.4.1 Decreases in microvascular reactivity in participants with RA/OA 

compared to healthy controls are not statistically significant 

Imaging of the inflamed site using laser Doppler in all participants showed microvascular 

reactivity increasing from 4h to 24h, consistent with the previous healthy 

characterisation cohort.  

Doppler data are presented in three formats as described in methods (section 2.7 page 

45): flare area (size of area of inflammation); mean flux within the inflamed area 

(intensity of increased blood flow at the site); and finally, total flux is a composite of 

both measures (flare area x mean flux).  

The benefit of analysing these data in all formats is demonstrated in Figure 4-6: a visually 

more reactive site (left) showed lower total flux compared to a more resolved site 

(right). In this case, the mean flux of pixels within the area of inflammation was more 

representative of the visual image (higher on the left than on the right).  
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Figure 4-6 Microvascular reactivity to i.d. UVkEc injection: Example images 
showing value of total and mean flux measurements 
Example dopplers are shown here from 2 individuals (healthy left, RA right) at 24h 
following i.d. UVkEc. Both forearms are shown for each individual. The calculated 
total flux is shown as lower for the healthy individual (left) compared to the 
participant with RA (right) as the area of inflammation is smaller, although the RA 
participant images appear to be more resolved. The lower mean flux within the 
inflamed area reflects this.  

Increases in microvascular reactivity following intradermal UVkEc at 4hours and 24hours 

are demonstrated in Figure 4-7 A, B and C.  The flare area increased from 4h to 24h and 

was consistent between groups (A). Participants with RA and OA had a trend towards 

reduced mean flux at the site of inflammation at both 4h and 24h (B), which translated 

into a reduction in calculated total flux, particularly at 24h (C), but this trend was not 

statistically significant. 
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Figure 4-7 Microvascular response in RA/OA and healthy participants following 
i.d. UVkEc  
1.5x107 UVkEc were injected into the dermis of RA,OA and healthy participants. 
The microvascular response at the site of inflammation was quantified using laser 
Doppler imaging at the timepoints shown. Each pixel is assigned a value in 
perfusion units (PU). A threshold of >300PU was used to define the area of 
inflammation. The flare area for each individual is shown (A), and the mean flux of 
all pixels within the area of inflammation (B). Finally, a total flux value (C)  was 
obtained by multiplying the mean flux (A) by the flare area (B). Differences 
between 3 groups analysed by one-way ANOVA, with no statistical significance 
(p<0.05) detected. 

There was no significant positive or negative correlation between the intensity (mean 

flux) and the area (flare area) of microvascular reactivity across all study groups at either 

4h or 24h (Figure 4-8), suggesting that these measures were independent of each other.  
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We have previously noted that a quicker or more robust onset of inflammation can be 

associated with more rapid resolution. However, interestingly there was also not a 

strong correlation between any of these measures at 4h vs 24h (all blank areas in the 

Figure 4-8 were non-significant with r values ranging from 0-0.4), suggesting that 

microvascular reactivity at 4h, or the speed of onset of the microvascular response, was 

not predictive of the peak microvascular reactivity at 24h. 

 

Figure 4-8 Relationship between different methods of reporting microvascular 
response 
The area of inflammation with flux greater than 300PU and 600PU was identified 
in all participants at 4h and 24h following i.d. UVkEc. The size (flare area) of pixels 
with flux >300PU or >600PU was calculated along with the mean flux within the 
inflamed (>300PU) area, and the total flux within the inflamed (>300PU area). A 
correlation matrix was generated between these measures and a matrix of 
correlation p values using spearman rank correlation method is shown here, with 
positive correlations shown in red (negative would be blue). Only statistically 
significant (p<0.05) correlations are shown.  

4.2.4.2 Blister formation 

As seen in healthy females, the volume of blister fluid obtained using the standard 

negative pressure protocol increased during acute inflammation, peaking at 24h (Figure 

3-4 page 75 and Figure 4-9). This was most marked in the participants with OA, with a 

significant difference between the three study groups at 24h (Kruskall-Wallis test 

p=0.0425).  
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The total number of cells per ml of blister fluid peaked at 4h, consistent with data from 

healthy males and females. There was a trend towards increased total immune cells at 

4h and reduced total immune cells at 24h in participants with RA, but this was not 

statistically significant (Figure 4-9).  

 

Figure 4-9 Blister volumes and total cell counts following i.d. UVkEc  
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated. The volume of the blister 
(ml) together with the total cell count/ml of blister fluid are shown. Healthy 
participants are shown in blue, participants with RA in red, and participants with 
OA in green. Differences between 3 groups analysed by Kruskall-Wallis, * indicates 
p<0.05. 

4.2.4.3 Haematopoietic cells in blister fluid 

The cellular composition of blister fluid was analysed by identifying the proportion of 

total haematopoietic cells made up by each cell type: neutrophils, MPs and 

lymphocytes. Thereafter, individual cell types were examined, expressed in cells/ml 

blister fluid (so as to avoid confounding by blister volume, as described in methods), and 

MFI (mean fluorescent intensity) of cell surface markers. Cell counts per total blister 

were also calculated and showed similar trends to those described below (data not 

shown). 

4.2.4.3.1 Cellular composition at the site of i.d. UVkEC induced inflammation 

Extracellular fluid drawn into suction blisters at baseline is predominantly lymphocytic. 

By 4 hours, 80-100% cells in the blister fluid were neutrophils. The proportions of MPs, 

dendritic cells and lymphocytes in all study groups increased by 24hours.  By day 14, the 
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composition of the blister was similar to baseline, being predominantly lymphocytic 

(Figure 4-10).  

Analysis of the proportion of different cell types gives an overview of the composition 

of blister fluid over time but doesn’t demonstrate the concurrent changes in cellular 

concentration of the blister fluid.  Therefore, analyses in the rest of this chapter are 

conducted using absolute numbers of different cell types per ml of blister fluid.  

 

Figure 4-10 Proportion of neutrophils, MPs and lymphocytes in blister fluid 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised in each individual at the 4 timepoints indicated. The 
number of neutrophils (A: CD16 high), mononuclear cells (B: CD14+) and 
lymphocytes (C: CD3/CD19/CD20/CD56+, CD14-, CD16-) as a proportion of all 
haematopoietic (CD45+) cells are shown.  Differences between 3 groups analysed 
by one-way ANOVA, * indicates p<0.05. 
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4.2.4.3.2 Mononuclear Phagocytes 

The number of MPs at the site of inflammation increased from 4h to 24h in all groups. 

As well as being proportionately reduced in RA/OA compared to healthy controls (Figure 

4-10), the number of MPs/ml was also lower (Figure 4-11).  

 

Figure 4-11 Mononuclear phagocytes in blister fluid following i.d. UVkEc.  
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated and cells separated from 
exudate by inflammatory exudate. Cells were stained for flow cytometric analysis to 
identify different cell populations. Number of MPs per ml of blister fluid are shown. 
Differences between 3 groups analysed by one-way ANOVA, * indicates 
p<0.05. 

To further understand these changes in RA/OA compared to healthy controls, the 

phenotype of MPs was characterised by profiling surface expression of CD16, HLA-DR, 

CD163 and CXCR2. The characteristics of the two major populations of MPs (CD16 low 

or ‘classical’ and CD16 high ‘intermediate’) were then examined.  

4.2.4.3.2.1 Mononuclear phagocyte phenotype: participants with RA have higher CD163 

expression at 24h. 

In blister fluid at 4h, the majority of the mononuclear phagocytic cells (HLA-DR+, CD14+) 

had low/negative CD16 expression (analogous to classical monocytes in peripheral 

blood). By 24h the whole population gained expression of CD16 (more intermediate-

like), and was then composed of a CD16low (but not negative) and CD16 high 

populations (Figure 4-12, described further in Figure 4-15 and Figure 4-16). This gain in 

CD16 in the whole population of MPs raises the possibility that ‘intermediate’ cells may 
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have actually infiltrated the site as ‘classical’ cells, but gained significant CD16 

expression, as opposed to intermediate monocytes from the peripheral blood directly 

entering the site (discussed later in section 4.2.4.3.2.3).  

 

Figure 4-12 Surface expression of CD16 on blister mononuclear phagocytes 
1.5x107 UVkEc were injected into the dermis of RA,OA and healthy participants. 
Suction blisters were raised at the timepoints indicated. CD16 surface expression 
was quantified using polychromatic flow cytometry. Geometric mean fluorescent 
intensity of CD16 was calculated for the total population of MPs shown for all 
individuals (A), and a representative example shown (C). The cd16 expression on 
the same population of CD14+ MPs in peripheral blood (i.e. classical and 
intermediate monocytes) is shown for comparison (B).  
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In peripheral blood (as shown earlier in Figure 4-5 p109), there were changes in 

monocyte populations (e.g. increase in classical monocytes, but a decrease in 

intermediate monocytes at 4h), with resultant changes in CD16 expression on the whole 

population (Figure 4-12). CD16 expression on blister MPs was at least 10fold higher than 

that on peripheral blood. There was no significant difference between participant 

groups.  

Similarly, there was a gain in surface expression of HLA-DR on MPs at the site from 4h-

24h, again significantly higher than peripheral blood monocytes (Figure 4-13).  There 

was no difference between participant groups. Expression of CD14 on blister MP 

populations also increased from 4h - 24h (data not shown), with no difference between 

participant groups. 

CD163 is a haemoglobin haptoglobin scavenger expressed on tissue resident 

macrophages(151), but may also be upregulated on anti-inflammatory or resolution 

macrophages following efferocytosis of apoptotic bodies(152).  There was a gain in 

surface expression of CD163 expression from 4h-24h on MPs at the site; surface CD163 

was lower than expression on equivalent peripheral blood cells at 4h, but significantly 

higher by 24h (across all groups).  In blister cells, CD163 expression on MPs at 4h was 

similar between all groups, whereas at 24h, there was higher CD163 expression in 

participants with RA, and to a lesser extent OA (Figure 4-13, ANOVA between all groups 

p=0.031).  

CXCR-2 (IL-8 receptor) has predominantly been studied for its role in neutrophil 

chemotaxis, but expression on myeloid cells may also play a role in chemotaxis at later 

stages of inflammation(153, 154).  There was an increase in expression of CXCR2 on the 

MPs in the blister from 4h-24h in most individuals, to a lesser extent in RA and OA 

participants than in healthy controls. There was a significant difference between the 

three groups at 24h, being lower in OA and RA participants than in healthy controls 

(ANOVA p=0.0423, Figure 4-13).  

In peripheral blood, there was a difference between the 3 groups in expression of CXCR2 

in MPs at baseline (ANOVA p=0.0345). However, this was not statistically significant at 

4h or 24h (Figure 4-13).  
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In summary, MP phenotype is altered at the site of intradermal UVkEC injection 

compared to the peripheral blood, and further changes are seen on these cells as 

inflammation progresses from 4h-24h with gains in surface expression of CD16, HLA-DR, 

CD14, CD163 and CXCR2. The only significant differences between participant groups 

compared to healthy controls were seen in blister cells at 24h, with increased CD163 

expression (RA > OA) and a reduced CXCR2 expression (OA<RA). 
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Figure 4-13 surface expression of HLA-DR, CD163 and CXCR2 on mononuclear 
phagocytes in the tissues (blister fluid) and peripheral blood following i.d. UVkEc.  
1.5x107 UVkEc were injected into the dermis of RA,OA and healthy participants. Peripheral 
blood was sampled (A) and suction blisters raised (B) at the timepoints indicated. Peripheral 
blood and blister fluid cells were stained for flow cytometric analysis. Geometric mean of the 
fluorescence intensity (geometric MFI) of HLA-DR, CD163 and CXCR2 was calculated on the 
population of MPs at each timepoint. Healthy participants are shown in blue, participants 
with RA in red and OA in green. Differences between 3 groups analysed by one-way ANOVA, 
* indicates p<0.05. 
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There was a positive correlation between CXCR2 expression on blister monocytes at 24h 

and the number of blister neutrophils and monocytes /ml at the same timepoint (Figure 

4-14), suggesting a potential role for CXCR2 ligands such as IL-8 in the recruitment of 

inflammatory cells to the site of inflammation. This is further explored below in the next 

chapter (section 5.1.1.2.1.1, p152) 

 

Figure 4-14 Correlation between surface expression of mononuclear phagocyte 
CXCR2 and cell numbers in blister fluid 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated. Geometric mean 
fluorescent intensity of CXCR2 on blister neutrophils and blister MPs was 
calculated (flow cytometric analysis) and is shown against the number of cells 
(neutrophils and total MPs respectively) in the blister at 24h, with the correlation 
analysis by spearman rank. Healthy participants are shown in blue, participants 
with RA in red, and OA in green 

4.2.4.3.2.2 Subsets of mononuclear phagocytes in UVkEc induced dermal inflammation 

in participants with RA/OA and healthy controls 

MPs in the blister can be divided into two populations, which will be referred to as blister 

classical monocytes (CD14+, CD16-) and intermediate monocytes (CD14+CD16+) for 

simplicity. The increase in MPs in the tissue seen in all individuals from 4h-24h is 

composed of both classical and intermediate monocytes (Figure 4-15), and both of these 

populations are reduced in RA and OA participants in the blister fluid at 24h (classical 

non-significant p=0.0683, intermediate p=0.0222). 
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Figure 4-15 Numbers of classical (CD14+ CD16–) and intermediate (CD14+CD16+) 
mononuclear phagocytes in blister fluid from 4h to 24h following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated and cells stained for 
analysis by flow cytometry. MPs  in blister fluid were divided into “classical” (A: 
CD16-) and “intermediate” (B: CD16+) subtypes, and are shown here as number 
per ml of blister fluid. Differences between 3 groups analysed by Kruskall-Wallis, * 
indicates p<0.05. 

4.2.4.3.2.3 Blister intermediate-like mononuclear phagocytes may be derived from 

classical cells in situ, rather than recruited de-novo from peripheral blood 

MPs at the site of inflammation at 4h are mainly CD16-/‘classical’. The gain of CD16 in 

the entire MP population (in all participant groups, shown in Figure 4-12) raised the 

possibility that classical cells present at 4h differentiate into an intermediate (CD16+) 

phenotype in situ by 24h. Data within our group has shown that CD16 surface expression 

is upregulated on classical monocytes maintained for 24h in tissue culture (AA Patel 

personal communication), and  blood intermediate monocytes have been shown to 

derive from classical monocytes(155). To investigate this further, flow cytometry was 

used to examine other surface characteristics of these cells. Figure 4-16 shows 24h data. 

Tissue intermediate monocytes were similar in size and granularity to the tissue classical 

monocytes. By definition they had a higher surface expression of CD16, but they also 

expressed more CD163. However, the increase in CD163 noted in the whole blister MP 

population at 24h in participants with RA was common to both classical (p=0.0212) and 

intermediate cells (not statistically significant p=0.2027). Surface HLA-DR, CXCR2 and 
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CD62L was similar between classical and intermediate cells in the tissue. The tissue non-

classical monocytes were very few in number but had very different surface marker 

characteristics with lower granularity (SSC), CD16, CD163 and CXCR2 surface expression 

and higher CD62L surface expression (Figure 4-16). These differences were preserved 

across all participant groups.  

In peripheral blood, CD16 expression was lowest on classical monocytes and highest on 

non-classical monocytes, whereas the highest HLA-DR and CD163 expression was seen 

on the intermediate cells (Figure 4-16). There was a decline in surface CD16, HLA-DR and 

CD163 expression from baseline to 4h in both classical and intermediate peripheral 

blood monocytes, rising back to baseline by 24h (Figure 4-13 CD16 data not shown).  

Throughout the timecourse, CXCR2 and CD62L were highest on classical monocytes and 

lowest on non-classical monocytes, whereas CD163 was highest on intermediates 

(Figure 4-16 shows 24h data).  

Therefore some differences between sub-populations of monocytes in the peripheral 

blood were not replicated in the tissues. For example, peripheral blood intermediate 

monocytes expressed more HLA-DR than classical or non-classical monocytes, but 

expression of HLA-DR was similar across subtypes in the blister. CD16 expression in 

peripheral blood was highest on non-classical cells, but high surface levels were not seen 

in the (very small population of) non-classical cells in the tissue at 24h. Thirdly, 

peripheral blood intermediate monocytes expressed less CXCR2 than classical 

monocytes, whereas these two populations in the blister have similar CXCR2 expression.  

The closer resemblance of intermediate MPs in the blister to classical cells in the blister, 

rather than to intermediate cells in the peripheral blood could support the hypothesis 

that tissue intermediate and non-classical cells have differentiated from classical cells in 

situ rather than directly migrating from the blood. This would also explain the reduction 

in both classical and intermediate phenotype MPs in participants with RA and OA 

compared to healthy controls. 
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Figure 4-16 surface phenotype of monocytes in peripheral blood and tissues at 
24h following i.d. UVkEc (continued on next page) 
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Figure 4-16 surface phenotype of monocytes in peripheral 
blood and tissues at 24h following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and 
healthy participants. Peripheral blood was sampled (A-G) 
and suction blisters (H-N) were raised at 24h. MPs were defined as classical (CD14 
high, CD16 low), intermediate (CD14 high, CD16 high) or non-classical (CD14 low, 
CD16 high). Phenotype of these three subpopulations in the tissue (blister) is 
compared with the equivalent sub-populations in the peripheral blood (A-G).  
Forward-scatter (FSC: A, H) gives an estimation of size of the cell and side scatter 
(SSC: B, I) estimates granularity. Geometric mean on the fluorescence intensity for 
HLA-DR (C, J) , CD16 (D, K), CD163 (E, L), CXCR2 (F, M) and CD62L (G, N) was 
calculated for each sub-population. Healthy controls are shown in blue, 
participants with RA in red, and participants with OA in green. Differences 
between 3 groups analysed by one-way ANOVA, * indicates p<0.05. 

4.2.4.3.3 Participants with RA/OA have fewer neutrophils at 24 hours 

It might be expected that a reduction in MPs in participants with RA and OA would 

correspond with a defect in the ability to clear neutrophils. However, the clearance of 

CD16high neutrophils from the site between 4h-24h was most evident in the RA and OA 



 

126 

participant groups (Figure 4-17), but not significantly different between groups. 

Approximately half of the healthy participants (those with lower neutrophil counts at 

4h) showed increases in neutrophil count from 4h-24h, but this was only the case for 2 

RA and 1 OA participant. There was a significant difference in the number of neutrophils 

present at 24h, with fewer neutrophils present in RA and OA participants (p=0.0137 by 

Kruskall-Wallis). 

 

Figure 4-17 Blister neutrophils following i.d. UVkEC  
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated, cells were separated from 
exudate by centrifugation, and analysed by flow cytometry. The number of 
neutrophils per ml of blister fluid at 4h and 24h is shown (A), with the percentage 
change in neutrophil count from 4h-24h (B). Healthy participants are shown in 
blue, those with RA in red, and those with OA in green. Differences between 3 
groups analysed by Kruskall-Wallis, * indicates p<0.05. 
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4.2.4.3.3.1 Neutrophil clearance: Inverse correlation between numbers of neutrophils at 

4 and 24 hours following intradermal UVkEc injection.  

There was a non-significant negative correlation between 4h neutrophil count and 24h 

neutrophil count (spearman r = - 0.3883, p=0.0819) i.e. the more neutrophils at 4h, the 

greater the clearance of neutrophils from 4h-24h, and the fewer neutrophils still present 

at the site at 24h.  

Change in neutrophils from 4h-24h also correlated with change in MPs from 4h-24h 

(Spearman rank r=0.679, p=0.0007 graph not shown) i.e. those participants with the 

greatest clearance of neutrophils from 4h-24h have higher MP counts at 4h (r=-0.525 

p=0.0146 Figure 4-18 A) and lower MP counts at 24h (r=0.51, p=0.0181, Figure 4-18 B), 

whereas those in whom the neutrophil count has increased from 4h-24h have more MPs 

at 24h (Figure 4-18 B). 

 

Figure 4-18 Correlation of neutrophil clearance and mononuclear phagocytes 
1.5x107 UVkEc were injected into the dermis of RA,OA and healthy participants. 
Suction blisters were raised at the timepoints indicated. The percentage change in 
neutrophils/ml of blister fluid from 4h-24h is plotted against the number of 
MPs/ml blister fluid at 4h (A) and 24h (B) and correlation calculated by spearman 
rank.  

In summary, participants with RA and OA had significantly fewer neutrophils than 

healthy controls at 24h, and a trend towards faster neutrophil clearance over 4h-24h. 

This was despite MPs (the cells involved in phagocytosis and clearance of apoptotic 

neutrophils) also being reduced in participants with RA/OA at 24h.  
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4.2.4.3.3.2 L-selectin (CD62L) expression on PMNs from participants with OA and RA and 

healthy controls following intradermal UVkEc  

Having noted a trend towards increased neutrophil clearance in participants with RA 

(and OA) compared to healthy controls, surface characteristics of peripheral blood and 

blister neutrophils were examined to further understand the processes of neutrophil 

trafficking into the site and subsequently neutrophil clearance.  C262L (L-selectin) is a 

cell adhesion molecule expressed on leukocytes with a role in regulating migration into 

the site of inflammation. We have previously noted accumulation of CD62L on blister 

neutrophils during the resolution phase(1).  CXCR2 is the receptor for IL-8 expressed on 

neutrophils enabling trafficking in response to this chemokine. 

In peripheral blood neutrophils from baseline to 4h there was a slight transient increase 

in  surface CD62L expression noted in approximately half the individuals in each group 

(Figure 4-19, A). From 4h-24h there was a decline in surface CD62L in all healthy 

participants and to a lesser extent in most OA participants, but the trend was the 

opposite (increasing) in the majority of RA participants. Thus, there was a significant 

difference in the peripheral blood neutrophil CD62L expression at 24h between the 3 

groups, with expression highest in RA participants and lowest in healthy participants 

(ANOVA, p= 0.0071) 

At the site of inflammation, blister neutrophils had significantly lower CD62L surface 

expression compared to blood neutrophils at the same timepoints (Figure 4-19 B), likely 

reflecting the shedding of this surface marker as the neutrophil migrates into the tissue. 

However, between 4h and 24h CD62L expression on neutrophils increased (still 

significantly lower than peripheral blood expression), which could be due to 

upregulation of this molecule on the same neutrophils with time, or a later influx of 

neutrophils with higher (or less shedding of) CD62L (Figure 4-19, B).  This increase in 

expression from 4h-24h was trend was most significant in the RA (p=0.0101 paired t test) 

and OA (p=0.0283) groups compared to the healthy group (p=0.1312) .  

Neutrophil CXCR2 surface expression however did not show any significant differences 

between groups (Figure 4-19 C,D). CXCR2 was also lower on tissue neutrophils compared 

to peripheral blood neutrophils. In most individuals there was a reduction in CXCR2 
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expression on peripheral blood neutrophils in the acute phase (baseline to 4h) (Figure 

4-19, D). In some individuals this decline continued 4h to 24h (8/9 healthy, 4/6 OA but 

only 2/6 RA), whereas in others there was a return towards baseline. In extravasated 

neutrophils in the tissue, there was a statistically significant increase in CXCR2 surface 

expression from 4h to 24h (Figure 4-19, B) in all groups. 

In summary, the phenotype of peripheral blood neutrophils altered following 

intradermal UVkEC injection, with decreased surface expression of CD62L and CXCR2. 

This change was evident out to 24h in most participants with OA and healthy controls, 

whereas in the majority of participants with RA, the peripheral blood neutrophil 

phenotype was returning towards baseline by 24h. At the site of inflammation, blister 

neutrophil surface expression of CD62L and CXCR2 was significantly lower than in the 

peripheral blood, but increased from 4h to 24h in all groups, with the trend of increased 

CD62L expression being most evident in the RA and OA participants.   
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Figure 4-19 Blister and peripheral blood neutrophil surface markers: CD62L and 
CXCR2 following i.d. UVkEc 

1.5x107 UVkEc were injected into the dermis of RA,OA and healthy participants. Suction 
blisters were raised at the timepoints indicated. Expression of CD62L (A&B) and CXCR2 
(C&D) on the surface of CD16high neutrophils was determined by staining with 
antibodies to CD62L and CXCR2 respectively and analysed using flow cytometry. The 
median fluorescent intensity of each antibody on the population of CD16high 
neutrophils is shown in the peripheral blood (A&C) and blister (B&D). There is a 
significant (one way ANOVA p=0.0071) difference in blood neutrophil CD62L expression 
at 24h between the 3 groups, other differences between groups are not statistically 
significant by one way ANOVA. 

4.2.4.3.4 Lymphocyte populations in UVkEc induced dermal inflammation in participants 

with RA and OA versus healthy controls 

Flow cytometry of blister cells was focussed on detailed characterisation of the 

mononuclear phagocytic cells, and thus it was difficult to quantify B and T cells with 

certainty (antibodies to CD3, CD19, CD20 and CD56 were conjugated to the same 

fluorophore and could not be distinguished). However, the population of lymphocytes 

clearly divided into HLA-DR positive and negative populations, which may represent B 

and T cells respectively.  NK cells could not be distinguished with confidence for the 
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same reason, but an estimation can be made by identifying cells with the FSC and SSC 

characteristics of lymphocytes and positive staining for CD3/CD19/CD20/CD56, but 

being HLA-DR negative and CD16+ (unlike B and T lymphocytes).  

Baseline blisters had very few cells but were predominantly lymphocytic (Figure 4-20). 

From baseline to 4h, there was no evidence of lymphocyte migration into the site (the 

absolute number of lymphocytes per ml was slightly reduced), but there was an increase 

in lymphocytes and NK cells from 4h to 24h. By day 14 numbers had returned towards 

baseline.  There were no statistically significant differences between groups. 
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Figure 4-20: Tissue lymphocyte numbers per ml blister fluid 
following i.d.UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and 
healthy participants. Suction blisters were raised at the 
timepoints indicated. Total lymphocytes were identified by size and granularity 
(FSC / SSC) and positive staining for either CD3/CD19/CD20/CD56, and are 
expressed as a total number per ml of blister fluid (A). T cells (C: CD16-, HLA-DR-), 
B cells (D: CD16-, HLA-DR+) and NK cells (B: CD16+, HLA-DR-) were estimated as 
they could not be characterised with certainty with the flow cytometry antibody 
panel used.   Differences between 3 groups analysed by Kruskall-Wallis with no 
statistically significant (p<0.05) differences found. 
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4.3 Summary 

The aim of this study was to test the hypothesis that there is a difference in the innate 

immune response in participants with RA compared to healthy controls. In this chapter 

I have characterised the response to intradermal UVkEc induced inflammation in 

participants with RA, OA and healthy controls. The response was comprehensively 

assessed both systemically and locally, encompassing clinical parameters as well as the 

response at cellular level.  

This identified several key differences.  At a clinical level, participants with RA and OA 

experienced less pain at the site of inflammation compared to healthy volunteers, and 

there was a trend towards reduced microvascular reactivity.  

Systemically, the peripheral blood neutrophil phenotype exhibited a reduction in 

surface expression of CD62L and CXCR2 following intradermal UVkEc: there was a trend 

towards RA participants’ peripheral neutrophil phenotype returning to baseline around 

24h, more quickly than healthy volunteers. For example, the trend towards a decline in 

peripheral blood CD62L from 4h-24h, which could reflect a release of CD62L dim 

neutrophils from the bone marrow in response to inflammation (156), is seen in OA and 

healthy participants, but not those with RA in whom CD62L expression is closer to 

baseline by 24h. 

The local cellular response in participants with RA/OA was characterised by a trend 

towards greater clearance of neutrophils between 4h-24h, with significantly fewer 

neutrophils at the site of inflammation by 24h compared to healthy controls. Across all 

groups there was an inverse relationship between neutrophil counts at 4h and 24h: this 

suggests either that the faster the onset of inflammation, the faster the resolution, or, 

the more ‘vigorous’ the onset phase of inflammation, the quicker the resolution. In 

addition, participants with RA/OA had fewer MPs at the site of inflammation at 24h. The 

reduction in MPs was not subtype specific: both classical CD16- and intermediate CD16+ 

cells were reduced.  

Alongside this, I suggested that intermediate monocytes at the site of inflammation at 

24h in this model may derive from the differentiation of classical monocytes in situ, 

rather than extravasation of intermediate monocytes from the peripheral blood. This 

hypothesis was based on the observation that all monocytes in the blister fluid gained 
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expression of CD16 between 4h-24h, and that intermediate monocytes in the blister 

fluid resembled classical monocytes more closely than their peripheral blood 

counterparts in terms of surface marker expression e.g. HLA-DR and CXCR2. Therefore, 

the underlying difference in monocyte recruitment to the site in participants with RA/OA 

may result from reduced trafficking of classical CD16- monocytes, resulting in a smaller 

population of cells to differentiate into CD16+ intermediate type MPs.  

Another key finding of this chapter was that despite a reduction in MPs, a key role of 

which is to phagocytose apoptotic neutrophils at the site of resolving inflammation, the 

clearance of neutrophils is not impaired in participants with RA/OA but is if anything 

enhanced. CD163 expression was higher on MPs of participants with RA at 24h 

compared to participants with OA and healthy controls, which would be consistent with 

accelerated resolution in participants with RA/OA ((152, 157)).  

One hypothesis to explain these data is that, contrary to our hypothesis of delayed 

resolution of acute inflammation, the trajectory of inflammation was in fact faster in 

participants with RA/OA compared to healthy controls. Therefore, at the timepoints 

studied, the inflammatory milieu was closer to resolution: the clearance of neutrophils 

was more efficient, and the peak of MPs being measured in healthy volunteers had 

passed. This hypothesis is explored further by studying trends in the soluble mediators 

of inflammation and resolution in the next chapter. 
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5 Soluble mediators of inflammation in response to intradermal 

UVkEc in participants with RA and OA compared to healthy 

controls 

A key advantage of the UVkEc Blister model is that the opportunity to characterise the 

local soluble mediator milieu including cytokines, chemokines and lipid mediators; 

factors known to help drive and resolve acute inflammation.  In this chapter I present 

the findings from the use of multiplex ELISA assay to quantify the temporal dynamics of 

30 common cytokines and chemokines. These results are then integrated with 

correlation analyses exploring the relationships between the concentrations of 

cytokines and the presence of different cell types described in chapter 4.   Finally, I report 

the liquid-chromatography mass spectrometry (LC-MS) analyses for families of lipid 

mediators in the blister fluid. 

5.1.1.1 Blister Cytokines 

Cytokine levels in blister fluid at 4h and 24h are shown in Figure 5-1 . Blister cytokine 

levels at day14 were low and are presented together with baseline levels in Figure 5-2. 

Cytokine levels in plasma at baseline, 4h and 24h are presented in Figure 5-3. This 

enables appropriate scales to identify patterns at lower concentrations. Cytokines are 

shown broadly grouped into those traditionally considered to be modulators of 

lymphocyte (sections A/B), MP (B/C) and granulocyte migration or activity (D), and 

regulatory cytokines (F) to identify any emergent patterns within groups of cytokines 

with similar roles.   

5.1.1.1.1 Cytokine activity in blister fluid following intradermal UVkEc injection 

Levels of the majority of cytokines at baseline were very low, with the exception of IL-7, 

constitutively secreted by keratinocytes (Figure 5-2).   

Many cytokines e.g. TNFα peaked around 4h in all participants returning towards 

baseline at 24h (Figure 5-1). IL-1α, MCP-4 and TNFβ also peaked early at 4h but declined 

below baseline at 24h before increasing back towards baseline by day14.  Amongst these 

early cytokines, there were few significant differences between participant groups: 

namely participants with RA and OA showed reduced IL-13 at 4h (Figure 5-1 B), and 
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reduced GM-CSF at 4h (RA only, Figure 5-1 C), but increased IL-6 at 24h (RA>OA, Figure 

5-1 A), compared to healthy controls. 

Other cytokines e.g. IL-16, IL-17, IL-12p40 and IFNɣ peaked between 4h and 24h, with 

the highest levels seen at either 4h or 24h in different individuals. Later cytokines, 

peaking at 24h in most individuals, included IL-15, TARC, IP-10 and MDC. Amongst these 

cytokines, there was a trend towards reduced IP-10 and IFNɣ in participants with RA and 

OA at 24h.  

5.1.1.1.1.1 IFNɣ, IP-10 and IL-12 

A key finding of section 4.2.4.3 was that participants with RA/OA had fewer MPs at the 

site of inflammation at 24h. In this section, cytokines that may be involved in monocyte 

recruitment are analysed in more detail.  

Amongst participants with RA and OA, there was a trend towards reduction in some 

cytokines involved in monocyte chemoattraction, namely GM-CSF at 4h in participants 

with RA, and IL-12p70, IP-10 and IFNɣ at 24h in RA/OA participants. Interferon gamma 

(IFNɣ) is generally considered to be a T cell and NK cell produced cytokine and has a 

direct role in activating MPs.  Production can be induced by IL-12. These cytokines were 

being produced at relatively high levels at the site of inflammation by 4h, prior to the 

main influx of MPs (Figure 5-1). IP-10 (IFNɣ induced protein-10 / CXCL-10) is released by 

monocytes, endothelial cells and fibroblasts in response to IFNɣ (via the IFNɣ receptor). 

IP-10 peaked at 24h, slightly later than IFNɣ and IL-12.    

5.1.1.1.1.2 MCP-1, MCP-4 and MDC 

Other monocyte chemoattractants, MCP-1 and MCP-4 were present in the blister at high 

levels at 4h, prior to the main influx of mononuclear cells. MCP-4 had already dipped 

below baseline levels by 24h and back to baseline levels by day14. MDC appears to be 

constitutively produced in the skin, as it was more concentrated in baseline blister fluid 

than baseline plasma; but local production peaked at 24h, later than MCP-1 or MCP-4. 

MDC was thus temporally associated with MP influx to the site. There were no 

statistically significant differences in blister levels of MCP-1, MCP-4 or MDC between 

participant groups at either 4h or 24h, although there was a trend at 24h towards 

increased MCP-4 and reduced MDC in participants with OA. 
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Figure 5-1
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Figure 5-1 continued
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Figure 5-1 Cytokine levels in cell free inflammatory exudates of RA and OA 
participants versus healthy controls at 4h and 24h following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated, and cells were separated 
from inflammatory exudate by centrifugation. Cytokine levels (pg/ml) in cell-free 
inflammatory exudate were analysed using MSD V-plex. Cytokines are grouped 
into those which predominantly activate B and T lymphocytes (A), lymphocytes 
and MPs (B), MPs (C) or granulocytes (D), VEGF (E), and those considered to have 
predominantly immuoregulatory action (F). Significant differences between the 
three groups at either 4h or 24h, (p<0.05 by Kruskall-Wallis ANOVA) are marked 
with a *. 
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5.1.1.1.2 Cytokine levels in the post-resolution phase: day 14 

Blisters were also raised at the site of inflammation 14days following intradermal 

injection of UVkEc to investigate the post-resolution phase. Cytokine concentrations 

were compared with blisters raised over distal skin which had not become inflamed 

during the earlier acute response to UVkEc (‘baseline’). 

Most cytokines returned back to low levels (similar to baseline) by day 14.  IL-15, IL-5, 

MIP-1α, MCP-4 and TNFβ generally returned to levels lower than baseline. IL-17, IL-12 

p70, IL-1β , IL-2, IP-10 and IFNɣ were still above baseline levels by day 14 in most 

individuals. However, cytokine levels at baseline and day14 were generally so low that 

biologically relevant differences between participant groups would be difficult to detect 

(Figure 5-2). 
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Figure 5-2 Cytokine levels in cell free inflammatory exudates of RA and OA participants 

versus healthy controls at baseline and day 14 
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Figure 5-2 continued
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Figure 5-2 continued 

 

Figure 5-2 Cytokine levels in cell free inflammatory exudates of RA and OA 
participants versus healthy controls at baseline and day 14 following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated, and cells were separated 
from inflammatory exudate by centrifugation. Cytokine levels in cell-free 
inflammatory exudate (pg/ml) were analysed using MSD V-plex . Cytokines are 
grouped into those which predominantly activate B and T lymphocytes (A), 
lymphocytes and MPs (B), MPs (C) or granulocytes (D), VEGF (E) , and those 
considered to have predominantly immuoregulatory action (F). Differences 
between 3 groups analysed by Kruskall-Wallis ANOVA, * indicates p<0.05. 
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5.1.1.1.3 I.d. UVkEc injection has limited impact on circulating plasma cytokines 

Cytokine levels were also measured in peripheral blood at baseline and 4h / 24h 

following local intradermal UVkEc injection. At baseline, for many cytokines there were 

equal levels detected in the plasma and blister fluid e.g. IL-12 p40 and IL-12 p70, TARC, 

IFNɣ, MCP-1, MCP-4, IL-8, MIP-1β. Other cytokines (presumably constitutively produced 

in the skin) e.g. TNFα, IL-1α, IL-1β , IL-2, IL-5, IL-15, IL-7, IL-13, GM-CSF, MDC, MIP-1α, IL-

4, IL-10, TNF β, VEGF were found at higher levels in the tissue (blister fluid) compared to 

plasma at baseline.  

Following UVkEc injection, a small systemic effect was seen with increases in some 

cytokines detectible in the plasma at 4h (despite the relatively small site of skin 

inflammation) e.g. IL-6, IFNɣ, MCP-1, MIP-1α and MIP-1β, IL-10, VEGF. The 4h peak in 

plasma TNFα was clearly evident in healthy participants and participants with OA, but 

was more blunted in participants with RA, who also started from a higher baseline 

plasma level (p=0.069) and returned to a higher level by 24h (p=0.029). IL-6, MIP-

1α,MIP-1β, MCP-1 and IL-10 showed similar trends, also with less of a rise from baseline 

to 4h in participants with RA, but remaining higher than in healthy participants at 24h.   

However, as seen above, peak cytokine levels seen in the tissues (blister fluid) were 

significantly higher than those detectible in the plasma. For many cytokines, the local 

inflammatory activity had little impact on peripheral blood circulating levels, and any 

differences between groups was difficult to identify (Figure 5-3).  
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Figure 5-3 Cytokine levels in plasma at baseline, 4h and 24h
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Figure 5-3 continued
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Figure 5-3 continued

 

Figure 5-3 Cytokine levels in plasma at baseline, 4h and 24h following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Peripheral blood was sampled at the timepoints indicated, plasma was separated 
by centrifugation and frozen at –80° until analysis. Plasma was defrosted on ice 
and spun at 2000g for 3minutes to remove particulates prior to analysis. Cytokine 
levels (pg/ml) were analysed using MSD V-plex. Cytokines are grouped into those 
which predominantly activate B and T lymphocytes (A), lymphocytes and MPs (B), 
MPs (C) or granulocytes (D), VEGF (E) , and those considered to have 
predominantly immuoregulatory action (F). Significant differences between the 
three groups at either baseline, 4h or 24h, (p<0.05 by Kruskall-Wallis ANOVA) are 
marked with a *.  
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5.1.1.1.4 Summary of cytokine analyses 

In summary, measurement of cytokines in blister fluid demonstrated a peak of local 

cytokine activity from 4h-24h. There were trends towards reductions in participants with 

RA/OA in some cytokines involved in monocyte chemoattraction (GM-CSF at 4h in RA, 

and IL-12p70, IP-10 and IFNɣ at 24h in RA/OA), but not others (MCP-1, MCP-4 and MDC).  

The impact of intradermal UVkEc on cytokines in the peripheral blood was much more 

limited, but there was a trend towards some inflammatory cytokines (e.g. TNFα, IL-6, 

MIP-1α, MIP-1β, MCP-1 and IL-10) in participants with RA exhibiting lower peaks in the 

plasma at 4h, but remaining higher at 24h compared to healthy participants.   
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5.1.1.2 Cytokine correlation analysis reveals a cluster of closely correlating 

cytokines active locally at 24h post intradermal UVkEc injection 

To identify groups of cytokines which may be interacting with each other in this model, 

cytokine levels in blisters at 4h and 24h were analysed for correlations between them, 

across individuals from all groups, using R-Studio. A Spearman rank correlation matrix, 

and matrix of p-values was calculated and then a heatmap was generated (with 

cytokines correlating closely shown clustered together).  

At 4h after UVkEc injection, there were significant positive correlations between many 

of the pro-inflammatory and regulatory cytokines in blister fluid, but no clear subsets of 

cytokines emerged to suggest a particular group or ‘family’ of cytokines interacting with 

each other (Figure 5-4) 

By 24h after UVkEc injection there was a clear cluster of cytokines in blister fluid 

correlating closely with each other (Figure 5-4). Although these cytokines have diverse 

roles, many of them (namely IL-2, IL-4, IL-6, IL-12p70, IL-17, TNFα, IFNɣ and IP-10) 

showed trends towards being reduced in blister fluid of participants with RA/OA at 24h 

compared to healthy controls. The remaining cytokines in this cluster either showed 

similar levels across participant groups at 24h e.g. MIP-1α, IL-8, IL-12 p40 and MCP-1, or 

there was a trend towards reduction in participants with OA e.g. TARC, MDC.  Within 

this cluster, there were significant correlations between blood and blister 

concentrations of IFNɣ, IP-10, IL-12p40 and MCP-1 at 24h (although the peripheral blood 

concentrations had generally returned to baseline). 

The remaining cytokines in blister fluid, outside this cluster, showed very little 

correlation with each other at 24h, or with (low) peripheral blood cytokine levels. Many 

of these were present at very low levels in blister fluid in all participant groups (e.g. 

VEGF, TNFβ, IL-7, MIP-1β, MCP-4 and eotaxin-3, IL-5, IL-15). These cytokines may not be 

playing a significant role at this timepoint.  

The cluster of cytokines at 24h showing correlation with each, and with blood cytokine 

levels, across individuals in all groups, may therefore be playing a more active role at 

this timepoint.  
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Figure 5-4 Correlation heatmaps of blister cytokines at 4h and 24h following i.d. 
UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated, and cells were 
separated from inflammatory exudate by centrifugation. Cytokine levels in 
cell-free inflammatory exudate were analysed using MSD V-plex 
Concentrations of cytokines in blister fluid at 4h (A) and 24h (B, next page) 
were log(2) transformed. A spearman rank correlation matrix, and matrix of 
p-values was calculated using R-studio. The heatmap is clustered to show 
groups of cytokines which correlate with each other next to each other. 
Positive correlations are shown in red, and negative correlations in blue. 
The numbers represent r-values. Non-statistically significant correlations (p>0.05) 
are crossed out.  

  

A: 4h blister 
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Figure 5-4 continued 

 

5.1.1.2.1 Correlations of cytokines with cell numbers  

Correlation analyses were then extended to determine relationships between cytokine 

levels and the differences described in haematopoietic cells recruited to the site of 

inflammation. 

5.1.1.2.1.1 Granulocyte chemoattraction 

Several of the cytokines measured are known to have neutrophil chemotactic effects, 

and in this study, correlations of cytokines with neutrophil numbers were weakly 

positive (correlation plot of all measured cytokines with all cell types not shown). IL-8 is 

a well described neutrophil chemokine, and flow cytometric analysis of neutrophils 

included its ligand, CXCR2, to specifically investigate the relationships between 

neutrophils, neutrophil expression of CXCR2 and IL-8.  Surprisingly, there was no 

statistically significant correlation between either tissue IL-8 or tissue or peripheral 

blood neutrophil CXCR2 expression and the number of neutrophils in blister fluid (data 

B: 24h blister 
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not shown). Interestingly, surface expression of CXCR2 on blister neutrophils correlated 

negatively with tissue IL-8 at both 4h and 24h (Spearman r=-0.469633, p=0.03 at 4h and 

Spearman r=-0.4644365, p=0.03 at 24h Figure 5-5).  

 

Figure 5-5 Correlation of blister neutrophil CXCR2 expression and IL-8 at 4h and 
24h following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated, and cells were separated 
from inflammatory exudate by centrifugation. Neutrophil surface CXCR2 
expression was determined by flow cytometric analysis (geometric mean 
fluorescent intensity on CD16high neutrophils). IL-8 levels in cell-free 
inflammatory exudate were analysed using MSD V-plex. MFI of CXCR2 surface 
expression on blister neutrophils is plotted against concentration of IL-8 in blister 
fluid (pg/ml) shown on a log(2) scale, with correlation analysed by spearman r. 
Healthy participants are shown in blue, participants with OA in green and RA in 
red.  

As described in section 4.2.4.3.2.1 above, participants with RA/OA had lower CXCR2 

expression on blister MPs by 24h, correlating with fewer MPs present at the site of 

inflammation, suggesting that this ligand might be involved in monocyte recruitment. 

However, there was no correlation between IL-8 and MPs at 24h (r=-0.09221, p=0.691) 

and a significant negative correlation between MPs and IL-8 (r = -0.5351, p=0.0124) at 

4h, which does not support a hypothesis of IL-8 mediated monocyte chemoattraction 

via CXCR2.  

5.1.1.2.1.2 Monoctye chemoattractants and cytokine production 

GM-CSF, IFNɣ, IL-12, IL-13, IL-16, IP-10, MCP-1, MCP-4 and MDC are all considered to 

play a role in monocyte activation and chemoattraction to a site of inflammation, via 

various receptors (IFNɣ via IFNɣ receptor, IP-10 via CXCR3, MCP-1 via CCR2, MCP-4 via 

CCR2 and CCR3 and macrophage derived chemokine (MDC) via CCR4). These cytokines 

were all detected in blister fluid at 4h following intradermal UVkEc injection, and 

generally correlated positively with each other at this timepoint (Figure 5-4).  
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By 24h the picture was more mixed, with only some of these cytokines (IFNɣ, IP-10, IL-

12, MCP-1 and MDC) appearing in the ‘cluster’ of closely correlated cytokines (Figure 

5-4). Other monocyte chemokines (e.g. RANTES, MIP-1β) were not included in the 

multiplex ELISA. 

There were very few MPs in the blister at 4h, but this increased by 24h, to a lesser extent 

in RA/OA compared to healthy controls. If these cytokines were playing a key role in 

mononuclear cell chemotaxis to the site, a correlation might be expected between 

cytokine levels at 4h and cell numbers at 24h. This analysis is limited by the long (20 

hour) gap between these two samples, but IFNɣ levels at 4h did correlate significantly 

with total number of MPs at 24h. MPs (all subsets) at 24h also correlated significantly 

with IFNɣ, IL-12p70, IP-10 and IL-13 in the blister fluid at 24h. However, there was no 

statistically significant correlation between 24h MPs and MCP-1, MCP-4 or MDC at either 

4h or 24h (Figure 5-7) 

In healthy females and males  a positive correlation was noted across all timepoints 

between MPs and cytokines they are likely to secrete (e.g. TNFα, IL-1β and IL-6) (section 

3.2.6, p84). In this study, IL-6 was increased in participants with RA compared to OA and 

healthy controls at 4h, but there was a trend towards reduction in participants with 

RA/OA compared to healthy controls by 24h. TNFα was present at similar concentrations 

across groups at these timepoints. Across all participants, there was a significant positive 

correlation between MPs and IL-6 at 4h (spearman r=0.5182, p=0.0161) and 24h 

(r=0.5455, p=0.0105) (Figure 5-6), but TNFα showed no significant correlation with MPs 

at these timepoints (data not shown). 
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Figure 5-6 Correlation of IL-6 and mononuclear phagocytes in blister (4h and 24h) 
1.5x107 UV-killed E. coli were injected into the dermis of RA, OA and healthy 
participants. Suction blisters were raised at the timepoints indicated, and cells 
were separated from inflammatory exudate by centrifugation. Number of MPs was 
determined by flow cytometric analysis. IL-6 levels in cell-free inflammatory 
exudate were analysed using MSD V-plex. Number of MPs per ml blister fluid is 
plotted against concentration of IL-6 in blister fluid (pg/ml), at 4h (A) and 24h (B) 
both shown on a log(2) scale, with correlation calculated by spearman r. Healthy 
participants are shown in blue, participants with OA in green and RA in red.  

In summary, at 24hrs the cluster of cytokines which correlated closely with each other 

included several chemoattractants for MPs (IFNɣ, IL-12, IP-10, MCP-1 and MDC), as well 

as cytokines likely produced by MPs such as IL-6 and TNFα. Considering the reduction in 

number of MPs in blisters of participants with RA and OA, there was a trend towards 

lower IFNɣ and IP-10, and IL-12p70 and IL-13 in participants with RA and OA, and 

reduced MDC in participants with OA, whereas levels of IL-12p40, and MCP-1 were 

similar across groups (Figure 5-1 C). Amongst this cluster of 24h blister cytokines, IFNɣ, 

IL-12 and IP-10 also correlated with number of MPs. MCP-1 and MDC by contrast 

showed no positive correlation with MPs.  

The IL-12 / IFNɣ /IP-10 axis was therefore deemed worthy of further investigation for a 

potential role in the observed reduction in MPs in participants with RA/OA at 24h and is 

discussed below. 
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Figure 5-7 Correlation of MP counts with relevant chemokines in suction 
blister at 4h-24h following i.d.UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy 
participants. Suction blisters were raised at the timepoints indicated, and 
cells were separated from inflammatory exudate by centrifugation. 
Cytokine levels in cell-free inflammatory exudate were analysed using MSD 
V-plex. Cell counts per ml were obtained by flow cytometric analysis. All 
values were log(2) transformed, and a spearman rank correlation matrix, 
and matrix of p-values was calculated using R-studio. Positive correlations are 
shown in red, and negative correlations in blue, with r values superimposed. 
Statistically insignificant correlations (p>0.05) are crossed out.  

5.1.1.3 Source of interferon gamma in blister 

Considering a hypothesis that the trend towards reduced IFNɣ and IP-10 in RA and OA 

participants might be contributing to reduced monocyte recruitment, correlations 

between IFNɣ and cell types that might be producing IFNɣ at the site of inflammation 
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were probed. A correlation matrix heat map is shown in Figure 5-8. At 4h, levels of IFNɣ 

did not significantly correlate with either lymphocytes, NK cells, or MPs. At 24h, IFNɣ 

level in the blister fluid correlated positively with the number of NK cells and MPs 

(intermediate, non-classical and DCs). Levels of IFNɣ at 4h also correlated positively with 

24h NK cell and MP (particularly intermediate phenotype) numbers.  

Figure 5-8 Correlation of IFNɣ with cell counts in suction blister at 4h and 24h 
following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated, and cells were separated 
from inflammatory exudate by centrifugation. Cytokine levels in cell-free 
inflammatory exudate were analysed using MSD V-plex. Cell counts per ml were 
obtained by flow cytometric analysis. All values were log(2) transformed, and a 
spearman rank correlation matrix, and matrix of p-values was calculated using R-
studio. Positive correlations are shown in red, and negative correlations in blue, 
with r values superimposed. Non-statistically significant correlations (p>0.05) are 
blank.  
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These correlations led on to the investigation of NK cells and MPs as potential sources 

for IFNɣ production in the blister.  An ex-vivo model of stimulated peripheral blood was 

used to optimise intracellular staining for IFNɣ and IP-10 within haematopoietic cells. 

This technique was then applied to blister cells obtained from healthy volunteers. 

5.1.1.3.1 Ex vivo stimulation alters cell phenotype 

Ex-vivo stimulation of cells is usually required to detect intracellular cytokines using flow 

cytometry. However, in this model, ex-vivo stimulation of blister cells could alter 

cytokine expression.  To assess this, the effect of different stimulation methods on 

intracellular IFNɣ and IP-10 production in peripheral whole blood was tested. 

Peripheral whole blood was stimulated for 5 hours with either LPS (1 μg/mL), or PMA 

(50ng/ml) and Ionomycin (1 μg /ml), with golgi-stop as described in methods. Control 

blood was left unstimulated. Cells were then stained using the intracellular flow 

cytometry staining protocol described in methods, including intracellular staining with 

antibodies to IFNɣ and IP-10. 

PMA/Ionomycin stimulation led to neutrophil cell death and loss of CD16 surface 

expression from all cells. The gating strategy had to be adapted accordingly, with 

residual neutrophils defined by a lack of lymphocyte surface markers or HLA-DR, and 

modest CD66b expression. The lack of CD16 surface expression prevented individual 

monocyte populations (classical, intermediate, non-classical) being defined (Figure 5-9).   

IFNɣ production was noted in the B and T lymphocyte and NK cell populations (Figure 

5-9A), which was confirmed by FMO control (a sample stained with all antibodies other 

than IFNɣ). There was very little IFNɣ production in CD14+ MPs (Figure 5-9 B) or the 

residual neutrophils (Figure 5-9 C). There was no discernible IP-10 production in any cell 

population (Figure 5-9 A,B,C) (IP-10 FMO data were similar to respective fully stained 

samples and are not shown).
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Figure 5-9 Intracellular staining for IFNɣ/IP-10 in whole blood following PMA/ionomycin stimulation (continued on next page)
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Figure 5-9 Intracellular staining for IFNɣ/IP-10 in whole blood following 
PMA/ionomycin stimulation  
6mls of whole blood was taken from healthy volunteers, diluted with 24mls RPMI 
and stimulated with PMA (50ng/ml) and Ionomycin (1 μg /ml) plus golgistop 
(momensin 0.66ul/ml), followed by fixation and staining with a cocktail of 
antibodies to identify the intracellular source of IFNɣ and IP-10 in NK cells and B/T 
lymphocytes (fig A), mononuclear phagocytic cells (fig B), and residual neutrophils 
(fig C).  Fluorescence minus one (FMO) staining of stimulated cells were used as 
controls. IFNɣ FMO samples are shown in red, compared to the fully stained 
samples shown in green. IP-10 FMOs had similar staining to fully stained samples 
and the data is not shown. Data shown is representative of 2 independent 
experiments.  

Stimulation of whole blood with LPS did not lead to any IFNɣ production from MPs, 

lymphocytes or neutrophils (FMO staining similar to fully stained samples: data not 

shown). LPS stimulation did lead to IP-10 production from MPs, particularly classical and 

intermediate monocytes (Figure 5-10D). In contrast there was no discernible IP-10 

production from lymphocytes (NK cells or B and T lymphocytes Figure 5-10E) or 

neutrophils (Figure 5-10F).  

 



 

 161 

 

Figure 5-10 Intracellular staining for IFNɣ/IP-10 in whole blood following LPS 
stimulation  
6mls of whole blood was taken from healthy volunteers, diluted with 24mls RPMI 
and stimulated with LPS (1 μg/mL) plus golgistop (momensin 0.66ul/ml), followed 
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by fixation and staining with a cocktail of antibodies to identify the intracellular 
source of IFNɣ and IP-10 in mononuclear phagocytic cells (D), lymphocytes (E), and 
neutrophils (F). Fluorescence minus one (FMO) staining of stimulated cells were 
used as controls. IFNɣ FMO controls had similar staining to fully stained samples 
and the data is not shown.  IP-10 expression in fully stained samples (green) is 
shown in contrast to FMO controls (red).  Data shown is representative of 2 
independent experiments.  

In summary, in stimulated blood from healthy volunteers, lymphocytes and NK cells 

produced IFNɣ in response to PMA/Ionomycin, but not LPS; and conversely monocytes 

produced IP-10 in response to LPS but not PMA/Ionomycin.  

The choice of ex-vivo stimulation therefore significantly altered patterns of cytokine 

production by different cells, and so blister samples would need to be stained without 

ex-vivo stimulation.  

5.1.1.3.2 IFNɣ and IP-10 are produced by mononuclear phagocytes in the blister at 24h 

As the concentration of IFNɣ and IP-10 peaked in the blister between 4-24hours, 2 

healthy volunteers were recruited to undergo 8h and 24h blisters following intradermal 

UVkEc to identify the source of these cytokines. Blister cells were immediately separated 

from inflammatory exudate by centrifugation, stained for surface markers to define cell 

populations, and intracellular staining for IFNɣ and IP-10 was performed as described in 

methods. No further ex-vivo stimulation of cells was performed. IFNɣ was detected at 

low levels within classical and intermediate monocytes (Figure 5-11), but there was no 

IP-10 staining in these cells (data not shown). Neither IFNɣ nor IP-10 was detected within 

non-classical monocytes (data not shown). Amongst NK and T cells in peripheral blood 

and blisters (8h and 24h after UVkEc), there was no significant staining for IFNɣ or IP-10 

above levels seen in isotype and FMO controls (data not shown).  
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Figure 5-11 Intracellular staining for IFNɣ/IP-10 in 8h and 24h blister 
mononuclear phagocytes following i.d. UVkEc  
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated. Cells were separated by 
centrifugation, stained with antibodies to surface markers and then 
fixed/permeabilised and stained with a cocktail of antibodies to identify the 
intracellular source of IFNɣ (and IP-10 data not shown) within classical monocytes 
(A) and intermediate monocytes (B) in two individuals. Histograms (normalised to 
mode) of cell surface marker expression of IFNɣ are shown, with Fluorescence 
minus one (FMO) controls in red, 8h blister samples in green and 24h blister 
samples in blue. 

 
Golgistop is used in most intra-cellular staining protocols (to prevent cytokine release 

leading to a build up of intracellular cytokine). In an attempt to increase the signal and 

confidence in the results obtained from the blister, the experiment was then repeated 

with a further volunteer, with Golgistop added to the blister sample ex-vivo. This 

presented the challenge of incubating cells from a blister ex-vivo in the presence of 

Golgistop, and a concern about the cell viability.  

A time course in peripheral blood was conducted to assess the minimum Golgistop 

incubation to allow build up of intracellular cytokines. As before, peripheral blood was 

stimulated with PMA (50ng/ml) and Ionomycin (1ug/ml) for a total of 4.5hours. 
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However, Golgistop was only added for the final one hour / 90minutes / 2hours / 3hours 

and 45minutes respectively. Following incubation, cells were stained for flow cytometry 

as previously described. As before, lymphocytes and NK cells were the main producers 

of IFNɣ in peripheral blood stimulated with PMA/Ionomycin. Intracellular staining for 

IFNɣ was clear with a shorter (2hr) incubation with Golgistop (data not shown).  

Therefore, Golgistop (momensin 0.8ul/ml) was added to blister fluid (together with 50ul 

3% sodium citrate added as usual at time of extraction). The sample was diluted with 

RPMI to a final volume of 1.5ml, and cultured at 37°C for 2 hours. No ex-vivo cell 

stimulation was performed, and intracellular staining was undertaken as previously. In 

the 8h blister, a small proportion of NK cells stained positive for IFNɣ (Figure 5-12 A), 

and other lymphocytes still showed no significant staining for IFNɣ (Figure 5-12 B). MPs 

(CD14+, CD16- classical phenotypes) showed some staining for IFNɣ and IP-10. At 8h, 

there were very few mononuclear phagocytic cells of intermediate/non-classical 

phenotype, but these groups had no discernible IFNɣ or IP-10 production (data not 

shown).
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Figure 5-12 Intracellular staining for IFNɣ/IP-10 in 8h blister cells following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. Suction blisters were raised at 8h and blister fluid cultured for 2h with 
golgistop. Cells were then separated by centrifugation, stained with antibodies to surface markers and then fixed/permeabilised and stained with a 
cocktail of antibodies to identify the intracellular source of IFNɣ and IP-10. Fully stained samples are shown in green, with FMO controls (no IFNɣ or IP-
10 antibody respectively) shown in red. Intracellular staining is shown for NK cells together with histogram of IP-10 expression(A) and lymphocytes (B) 
overlaid with FMOs for IFNɣ,; and monocytes (C) overlaid with FMOs for IFNɣ and IP-10.  
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At 24h, blister NK cells and T lymphocytes showed no significant staining for IFNɣ or IP-

10 (data not shown). In MPs, staining for IFNɣ was no more pronounced than in the 

previous experiment (2 volunteers without golgistop) i.e. low levels of staining seen in 

both classical and intermediate MPs (Figure 5-13). The addition of golgistop in this 

individual also revealed some intracellular staining for IP-10 in classical and intermediate 

MPs.  There were too few MP cells of non-classical phenotype to interpret.  

 

Figure 5-13 Intracellular staining for IFNɣ/IP-10 in 24h blister mononuclear 
phagocytes following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at 24h and blister fluid cultured for 2h with golgistop. 
Cells were then separated by centrifugation, stained with antibodies to surface 
markers and then fixed/permeabilised and stained with a cocktail of antibodies to 
identify the intracellular source of IFNɣ (A,C) and IP-10 (B,D). Fully stained samples 
are shown in red, with FMO controls (no IFNɣ or IP-10 antibody respectively) 
shown in blue. Intracellular staining is shown for classical cells (A, B) and 
intermediate cells (C,D) 

In summary, in this model of acute inflammation, NK cells produced IFNɣ at 8h, but not 

24h. At 8h and 24h, MPs (classical and intermediate phenotypes) were a source of IFNɣ 

and IP-10 production. 
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5.1.1.4 IP-10 may play a role in recruiting mononuclear phagocytes and 

lymphocytes to the site of UVkEc induced inflammation 

The trend towards lower IFNɣ and IP-10 at 24h in participants with RA and OA correlated 

with the reduced number of MPs in the blister at 24h in these participants. The 

production of IFNɣ and IP-10 by these cells described above could explain this 

observation, but IP-10 is also known to play a role in recruitment of monocytes via 

CXCR3. Reduced levels of IP-10 may therefore also result in recruitment of fewer 

monocytes in participants with RA/OA.  

However, other known monocyte chemoattractants e.g. MCP-1 and MCP-4 were 

present at high concentrations in all individuals and at similar levels between groups.  In 

order to further understand the role of these cytokines in monocyte recruitment, the 

relevant expression of receptors for these cytokines (namely CCR2 as a receptor for 

MCP-1, and CXCR3 as a receptor for IP-10) on the infiltrating haematopoietic cells was 

investigated on two healthy individuals.  

At baseline in the peripheral blood, the MCP-1 receptor CCR2 was expressed by classical 

and intermediate monocytes, whereas IP-10 receptor CXCR3 was expressed at low levels 

by non-classical monocytes and a proportion of (predominantly CD8+) T cells (Figure 

5-14). This pattern of expression in the blood was not altered at 8h or 24h (example 8h 

blood histogram for one individual is shown).  
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Figure 5-14 CCR2 and CXCR3 expression on peripheral blood following i.d.UVkEc 
1.5x107 UVkEc were injected into the dermis of two healthy participants. 
Peripheral blood was sampled at baseline, 8h and 24h. Expression of CCR2 and 
CXCR3 was measured by geometric mean of the fluorescent intensity (MFI) of the 
populations of cells indicated (defined by flow cytometric analysis of cell surface 
markers as described previously). Expression in peripheral blood at baseline is 
shown (A) for 2 individuals with a line at the mean. There was no significant 
change in surface expression of either CCR2 or CXCR3 in peripheral blood at 8h (B: 
histograms) or 24h (data not shown) 
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At the site of inflammation (blister fluid), at 8h there was little alteration in the surface 

expression of CCR2 on mononuclear cells (Figure 5-15 A&B, negligible expression on 

lymphocytes not shown).  

By 24h, CCR2 expression on classical MPs in blister fluid was similar to the level of 

expression on peripheral blood classical monocytes suggesting no particular predilection 

of CCR2 positive/high cells to enter the site of inflammation (Figure 5-15 A). However, 

intermediate MPs in the 24h blister showed >2fold higher expression of CCR2 than 

intermediate monocytes in peripheral blood (Figure 5-15 B). (Non-classical MPs also had 

increased expression compared to peripheral blood, but expression remained very low 

compared to other MPs: data not shown). These data could support a role for MCP-1 in 

recruiting intermediate MPs in particular at the site of inflammation via CCR2, or (as per 

hypothesis in section 4.2.4.3.2.3 above), suggest that classical monocytes differentiating 

into an intermediate phenotype at the site are also enriched for CCR2, and that MCP-1 

may play a role in retaining these cells.  

 

 
Figure 5-15 Peripheral blood and blister cell CCR2 expression following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of two healthy participants. 
Peripheral blood was sampled at baseline, 8h and 24h (blue) and suction blisters 
raised at 8h and 24h (red). Expression of CCR2 was measured by geometric mean 
of the fluorescent intensity (MFI) of the populations of classical (A) and 
intermediate (B) monocytes (defined by flow cytometric analysis of cell surface 
markers as described previously). Data are shown for 2 individuals with a line at 
the mean. 

CXCR3 expression was increased on blister MPs in the blister at 8h compared to 

peripheral blood (classical, intermediate shown in Figure 5-16, and non-classical cells: 

data not shown), and further increased on 24h blister cells, supporting a role for IP-10 
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in recruiting or retaining MPs at the site of inflammation. CXCR3 expression on 

lymphocytes, especially CD8+ was also increased in blister fluid relative to the blood at 

8h and increased further by 24h (Figure 5-16), suggestive of either selective recruitment 

of CXCR3+ T cells, or enrichment of CXCR3 at the site of inflammation. 

 

Figure 5-16 Peripheral blood and blister cell CXCR3 expression following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of two healthy participants. 
Peripheral blood was sampled at baseline, 8h and 24h (blue) and suction blisters 
raised at 8h and 24h (red). Expression of CXCR3 was measured by geometric mean 
of the fluorescent intensity (MFI) on CD4+/CD8 lymphocytes (A,B), and classical (C) 
and intermediate (D) monocytes (defined by flow cytometric analysis of cell 
surface markers as described previously). Data are shown for 2 individuals with a 
line at the mean. 

In summary, CCR2, a receptor for MCP-1, is expressed on peripheral blood monocytes, 

especially classical cells, However, CCR2 expression is only enriched in the tissues on 

CD16+ (intermediate) MPs later at 24h. Therefore MCP-1 may have a role in recruiting 
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intermediate cells into the site later, or in retaining monocytes which have differentiated 

at the site and further upregulated their surface expression of CCR2. This may explain 

why participants with RA/OA accumulated fewer classical monocytes by 24h despite 

having equivalent concentrations of MCP-1 at the site of inflammation.  

In contrast, although CXCR3 (ligand for IP-10) is expressed on peripheral blood 

monocytes at low levels, it is enriched on MPs of all subtypes, as well as lymphocytes, in 

the tissues at both 8h and 24h. This suggests that IP-10 could have a role in recruiting 

these cells into the tissues through both timepoints, and that reduced levels of IP-10 in 

RA/OA participants at 24h could contribute to reduced monocyte recruitment in these 

participants. 
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5.1.1.5 Lipid profiles 

Lipid mediators have been gaining attention as vital components of the inflammatory 

response, and perhaps even more importantly the resolution of inflammation in the 

form of specialised pro-resolution mediators (SPMs). Much of this experimental work to 

date has been conducted in rodent models.  Blister fluid was analysed for families of 

lipid mediators derived from arachidonic acid, linoleic acid, Docosahexaenoic acid (DHA) 

and Eicosapentanoic acid (EPA), metabolised by COX, Lipoxygenases, cytochrome p450 

and soluble epoxide hydrolase (SEH).  

Arachadonic acid and its metabolites via the COX pathway (e.g. PGE2, PGF2α and 

thromboxane B2) peaked at 4h after UVkEC in all groups (Figure 5-17 A). EPA and AA 

metabolites by cytochrome p450s (e.g. dihydroxyeicosatrienoic acids (DHETs) peaked 

between 4h-24h (Figure 5-17 B). Overall, differences between disease groups were not 

striking, although there were some statistically significant differences by Kruskall-Wallis 

ANOVA e.g. PGD2 at 24h p=0.0155, PGE2 at day14 p=0.0209. 

Products of AA metabolism by lipoxygenases (e.g. lipoxin B4 and 5-

hydroxyeicosatetraenoic acids (HETEs)) were generally elevated in OA participants 

compared to healthy/RA at 24h (Figure 5-17 C). 

Linoleic acid and its metabolites via cytochrome p450/SEH and lipoxygenases (e.g. 

Epoxyoctadecenoic acids (EPOMEs), Dihydroxyoctadecenoic acids (D-HOMEs) and 

Hydroxyoctadecadienoic acids (HODEs) did not increase significantly following 

intradermal UVkEc, with a small increase from baseline - 4h more evident in the RA/OA 

groups (Figure 5-17 D). DHA showed high inter-individual variability, but a p450 derived 

metabolite, 19,20 DiHDPA peaked between 4h-24h in all groups (Figure 5-17 E). Activity 

of soluble epoxide hydrolase (SEH) cannot be measured directly but calculating the ratio 

of EpOMEs to D-HOMEs provides a surrogate estimate of activity of this enzyme (Figure 

5-17 F). The slight increase in mean EpOME:DiHOME ratio (suggesting reduced activity 

of SEH) in RA and OA groups compared to healthy group at 4h is not statistically 

significant.  

Overall these data demonstrate that lipid mediators can be consistently measured, and 

lipid synthesis / metabolism alters in response to UVkEc induced inflammation from 4-
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24h. However, there  was little discernible difference in levels of these lipid families in 

participants with RA or OA compared to healthy controls. 
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Figure 5-17 Lipid mediators in blister fluid (see legend on 178)  
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Figure 5-17 cont
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Figure 5-17 cont 
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Figure 5-17 cont 
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Figure 5-17 cont 

 

 

Figure 5-17 Lipid mediators in blister fluid following i.d.UVkEc 
Lipids and their derivatives were measured in blister fluid at baseline and 4h, 24h 
and 14days after injection of UVkEc. A: Arachadonic Acid and its metabolites by 
COX, B: Products of metabolism of AA (or EPA)  by cytochrome p450s, C: 
Metabolites of Arachadonic Acid by lipoxygenases, D: Linoleic acid and its 
metabolites via cytochrome p450 and lipoxygenases, E: DHA and a metabolite via 
cytochrome p450, F: Ratio between epoxy-octadecenoic acids and dihydroxy-
ocatadecanoic acids,  as a surrogate measure for lipid metabolism by soluble 
epoxide hydrolase (SEH). Healthy participants are shown in blue, RA in red, and OA 
in green. Differences between 3 groups are analysed by Kruskall-Wallis ANOVA, * 
indicates p<0.05. 
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5.2 Summary 

In this chapter I have characterised the response to intradermal UVkEc induced 

inflammation in participants with RA, OA and healthy controls at the level of proteins 

and lipids.  

Cytokine analysis of blister fluid revealed few significant differences to explain the 

observed alterations in cell trafficking to the site of inflammation, and there was not a 

universal trend towards faster resolution in participants with RA or OA compared to 

healthy controls. However, there was a trend towards reduction in IP-10 and related 

cytokines IFNɣ and IL-12 in participants with RA and OA, and this correlated with the 

reduced numbers of MPs. Intracellular staining for IFNɣ and IP-10 performed on blister 

cells obtained from two healthy volunteers demonstrated that MPs are a potential 

source of IP-10 and IFNɣ in this model at 24h. Therefore reduction in these cytokines 

might simply be a consequence of the fewer monocytes at the site.  

However IP-10, which can be induced by IFNɣ (in turn enhanced by IL-12), can also be 

chemotactic for monocytes via CXCR3. Expression of CXCR3, the ligand for IP-10, on 

blister cells in two healthy volunteers was increased compared to the respective cells in 

peripheral blood at both 8h and 24h, suggesting either upregulation on entering the 

tissue, or selective recruitment of cells with higher surface expression. These data might 

support a role for IP-10 in the early recruitment of MPs and lymphocytes to the site.  

Taken together these data suggest that the observed reduction in MPs at the site of 

intradermal UVkEc induced inflammation in participants with RA/OA could lead to, or 

be the result of, reduced local production of IFNɣ and IP-10.  

Other known monocyte chemo attractants such as MCP-1 and MCP-4 were also present 

at high levels in the blister at 4h prior to the influx of MPs, with no significant differences 

between groups. There was no significant correlation of local MCP-1 or MCP-4 with 

numbers of MPs at 24h. Although CCR2, the ligand for MCP-1 was highly expressed on 

classical, and to a lesser extent intermediate, monocytes in the peripheral blood of two 

healthy volunteers, expression was not enhanced on blister cells compared to peripheral 

blood at 8h, and so CCR2 expression was not altered by trafficking into the tissues.  

However, at 24h CCR2 expression on CD16+ intermediate MPs was significantly 

increased compared to peripheral blood intermediate monocytes, suggesting a role for 
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MCP-1 at 24h either in recruiting CCR2 positive intermediate monocytes to the site of 

inflammation or retaining CCR2 positive MPs that have acquired an intermediate CD16+ 

phenotype. 

As discussed in chapter 4, the reduction in MPs at the site of inflammation does not 

appear to impede neutrophil clearance and may instead reflect faster resolution in these 

groups.  Alternatively, non-significant differences in IFNɣ might have altered the 

efferocytosis capacity of MPs at the site via regulation of MerTK expression(158) . 

However, it is also possible that altered pathways of neutrophil cell death could explain 

the rapid clearance of neutrophils by fewer MPs. Therefore, in the next chapter I aimed 

to characterise the mechanisms of neutrophil cell death in this model, and to explore 

whether the altered trajectory of acute inflammation had any negative consequences. 
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Chapter 6 

Investigating mechanisms of neutrophil death 

in the UVkEc blister model  
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6 Investigating mechanisms of neutrophil death in the UVkEc 

blister model 

6.1 Introduction  

In the previous chapter I showed that neutrophils were cleared from the site of 

intradermal UVkEc induced inflammation predominantly between 4h-24h. It is likely 

that MPs are mainly responsible for the clearance of neutrophils.   

In RA and OA participants, MPs were reduced in number at 24h, but the clearance of 

neutrophils was as efficient, if not more so, with fewer neutrophils still present at 24h. 

It was therefore hypothesised that the mechanisms of neutrophil cell death and 

efferocytosis may be altered in these participants.  

Activated neutrophils at the site of inflammation can die via several different processes 

including (but not limited to) necrosis, apoptosis and phagocytosis (e.g. by 

macrophages) and NETosis, and these mechanisms of death are investigated in this 

chapter.  

6.1.1 Apoptosis 

Apoptosis is a mechanism of controlled cell death and clearance, characterised by 

blebbing of the plasma membrane, chromatin condensation and margination to the 

nuclear membrane prior to nuclear fragmentation. Ideally phagocytosis ensues to clear 

the debris. Annexin V (AxV) is a phospholipid binding protein that has high affinity for 

phospholipid phosphatidylserine, which is located intracellularly on the cytoplasmic 

membrane of healthy cells. During apoptosis, the phospholipid phosphatidylserine 

translocates to the extracellular side of the cell membrane (a process which may ‘label’ 

the apoptotic cell for phagocytosis). AxV is thus exposed and staining with a flurorescent 

conjugate can label cells undergoing apoptosis. However, AxV is also exposed when 

membrane integrity is lost following cell death. Live/dead stains are taken up by dead 

cells in which there is a loss of membrane integrity. Therefore AxV and live/dead stains 

can be used together to identify cells undergoing apoptosis (AxV positive but live/dead 

stain negative) versus dead cells (AxV positive and live/dead stain positive).  
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6.1.2 NETosis 

During NETosis, neutrophils decondense nuclear chromatin, which can expand through 

the nuclear membrane into the cytoplasm. The simultaneous bursting of cytoplasmic 

granules results in binding of granule enzymes to the chromatin, which are then released 

in the form of neutrophil extracellular traps (NETs) into the extracellular space(159, 

160). Stimulating neutrophils with PMA is the commonest method used to induce 

neutrophils to undergo NETosis in vitro. 

Sytox Green stain can provide a measure of cell-free DNA. The fluorescence of sytox 

green increases (>1000-fold) on binding to double stranded DNA (with a lower increase 

in fluorescence on binding to single stranded DNA) allowing quantification of free, 

extracellular DNA. However, extracellular free DNA is not specific to NETosis. Therefore, 

a more specific measurement of NET remnants was sought using a capture ELISA to 

sandwich NETosis specific products containing both MPO (a nuclear enzyme) and 

citrullinated histones. 

6.1.3 Necrosis  

Necrosis is an undesirable mechanism of cell death, characterised by rapid cytoplasmic 

swelling and rupture of membranes. Intracellular LDH is released during cell death but 

particularly during necrosis (as compared to each of apoptosis and NETosis (161)). 

Extracellular LDH has predominantly been used as an indicator of cell viability, due to 

release during cell lysis. LDH in the extracellular fluid was therefore employed as a 

marker of cell death and necrosis.  

Mechanisms of cell death in the UVkEc blister model are explored in this chapter. First, 

I sought to identify apoptotic cells at the site of UVkEc induced inflammation in healthy 

male volunteers and compared the characteristics of these cells to neutrophils identified 

in participants with RA, OA and healthy controls. Next I used extracellular markers of cell 

death or necrosis (LDH) and NETosis (sytox green) to characterise patterns of cell death 

in the cell-free exudate from the site of UVkEc inflammation in healthy female 

volunteers and in participants with RA, OA and healthy controls. Finally, I sought to 

optimise a more specific test for products of neutrophil death by NETosis, and use this 

to quantify NETosis at the site of UVkEC induced inflammation in participants with RA, 

OA and healthy controls.  
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6.2 Results:  

6.2.1.1.1.1 A subtype of CD16 dim neutrophils seen at 24h may reflect apoptotic cells  

To start to understand mechanisms of neutrophil death, neutrophil CD16 surface 

expression was quantified.  A small population of neutrophils was seen, particularly at 

24h, with lower surface expression of CD16 (‘CD16 dim neutrophils’) (Figure 6-1, A). 

These CD16dim cells were smaller Figure 6-1 C) and had reduced surface expression of 

CD62L (Figure 6-1 B), than CD16high neutrophils from the same blisters (in Figure 6-1 B 

and C, CD16 dim cells are shown as circles, adjacent to cd16 high neutrophils from the 

same blisters shown as triangles). There were no differences in the prevalence of these 

cells between groups. 



 

 185 

 

Figure 6-1 CD16dim neutrophils in blister fluid following i.d. UVkEC 
1.5x107 UVkEc were injected into the dermis of RA, OA and healthy participants. 
Suction blisters were raised at the timepoints indicated. The number of CD16dim 
neutrophils per ml blister fluid is shown (A). The lower CD62L expression (B) and 
size (C) of CD16dim cells (shown as circles) compared to CD16high neutrophils 
from the same blisters, (shown as triangles) is demonstrated at all timepoints in all 
groups (analysis by 2-tailed paired t test, * indicates p<0.05) 

In summary, flow cytometry of blister cells in RA/OA study participants demonstrated 

the appearance of a population of CD16dim neutrophils at 24h, which were smaller and 

lower CD62L expression than their CD16high counterparts. I hypothesised that these 

cells were dying or apoptotic neutrophils, and next sought to confirm this. 

6.2.2 Use of AxV staining in blister cells to identify apoptotic cells at the site 

of i.d. UVkEc induced inflammation 

I attempted to confirm the presence of apoptotic cells in the blisters of two healthy 

individuals following intradermal UVkEc injection using live/dead and AxV staining and 

ascertain whether they corresponded to the CD16dim cells identified previously.   
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Live/dead staining and AxV staining were optimised using healthy peripheral blood 

induced to undergo necrosis (killed by ethanol; staining on neutrophils shown in blue in 

Figure 6-2) and apoptosis (treated with staurosporine; neutrophil staining shown in red 

in Figure 6-2) in vitro. For live-dead cell optimisation shown in Figure 6-2, uptake of live-

dead stain was compared to unstimulated cells (green) and unstained staurosporine 

treated cells (‘FMO’ shown in orange). Although ethanol treated cells clearly showed 

increased uptake of live/dead stain, even unstimulated cells took up some live/dead 

stain. For all cell populations, there was a continuous range of uptake rather than clearly 

defined populations of live and dead cells. 

 

Figure 6-2 Live/dead cell stain uptake by apoptotic and necrotic neutrophils  
1ml healthy human peripheral blood (collected into lithium heparin vacutainer) 
was diluted with 4mls RPMI and separated into 1ml samples. Two samples were 
stimulated with 4ul/ml staurosporine for 2hours and either stained with live dead 
stain (red) or left unstained (orange). Cells in one sample were killed by the 
addition of ethanol (blue) prior to staining. One sample was kept refrigerated with 
no stimulation prior to staining (green). All samples were stained with 0.5ul of 
live/dead stain and analysed by flow cytometry.  

Two healthy volunteers were then recruited for intradermal injection of UVkEc. 

Live/dead staining was performed on peripheral blood of one individual at 8h following 

UVkEc injection. Fluorescence minus one (FMO) controls involved staining an identical 

sample of peripheral blood with all antibodies other than the antibody of interest and 

were used to confirm positive staining. This demonstrated a small population of early 

apoptotic (Figure 6-3, Q1 AxV positive, low live/dead uptake) and dead neutrophils 

(Figure 6-3, Q2/3 high live/dead uptake) in peripheral blood 8h after injection with 

UVkEc. However, the cells taking up the live/dead stain were fewer in number than 

expected and did not all express AxV as expected. The lack of clear definition between 

positive and negative live/dead stain uptake made gate placement to define these 
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populations problematic, but further optimisation of the live-dead stain protocol (e.g. 

different stain concentrations) did not improve these results.  

  

Figure 6-3 Apoptotic and dead cells in the peripheral blood 8h following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of a healthy individual. Peripheral 
blood was obtained after 8h and stained immediately for flow cytometric analysis. 
Neutrophils (defined by expected FSC/SSC, HLA-DR-, CD16+, CD66b+) were 
assessed for their surface staining with AxV antibody and Live-Dead stain uptake. 
The fully stained sample is shown in red (same data in both A and B), overlaid with 
FMO controls for live/dead stain (A) and AxV (B) each shown in blue.  

Suction blisters were raised at 8h (on n=2 individuals) and 24h (n=1 individual) following 

intradermal UVkEc injection.  At 8hr, AxV positive staining was apparent on a small 

proportion of neutrophils (defined by FSC/SSC, CD16+, CD66b+) , increasing by 24h 

(Figure 6-4 shows data at 8h and 24h from the same individual). However, as before 

live/dead staining did not allow identification of a clear population of dead cells (data 

not shown).  At 24h, this AxV positive population of neutrophils demonstrated lower 

CD16 surface expression (Figure 6-4), which would be consistent with neutrophils 

shedding this surface molecule later during the process of apoptosis.  
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Figure 6-4 “Apoptotic” neutrophils in blister fluid at 8h and 24h following i.d. UVkEC 
1.5x107 UVkEc were injected into the dermis of two healthy participants. Suction 
blisters were raised after 8h (A) and 24h (B): data from one individual are shown 
here. Neutrophils were gated based on expected FSC/SSC profile, CD16+, HLA-DR-, 
CD66b+. AxV and CD16 staining of neutrophils is shown. 

In fact this ‘late apoptosis’ population of neutrophils did not show any increased uptake 

of live/dead stain compared to the AxV positive/ CD16high (early apoptotic), or AxV 

negative/ CD16 high (live) neutrophils (Figure 6-5). Live/dead stain uptake would 

normally be seen in a proportion of apoptotic neutrophils in in vitro experiments. These 

data could reflect rapid clearance of dead cells in vivo (and the rapid blister sample 

processing ex-vivo), or technical failure (poor discrimination between positive/negative 

staining as noted above in Figure 6-2 Figure 6-3) .  
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Figure 6-5 “Apoptotic” neutrophils in 24h blister: fluorescence of live/dead stain 
The neutrophils from the blister sample 24h following i.d.UVkEc shown in Figure 
6-4 were analysed for live/dead stain uptake. Live neutrophils (blue), early
apoptotic cells (CD16 hi, AxV + in orange) and late apoptotic cells (CD16 low, AxV+
in red) have similar uptake of live/dead stain, with increased uptake seen in a very
small proportion of the late apoptotic cells.

Flow cytometric analysis was used to further characterise of this population of ‘late 

apoptotic’ (AxVpositive, cd16 dim) cells.  “Late apoptotic” cells expressed lower surface 

cd62L compared to the live and early apoptotic population (Figure 6-6), but the size (FSC) 

of all three populations was similar (data not shown).  
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Figure 6-6 “Apoptotic” neutrophils in blister 24h following i.d. UVkEc: surface 
expression of CD62L 
The neutrophils from the blister sample 24h following i.d. UVkEc shown in Figure 
6-4 were analysed for surface CD62L expression. Live neutrophils (blue) and early
apoptotic cells (CD16 hi, AxV + in orange) have higher CD62L expression than late
apoptotic cells (CD16 low, AxV+ in red).

Overall these data suggest that the population of CD16dim cells noted to be more 

prevalent in the 24h blisters, which demonstrate lower CD62L expression (reported in 

chapter 4) could be AxV positive and could represent apoptotic cells (despite the lack of 

uptake of live/dead stain demonstrated). If so, existing data (described in chapter 4) 

demonstrated no significant differences in the rate of neutrophil apoptosis between 

participants with OA/RA and healthy controls. Further investigation of apoptosis in this 

model of acute inflammation was beyond the time frame of thesis. 

6.2.3 Using Sytox Green and LDH to understand the manner of cell death in 

vitro  

Another mechanism of neutrophil cell death, NETosis, was therefore considered to try 

to explain the rapid clearance of neutrophils in participants with RA/OA despite lower 

numbers of MPs at the site of inflammation.  To examine this further, extracellular LDH 

(used to infer death by necrosis), and extracellular free DNA (measured using sytox 

green stain and previously used to infer death by NETosis) were studied in the 

supernatant of cultured neutrophils in vitro, with a view to later using these markers to 

characterise cell death in extracellular fluid from the site of UVkEc induced inflammation 

(blister fluid). 
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Neutrophils were cultured in the presence or absence of different stiumuli to induce cell 

death in vitro. Neutrophils were stimulated with PMA; or exposed to UV light for 

30minutes after the first 15minutes of cell culture; or resuspended in pure water; or 

cultured in neutrophil buffer with no stimulation. After 4hours of culture, supernatant 

was then gently removed (SN1) and the cells were gently washed with warm RPMI 3 

times. Cells were then treated with DNAse + protease inhibitor cocktail as described in 

methods.  

Free DNA was demonstrated in the supernatant of cultured neutrophils. PMA stimulated 

neutrophils consistently released more free DNA into the medium than their 

unstimulated counterparts (a representative example is shown in Figure 6-7). This could 

reflect NETosis, but the effect was more modest than expected. Surprisingly, killing cells 

by exposure to UV light for 30minutes did not increase the release of free DNA into the 

culture medium. Killing cells by the osmotic stress of resuspending in water also led to 

the release of free DNA (Figure 6-7).  

As expected, treating neutrophils with DNAse led to more free DNA release (shown in 

red in Figure 6-7). This may represent cleavage of free DNA from cell surface bound 

NETs, or simply cleavage of DNA from dying cells, as this phenomenon was universal to 

the type of stimulus presented to the neutrophils. 
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Figure 6-7 Extracellular free DNA in neutrophil culture supernatants 
Fresh healthy human neutrophils were isolated and cultured for 4h at a 
concentration of 3x105/ml at 37°C.  Cells were cultured in neutrophil buffer and 
either left unstimulated; stimulated with PMA (40nM, added after 15mins 
culture); exposed to UV light (cultured for 15minutes, UV treatment for 
30minutes, then replaced in culture for the remaining 3h15mins); or resuspended 
in water to burst cells by osmosis. Supernatant (SN1) was removed directly after 
culture, then cells were gently washed (by addition of warm RPMI for 10 minutes 
at 37°C) 3 times. DNAse+protease inhibitor in RPMI was then added to cells for 
20minutes at 37°C, and the supernatant removed (DNAse). All samples were 
frozen at –80°C, and after defrosting on ice spun at 2000G for 10minutes prior to 
staining with sytox green. Free DNA was quantified by interpolation from a 
contemporaneous standard curve with known quantities purified placental DNA 
incubated with sytox green. Replicates reflect different wells from the same 
experiment, with a line at the geometric mean. 

 

6.2.3.1 LDH release from killed neutrophils 

LDH was also measured in the supernatants of cultured dying neutrophils. Culturing 

unstimulated neutrophils led to more LDH release after 6hours than after 4hours, 

perhaps reflecting increased cell death (Figure 6-8).  

However, 24hour culture led to reduced detection of LDH. Throughout these 

experiments PMA stimulated neutrophils released less LDH into the medium than their 

unstimulated counterparts (a representative example is shown in Figure 6-8).  Also 

surprising was that killing cells by exposure to UV light for 30minutes, or killing cells by 

the osmotic stress of being resuspended in water did not increase the release of LDH 

into the medium. According to the manufacturer, the half-life of LDH released from cells 

into medium is approximately 9hours(162). It is therefore possible that some LDH 
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released from cell death at the start of culture time had been degraded by the time of 

measurement at the end.  Further experiments measuring LDH release in response to 

different mechanisms of different cells would be useful to understand the factors driving 

extracellular release of this enzyme in vitro and in vivo. 

 

Figure 6-8 Effect of neutrophil culture conditions on extracellular LDH:  
Freshly isolated healthy human neutrophils were cultured for 4-24h at a 
concentration of 3x105/ml at 37°C. ’Unstimulated’ cells were cultured in 
neutrophil buffer. ‘PMA’ cells were stimulated with 40nm PMA after 15mins of 
culture. ‘UV light’ cells were removed after 15mins culture, exposed to UV light for 
30minutes, and then replaced at 37°Cfor the remaining 3h15mins.  Water killed 
cells were resuspended in water to burst cells by osmosis. Supernatant was 
removed directly after culture and frozen at –80°C until testing, and spun at 2000G 
for 3minutes prior to use. Replicates reflect different wells from a single 
experiment, with a line at them geometric mean. 

6.2.3.1.1 Increased cell culture density increases free DNA and LDH detected 

Culture and stimulation of neutrophils with PMA for 4hrs at 37°C at increasing cell 

densities (3x105- 1.3x106 per ml per well of a 24 well plate) resulted in a non-

proportional increase in  fluorescence of sytox green in the supernatant and 

approximately proportional increase in LDH (Figure 6-9).  This suggests that the results 

obtained from blister samples should also be considered in the light of the number of 
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cells present at the site at the time. Therefore, data below are also normalised to the 

number of live cells/ ml in the respective blister sample.  

 

Figure 6-9 Effect of neutrophil concentration on extracellular free DNA and LDH:  
Freshly isolated healthy human neutrophils were placed in culture at 37°C at the 
cell densities shown, and after 15mins culture, stimulated with 40nm PMA for 6 
hours. Supernatants were frozen at –80°C until testing and spun at 2000G for 
10minutes prior to use. Replicates reflect different wells from a single experiment 
with a line at the geometric mean. 

6.2.3.2 Evidence of cell death in healthy female blister fluid 

Next, blister fluid from healthy young females following i.d. UVkEc injection was 

assayed. Suction blisters had been raised at the timepoints indicated as previously 

described in chapter 3, and cell-free blister fluid was stored in 30μl aliquots at -80°.  

Free DNA (measured by sytox green) in the extracellular fluid was stable throughout the 

timecourse of acute inflammation, with modest increases at 8h and 48h (Figure 6-10). 

When considered as a product of the cells present at the site, and corrected for the 

reducing number of cells in the blister fluid over the time course, an increase in 

normalised free DNA until 48h was observed.  
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Figure 6-10 Extracellular free DNA in blister fluid following i.d. UVkEc in healthy 
young females:  
1.5x107 UVkEc were injected into the dermis of healthy female volunteers as 
described in chapter 3. Suction blisters were raised at the timepoints indicated and 
cell free inflammatory exudate was frozen at -80°C until use. 30ul aliquots of 
blister fluid were defrosted on ice. 9ul blister fluid was diluted with 78ul PBS and 
stained with sytox green. Free DNA was quantified by interpolation from a 
contemporaneous standard curve with known quantities purified placental DNA 
incubated with sytox green. Data are shown for each individual (with a line at the 
geometric mean) in raw form on the left, and divided by the total number of 
cells/9ul blister fluid for each individual sample on the right: this was derived from 
the cell count/ml established by haemocytometer in each blister at the point of 
sample collection. 

LDH in the extracellular fluid was stable from 4h-24h but increased at the later 

timepoints (48h and 72h) (Figure 6-11).  When considered as a product of the cells 

present at the site, and corrected accordingly for the reducing number of cells in the 

blister fluid over the time course, an increase in normalised LDH throughout the time 

course is observed, suggesting that there is not a simple relationship between increased 

numbers of cells at the site and consequent increased cell death and extracellular LDH.  

As discussed above, the further work required to adequately explain these results was 

beyond the scope of this thesis, and in the first instance, measurement of LDH in naïve 

blister fluid (prior to UVkEc injection) would help to understand the extracellular release 

of this enzyme in baseline skin. 
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Figure 6-11 Extracellular LDH in blister fluid (9ul) of healthy young females 
following i.d.UVkEc  
1.5x107 UVkEc were injected into the dermis of healthy female volunteers as 
described in chapter 3. Suction blisters were raised at the timepoints indicated and 
cell free inflammatory exudate was frozen at -80°C until use. 30ul aliquots of 
blister fluid were defrosted on ice. 9ul blister fluid was diluted with 41ul prior to 
quantification of LDH. n=6 for 8h, 24h and 48h timepoints but there was only 
sufficient residual blister fluid for n=2 at 4h and 72h. Data are shown for each 
individual (with a line at the geometric mean) and shown in raw form on the left; 
and divided by the total number of cells/9ul blister fluid for each individual sample 
on the right: this was derived from the cell count/ml established by 
haemocytometer in each blister at the point of sample collection. 

6.2.3.2.1 Blister sample dilution reduces extracellular DNA or LDH detection 

Reduced detection of free DNA and extracellular LDH was seen when blister samples 

were diluted suggesting a lack of interference in the assay of unknown substances in 

blister fluid (Figure 6-12).  
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Figure 6-12 Free DNA and LDH in blister fluid (10ul/5ul) of healthy young females 
following i.d.UVkEc  
1.5x107 UVkEc were injected into the dermis of healthy female volunteers as 
described in chapter 3. Suction blisters were raised at the timepoints indicated and 
cell free inflammatory exudate was frozen at -80°C until use. Blister fluid was 
defrosted on ice, spun at 2000g for 3minutes and then diluted (10ul:77ul or 
5ul:82ul) in PBS prior to quantification of free DNA (right) or (10ul:40ul or 5ul:45ul) 
in PBS prior to quantification of LDH (left).  Data are shown for each individual on a 
linear scale with a line at the mean. 

6.2.3.3 Evidence of cell death in RA/OA/Healthy participant blister fluid 

Cell-free exudate collected from the site of intradermal UVkEc induced inflammation in 

the RA/OA/healthy study described in chapter 4 were then tested for extracellular free 

DNA and LDH.  As described previously, 1.5x107 UVkEc were injected into each forearm 

of each participant. Suction blisters were raised over the site of inflammation at the 

specified time points, and cell-free blister fluid was stored in 30μl aliquots at -80°.  Blister 

samples for an additional 4 participants (2 healthy and 2 RA recruited to date for the 

next cohort of 24h and 48h blisters) were included in this analysis.  

These results demonstrated free DNA in all samples. As demonstrated in healthy 

females, levels at 4h and 24h were similar, with a marginal increase from 24h-48h. When 

normalised for total cell count, free DNA decreased in healthy participants from 4h-24h, 

but increased in OA and RA participants over the same time period. There was also a 

trend towards more free DNA in RA and OA participants at 24 and 48h (Figure 6-13).  
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Figure 6-13 Extracellular free DNA in blister fluid of participants with RA, OA and 
healthy controls following i.d.UVkEc 
1.5x107 UVkEc were injected into the dermis of participants with RA (red), OA 
(green) and healthy controls (blue). Suction blisters were raised over the site of 
inflammation at the timepoints indicated, and cell free inflammatory exudate was 
frozen at -80°C until use. Blister fluid was defrosted on ice, spun at 2000g for 
3minutes and then diluted (9ul:41ul) in PBS prior to analysis. Free DNA was 
quantified by interpolation from a contemporaneous standard curve with known 
quantities purified placental DNA incubated with sytox green. Data are shown for 
each individual (with a line at the geometric mean), in raw form on the left. On the 
right concentration of DNA is divided by the total number of cells/9ul blister fluid 
for each individual sample: this was derived from the cell count/ml established by 
haemocytometer in each blister at the point of sample collection. 

There was also an increase in blister LDH between 4h-24h (particularly in RA and OA), 

and between 24h-48h in both healthy and RA(Figure 6-14). When normalised for cell 

count, a trend towards more LDH in RA and OA participants at 24h (and 48h in 2 RA 

participants) was seen (Figure 6-14 right) .  
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Figure 6-14 Extracellular LDH in blister fluid of participants with RA, OA and 
healthy controls following i.d.UVkEc 
1.5x107 UVkEc were injected into the dermis of participants with RA (red), OA 
(green) and healthy controls (blue). Suction blisters were raised over the site of 
inflammation at the timepoints indicated, and cell free inflammatory exudate was 
frozen at -80°C until use. Blister fluid was defrosted on ice, spun at 2000g for 
3minutes and then diluted (9ul:41ul) in PBS prior to analysis. Data are shown for 
each individual (with a line at the geometric mean). Data are shown in raw form 
on the left, and divided by the total number of cells/9ul blister fluid for each 
individual sample on the right: this was derived from the cell count/ml established 
by haemocytometer in each blister at the point of sample collection. 

6.2.4 Correlation of free DNA and LDH with cell numbers at site of UVkEc 

induced inflammation 

The presence of extracellular free DNA and LDH later in the time course of acute 

inflammation was unexpected. There did not seem to be a simple relationship between 

increased numbers of cells at the site and consequent increased cell death and 

extracellular DNA and LDH. There was no positive correlation seen between the 

clearance of neutrophils between 4h-24h and extracellular DNA (Figure 6-15 left) or LDH 

(Figure 6-16 left).  

Overall there was no correlation of these cell death markers and monocyte count (Figure 

6-15 and Figure 6-16 right).  However, amongst healthy and RA participants there was a

trend towards a negative correlation for free DNA i.e.  greater numbers of monocytes

were associated with lower extracellular free DNA. This was not seen in the OA group

and overall the relationship was not significant. Similarly, higher numbers of monocytes

in RA participants were associated with lower levels of LDH (non-significant, with no

correlations seen for OA or healthy groups).
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Figure 6-15 Correlations of free DNA with neutrophil clearance (A) and monocyte 
count (B) 
1.5x107 UVkEc were injected into the dermis of participants with RA (red), OA 
(green) and healthy controls (blue). Suction blisters were raised over the site of 
inflammation at 4h and 24h. Cells were separated from inflammatory exudate by 
centrifugation and stained for flow cytometry, which enabled quantification of 
neutrophils and monocytes. Cell free inflammatory exudate at 24h was used to 
quantify free DNA by sytox green stain. Spearman rank correlation coefficient was 
calculated between sytox green fluorescence at 24h and the change in neutrophil 
count (from 4h-24h: A), and the monocyte count at 24h (B). 

A B 
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Figure 6-16 Correlations of LDH v neutrophil clearance (A) and monocyte count 
(B) in blister fluid following i.d.UVkEc 
1.5x107 UVkEc were injected into the dermis of participants with RA (red), OA 
(green) and healthy controls (blue). Suction blisters were raised over the site of 
inflammation at 4h and 24h. Cells were separated from inflammatory exudate by 
centrifugation and stained for flow cytometry, which enabled quantification of 
neutrophils and monocytes. Cell free inflammatory exudate at 24h was used to 
quantify LDH. Spearman rank correlation coefficient was calculated between LDH 
at 24h and the change in neutrophil count (from 4h-24h: A), and the monocyte 
count at 24h (B).  

Amongst all groups there was a significant positive correlation between LDH and sytox 

green results (4h, 24h and 48h, (r=0.5782, p<0.0001), Figure 6-17). Interestingly, this 

correlation was strongest for participants with RA (spearman r=0.9071, p<0.0001) 

compared to those with OA (r=0.6, p=0.0734) and healthy controls (r=0.5107, p=0.0543), 

or indeed the young healthy females (r=0.5107, p=0.0543). This could suggest that the 

processes leading to release of LDH and release of free DNA are linked, particularly in 

RA, and led to further efforts to identify evidence of NETosis at the site of inflammation. 

A B 
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Figure 6-17 Correlation between LDH and free DNA in blister fluid following i.d. 
UVkEc 
1.5x107 UVkEc were injected into the dermis of participants with RA (red), OA 
(green) and healthy controls (blue). Suction blisters were raised over the site of 
inflammation at 4h (n=21), 24h (n=21) and 48h (n=4). Cell free inflammatory 
exudate was obtained by centrifugation for measurement of LDH and free DNA. 
Spearman rank correlation coefficient for the all participants, and for each of RA, 
OA and healthy participant groups (see text).  

6.2.5 Identifying evidence of NETosis in blister fluid 

Methods to identify NETosis would ideally include direct visualisation of the netting 

neutrophils under microscopy(163). However, I sought to identify remnants of NETosis 

in cell-free blister fluid and so an indirect method was required.  

A sandwich ELISA, developed by Dr Akif Khawaja, was used to identify NET remnants in 

blister fluid as described in methods. Samples were incubated on an ELISA plate coated 

with anti-MPO. A second antibody to citrullinated histone H3 was added after washing, 

theoretically  sandwiching any NET remnants containing both myeloperoxidase and 

citrullinated histone H3. Binding was detected by an HRP conjugated secondary 

antibody.  

Initially, blister fluid and plasma from the healthy female characterisation cohort was 

tested using this ELISA (Figure 6-18), with NETosis products detected in cell free 

inflammatory exudate particularly at 4h and 48/72h.  
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Figure 6-18 NETosis measured in Inflammatory exudate and plasma from healthy 
females following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of healthy female volunteers. Plasma 
samples were obtained at 4h and 24h.  Suction blisters were raised at the 
timepoints indicated and cell free inflammatory exudates were separated by 
centrifugation and diluted (30ul:70ul block buffer). The 'positive control' was PMA 
stimulated fresh healthy human neutrophils (1x10^5/ml neutrophils stimulated 
with 40nM PMA for 4hours). The negative control was neutrophil buffer with no 
neutrophils cultured. The NETosis capture ELISA was conducted with all samples 
on a single plate and the resulting absorbance is shown. Data are shown for each 
individual with a line at the mean. 

Multiple negative controls were performed in addition to the neutrophil buffer shown 

here (wash and block buffers used in ELISA method, 3% sodium citrate in block buffer at 

the same concentration as when collecting blister fluid), and all resulted in absorbance 

<0.15.  Further negative controls included fresh harvested neutrophils cultured in 

neutrophil buffer for 4hours with no PMA stimulation, neutrophils induced to undergo 

apoptosis (left in culture in neutrophil buffer overnight), and neutrophils induced to 

undergo necrosis (exposed to 30mins UV light) (data not shown). In addition, each 

antibody used in the ELISA (anti-MPO, anti cit-H3 and HRP conjugated secondary 

antibody respectively) were omitted in turn from blister samples and PMA treated 

neutrophils, which confirmed negligible non-specific binding (data not shown) . 

The intended positive control was supernatants from human neutrophils which had 

been stimulated with PMA at various culture densities (a kind gift from Akif Khawaja). 

Although more positive than negative controls, these supernatants demonstrated 
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significantly lower absorbance than blister samples.  The reproducibility of the assay was 

therefore interrogated further. For example, healthy female blister fluid was used at 

different dilutions and demonstrated a dose response relationship with absorbance 

(Figure 6-19) 

 

Figure 6-19 NETosis measured following dilution of blister fluid with PBS and 
block buffer 
1.5x107 UVkEc were injected into the dermis of healthy female volunteers. Suction 
blisters were raised at the timepoints indicated and cell free inflammatory 
exudates were separated by centrifugation and frozen in 30ul aliquots at -80° prior 
to use. Aliquots from two individuals (one blister at 4h and one blister at 24h) 
were defrosted on ice and diluted to a final volume of 100ul. Samples were tested 
using the NETosis ELISA, and the resulting absorbance is shown. Samples diluted in 
PBS shown as triangular points, samples diluted in block buffer as circular points. 

Further changes were made to the method for stimulating neutrophils and handling the 

neutrophil supernatant in an attempt to detect higher levels of NETosis for a positive 

control. Neutrophils were cultured at different cell densities; stimulated with different 

aliquots of PMA; stimulated for 6h instead of 4h; harvested supernatants were either 

refrigerated overnight or frozen at -80 prior to analysis; supernatants and blister fluid 

samples were either spun as usual at 2000G for 3minutes to remove particulates, or not 

spun prior to use. These changes did not materially alter the results obtained to provide 

a convincing positive control (data not shown).  

I then hypothesised that in-vitro, NETs may not be completely released from the NETotic 

neutrophils and residual NET products may be stuck to the surface of the residual cells. 

Therefore DNAse (together with a protease inhibitor cocktail) was used to cleave NETs 

from the surface of NETotic neutrophils.  This increased the amount of free DNA 
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detectible by sytox green, but the NETs assay still showed very low absorbance 

throughout (data not shown).  

The ELISA method was next optimised using different antibody concentrations. 

Increasing the concentration of anti-histone H3 antibody not only increased the 

sensitivity of the assay, but also increased the discrimination between the DNAse 

treated supernatants and the untreated controls. Therefore, fresh human neutrophils 

were also stimulated with either LPS or calcium ionophore to theoretically generate 

histone citrullination and NETosis. Supernatants from these cells were compared with 

neutrophils both unstimulated and stimulated with PMA (as previously) and stimulated 

with staurosporine (to generate apoptosis). This still failed to produce a convincing 

positive control. In contrast, blister samples run at the same time from healthy female 

volunteers again yielded much higher absorbance (0.9 – 1.34) (data not shown). 

Finally, it was hypothesised that the NETs might be sticking to the plastic of the cell 

culture plate. In contrast, blister fluid from study participants is collected directly into 

protein lo-bind eppendorfs, which could lead to less binding of NETs, and explain the 

positive results obtained from blister fluid. Therefore different methodology was 

applied to the culture and stimulation of neutrophils. Fresh human neutrophils were 

obtained as previously, but cultured and stimulated for 4hours in protein lo-bind 

eppendorfs. The supernatant was then removed (SN1) and the cells were resuspended 

in RPMI with or without DNAse/Protease inhibitor cocktail as previously. This 

supernatant was removed after 15minutes. 

A modified version of the NETosis ELISA was then performed. This followed the same 

principle as previously but due to lack of availability of the same clone of anti-MPO 

antibody, pre-coated plates with a different clone of mouse anti-human MPO were 

used, as detailed in methods. Results in Figure 6-20 demonstrated a clear difference 

between PMA stimulated neutrophils compared to unstimulated cells. PMA increased 

the production of free DNA into the supernatant (SN1), perhaps by inducing neutrophil 

NETosis. DNAse treatment of these cells resulted in increased detection of free DNA in 

the supernatant from PMA treated cells (SN2 DNAse), compared to a wash without 

DNAse (SN2 wash). 
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Figure 6-20 NETosis measured following neutrophil culture in protein lo-bind 
Eppendorfs 
Fresh human neutrophils were collected as previously but cultured in protein lo-
bind Eppendorfs, and stimulated with 40nM PMA or left unstimulated. 
Supernatants were collected immediately following stimulation (SN1), cells were 
then washed with RPMI containing DNAse and protease inhibitor (DNAse) or RPMI 
alone (SN2 wash), and the supernatant removed. Supernatants were tested using 
the NETosis ELISA and the resulting absorbance is shown. Unstimulated cells are 
shown in blue and PMA stimulated cells in red. Replicates shown are different 
wells from the same experiment with a line at the mean. 

The ELISA was then run with blister samples from RA/OA study (Figure 6-21). The pattern 

previously observed in healthy females of NETosis being more prevalent in 4h and 48h 

blister fluid than 24h blister fluid (see Figure 6-18) was not replicated, but only 3 healthy 

and 2 RA participant blister fluid samples were available at 48h. Controls included in this 

experiment included the assay buffer provided by the manufacturer (diluent: negative) 

and supernatant from fresh human neutrophils cultured for 4h in protein-lo-bind 

Eppendorf’s, either unstimulated (negative) or in the presence of 40nM PMA (positive). 

There were no significant differences between participant groups: there was a trend 

towards decreased NETosis in participants with RA at 4h, with this difference lost, or 

even reversed by 24h. Interpretation of data at 48h is limited by the small number of 

participants, but there was increased NETosis in 2 participants with RA compared to 2 

healthy controls. 

 U
n s t im

u la
te

d   S
N 1

 P
M

A  S
N 1

 U
n s t im

u la
te

d   S
N 2  D

N A s e

 P
M

A  S
N 2  D

N A s e

U n s tim
u la

te
d   S

N 2  w
a s h

 P
M

A  S
N 2  w

a s h
0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

       
    

A
b

s
o

rb
a

n
c

e
 (

n
m

)

Initial
s u p e rn a ta n ts
a fte r s t im u la t io n

C e lls  th en
tre a te d  w ith

D N A s e  (1 5 m in ):
s u p e rn a ta n t

re m o v e d
C o n tro l c e lls
R P M I w ith ou t
D N A se
(1 5 m in ):
S u p e rn a ta n t
re m o v e d



 

 207 

 

Figure 6-21  NETosis measured in blister fluid od participants with RA, OA and 
healthy controls following i.d. UVkEc 
1.5x107 UVkEc were injected into the dermis of participants with RA (red), OA 
(green) and healthy controls (blue). Suction blisters were raised over the site of 
inflammation at 4h and 24h and cell free inflammatory exudate was obtained by 
centrifugation. 10ul of blister fluid was diluted in 90ul of ‘Assay buffer B’ and the 
modified NETosis ELISA conducted as described in methods. Assay buffer B was 
used as a negative control. For a positive control, fresh human neutrophils were 
cultured for 4h in protein-lo-bind eppendorfs and stimulated with 40nM PMA, 
then washed with RPMI containing DNAse/protease inhibitor and the supernatant 
collected. Unstimulated fresh human neutrophils were cultured with the same 
protocol and were included as a further control. Data are shown for each 
individual with a line at the mean. 

In conclusion, a reliable method for detecting NETosis in cell-free exudate was difficult, 

which may explain the lack of a widely used commercially available kit. The data 

obtained do not suggest a significant difference in NETosis to explain the differences 

noted in MP recruitment from 4h-24h between RA/OA and healthy contols. However, 

further analysis of participants undergoing blisters at 48h in the next phase of this 

research may reveal differences in the manner of cell death.  
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6.3 Summary 

In this chapter I have investigated mechanisms of neutrophil death in the UVkEc blister 

model, using healthy volunteers and cell free inflammatory exudate collected from 

participants with RA, OA and healthy controls.  

In healthy volunteers I demonstrated a population of CD16dim neutrophils likely 

undergoing apoptosis as evidenced by surface expression of AxV. This suggests that the 

population of CD16dim CD62L low neutrophils identified 24h after i.d. UVkEc injection 

across participants with RA, OA and healthy controls might reflect apoptotic neutrophils, 

and hence I had not detected a discernible difference in the rate of apoptosis between 

these groups (although further work is required to confirm this). 

To understand the efficient clearance of neutrophils from the site of UVkEc induced 

inflammation in participants with RA and OA despite fewer monocytes being present, 

free DNA and LDH were measured to further understand the degree of neutrophil cell 

death by  NETosis or necrosis. 

Study of the cell free inflammatory exudate from the site of UVkEc induced 

inflammation in healthy females demonstrated peaks of free DNA at 8h and 48h, and a 

peak of LDH at 48h-72h. When corrected for the total number of haematopoietic cells 

at the site of inflammation, an increase in both free DNA and LDH throughout the time 

course was demonstrated. This was surprising as from 48h onwards very few cells are 

present at the site of inflammation and so little cell death would be expected. The 

specificity of LDH as a marker of death/necrosis in this model is therefore questionable, 

but a role of extrusion of LDH from live cells at the site of acute inflammation is not 

described in the literature. Levels of free DNA corrected for total cells were non-

significantly higher in participants with RA and OA than healthy controls at 24-48h. LDH 

was non-significantly lower in participants with RA at 24h, but higher in RA/OA 

participants compared to healthy controls when corrected for the total number of cells 

present. Further understanding of the factors driving extracellular LDH release during 

the acute inflammatory response will help to interpret these data.  

In order to determine whether the free DNA detected was reflecting neutrophil NETosis, 

a capture ELISA was used for products of NETosis containing MPO and citrullinated 

histoneH3. This was technically challenging, but revealed a (non-significant) reduction 
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in NETosis products in participants with RA at 4h compared to OA and healthy controls, 

but a (non-significant) increase at 24h, and an increase in 2 participants with RA 

compared to 3 healthy controls at 48h i.e. a similar pattern to that observed for free 

DNA.  

The work described in this chapter raises the possibility that LDH in cell free 

inflammatory exudate is not purely a marker of cell death or necrosis, and that this 

enzyme may have an extra-cellular role in the resolution phase of acute inflammation. 

Secondly the presence of free DNA and NETosis products suggest that NETosis may be a 

mechanism of neutrophil cell death in the UVkEc blister model and that this may be 

more prominent in participants with RA compared to healthy controls from 24h 

onwards. 
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7 Discussion 

7.1 Summary of findings  

The hypothesis underlying this study was that individuals developing RA have a systemic 

defect in the resolution of acute inflammation: And, that the defect in resolution may 

predispose to the autoimmunity inherent in the pathogenesis of the disease.  

The aim of the study was to use a human model of acute resolving inflammation in 

response to intradermal UVkEc to examine both the systemic clinical, and local cellular 

and soluble features of the inflammatory response in RA. Our characterisation of this 

model in healthy young male volunteers had clearly defined the local cellular and soluble 

features of the onset and resolution phases of the acute inflammatory response.  In 

order to translate this model into patients with RA, I first needed to determine the 

response across a wider range of healthy individuals, in particular females, who are 

more predisposed to autoimmune diseases such as RA. I also needed to confirm the 

acceptability of this model to the human volunteers, in order to judge the ethical issues 

involved in performing such studies on patients recruited from NHS services. 

In chapter 3, I described the characterisation of the model in healthy females. Whilst 

there was no significant difference identified in the systemic response and clinical 

symptoms reported by female volunteers compared to males, there was an overall 

reduction in the local inflammatory response, spanning the microvascular reactivity 

(measured by laser doppler), the infiltration of haematopoietic cells (particularly 

monocytes) and the peak levels of several inflammatory cytokines measured in cell free 

exudate from the site of inflammation. This confirmed the need for a sex-matched 

control group for the RA study. In addition, feedback from male volunteers together 

with more detailed prospective characterisation of the symptoms experienced by the 

participants was useful to confirm the acceptability of the model and paved the way for 

a successful ethics application.  

In chapters 4 and 5, I translated this model into a study of the response to i.d. UVkEc in 

patients with RA. The results obtained refuted my hypothesis of impaired resolution of 

inflammation in RA. Instead the data suggested faster resolution in terms of the indices 

used in this study: namely reduced pain and tenderness at the site, a trend towards 
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reduced microvascular reactivity by 24h, and efficient neutrophil clearance in the 

presence of fewer MPs. Differences in soluble mediators of inflammation – cytokines 

and lipids – were not so striking: There was a trend towards reduction in some cytokines 

involved in monocyte chemoattraction in RA (e.g. GM-CSF, IL12p70, IP-10 and IFNɣ) but 

not others (MCP-1, MCP-4 and MDC). OA patients were included as an additional 

‘control’ group, with the hypothesis that OA is not a systemic autoimmune disease but 

can cause localised joint inflammation. However, responses in OA participants generally 

showed more similarities to RA than to healthy controls, with similarly reduced 

pain/tenderness, reduced microvascular reactivity, reduced MPs and similar trends in 

inflammatory cytokines.  

Monocytes are key players in the resolution of acute inflammation, facilitating clearance 

of apoptotic neutrophils from the site of inflammation by phagocytosis, and were thus 

a particular focus of this study. A reduction in monocyte infiltration might have fitted 

with the hypothesis of defective resolution, except that the clearance of neutrophils, 

and perhaps more importantly the clinical features of inflammation (pain/tenderness, 

local microvascular reactivity) were if anything suggestive of enhanced resolution. This 

discrepancy requires further evaluation, but could lead to several hypotheses: that 

RA/OA monocytes are more effective at phagocytosis (as suggested by increased surface 

expression of CD163) (152); that the acute inflammatory response is faster in RA/OA and 

therefore the 24h timepoints reflects a later phase in the resolution of inflammation and 

the peak of monocyte infiltration has passed; or that neutrophils are dying and being 

cleared by different mechanisms that are less dependent on monocyte phagocytosis.  

This third hypothesis was further explored in chapter 6. I had identified a population of 

CD16low neutrophils on flow cytometric analysis in all groups. In a healthy male 

volunteer, I established that these CD16low neutrophils were predominantly AxV 

positive, and so may be apoptotic. If this could be further validated, it would suggest 

that there was no difference in the rates of neutrophil apoptosis between groups in this 

study. I therefore considered whether there might be increased neutrophil death by 

NETosis in RA/OA patients. Despite difficulties in optimising an assay for NETosis in cell-

free blister fluid, the results raised the possibility that remnants of NETosis or cell death 

more generally (free DNA, LDH and citrullinated histoneH3/MPO conjugates) might be 

increased at the later stages of resolution (24-48h) in RA. Further work is required to 
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confirm whether this is the case, and if so whether this plays a role in the pathogenesis 

of disease.   

In this discussion chapter I reflect on the development, implementation and usage of 

the model in different control groups and patients, and the challenges of this.  I then 

further discuss the results outlined in the thesis and their limitations, relating to the 

hypotheses outlined in chapter 1.  Finally I signpost the potential impact, and future 

directions of this research.  
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7.2 Use of the UVkEc blister model as a means to understand the acute 

inflammatory response 

The majority of basic immunological research uses cell based or animal models, or the 

static profiling of patients in given disease states. Whilst mouse models of RA are well 

developed and are useful to test novel therapeutic targets, in each case there is a clear 

single causative factor on which the model is based (e.g. immune response to collagen 

and adjuvant in collagen induced arthritis, or genetic manipulation in TNFα transgenic 

or k/BxN mice) . Such models do not therefore allow interrogation of the multiple factors 

likely to be involved in the pathogenesis of human RA.   

Profiling of patients in a given disease state is useful to identify a permanent change in 

the immune system resulting from the disease or underlying the pathogenesis of 

disease, but to interrogate the functional consequences of any changes identified, ex-

vivo mechanistic studies are required, which are limited by the ex-vivo environment 

designed by the researcher.  

The UVkEC offers a novel approach to inducing and then monitoring the dynamic acute 

inflammatory response to a known (constant) stimulus, in vivo. The UVkEc blister model 

allows the entire co-ordinated immune response to play out in vivo within the normal 

tissue architecture before a blister is raised. This is in contrast to other in vivo blister 

models of induced acute inflammation, such as the cantharidin blister model, where the 

resolution phase may be altered by the early formation of a blister altering the usual 

tissue architecture(99). We had already characterised the healthy male response to 

UVkEc, and so the safety profile, and spontaneous resolution of intradermal UVkEc 

induced inflammation had been established. Furthermore e.coli is not a typical skin 

infection, so prior exposure in the skin (and an altered adaptive response which would 

skew results), was unlikely. 

Prior to the work in this thesis the model had only been performed in a cohort of male 

volunteers, whereas RA and many autoimmune diseases, more commonly affect female 

patients.  The differences identified in chapter 3 highlight that sex differences occur, and 

that careful selection of control populations is needed.  Whilst not fully explored in this 

thesis, it is also likely that there will be age differences, and this is discussed further in 

the ‘limitations’ section 7.5 below. 
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In order to translate this model into use in patients this study required to pass a number 

of regulatory approvals, most notably REC approval.  Survey of the acceptability of the 

model was a key component in demonstrating the acceptability of this model to human 

subjects, and discussion with a patient group (R2P2) was key to facilitating translation 

of the model into patients. 

Nevertheless, selection of patients proved challenging. Current clinical guidelines stress 

the importance of treating patients with inflammatory arthritis early with DMARDs, but 

the effect of such medications on the model is unknown and would have been a 

significant confounding factor when comparing to healthy individuals. I therefore 

decided to recruit from the small group of patients with RA not taking DMARDs or 

steroids. As discussed in limitations section below this not only significantly restricted 

recruitment but also reduced the applicability of results the general RA population. The 

effects of common DMARDs on inflammation in vivo are surprisingly poorly understood, 

and could be investigated using this model by comparing patients with RA on different 

medications. Indeed, separate studies of the effect of anti-inflammatory medications on 

this model have proved useful to understanding drug mechanisms of action(164). 

This model allows measurement of multiple parameters with clinical relevance. 

Observation of the site prior to blistering allows a comprehensive characterisation of 

clinically relevant outcomes such pain, tenderness and localised blood flow; whereas the 

blister process allows characterisation of both cellular and soluble mediators of 

inflammation and resolution.  The model is capable of generating large volumes of data, 

such as the multiplex assay of different samples collected at different time-points.  

Establishing how best to analyse such data was challenging, balancing focussed analyses, 

with more global correlative approaches.   Sample numbers were limited by the time 

limitations of this project, and as such the statistical power to confirm many differences 

was limited.   Further work is needed on how to best integrate the different types of 

data, from clinical observations such as pain and blood flow by laser Doppler, to cell and 

cytokine quantification. For example, correlation matrices of various parameters (e.g. 

cytokine / cell numbers) across the groups of participants have been used in this thesis 

to give further insight into the relationships between inflammatory cells and cytokines.  

But these data can also be transposed:  Instead of looking at the relationships between 

e.g. cytokines across the range of participants, we can look at the relationships between 
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participants across the range of parameters. Clustering analyses of these data, pooling 

all parameters together, would allow analysis as to whether the global innate immune 

response differs between individuals i.e. whether participants cluster together or 

whether there are patterns across parameters which are common to participants within 

groups.  This analysis is beyond the scope of this thesis, as the methodology needs to be 

developed (to allow an appropriate hierarchy or weighting of data parameters included 

to avoid bias) but could give valuable insight into the biology underlining the clinically 

observed phenomena.  

7.3 Different acute inflammatory response to intradermal UVkEc in healthy 

females compared to males 

As described in the summary above, there was an overall reduction in the local 

inflammatory response, spanning the microvascular reactivity measured by laser 

doppler, the infiltration of haematopoietic cells (particularly monocytes) and the peak 

levels of many inflammatory cytokines measured in cell free exudate from the site of 

inflammation in females.   

A potential caution in this finding is that females were recruited in a separate cohort to 

the earlier male volunteers.  Symptom scores were not directly comparable as males 

were questioned retrospectively, whereas females were prospectively asked to 

complete symptom visual analogue scores.  For all other analyses, efforts were made to 

reduce Inter-operator variability as much as possible: for example, blister analysis 

protocols were optimised together, manual cell counts were performed independently 

and then cross-checked, flow cytometric analysis was discussed and reviewed. Any 

discrepancies were resolved by discussion. Laser doppler imaging for every individual in 

this study was performed in the same room with the same machine and same settings. 

Cytokine analysis was performed for males and females within the same experiment 

(same plates on the same day).  Thus, while the potential for bias exists, it was minimised 

as much as feasible, and overall it was concluded that there were biologically significant 

differences in blood flow, cellular infiltration, and local cytokine production between 

males and females.     

Considering the reduction in doppler signal following UVkEc in healthy females, 

Raynaud’s phenomenon, a condition of inappropriate peripheral vasoconstriction, is 
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commoner in females than males, affecting approximately 10% of the healthy female 

population(165, 166). There is some evidence that cutaneous blood flow is generally 

reduced in healthy females (167). On the other hand, oestrogen has been demonstrated 

to enhance NO release(168) and so increased vascular reactivity in females might have 

been expected(169, 170). Endothelium mediated vascular dilatation, measured by flow 

mediated dilatation, has been shown to be increased in females compared to males, but 

only during certain phases of the menstrual cycle linked to higher oestrogen levels (171). 

It would be interesting to investigate whether the reduced vascular reactivity to i.d. 

UVkEc in females in this study correlates with nitric oxide production.  

The reduced number of total haematopoietic cells at the site, and the reduced 

proportion of monocytes in females at 8h and 24h after UVkEc injection is statistically 

significant. This is in line with previous studies where sex, or sex-hormone, mediated 

differences in leukocyte recruitment to sites of inflammation have been described in 

various mouse models (172-176), as well as in a similar human blister model(170).  

The differences observed in cytokine levels within the blister fluid are consistent with in 

vitro work demonstrating that PBMCs from human females stimulated with either viral 

ligands (to activate TLR8 or TLR9) or influenza virus, produced less IL-10(177), and those 

stimulated with LPS (1ng/ml) produce less TNFα(178), than PBMCs derived from males. 

LPS stimulated female neutrophils have also been shown to produce less TNFα than 

male derived neutrophils in vitro(179), perhaps due to reduced TLR4 expression(144). 

However these data are odds with other studies demonstrating increased inflammatory 

cytokine production in females after LPS stimulation (e.g. IL-6) (178) or after viral 

vaccination(180). A similar in vivo human blister model did not detect any differences in 

cytokine levels during the acute inflammatory response to cantharidin, but in this study 

cytokine levels were only measured 24h and 72h after the onset of inflammation(170). 

Although this literature describing different immune responses in males and females 

appears contradictory, different stimuli in the studies described would of course be 

expected to yield different responses. Moreover, the data presented herein suggests 

that male/female responses vary depending on the phase, or timepoint, of acute 

inflammation. Binary outcomes e.g. more or less of a particular cytokine or pathway at 

a certain timepoint, are not necessarily replicated in the in-vivo study presented here, 
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where the complexity of the complete orchestrated immune response is allowed to play 

out. Models such as the UVkEc blister model, which allow repeated assessment of the 

immune response at different phases are particularly useful in this regard.  

A difference in the immune response between the sexes is clinically significant. There is 

a large body of literature documenting differences in susceptibility to, and severity of, 

infection (with males generally faring worse), and in response to vaccinations (with 

females mounting a more robust response) reviewed in (144), and as highlighted in the 

introduction, many autoimmune diseases are more common in females. 

From an evolutionary perspective, the parental or ‘maternal’ role historically performed 

by female humans (but, for example, the male seahorse(181)) may have contributed to 

the differences in the immune systems of females and males, with the consequence of 

an increased risk of autoimmunity in females. The female susceptibility to a range of 

autoimmune conditions is well recognised, as are changes in the prevalence and 

character of diseases such as RA in females during the different hormonal states of 

puberty, pregnancy and menopause(182).  The differences between the acute 

inflammatory response between males and females described herein are not consistent 

with an over exuberant response in females which might be expected to ‘spill over’ into 

autoimmunity. However strongly suspected, a causative link between the hormonal or 

genetic differences between males and females and the propensity to autoimmunity has 

not been clearly demonstrated and requires further research.  

Females under 75yrs old are also known to have a significantly lower risk of 

cardiovascular disease than males, and this risk is not completely explained by adjusting 

for known cardiovascular risk factors such as hypertension, hypercholesterolaemia or 

smoking (146). Systemic inflammation contributes to endothelial dysfunction, plaque 

formation and rupture and thrombosis (183). It is possible that a difference in the female 

inflammatory response could be relevant to cardiovascular morbidity.  

In this study, healthy female volunteers not only demonstrated reduced recruitment of 

MPs, but there was also reduced CD14 surface expression on these cells. CD14 has been 

a focus of study in atherosclerosis (and associated risk factors such as obesity and 

diabetes(184)), and CD14 knockout mice are protected against LPS induced cardiac 

dysfunction(185). Membrane bound CD14 acts as a TLR4 co-receptor: it binds LPS/LPS-
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Binding Protein complexes, triggering TLR4/MD-2 (myeloid differentiation-2) interaction 

and intracellular signalling via NFκB and MAPK pathways.  CD14 is expressed on intimal 

layer macrophages in atherosclerotic plaques(186), can modulate expression of 

adhesion molecules and therefore recruitment of inflammatory cells, and promotes lipid 

uptake by macrophages during foam cell formation (187) reviewed in (184). Oestrogen 

has also been shown to limit leukocyte recruitment to injured myocardium or carotid 

arteries in rats (172) (174). It would be interesting to see whether the reduction in MP 

infiltration, and surface expression of CD14 on these cells observed in this thesis would 

be replicated in atherosclerotic plaques in females, perhaps conferring female 

protection against cardiovascular disease.  

In conclusion, sex differences in innate immune response could have wide implications, 

from the obvious impact on response to infection and vaccination, to the role of sex in 

the pathogenesis of autoimmune disease, through to cardiovascular disease, 

multimorbidity and lifespan. Human inflammation research therefore needs to be 

interpreted with an understanding of sex differences. Whilst healthy males are often 

preferred as a homogenous group for exploratory studies or small sample sizes, data 

collected in healthy young males cannot be extrapolated to necessarily hold true for 

older or female participants. In-vivo work is crucial to be able to understand the impact 

of female factors (including real life levels of sex-hormones etc) on the innate immune 

response and when comparing disease and healthy subjects in models and studies of 

inflammation, controlling for sex is critical.  

7.4 Differences between participants with RA, OA and healthy controls 

The central hypothesis of this study was that patients with RA have a defect in their 

ability to resolve acute inflammation. However, the study of the acute inflammatory 

response to UVkEc in participants with RA as described in chapter 4 did not identify any 

delayed or defective resolution in terms of blood flow, or clearance of cells or soluble 

mediators of inflammation.  On the contrary, there were trends exhibited across these 

parameters towards earlier, faster or enhanced resolution of inflammation: at 24h there 

were trends towards less pain, lower blood flow, reduced neutrophils and monocytes 

and reduced pro-inflammatory cytokines.  
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Patients with OA were included as a control group. Although OA can lead to localised 

joint inflammation, it is not considered to be a systemic inflammatory disease, and 

therefore a defect in the inflammatory response to UVkEc in the skin was not expected.  

Using this model, participants with OA did not exhibit any defects in the resolution of 

inflammation, but they did manifest similar trends at a clinical, cellular and protein level 

to participants with RA.  

7.4.1 Pain 

One of the more striking differences between study groups lay in the symptomatic 

response to UVkEC with RA and OA participants experiencing less pain and tenderness 

at the site at 4h and 24h. If this is borne out in a larger participant sample, there are two 

potential explanations; either the local inflammatory response leads to reduced 

production of pain mediators and so reduced activation of nociceptors locally; or the 

inflammation triggers nociceptors to an equivalent degree, but participants with 

arthritis are adapted to live with pain and have developed higher pain thresholds and so 

the pain messages are centrally modulated. This would be at odds with several papers 

reporting a reduced pain threshold in RA(188) (189-191), and a reduced pain threshold 

associated with longer disease duration in RA(192). To investigate this further, I 

measured the pain threshold (by the application of a painful pressure stimulus at a 

different site) in a group of healthy male volunteers undertaking the same experimental 

protocol, and found very little correlation between pressure induced pain threshold and 

the pain/tenderness reported at the site of UVkEc injection: this suggested that 

differences in UVkEc induced pain/tenderness reflected the production of nociceptive 

stimuli at the site more the individual’s pain threshold (or the central modulation of pain 

signals by the individual). This needs to be repeated in participants with OA/RA, to 

identify if pain threshold is generally altered in these patients. If a similar lack of 

correlation between pressure induced pain threshold and UVkEc induced 

pain/tenderness is demonstrated, further investigation of nociceptor production would 

be warranted to explain the reduced pain/tenderness in participants with RA/OA. Pro-

inflammatory cytokines (TNFα, IL-6, IL-1β, IL-8), anti-inflammatory cytokines (IL-4, IL-6, 

IL-10, IL-12, IL-13), and prostanoids (e.g. PGE2), all have a recognised potential to trigger 

nociceptors, but none of these were statistically significantly altered in RA/OA 

participants in this study.  Lipid mediators such as 15-HETE or linoleic acid derivatives 
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are considered to have a pain modulating effects (193, 194), but again, local production 

of these lipids was not altered in RA/OA participants. Other pain mediators such as kinins 

(bradykinin, kallidin and their metabolites) have not been investigated in this model.   

7.4.2 Reduction in mononuclear phagocytes at site of intradermal 

UVkEc induced inflammation in RA/OA 

MPs are of particular interest in RA, as macrophages are prominent in the synovium of 

active RA(195) and are a major source of pro-inflammatory cytokines such as TNFα 

which have been shown to have a key role in active disease(196). In dermal UVkEc 

induced inflammation, an increase in pro-inflammatory monocytes migrating into 

inflamed tissues might therefore have been expected in RA. In fact in this model there 

was a significant reduction in peak influx of monocytes at 24h in participants with RA/OA 

compared to healthy controls.  

Studies of peripheral blood in RA have demonstrated an expansion of intermediate 

monocytes (197, 198), and this subset of monocytes has also been particularly 

implicated in producing inflammatory cytokines and differentiating into M1 type 

macrophages driving synovial inflammation (whereas classical monocytes can 

differentiate into osteoclasts contributing to the bony erosions which are a feature of 

RA)(199). Such differences in peripheral blood monocyte phenotype were not picked up 

in the small number of individuals in this study either at baseline, or following 

intradermal UVkEc inflammation.  

Although the classification of monocytes into classical/intermediate/non-classical 

subtypes as per Ziegler-Heitbrock(200) is accepted nomenclature, these subtypes are 

not clear-cut, and the transition from classical to intermediate and on to non-classical in 

the peripheral blood is now accepted (155). This transition from classical to intermediate 

phenotype can also be effected in vitro(201) and has recently been shown to be 

enhanced by culture of classical monocytes with RA serum(202). Data presented in 

chapter 4 of this thesis suggest that this transition may also be occurring at the site of 

UVkEc induced intradermal inflammation, as the intermediate monocytes more closely 

resembled classical monocytes in the tissue than circulating intermediate monocytes in 

the peripheral blood. This would explain why the reduction in MPs in RA and OA was 
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common to both subtypes, as if there are fewer classical monocytes, a reduced 

transition to intermediate monocytes would naturally follow.  

7.4.2.1 Does monocyte chemotaxis explain reduced monocytes? 

The reduced numbers of MPs at the site of UVkEc induced inflammation in participants 

with RA/OA was an unexpected finding.  In trying to understand the underlying cause, I 

showed that levels of certain cytokines involved in monocyte activation and chemotaxis, 

such as IFNɣ and IP-10 may be lower at the site of UVkEc induced inflammation in 

participants with RA/OA. However other monocyte chemoattractants such as MCP-1 

and MCP-4 were present at high levels at 24h across all participant groups. 

IFNɣ, originally called macrophage activating factor, has many roles in innate and 

adaptive immunity, promoting antigen processing and presentation and uptake of 

apoptotic cells (203), as well as orchestrating leukocyte recruitment and enhancing NK 

and B cell activity (204). However, IFNɣ has also been shown to inhibit efferocytosis in 

human monocyte derived macrophages, likely by suppression of MerTK (158). IFNɣ 

release is enhanced by other cytokines such as IL-12 (which correlates with IFNɣ in this 

model).  Traditionally, NK cells and T lymphocytes were considered to be the main 

producers of IFNɣ (205). Production by mononuclear cells is also now recognised (206), 

so the observation that mononuclear cells were the primary source of IFNɣ in this model 

in a healthy volunteer would not be novel: this could imply that IFNɣ is reduced in RA/OA 

simply as a consequence of the reduced MPs at the site. The reduced levels of IFNɣ may 

allow for the efficient efferocytosis and rapid clearance of neutrophils from the site seen 

in the RA/OA groups(158). 

The role of IFNɣ in RA is apparently paradoxical with both pathogenic and protective 

roles postulated.  In contrast to the reduced IFNɣ in RA participants shown herein, 

several studies have implicated IFNɣ in the pathogenesis of RA(207) and reported 

increased secretion of IFNɣ by haematopoietic cells (monocytes and T and B 

lymphocytes) in RA. Studies of anti-IFNɣ showed early promise in the treatment of 

RA(208).  However, In collagen induced arthritis (CIA), a commonly used mouse model 

of RA, suppression of IFNɣ has been reported to both supress and exacerbate the 

disease(209), and so an immunosppressive role for IFNɣ started to be proposed, with 

roles in promoting regulatory T cells, inhibiting Th17 cells and neutrophil trafficking and 
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promoting immune cell apoptosis. In support of this, IFNɣ itself has also shown some 

efficacy as a therapy for RA(210) (211).  

IP-10 (IFNɣ inducible protein-10 / CXCL-10) is released by monocytes, endothelial cells 

and fibroblasts in response to IFNɣ (via the IFNɣ receptor). It promotes chemoattraction 

of monocytes/macrophages, T cells, NK cells and DCs via its ligand, CXCR3. In the UVkEc 

blister model, there was a trend towards reduced IP-10 at 24h in RA/OA participants. IP-

10 peaked at 24h, slightly later than IFNɣ and IL-12, and in one healthy volunteer it was 

also shown to be predominantly produced by monocytes.  

However, other studies have suggested a role for IP-10 in the pathogenesis of RA, with 

higher levels found in patients’ serum, synovial fluid and in CIA mice (reviewed in (212). 

Inhibition of IP-10 mediated T cell chemoattraction and Th1 polarisation has been shown 

to ameliorate adjuvant arthritis in rats(213).  

The IP-10 receptor CXCR3 expression was increased in all MP subtypes in blister fluid 

compared to peripheral blood in 2 healthy volunteers, suggesting that IP-10 could be 

involved in the recruitment and retention of all subtypes of MPs expressing CXCR3. 

Furthermore, lymphocytes (especially CD8+ T cells) were enriched for CXCR3 at the 

blister site, suggesting that the reduced IFNɣ and IP-10 concentration in participants 

with RA and OA may have later implications for the recruitment of CXCR3+ lymphocyte 

populations. This can be studied in future using blisters at 24h and 48h to study 

lymphocyte numbers and phenotypes in more detail. 

Other monocyte chemokines showed similar patterns between participant groups. For 

example, MCP-1 is produced by a variety of cell types, but particularly mononuclear 

cells, either constitutively or induced by inflammation (oxidative stress, cytokines e.g. 

IL-1, TNFα or growth factors). MCP-1 has been shown to regulate the migration and 

infiltration of monocytes, memory T lymphocytes, and natural killer (NK) cells (reviewed 

in (214)), and is present in the blister at high levels prior to the main influx of 

mononuclear cells. MCP-1 (CCL2) mediated monocyte chemotaxis is via the CCR2 

receptor, whereas MCP-4 activates monocytes via both CCR2 and CCR3. MCP-4 

production is also induced by inflammatory cytokines such as IL-1 and TNFα, activating 

signalling in monocytes, T lymphocytes, eosinophils and basophils, via the CCR2 or CCR3 

receptors. In the blister, production of MCP-4 occurs earlier than MCP-1, peaking at 4h, 
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already dipping below baseline levels at 24h and back to baseline levels by day14. 

Macrophage derived chemokine (MDC) is produced by macrophages and dendritic cells, 

and it is chemotactic for MPs and NK cells, via CCR4. In the blister, MDC appears to be 

constitutively expressed in the skin, as it is more concentrated in baseline blister fluid 

than baseline plasma, but although production has increased by 4h it peaks at 24h, later 

than MCP-1 or MCP-4. MDC is thus temporally associated with MP influx to the site.  

Increased surface expression of the MCP-1 receptor CCR2 on intermediate MPs in blister 

fluid at 24h in 2 healthy individuals might suggest that MCP-1 is playing a role in the 

recruitment or retention of (particularly intermediate) monocytes at the site of 

inflammation. 

In summary, the data obtained in chapters 4 and 5 would be consistent with reduced 

monocyte chemotaxis to the site as a result of lower levels of IFNɣ and IP-10, but equally 

consistent with the reduced levels of IFNɣ and IP-10 being a consequence of fewer 

monocytes. The role of chemokines in the reduced recruitment of monocytes in RA/OA 

would be better explored ex vivo, for example by studying the capacity of healthy 

monocytes to migrate towards blister fluid from participants with RA/OA and healthy 

controls, where the impact of increasing the  concentration of IP-10 could also be 

studied. 

7.4.2.2 What is the consequence of fewer monocytes? 

It was interesting that the reduction in numbers of MPs at the site of UVkEC induced 

inflammation in participants with RA/OA was not associated with impaired clearance of 

neutrophils from the site.  

It is possible that the monocytes in RA/OA participants are more efficient at neutrophil 

clearance. The effect of IFNɣ on the phagocytic capacity of MPs is not clear(215), but it 

is also possible that the reduced levels of IFNɣ in participants with RA and OA enhance 

the capacity for efferocytosis (216), for example via increased MerTK expression 

permitted by lower levels of IFNɣ(158). Previous research has suggested an enhanced 

phagocytic capacity of monocytes in RA (217). Cd163 is haemoglobin haptoglobin 

scavenger, and an innate immune receptor for bacteria and is shed following monocyte 

TLR activation(218). CD163 transcription is increased in phagocytic macrophages (152), 

so the increased surface expression of CD163 on RA monocytes in this study might 
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support this hypothesis.  It would be interesting to look for corresponding soluble CD163 

in the blister fluid. Experiments to explore the efferocytosis capacity of monocytes from 

participants with RA/OA and healthy controls are planned within the next phase of this 

study. 

The next phase of this study also involves recruiting patients for blisters at 24h and 48h, 

which will allow further characterisation of the resolution phase, and assessment of 

whether the trends towards faster resolution in participants with RA/OA at 24h are 

maintained out to 48h.  

The trends described herein were common to both RA and OA participants. This is 

interesting as a systemic defect (or even change) in the resolution of inflammation in 

patients with OA was unexpected. If the further work described in section7.6 below 

suggests that this reduction in monocytes does represent a defect in inflammation 

resolution further down the line, these data would provide a useful contribution to the 

debate as to the relevance of the inflammatory component of OA(219). 

7.4.3 Differences in mechanisms of neutrophil cell death 

The observation that a reduction in MPs in RA/OA was not associated with reduced 

neutrophil clearance led to the hypothesis that the manner of neutrophil cell death 

could be altered in these participants, which could underlie the reduced monocyte 

recruitment. Investigation of this proved to be challenging. Flow cytometric analysis of 

blister cells during the study did not allow apoptotic cells to be determined conclusively, 

but extrapolation from AxV staining of neutrophils in a healthy volunteer did not suggest 

any significant differences between groups. Stored blister fluid was used to probe for 

soluble markers of cell death such as LDH and free DNA. Specific analysis of soluble 

remnants of neutrophil cell death by NETosis was particularly limited by difficulties in 

generating a sufficiently positive control by inducing neutrophil NETosis in vitro. 

Increased NETosis seems to be a feature of RA, both in peripheral blood neutrophils 

(220) as well as the synovial fluid of RA patients when compared to other forms of 

inflammatory arthritis (221). In addition, serum and synovial fluid from seropositive RA 

patients was shown to increase peripheral blood neutrophil NETosis ex-vivo, neutrophils 

from RA patients were more susceptible to IL-17 and TNFα induced NETosis, and NETs 

themselves were shown to be capable of activating fibroblast like synoviocytes (which 
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invade the cartilage in RA)(222).  The increased free DNA detected in blister fluid in 

participants with RA/OA at 24h, and in 2 participants with RA compared to 2 healthy 

controls at 48h might be suggestive of increased NETosis. An ELISA designed to detect 

products of NETosis more specifically in cell-free inflammatory exudate was challenging 

to optimise but is also suggestive of increased NETosis, particularly in 2 participants with 

RA compared to 3 healthy controls at 48h.  

Although neutrophil clearance was not impaired in RA/OA participants, as evidenced by 

the average reduction in live neutrophils at the site by 24h, it is possible that the 

reduction in MPs impairs resolution of the site in other ways, for example impaired 

clearance of cell debris, which could theoretically increase the risk of autoimmunity. The 

increased free DNA in 2 RA participants at 48h could be indicative of this. 

The concentration of LDH in the cell free inflammatory exudate was measured as 

another index of cell death, and there was a trend towards reduction in the total 

concentration at 24h in participants with RA compared to healthy controls and 

participants with OA (but a trend towards an increase in RA/OA participants compared 

to healthy controls when corrected for cell number). It was intriguing that extracellular 

LDH was present throughout the timecourse of acute inflammation, particularly 

increasing at later timepoints (out to 48h in RA/OA/healthy study and out to 72h in 

healthy females), when relatively little cell death would be expected to be occurring. 

This suggests that LDH may be being released via processes other than necrosis, for 

example via extracellular vesicles (223). 

Intracellularly, the main reported function of LDH is to catalyse the conversion of lactate 

into pyruvate (by the reduction of NAD+ to NADH), and vice versa during anaerobic 

metabolism of glucose. Extracellular LDH has predominantly been used as an indicator 

of cell viability, due to release during cell lysis.  Serum LDH has been used clinically to 

monitor disease activity in haemolytic and megaloblastic anaemias thrombotic 

thrombocytopenic purpura, and lymphoma, and as a biomarker in malignant melanoma, 

where elevated levels may herald metastases (particularly liver) and a poor prognosis. 

Lower levels of LDH are expected in normal extravascular tissue fluid (transudate) 

compared to serum, and this can be exploited clinically to detect haemorrhage or 

exudate, for example elevated LDH in CSF can suggest either haemorrhage, breakdown 
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of the blood brain barrier, or a viral/bacterial meningitis(224). LDH has also been shown 

to be elevated in the synovium of RA patients(225) (226). Measurement in the serum 

can be challenging as it is known to be elevated in vivo by intense exercise (muscle 

release), or ex-vivo by haemolysis (red blood cell release) or during clotting (platelet 

release) in serum samples(224).  However, blister fluid was immediately centrifuged to 

remove cells, and so leakage from cellular components during processing would be 

expected to be minimal and consistent across all individuals and timepoints.  

There has been interest in lactate metabolism and LDH in the context of inflammatory 

diseases (reviewed in (227)). Extracellular lactate accumulates at sites of inflammation  

and an elevation of lactate in the synovial fluid of patients with RA (as well as septic 

arthritis and crystal induced arthritis) compared to OA (228) has been reported, perhaps 

contributing to the retention of T cells at these sites by inhibiting their migration (229). 

Fujii et al also correlated RA activity with synovial fluid acidity in 16 patients with RA. 

They demonstrated upregulation of monocarboxylate lactate transporter 4 (MCT4: 

transport of intracellular lactate into the extracellular space) in RA synovial fibroblasts 

compared to OA fibroblasts, and used the murine CIA model to demonstrate 

amelioration of arthritis by the silencing of this transporter(230).   

The function of extracellular LDH is largely unexplored in the literature, but with the 

growing interest in the interaction between metabolism and the immune system, a role 

, perhaps in the control of extracellular lactate, may become apparent.  

In summary the data presented in this thesis suggest that death via NETosis with release 

of free DNA may be increased in patients with RA and OA during the resolution phase of 

the acute inflammatory response to UVkEc. If this finding is validated in further patients, 

it could be hypothesised that this is a negative consequence of the reduced influx of MPs 

to the site of inflammation. However, the use of LDH as a marker of cell death or necrosis 

requires further investigation as the source of extracellular LDH later in the resolution 

phase of the inflammatory response to UVkEc is unclear.  
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7.5 Limitations of RA/OA/Healthy Controls comparisons 

7.5.1 Disease definitions 

The results of this study are presented for three, apparently distinct, participant groups. 

However, RA is probably not a single disease, but rather a group of conditions with 

similar clinical manifestations. The most obvious example of this is so-called 

‘seropositive’ and ‘seronegative’ RA, which refers to the presence or absence of 

rheumatoid factor, and this has some clinical relevance in terms of disease progression 

and severity. A combination of clinical, serological, and perhaps radiological features is 

therefore required to diagnose RA, and the pattern is slightly different in each individual. 

The study assumes that there will be common aspects to the pathogenesis of each of 

these ‘diseases’, but we must accept that there may also be distinct aspects to the 

pathogenesis which will therefore only be manifest in a subset of patients. Whilst details 

regarding the patients’ disease duration, antibody status, previous treatments etc were 

collected and presented here, the study size is far too small for any post-hoc analyses to 

consider the potential impact of these characteristics on the results obtained.  

Similarly, the definition of OA, particularly in older individuals, is a grey area. A significant 

proportion of individuals over 50 years old will describe some mechanical joint aches 

and pains and many will exhibit clinical signs of hand OA with squaring of the 1st 

carpometacarpal joint. However, this is presumably distinct, at least partially, from a 

disease process which leads to nodular OA changes in the hands or destructive joint 

disease requiring surgical replacement at a younger age. There are no specific diagnostic 

tests for OA, and clinical signs will precede any changes on radiographs. Therefore, 

clinical judgement has been used to distinguish between ‘healthy’ and ‘OA’, and 4/6 of 

this group had imaging confirmation of OA and surgical interventions.  In practice there 

may be more of a continuous scale between healthy and OA, particularly amongst older 

individuals.  

7.5.2 Patient Recruitment 

In order to avoid the confounding factor of immunosuppressive drugs, patients were 

sought who were not taking DMARD or other immunosuppression. Similarly, to avoid 

the confounding factor of widespread inflammation, and for ethical reasons, patients 

were sought who had ‘low’ disease activity (DAS 28 score < 3.2). However, this limited 
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recruitment to patients who had early or mild disease and were managing to maintain 

a low disease activity off medications, or who had late stage, somewhat ‘burnt out’ 

disease. This is quite a different group of individuals to those with active RA who need 

to take DMARDs in order to prevent florid polyarticular inflammation. It is therefore 

probable that the disease process and pathogenesis is also different. It is also possible 

that disease duration and previous DMARD treatment has led to longer term alterations 

in the immune system and with a larger sample size it would be interesting to compare 

individuals in the earlier phases of disease and without previous treatments, to those 

with previously active but ‘burnt out’ disease. 

The endeavour to exclude anti-inflammatory drug use as a confounding factor also 

restricted the number of participants available to undertake this study. We are working 

to improve this for future cohorts by increasing our collaboration with the existing 

rheumatology departments as well as approaching other local rheumatology 

departments, and exploring collaboration with GP practices, as these colleagues are 

more likely to encounter patients with OA eligible to participate.  The ethical constraints 

of not ‘cold-calling’ patients meant that we were reliant on clinicians who were not 

involved with this study proactively asking appropriate patients for permission to be 

contacted, and we are very grateful to the clinicians who took time and effort in their 

busy clinics to approach patients.  

7.5.3 Age matching 

The data presented is limited by the poor ‘age matching’ between groups. This was in 

part due to difficulties in recruiting healthy volunteers of working age, which will need 

to be addressed in the next phase of the study to allow meaningful comparison(231) 

7.5.4 Time point selection 

Considering the cardinal clinical signs of inflammation, the ‘redness’ of inflammation 

(detected both by eye and the Doppler images) peaks at around 24hours, and lags 

behind the symptoms of pain, heat and swelling, which, along with cellular and cytokine 

clearance, are all resolving by 24 hours. The timepoints for this study were chosen 

predominantly to understand the cellular processes of resolution, by comparing 

resolution phase (24h) with onset phase (4h),  but a later (48hour) timepoint is now 
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required to further investigate resolution of redness or laser Doppler flux, as well as 

investigate the impact of the differences we have detected at 24h.  

With only two timepoints available, it is impossible to determine whether differences 

found are due to differences in magnitude at the same phase of inflammation (e.g. 

differences in number or concentration of cells or soluble factors), or differences in the 

speed of the inflammatory response (e.g. a single timepoint leads to sampling of a 

different phase of inflammation in different groups) 

7.5.5 Statistical power 

Power calculations were difficult to perform in this study, as the nature and degree of 

differences seen in the innate immune response of individuals with RA were difficult to 

predict in this pilot study.  In addition, multiple parameters are being used to investigate 

the resolution of the immune response. However these parameters are biologically 

related to each other (not independent) and are repeated over several timepoints, so 

traditional approaches to correction for multiple comparisons are not suitable. 

However, the statistical significance of any individual finding needs to be interpreted 

with caution and none of the conclusions drawn in this thesis are based on single 

comparative statistics.  

7.5.6 Adverse events 

To date there has been one adverse event during this study. One of the participants with 

RA experienced a flare of their disease starting 36-48hours after the injection of UVkEc. 

This was reported to the sponsor as a moderate, possibly causal, unexpected adverse 

event. A review of the literature did not suggest a link between vaccinations and flares 

of RA or in the development of RA overall (see methods sec 1.6) but the timing of the 

flare was co-incident with this inflammatory challenge. This therefore raised our 

concern about the risk of flares, but also the risk of a patient at risk of RA (pre-RA) 

experiencing a flare which could result in a diagnosis of RA. Following discussions with 

our collaborators at the University of Birmingham, we agreed that we should focus the 

study initially on patients with diagnosed RA, and counsel them about the risk of a flare 

and how to manage it should it occur. The study of patients with pre-RA was postponed 

until we had further experience of the effect of this UVkEc on the disease course, and is 
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therefore outside the scope of this thesis. The remaining patients did not report any 

arthritis symptoms either during or after the study. 

7.6 Future directions 

The work in this thesis has shown the feasibility and acceptability of using the in vivo 

UVkEC blister model in patients with inflammatory disease to identify differences 

between patient groups.   The lessons learnt through these experiences will inform 

future studies, using this and other similar models.   

Based on the results of this study within the RA patient population, increasing patient 

numbers and extending the protocol to 48hours following injection will add to this study, 

verify and expand on its findings. Further ex vivo experiments on monocyte chemotaxis 

and efferocytosis will interrogate the cause and consequences of the observed 

reduction in MPs in participants with RA/OA at 24h. 

In addition to studying disease states, this model also lends itself well to study the effect 

of medications on the immune system in vivo, both in healthy volunteers and in 

patients(164). This model would also be ideal for investigating the mechanisms of 

common DMARDs on the acute inflammatory response This could contribute to 

research aiming to personalise treatment by understanding the factors involved in 

whether a patient responds to a particular medication.  

 Lessons from this study include the need for careful patient selection to allow sufficient 

recruitment with age and sex matched control groups. 

7.7 Overall summary 

In conclusion I have translated the human in vivo UVkEc blister model of acute 

inflammation into use in patients, highlighting significant sex differences, and potential 

differences between patients with RA and OA and healthy controls. 
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1 INTRODUCTION 
This study aims to establish whether the immune system of patients with autoimmune rheumatic 
disease (ARD) is fundamentally different to that of a healthy volunteer, particularly in the way in which 
it attempts to return to normal following an insult i.e. whether the resolution of inflammation is 
impaired.  Our hypothesis is that defective resolution plays an important role in the pathogenesis of 
ARD. 
 
Very little work has been done to see how the immune system of these patients responds to an 
external challenge (e.g. an infection) resembling that encountered in real life. We plan to do this using 
an injection of a killed bacterium (same principle as vaccination) into the skin of the forearm. We will 
study the local resolution process following the injection by sampling the soluble mediators of 
inflammation at the site (using suction blister and microdialysis catheter techniques), and the cells at 
the site (using suction blister and skin biopsy techniques).  
 
The resolution pathways in patients with ARD will be compared to those with osteoarthritis (OA: joint 
damage but no autoimmunity) and healthy controls. 
 
This study will provide new information relating to the function of the immune system in patients with 
ARD. We believe that this will help us to understand the pathogenesis and aetiology of this group of 
diseases. In turn this further understanding could help us to improve patient care in these three major 
ways: Firstly, classifying disease at an earlier stage, enabling earlier treatment: There is now good 
evidence that earlier treatment of disease is associated with better outcomes. Secondly, there is 
currently a choice of several drugs which target different aspects of the immune system, which are 
used with a ‘trial and error’ approach. This is both expensive and damaging to the patient if the most 
appropriate drug is not used first, and further understanding of the cause of individual diseases will 
help to direct individual patients to the most appropriate therapies in the first instance. Thirdly, it is 
possible that this study will identify a novel target either for trial of a new drug therapy, or for trial of 
a licenced drug which is not currently used in ARD. 

2 BACKGROUND AND RATIONALE 
 
We hypothesise that patients with ARD may have a defect in their ability to resolve inflammation, 
both acute and chronic, and that this may be relevant to the pathogenesis of the disease.  

Active ARD is associated with elevated systemic markers of inflammation and many patients have 
extra-articular complications of disease.  Furthermore, there appears to be an increased risk of 
infection in patients with certain ARDs, for example Rheumatoid Arthritis (RA), but whether this is 
due primarily to the disease itself, or to the immunosuppressive treatment has been difficult to 
establish [1, 2]. We do not have clear evidence regarding which particular groups are more at risk of 
infection, or any biomarkers to identify increased risk in the individual and research so far has been 
hampered by the confounding effects of drug therapy in most cohorts. However, as well as the 
evident ‘overactivity’ of the immune system in generating autoimmunity, it is also likely that the 
ability of the immune system to perform its primary role, that of fighting infection, is impaired.  

Vaccination has been used as a surrogate to study response to infection, and conflicting results have 
been reported as to whether patients with autoimmune rheumatic disease respond to vaccinations 
as well as healthy controls [3-6]. However, outcome measures have generally been limited to clinical 
parameters [7, 8] and antibody titres. Defects in various components of the immune system of 
patients with rheumatoid arthritis have been described, but the overall local immune response of 
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patients with rheumatoid arthritis to an acute inflammatory insult, and in particular the resolution 
phase, has not been studied in-vivo.  

We have developed a model in healthy volunteers to enable this, whereby a suction blister created 
at the site of injection of e.coli provides a ‘window’ into the in-vivo local inflammatory response.  
This model builds on previous work, using the same strain of e.coli to study the process of acute 
inflammation in patients with inflammatory bowel disease [9-11]. Using the suction blister, 
combined with laser Doppler imaging or immunohistochemistry of skin biopsy, the characteristics of 
the local response, encompassing cell types and phenotypes, soluble mediators and lipids can be 
described at any given timepoint of the inflammatory response. Furthermore, the well-established 
microdialysis technique [12-16], can be deployed in this model to track the soluble mediators of 
inflammation and resolution, over the entire process of acute inflammation and resolution in an 
individual.   In healthy volunteers, this approach has demonstrated the onset, progression and 
resolution of inflammation, with the expected influx of neutrophis, influx of monocytes, clearance of 
neutrophils and macrophages and re-population by lymphocytes over time.  

This study will therefore allow us to characterise the resolution of acute inflammation in patients with 
ARD, and identify defects in this pathway. This will help us to understand further the pathogenesis of 
ARD, and may in turn help with research into earlier diagnosis of ARDs, targeting therapies to the 
individual, and possibly also identify novel targets for drug therapy. 

3 PRIMARY OBJECTIVE 
To establish whether the resolution of inflammation is impaired in patients with ARD, and 
therefore whether a defect in resolution is important in the pathogenesis of disease. 

4 STUDY DESIGN 
This is an observational cohort study of the resolution of inflammation in patients with ARD compared 
to those with OA and healthy controls.  
 
The immune system has broadly two main functions: firstly fighting infection, and secondly not 
fighting the body’s own tissues (i.e. preventing autoimmune disease). Its ability or failure to achieve 
this will only be seen if it is challenged to perform these roles. This study therefore involves challenging 
the immune system with injection of a killed bacterium (UV killed e.coli) into the skin and studying the 
immune response to this challenge using three primary techniques: microdialysis, suction blister, and 
skin biopsy of the site of bacterial injection, alongside secondary techniques of peripheral blood 
sampling, laser Doppler imaging (to detect changes in blood flow to the area) and relevant clinical 
assessment (including arm measurements and symptom questionnaires). 
 
The response to the bacterial injection is well characterised and published [9-11], and is not novel in 
itself. The novelty of the study lies not in this model, but in the different lab tests we plan to apply to 
the samples we obtain (to look for factors which resolve inflammation), as well as looking for 
differences in these factors between patients and healthy controls. There is no anticipated impact on 
the course of disease of the patients, usual patient care will not be altered, and the injection of killed 
bacteria has no therapeutic intent. 
 
Study groups: 
 
The primary study population includes patients with ARD. This will include patients with RA as well as 
those with early undifferentiated disease or those with symptoms and risk factors for RA without 
clinical arthritis.  
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Two control groups are included, one with OA and one healthy, to control for the potential confounder 
of joint inflammation and joint damage leading to altered resolution of acute inflammation. 
 
Sample size: 
 
Total 120.  
Microdialysis: 8 participants in each group (ARD, OA, healthy controls). Total 24 
Blister: 8 participants in each of the 3 groups, at up to 2 sets of timepoints. Total 48 
Biopsy: 8 participants in each of the 3 groups, at up to 2 sets of timepoints. Total 48 
 
Timescale:  
 
Participant recruitment will commence following ethical approval and the timing of study participation 
will be arranged to the mutual convenience of the participant and researcher. It is anticipated that the 
study will require 2 years to recruit sufficient patient numbers. Analysis will proceed in parallel with 
the study.  
 
Study end: The study will end once all participants in the ARD group have a confirmed clinical 
diagnosis, or have been followed up for a period of 3 years following their last visit. 
Some patients in the ARD group will have very early undifferentiated disease, and their final clinical 
diagnosis may not be apparent for several years. This approach will therefore enable the results to be 
analysed based on the final diagnosis. The final report will be drafted at this time. 

 
 

5 STUDY SCHEDULE 
Recruitment of participants from 3 groups: 

1) ARD – including RA, patients with symptoms and risk factors for RA without clinical arthritis, 
ankylosing spondylitis and Sjögren’s syndrome 

2) OA (non-autoimmune control group) 
3) Healthy controls 

Recruitment process detailed below (section 8: Recruitment) 

Screening and consent 1-7 days prior to injection (common to all protocols) 

Consent 

Health questionnaire, medication history and clinical examination 

Pregnancy test if appropriate 

Consider stopping any anti-inflammatory medications: Patients on anti-inflammatory 
medications other than NSAIDs should not be recruited to this study. NSAIDs can be stopped 
one week in advance of e.coli injection, if the patient is willing to do so and take alternative 
analgesia, and this will not cause the patient harm (i.e. no prognostic effect). 

 



Resolution of acute inflammation in autoimmune rheumatic disease, 
UCL R&D Ref 15/0626, Protocol Version 1 17/09/2015 
 

10 
 

Protocols: each participant will participate in ONE of the three protocols below (Microdialysis OR 
Blister OR Biopsy): 

MICRODIALYSIS PROTOCOL 

1) Baseline tests, catheter insertion and Injection (Day 1) 

Baseline & secondary tests (common to all protocols) 

  Blood tests  

Laser Doppler scan 

Arm measurements (non-invasive) 

  Symptom scores 

Microdialysis catheter insertion to one forearm, connection to microdialysis pump and initial 
perfusion 

Injection of intradermal UV killed e.coli 15x10^6 CFUs at catheter site 

2) Sample collections (days 1-4) 

Participant will stay in clinical unit for first few sample collections on day 1 (30minutes – 4hours 
following e.coli injection). After 4hours on day 1, the sample collections will be less frequent, and in 
between collections, the microdialysis pump will be disconnected, the site covered and the 
participant free to undertake their usual activities. Days 2-4 will involve a single sample collection 
each day (40minute visit). 

Secondary tests as above 

Each sample collection: A microvial is attached to the catheter, microdialysis pump 
connected and left to perfuse for 30minutes. In between the microvial being attached and 
removed, the site can be covered, with pump secured, to enable participant to walk around 
the clinical unit. 

3) Additional or follow up visits: up to 2months post procedure: 

Up to one follow up visit may be required (<30 minutes) 

Review of wound site if required 

Possible other tests including: blood test / laser Doppler scan 

Answering any additional questions from the participant 
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BLISTER PROTOCOL 

1) Baseline tests and Injection (Day 1) 

One visit lasting 20-30 minutes 

Baseline & secondary tests (common to all protocols) 

  Blood tests  

Laser Doppler scan 

Arm measurements (non-invasive) 

  Symptom scores 

Injection of intradermal UV killed e.coli 15x10^6 CFUs into each forearm.  

Participant then free to go home, returning for sample collections on two separate 
occasions. 

2) First sample collection  

One visit lasting 60-90 minutes (2hours - day 7 post injection) 

Secondary tests as above  

Blister induction over site of injection on 1st forearm 

3) Second sample collection 

One visit lasting 60-90 minutes (4hours - day 14 post injection) 

Secondary tests as above (laser Doppler and measurements only of 2nd forearm) 

Blister induction over site of injection on 2nd forearm 

4) Additional or follow up visits: 
 
If a participant is amenable, in addition to the blisters described above, we may ask to 
collect a blister sample from a different site prior to the injection of e.coli. 

Up to 2months post procedure: It is anticipated that 1 follow up visit may be required for each 
individual (<30mins), but if an unusual response is seen, up to 5 extra visits may be requested if this 
is convenient to the participant. 

Review of wound sites following blister, and if participant is amenable collecting blister 
samples from the healed sites 

Possible other tests including: blood tests, laser Doppler scan, arm measurements, symptom 
scores 

Answering any additional questions from the participant 
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BIOPSY PROTOCOL 

1) Baseline and Injection (Day 1) 

Baseline & secondary tests (common to all protocols) 

  Blood tests  

Laser Doppler scan 

Arm measurements (non-invasive) 

  Symptom scores 

Injection of intradermal UV killed e.coli 15x10^6 CFUs into each forearm.  

Participant then free to go home, returning for sample collections on two separate 
occasions. 

2) First sample collection  

One visit lasting 30-40 minutes (2hours - day 7 post injection) 

Secondary tests as above  

Punch biopsy of site of injection on 1st forearm 
 

3) Second sample collection 

One visit lasting 60-90 minutes (4hours - day 14 post injection) 

Secondary tests as above (laser Doppler and measurements only of 2nd forearm. No blood 
tests) 

Punch biopsy of site of injection on 2nd forearm 
 

4) Additional or follow up visits: 

Up to 2months post procedure: It is anticipated that 1 follow up visit may be required for each 
participant (<30mins), but if an unusual response is seen, up to 5 extra visits may be requested 
if this is convenient to the participant 

Review of wound sites following biopsy 

Possible other tests including: blood tests, laser Doppler scan, arm measurements, symptom 
scores 

Answering any additional questions from the participant 

Follow up 

Patients in the ARD group who have early undifferentiated disease, or symptoms with risk factors for 
RA (but no arthritis) will be followed up for 3 years or until a definite clinical diagnosis has been 
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reached. During this follow up period, the medical notes will be periodically reviewed (rheumatology 
notes only).. During the 3 year follow up period, participants may be contacted to ask if they would 
be willing to donate a further blood sample for investigation of interesting findings. Participants are 
free to decline this request.  
 
Withdrawal 
 
Participants may withdraw from the study at any time and without giving a reason. Any stored samples 
that have already been collected will be included in the analysis, unless the participant requests that 
they be destroyed, in which case this request will be honoured. 
 
Compensation 
 
Participants will receive reimbursement for travel expenses incurred as a result of travel to University 
College London or the University of Birmingham for the purpose of this study. London Underground, 
bus, or train fares, or parking expenses, will be reimbursed on production of a valid receipt. If 
participants are travelling long distance and require overnight accommodation for the purpose of the 
study, this can be arranged and paid for by the research team. 
 
 
In recognition of the time and effort expended by the participant during the course of the study, the 
participant will be offered compensation. This will be to the value of £20 for a long visit; e.g. the two 
visits including blister formation or biopsy would be anticipated to take a total of 60-90minutes 
including the secondary tests. For a short visit, £10 compensation will be offered; e.g. the initial visit 
to obtain consent, and to perform the e.coli injection would be anticipated to take less than 30 
minutes. Similarly later visits to obtain additional blood samples would be anticipated to take less than 
30 minutes. Therefore each volunteer for the blister and biopsy protocols will be offered £50 (one 
short and two long visits), with an additional £10 for every extra short visit required. The microdialysis 
protocol involves an intense first day including insertion of the catheter and multiple sample 
collections in quick succession, followed by a series of short visits (similar to the other protocols). 
Participants in the microdialysis protocol will therefore be offered £150 compensation.  
 
This is approximately the level of compensation provided to healthy volunteers in our current studies 
using the same model, and whilst it is appreciated by our volunteers it does not appear to influence 
their desire to participate. This level of compensation was also thought to be appropriate during 
discussions with the Rheumatology Research Patient Partnership. 

 
6 CONSENT 
 
The study will be explained in full when the participant is first contacted by the research team. 
Participants will have the opportunity to ask questions, and given an information sheet. They will be 
able to take this information sheet away and consider it for at least 24 hours before deciding whether 
or not they wish to participate. They will be free to ask questions at any time. Should they decide not 
to participate, they will be free to declare this at any time without giving a reason. 
 
Should they wish to participate, a member of the research team (medical doctor or researcher who is 
trained and competent in the process of obtaining informed consent, and capacity to provide it) will 
obtain written consent stating that the participant has read the information sheet and understood 
what the study involves; that they are willing to participate; that they understand that whether or not 
they participate has no impact on their clinical care; and that they are free to withdraw at any time 
without giving a reason. 
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We will not be approaching members of vulnerable groups for participation in this study, or patients 
who lack capacity to consent for themselves. 

7 ELIGIBILITY CRITERIA 

7.1 Inclusion Criteria 
Autoimmune rheumatic disease group: 

1) Clinical diagnosis of ARD (e.g. RA, ankylosing spondylitis, Sjögren’s syndrome) 

2) Patients with arthralgia, and systemic autoimmunity associated with Rheumatoid arthritis i.e. 
symptoms and risk factors for RA but no clinical arthritis (Defined as Phase D by the European 
League against Rheumatism (EULAR)) 

Osteoarthritis group: 

Clinical diagnosis of osteoarthritis 

Healthy control group: 

Individuals with no personal history of autoimmune rheumatic disease 

7.2 Exclusion Criteria 
All groups: 

Pregnancy or breastfeeding 
Concurrent HIV infection or other immunodeficiency, leukopenia or neutropenia 
Current infection or antibiotic treatment 
Lack of ability to provide informed consent 
Use of systemic immunosuppressant medication within the last 3 months (including systemic 
corticosteroids) 
Inability to stop non-steroidal anti-inflammatory drugs (NSAIDs) for one week prior to the study, and 
until after their final sample collection 
Personal or family history of pyoderma gangrenosum [17] 
Participants who are unable to communicate effectively with the research team in English 
 
Patients who are involved in current research or have recently been involved in research may be 
excluded if participation in multiple studies may cause risk to the participant, or if participation in 
multiple studies may impact on the results of either study. 
 
ARD group 
 
Moderately or severely active ARD (based on clinical assessment, and specifically for RA a DAS-28 
score >3.2 and Ankylosing spondylitis BASDAI > 4) 
 

Healthy control group 
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Personal history of other autoimmune disease, or conditions commonly associated with ARD e.g. 
inflammatory bowel disease, psoriasis, bronchiectasis. 

8 RECRUITMENT 
Identification of eligible participants: 
 
Patients (ARD and OA) suitable for inclusion in the study will be identified via two routes: 
1) Outpatient clinics at University College London Hospital, University Hospital Birmingham, 
Sandwell and West Birmingham Hospitals NHS Trust or Northwick Park Hosptial. This will be 
performed by the clinical staff (doctors or nurses) managing their care, who will ask if the patient is 
willing to be approached by the research team and offered more information about the study. On 
initial approach by the research team, patients will be offered information about the study and given 
a patient information leaflet. 
2) Patients with risk factors for RA (antibody positivity and symptoms, but no clinical signs of RA). 
This is a rare group of patients, but they are particularly suited to this study; they will help us to identify 
whether those who go on to develop RA have an inherent defect in the way in which they resolve 
inflammation, which may be relevant to the pathogenesis of disease. Strategies have recently been 
put in place to increase the referral to rheumatology of such patients locally from primary and 
secondary care, and if they agree to be seen in rheumatology, then we will offer participation in this 
study to them in the same way as the patients with confirmed ARD or OA as above. 
 
Healthy controls suitable for inclusion will be identified either via: 
1) Outpatient clinics as above 
2) Department of Medicine at UCL: Our research group already has a cohort of volunteers who 
have expressed an interest in participating in studies of this nature. If necessary, advertisements for 
further volunteers will be circulated via posters within the university and circulated through university 
email newsletters, where the email addresses of the researchers will be given. Once a volunteer has 
contacted the researcher, they will be given verbal information about the study and a patient 
information leaflet in the same way as the patients. 
 
Initial contact of participants with research team: 
Potential participants will then be contacted by the research team, who will provide detailed 
information about the study, an information leaflet, and an opportunity to ask questions. The 
potential participant will take the information leaflet away, and will have the contact details of the 
researchers to allow them to ask further questions. After a minimum of 24hours, the potential 
participant will be contacted by the research team and after discussing any further questions, asked 
whether they wish to participate. 
 
Non-participation or ineligible participants: 
Individuals who have been identified and approached as potential participants, but who decide not to 
participate, or are determined to be ineligible for participation, will be recorded on the study database 
to avoid them being approached again about the same study. 

9 STATISTICAL METHODS 
 
A formal sample size calculation is not possible for our primary outcome measure, as this is a novel 
study, and the effect size cannot therefore be estimated. However, we have characterised the 
resolution phase of this model in healthy male volunteers, and have used the results of this 
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characterisation to decide upon the sample size as described below. The results of this initial study of 
the resolution of inflammation in autoimmune rheumatic disease will be used to inform power 
calculations in future studies. 
 
During the characterisation of this model, using 6 healthy volunteers at each time point, we have 
demonstrated a trend of influx and efflux of the cell types that would be expected during the different 
phases of inflammation, which correlates with the expected soluble mediators of inflammation. For 
example, between 4hours and 24hours post injection, there is a significant reduction (p=0.002) in 
neutrophil numbers. If our null hypothesis is correct, that there is a defect in the resolution of 
inflammation in patients with autoimmune rheumatic disease, we would expect to this effective 
clearance of neutrophils to be lost. We therefore propose that 6 participants at each timepoint will be 
sufficient to accept or reject our null hypothesis.   
 
In addition, this model has previously been used by Professor Segal's research group within the 
division of medicine, UCL, to study the acute inflammatory response induced by e.coli in patients with 
inflammatory bowel disease, by use of laser Doppler to measure changes in local cutaneous blood 
flow, and (in Crohn's disease patients) influx of [111In] labelled neutrophils (Marks DJ et al, Lancet 
2006; Smith AM et al, J Exp Med 2009; Rahman FZ et al, PLoS One 2010). These provide an indication 
of the magnitude of differences in inflammatory parameters we can expect to see in these studies, for 
example, a 50% increase in blood flow at 48hours post injection. Using this figure as an estimate of 
the difference we may see in ARD (From our healthy volunteer cohort, the mean Doppler "relative 
units" at 48hours is 458177, standard deviation 184609), 6 participants in each group would have a 
power of 86% (type one error rate of 5%) to detect this difference. 
 
There is a risk of participants dropping out before completion of the study. We therefore plan to 
recruit 8 participants for microdialysis in each group (ARD, OA, healthy controls), and up to 8 
participants in each group for each timepoint for blister/biopsy. As the timecourse of inflammation 
may be expedited or delayed in participants with autoimmune rheumatic disease, we may need to 
study 2 different time-points and therefore plan to recruit up to a total 48 individuals for each of the 
blister/biopsy protocols. 
 
Microdialysis: 8 participants in each group (ARD, OA, healthy controls). Total 24 
Blister: 8 participants in each of the 3 groups, at up to 2 timepoints. Total 48 
Biopsy: 8 participants in each of the 3 groups, at up to 2 timepoints. Total 48 

10 PATIENT AND PUBLIC INVOLVEMENT (PPI) 
During the design phase this study has been discussed with The Birmingham Rheumatology Research 
Patient Partnership (known as R2P2). This is a partnership between people living with Rheumatoid 
Arthritis, Sjögren’s Syndrome, family members, members of the public and researchers at the 
University of Birmingham, Sandwell and West Birmingham Hospitals NHS Trust and University 
Hospitals Birmingham NHS Foundation Trust. As a group, R2P2 also works closely with patient 
organisations such as the Birmingham Arthritis Resource Centre.  This meeting has helped to guide 
the design of this project (including logistics of visits, appropriate compensation for time and effort 
involved, mechanisms for identifying and approaching patients) to maximise is acceptability to 
patients with rheumatic disease.  

Results of the study will also be fed back to this group, and their views sought as to the optimal 
means of disseminating the results.  
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The study has also been discussed with healthy volunteers in the pilot study and has met with 
considerable enthusiasm, as well as seeking their views on the practical aspects of how the tests are 
conducted, the logistics of their involvement, and methods of disseminating results. 

11 FUNDING AND SUPPLY OF EQUIPMENT  
The study funding has been reviewed by the UCL/UCLH Research Office, and deemed sufficient to 
cover the requirements of the study. NHS costs will be supported via UCLH and/or the Local Clinical 
Research Network.  
 
The research costs for the study have been supported by a Wellcome Trust clinical research fellowship 
awarded to Dr Julia Flint   

12 DATA HANDLING AND MANAGEMENT 
 
Personal data: 
Personal contact details will be used by the research team to contact the patient and arrange visits 
(consent for this will be obtained when first approached by their healthcare provider). 
 
Paper documents containing personal data will be stored in a locked cupboard or drawer within offices 
at UCL. Access to these offices is restricted to members of the relevant departments via swipecard / 
key. Only the direct research team involved in this study will have access to these cupboards/drawers. 
 
Electronic documents containing personal data will be stored on the UCL Safe Haven. Only the direct 
research team will have access to these files. 
 
Access to personal data could potentially be requested by R&D offices or regulatory inspectors to 
verify or cross check relevant clinical data; the latter would be restricted to the minimum required for 
the data validation process. Consent will be sought from participants on entering the study. 
 
Confidentiality: 
On enrolment in the study, each participant will be allocated a unique number. This will be recorded 
in the encrypted and password protected database. All samples and analysis files will be labelled with 
this unique number (and no personal data). 
 
Interviews and procedures will be conducted in private within the clinical room (Division of Medicine, 
UCL) or Clinical Research Facility (University of Birmingham). Dr Flint will apply the same standards of 
confidentiality that she applies to her clinical practice. Before becoming involved in the running of the 
study, all other members of the research team will confirm that they will respect patient 
confidentiality to the same standards as those employed within the NHS. 
 
Transfer of data: 
Only anonymised patient data will be shared with other organisations, located within the EEA. This 
will NOT include the personal addresses, emails or telephone numbers of any participant. 
 
Follow up of medical records: 
Consent will be sought for the research team to follow up the clinical progress of the rheumatic disease 
of the patient (for example, a definitive diagnosis of rheumatoid arthritis in patients recruited early in 
their disease). 



Resolution of acute inflammation in autoimmune rheumatic disease, 
UCL R&D Ref 15/0626, Protocol Version 1 17/09/2015 
 

18 
 

13 MATERIAL/SAMPLE STORAGE  
In the study, microdialysis fluid, blister fluid and cells, skin biopsy samples and blood samples will be 
collected from patients in accordance with the patient consent form and patient information sheet 
and shall include all tissue samples or other biological materials and any derivatives, portions, progeny 
or improvements as well as all patient information and documentation supplied in relation to them.  
Samples will be processed, stored and disposed in accordance with all applicable legal and regulatory 
requirements, including the Human Tissue Act 2004 and any amendments thereafter.  

Sample collection: 

Dr Flint and other members of the research teams in the Division of Medicine UCL and Rheumatology 
Research Group, University of Birmingham will collect the samples from participants following 
informed consent. The researchers collecting the samples will be either medical doctors or researchers 
with the appropriate training and skills to collect these samples. 

Sample labelling 

Participants will be assigned a unique laboratory identifier (recorded on the database in the UCL safe 
haven), which will be used for labelling of samples for analysis. It will therefore only be possible to 
relate samples back to individual participants through reference to the database on the UCL safe 
haven. Access to this database will be restricted to Dr Julia Flint and the direct research team (i.e. 
individuals within the Gilroy lab, UCL who are directly involved in this study). 

Storage of samples for use in future research: 

This will depend on the results of this study. If the research team already has ethical approval for 
another study using the samples, they will be retained for this purpose. 

If the samples are not transferred for use in another approved study, then samples which are 'relevant 
material' under the Human Tissue Act will be transferred to the UCL/UCLH biobank for Health and 
Disease (REC ref 15/YH/0311) for use in future studies, and biological material which is not 'relevant 
material' will be stored by the research team for use in future studies. 

14 PEER AND REGULATORY REVIEW 
The study has been peer reviewed in accordance with the requirements outlined by UCL  

 
This study has been peer reviewed within UCL, by two independent and relevant peer reviewers on 
02/09/15 and 10/09/2015 The Sponsor has accepted these reviews as adequate evidence of peer 
review.  

15 ASSESMENT AND MANAGEMENT OF RISK 
The potential risks and burdens to the research participants, and the means by which these are 
minimised are listed below: 
 
A) Use of participant data: Patients will be identified through the outpatient clinics by medical doctors 
who are familiar with the study, and pre-existing research databases. Clinical information accessed for 
identification of potential study participants will be limited to the autoimmune rheumatic disease or 
osteoarthritis diagnosis, antibody status (rheumatoid factor and anti-CCP) and current medication use. 
Further clinical information will be recorded only after patients have completed the consent process. 
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Healthy controls will be identified through outpatient clinics and the Department of Medicine, 
University College London. Only anonymised patient data will be shared with collaborating 
researchers. 
B) Time commitment, travel and lifestyle changes involved in participation: Participants will be 
requested to refrain from heavy exercise and alcohol for 2 days prior to the study and during the study, 
and to avoid heavy exercise for 3 days after a blister and one week after a biopsy. Participants will be 
advised to keep their dressings on and as dry as possible for at least 24hours after removal of 
microdialysis catheter, 48hours after a blister and 5 days after a biopsy. Visits will be arranged by 
discussion with the participant to find mutually convenient times in light of these restrictions. Travel 
expenses and car parking will be reimbursed, and participants will be offered compensation for the 
time and effort involved in participating, to the value of £20 for a long visit (e.g. those including a 
blister or biopsy which may require a total of 60-90 minutes) or £10 for an additional short visit (less 
than 30minutes, for example an extra blood sample). This was thought to be acceptable and 
appropriate during discussions with the Birmingham Rheumatology Research Patient Partnership. 
C) Change to ‘over the counter’ medication use: Patients may be requested to refrain from taking 
non-steroidal anti-inflammatory medications (e.g. ibuprofen) for one week prior to, and during the 
study, as use of these medications may affect the study results. This will be discussed in advance of 
participation, and only requested if the patient is willing, and it will not cause them harm (i.e. stopping 
the NSAIDs would have symptomatic and not prognostic effects) 
D) Intrusion: Interviews and procedures will be conducted in the privacy of the clinical room at UCL or 
the Clinical research facility at University Hospital Birmingham to maintain participant confidentiality 
and dignity. 
 
E) Clinical procedures: These techniques have all been used in a healthy volunteer cohort, and the 
tolerability has been assessed using a retrospective survey with 15 respondents.  
 
1. Venepuncture. This is routine in the NHS. The minimum volume will be taken to complete the 
necessary tests, and this will not be clinically significant. There are risks of discomfort (usually mild), 
and occasionally fainting. Blood will be taken by researchers or medical doctors who are trained in this 
technique, and strict aseptic non-touch technique will be adhered to, using sterile equipment. In the 
event of fainting, the participant will be laid down and supervised until they fully recover. 
 
2. Intradermal injection with UV killed E. coli. We have previously performed these injections in a 
cohort of healthy volunteers (n>40), and the same technique has been employed by others in a large 
cohort of inflammatory bowel disease patients and healthy controls within the Division of Medicine 
at UCL (n> 130). 
The potential risks are: 
a) Intradermal injection. This can cause moderate stinging for a few seconds. 8/15 survey respondents 
reported ‘mild discomfort’, 2/15 reported ‘moderate discomfort’, 4/15 reported ‘mild pain’, and 1/15 
reported ‘moderate pain’. 
b) Discomfort due to local inflammation. The injection site will be red, tender, and potentially painful 
for up to 72 hours. This pain was described as ‘mild’ in 10/15 respondents, ‘moderate’ in 2/15 and 
‘none’ in the remaining 3/15. Our experience is that these reactions generally require no specific 
intervention, but if necessary simple analgesia will be administered. 
c) Systemic reaction. In a minority of subjects, injection of bacteria can elicit a febrile reaction, or cause 
malaise, headache, discomfort in the armpit or generalized aches and pains. These symptoms were 
described by survey respondents as ‘none’ or ‘mild’ in 91% of cases, and only ‘moderate’ or ‘severe’ 
in the remaining 9%. They are usually very short-lived and require no specific intervention, but if 
necessary simple antipyretics or analgesia will be administered.  
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d) Infection. A fully antibiotic sensitive strain of E. coli will be used. Bacteria will be killed by UV 
radiation. Bacteria will be confirmed dead by culture both in our laboratory, and in the Clinical 
Microbiology laboratory at University College London Hospital. There is therefore no risk of infection. 
e) Severe skin reaction. A severe cutaneous reaction has previously occurred in 1 ulcerative colitis 
patient, injected during initial studies at UCL in 2005-2006 with a dose of 10^9 organisms[17]. The 
local inflammatory response was unexpectedly severe and did not terminate spontaneously, 
progressing to blistering and ulceration resembling the condition pyoderma gangrenosum. The 
reaction was terminated medically using infliximab. The dose we currently use, and will use in this 
study is 3x10^7 bacteria i.e. 30 times less, with this dose inoculated between 2 sites (i.e. 1.5x10^7 at 
each site). Using this dose, >100 patients with inflammatory bowel disease and healthy volunteers 
have been studied with no severe cutaneous reactions. However, participants with a family or 
personal history of pyoderma gangrenosum will be excluded in case they are at higher risk of this 
complication. 
 
3. Suction blisters. We have previously performed blister studies in a substantial cohort of healthy 
controls, and this technique is also being used within the Division of Medicine at UCL to study patients 
with inflammatory bowel disease. 
The potential risks and burdens are: 
a) Discomfort. No survey respondents reported pain. 10/14 reported ‘mild discomfort’, 1/14 reported 
‘moderate discomfort, and 3/14 reported ‘none’ 
b) Infection. There is a small risk of infection conferred by breaching the skin epithelial barrier. All 
equipment used will be sterile, and aseptic technique observed. Participants will be given advice about 
managing their wound sites after the procedure to minimise this risk. Should infection occur, we would 
prescribe antibiotic therapy. 
c) Scarring. The majority of blisters heal within approximately 1 week. There can be a temporary 
pigmentation change lasting up to 12 weeks, but after this time it is usually only visible on very close 
inspection. 
 
4. Skin biopsy. We have performed this technique on a cohort of healthy volunteers, and this 
technique is routinely used for diagnostic purposes in clinical practice. The procedure will be 
performed by medical doctors experienced in this technique. 
The potential risks and burdens are: 
a) Discomfort / pain: This is predominantly due to local anaesthetic infiltration, as the site is 
confirmed to be fully anaesthetised before proceeding with the procedure.  2/8 survey respondents 
reported ‘mild discomfort’, 1/8 reported ‘mild pain’, and 5/8 reported ‘none’. 
b) Allergic reaction to local anaesthetic. This is very rare, and lignocaine is in routine daily use in 
the NHS. In our experience most participants are aware of having received lignocaine injection in the 
past (e.g. at the dentist). Participants due to undergo biopsy will be asked if they have previously had 
lignocaine injection, and whether there were any adverse effects. The procedure will be performed 
by medical doctors with experience in emergency care of allergic reaction (in case of the very unlikely 
event that the need should arise). 
c) Bleeding. There is usually mild blood oozing following this small size of biopsy (3mm) which is 
easily terminated by applying mild pressure using sterile gauze. In the unlikely event of more 
significant bleeding, more pressure will be applied, and in the very unlikely event of a stitch being 
required, this will be performed. The procedure will be performed by medical doctors with experience 
in the management of bleeding from surgical wounds. 
d) Infection. There is a small risk of infection conferred by breaching the skin epithelial barrier. 
Sterile technique and equipment will be used. Participants will be given advice about managing their 
wound sites after the procedure to minimise this risk. Should infection occur, we would prescribe 
antibiotic therapy. 
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e) Scarring. The majority of biopsy sites heal within 2 weeks. Participants will be advised to avoid 
heavy exercise for one week following biopsy to aid this initial healing. There is likely to be a 
permanent mark at the site of biopsy, but this is small (the biopsy is 3mm diameter), and shrinks and 
fades over time. Those participants undergoing biopsy will have their injection on the innermost part 
of the forearm, which will aid healing as there will be less exposure to direct sunlight, and will also 
reduce the visibility of the scar. 
 
5. Microdialysis catheter technique. We have performed this technique on healthy volunteers. The 
procedure will be performed by medical doctors experienced in this technique. 
a) Discomfort / pain: This is predominantly due to local anaesthetic infiltration, as the site is 
confirmed to be anaesthetised before proceeding with the procedure.   
b) Allergic reaction to local anaesthetic. This is very rare, and lignocaine is in routine daily use in 
the NHS. In our experience most participants are aware of having received lignocaine injection in the 
past (e.g. at the dentist). Participants will be asked if they have previously had lignocaine injection, 
and whether there were any adverse effects. The procedure will be performed by medical doctors 
with experience in emergency care of allergic reaction in the unlikely event that the need should arise. 
c) Bleeding. There is not usually bleeding from this technique – any blood at the site of entry and 
exit of the catheter can be cleaned using alcohol wipes or sterile gauze. Any bleeding that does occur 
can be stopped by applying mild pressure using sterile gauze.  
d) Infection. There is a small risk of infection conferred by breaching the skin epithelial barrier. 
Sterile technique and equipment will be used during insertion, and the catheter entry and exit sites 
will be covered with a sterile dressing immediately. Following e.coli injection the entire site will be 
covered with a dressing. Participants will be given advice about monitoring the site for any sign of 
infection. Should infection occur, we would remove the catheter and prescribe antibiotic therapy. 
e) Restriction of activities: Having the micro dialysis pump secured to your arm/forearm will not 
restrict movement but we will ask participants to take care in order to avoid dislodging the catheter. 
In between sample collections, the microdialysis pump will be removed, leaving only the small 
catheter in place, covered by a dressing.  
 
Withdrawal: Participants will be free to withdraw from the study at any time and without giving a 
reason. Any stored samples will be destroyed at their request.  

16 RECORDING AND REPORTING OF EVENTS AND INCIDENTS 

16.1      Definitions of Adverse Events  

Term Definition 

Adverse Event (AE) Any untoward medical occurrence in a patient or study participant, 
which does not necessarily have a causal relationship with the 
procedure involved.  

Serious Adverse Event 
(SAE). 

Any adverse event that: 
• results in death, 
• is life-threatening*, 
• requires hospitalisation or prolongation of existing 

hospitalisation**, 
• results in persistent or significant disability or incapacity, or 
• consists of a congenital anomaly or birth defect 
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*A life- threatening event, this refers to an event in which the participant was at risk of death at 
the time of the event; it does not refer to an event which hypothetically might have caused 
death if it were more severe. 
** Hospitalisation is defined as an in-patient admission, regardless of length of stay. 
Hospitalisation for pre-existing conditions, including elective procedures do not constitute an 
SAE. 

16.2 Assessments of Adverse Events  
Each adverse event will be assessed for severity, causality, seriousness and expectedness as described 
below. 

 16.2.1    Severity  

  
Category Definition 

Mild The adverse event does not interfere with the participant’s daily routine, and 
does not require further procedure; it causes slight discomfort 

Moderate The adverse event interferes with some aspects of the participant’s routine, or 
requires further  procedure, but is not damaging to health; it causes moderate 
discomfort 

Severe The adverse event results in alteration, discomfort or disability which is clearly 
damaging to health 

 16.2.2     Causality 
The assessment of relationship of adverse events to the procedure is a clinical decision based on all 
available information at the time of the completion of the case report form.   
The following categories will be used to define the causality of the adverse event: 
 

Category Definition 

Definitely: There is clear evidence to suggest a causal relationship, and other possible 
contributing factors can be ruled out. 

Probably: There is evidence to suggest a causal relationship, and the influence of other 
factors is unlikely 

Possibly There is some evidence to suggest a causal relationship (e.g. the event occurred 
within a reasonable time after administration of the study procedure). However, 
the influence of other factors may have contributed to the event (e.g. the 
participant’s clinical condition, other concomitant events). 

Unlikely There is little evidence to suggest there is a causal relationship (e.g. the event did 
not occur within a reasonable time after administration of the study procedure). 
There is another reasonable explanation for the event (e.g. the participant’s 
clinical condition). 

Not related There is no evidence of any causal relationship. 

Not Assessable Unable to assess on information available. 
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 16.2.3   Expectedness 

Category Definition 

Expected An adverse event which is consistent with the information about the procedure 
clearly defined in this protocol (section 15: Assessment and Management of Risk). 

Unexpected An adverse event which is not consistent with the information about the procedure 
clearly defined in this protocol. 

* this includes listed events that are more frequently reported or more severe than previously 
reported 

16.3 Recording adverse events  
All adverse events will be recorded with clinical symptoms and accompanied with a simple, brief 
description of the event, including dates as appropriate.  

16.4 Procedures for recording and reporting Serious Adverse Events  
Any research related incidents will be reported to the sponsor via  
following the UCL Joint Research Office Policy on incidents and complaints. 

16.5 Serious Adverse Events that do not require reporting  
A flare of the participants pre-existing ARD, which is of a similar severity to that which they usually 
experience does not require reporting to the sponsor, but should be recorded in participants’ study 
documentation, and reported to the clinical care provider (e.g. Rheumatology consultant or GP) if 
appropriate. 

Side effects of e.coli injection or research procedures, which are almost universally expected (e.g. self 
limiting inflammation at the site of injection or e.coli, discomfort or mild pain at the time of 
venepuncture/blister formation/local anaesthetic injection/biopsy/microdialysis catheter insertion or 
removal) or very common (self limiting systemic symptoms relating to inflammation) do not require 
reporting to the sponsor, but will be recorded in the participants’ study documentation. 

16.6 Reporting Urgent Safety Measures  
If any urgent safety measures are taken the CI/ PI shall immediately and in any event no later than 3 
days from the date the measures are taken, give written notice to the relevant REC and Sponsor of 
the measures taken and the circumstances giving rise to those measures. 

16.7 Protocol deviations and notification of protocol violations 
A deviation is usually an unintended departure from the expected conduct of the study protocol/SOPs, 
which does not need to be reported to the sponsor.   The CI will monitor protocol deviations. 
 
 A protocol violation is a breach which is likely to effect to a significant degree – 

(a) the safety or physical or mental integrity of the participants of the study; or 
(b) the scientific value of the study. 
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The CI and sponsor will be notified immediately of any case where the above definition applies during 
the study conduct phase.   

16.8 Trust incidents and near misses 
An incident or near miss is any unintended or unexpected event that could have or did lead to harm, 
loss or damage that contains one or more of the following components: 

a. It is an accident or other incident which results in injury or ill health. 
b. It is contrary to specified or expected standard of patient care or service. 
c. It places patients, staff members, visitors, contractors or members of the public at 
unnecessary risk. 
d. It puts the Trust in an adverse position with potential loss of reputation. 
e. It puts Trust property or assets in an adverse position or at risk. 

Incidents and near misses must be reported to the Trust through DATIX as soon as the individual 
becomes aware of them. 
A reportable incident is any unintended or unexpected event that could have or did lead to harm, loss 
or damage that contains one or more of the following components: 
 

a) It is an accident or other incident which results in injury or ill health. 
b) It is contrary to specified or expected standard of patient care or service. 
c) It places patients, staff members, visitors, contractors or members of the public at 

unnecessary risk. 
d) It puts the Trust in an adverse position with potential loss of reputation. 
e) It puts Trust property or assets in an adverse position or at risk of loss or damage. 

17 MONITORING AND AUDITING 
The Chief Investigator will ensure there are adequate quality and number of monitoring activities 
conducted by the study team. This will include adherence to the protocol, procedures for consenting 
and ensure adequate data quality.  
 
The Chief Investigator will inform the sponsor should he/she have concerns which have arisen from 
monitoring activities, and/or if there are problems with oversight/monitoring procedures. 

18 INDEMNITY ARRANGEMENTS 
 
University College London holds insurance against claims from participants for harm caused by their 
participation in this clinical study. Participants may be able to claim compensation if they can prove 
that UCL has been negligent. However, if this clinical study is being carried out in a hospital, the 
hospital continues to have a duty of care to the participant of the clinical study. University College 
London does not accept liability for any breach in the hospital’s duty of care, or any negligence on the 
part of hospital employees. This applies whether the hospital is an NHS Trust or otherwise. 

19 ARCHIVING 
UCL and each participating site recognise that there is an obligation to archive study-related 
documents at the end of the study (as such end is defined within this protocol). The Chief Investigator 
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confirms that he/she will archive the study master file at UCL for the period stipulated in the protocol 
and in line with all relevant legal and statutory requirements. The Principal Investigator at each 
participating site agrees to archive his/her respective site’s study documents for 20 years and in line 
with all relevant legal and statutory requirements. 

20 PUBLICATION AND DISSEMINATION POLICY 
Results of the study will be disseminated via publication in scientific journals, conference 
presentations and presentation to patient groups (e.g. Rheumatology Research Patient 
Partnership at the University of Birmingham). Results may also be published on University 
websites.   

No personal data will be included in reports to be published 

Written feedback and copies of any publications arising from this research will be distributed to 
research participants on request.  

21 APPENDICES 
Patient Information Sheets ( for each of three protocols: Microdialysis, Blister and Biopsy) 
Consent Form 
Recruitment email 
Recruitment poster 
Letter to the GP 
UCL insurance confirmation letter 
UCL insurance certificate 
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Patient Information Sheet 

Resolution of acute inflammation in autoimmune rheumatic disease: Blister protocol 

This study has been approved by West Midlands: Solihull Research Ethics Committee Ref:  

Lead researcher name: Dr Julia Flint 
Contact details:  

 
Introduction  

We would like to invite you to take part in our research study. Before you decide we would like you to 
understand why the research is being done and what it would involve for you. One of our team will go 
through the information sheet with you and answer any questions you have. This should take about 15 
minutes. 

Part 1 tells you the purpose of this study and what will happen to you if you take part.  

Part 2 gives you more detailed information about the conduct of the study.  

Talk to others about the study if you wish and ask us if there is anything that is not clear. 

PART 1 

Why is this study being done? 

When our body is confronted with an injury or an infection, we react with a process called ‘inflammation’. 
This causes the redness, swelling, heat, and pain you may be familiar with. Inflammation can help the body 
to fight infection and repair the injury; however, in some rheumatic diseases the inflammation is prolonged, 
in so far as it begins to damage the tissues of the body rather than repair them. 

In this project, we will induce a mild inflammation on the skin of the forearm. We will then examine the 
inflammatory cells and fluid at the site as it recovers. Our overall objective is to understand better the 
process of inflammation and repair in rheumatic disease, which we hope will lead to the identification of 
improved treatments. 

What does it involve for me? 

This study will involve several visits to the Gilroy Laboratory, Rayne Institute (University College London), or 
the Clinical Research Facility (University Hospital Birmingham) over a period of two weeks to see how your 
body behaves as inflammation goes away.  

During your first visit, we cause a mild inflammation (but not infection) by injecting dead (inactive) bacteria 
into the skin of the forearm. The inflammation goes away by itself over a few days. We have chosen a strain 
of bacteria which is fully sensitive to antibiotics. But, before injecting the bacteria, we kill them, and check 
that they are all dead, in order to confirm that they cannot cause an infection in you. We have used this 
method in many previous studies in UCL. 

We will then monitor your body’s response, by taking measurements and samples (including skin blisters) at 
different times after the injection (see details below).  

For 24 hours before, and during the study, we ask you not to drink alcohol and to avoid heavy exercise. 



Resolution of Inflammation in Autoimmune Rheumatic Disease 
Patient Information Sheet (blister) 06/04/2017 Version 4 

2 
 

For one week before and during the study, we ask you not to take certain medications which can affect the 
immune system (Non-steroidal anti-inflammatory medications or NSAIDs such as ibuprofen). We will discuss 
this with you when we first meet. 

Before any studies begin we will talk you through a consent form, which we will ask you to sign, indicating 
your understanding of what the study involves, and your willingness to participate.  

Time commitment: 

You will need to spend approximately 45 minutes with us for your first visit (which includes the injection of 
bacteria). 

You will then return for two further visits (between one and a half and two hours each), one for each blister 
(for about an hour of this time you will be free read or watch TV, but will need to sit still with one arm 
attached to the blister machine). 

If any extra short (less than 1 hour e.g. blood test / doppler) or long (e.g. blister) visits are required, we will 
discuss this with you at the start of the study.  

We will discuss the sample collection times with you when we first meet, to ensure maximum convenience 
to you. You are asked to discuss with us if the proposed times do not suit your schedule, and we will 
endeavour to find mutually convenient times. 

Compensation for your time and effort 

We appreciate the time and effort involved in participating in this study. Please keep any receipts for travel 
expenses relating to the study, and we will reimburse you. If you need to travel long distance to participate, 
we will discuss this with you, and we can arrange and pay for any necessary overnight accommodation.  In 
addition, we will offer you £50 compensation for the first three visits, and an additional £10 / £20 for any 
extra short / long visits that are required. All payments / reimbursements will be paid by a cheque sent to 
your home address within 2-4 weeks of your final visit. 

Details of procedures 

1) Tests at start of study and to monitor response: 

In order to accurately measure the swelling and redness at the site, we will take some measurements and 
scan the inflamed area using a laser Doppler scanner. The scanner does not touch your arm or cause any 
discomfort, but takes around 5 minutes to scan each forearm.  

We will also collect a blood sample from you before the injection of killed bacteria and at various time points 
after the injection. Over the whole study, a total of no more than 100mls (7 tablespoons) of blood will be 
taken. This is to understand your body’s overall response to the inflammation. You will be informed at the 
beginning of the study about which visits will involve a blood test.  

2) Killed bacteria injection to cause localised inflammation: 

At the first visit we will inject the upper layer of the skin (dermis), with dead bacteria in two places, one on 
each forearm (inner hairless side), (see picture 1). 

3) Blister formation: 

You will then be asked to return to have a blister formed on separate occasions. 
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A suction cup attached to negative pressure equipment will be placed over the injection site. This gradually 
separates the top layer of skin from the deeper layer over a period of about an hour, forming a blister 
(10mm in diameter, see picture 2). The fluid from the blister will be removed straight away using a sterile 
needle. The site will then be cleaned and a sterile dressing will be applied, which we advise you to keep on 
and dry for 2-3 days. On the second visit the same procedure will be performed but on the other arm at the 
other injection site.  

4) Follow up: 

For participants with rheumatic disease, we will request your permission to review your medical notes 
(those relating to your rheumatological condition only) both at the time of the study and for a period of 3 
years afterwards. This is because your clinical condition or diagnosis may change in this time, and we would 
like to relate the results of this study both to your current clinical diagnosis as well as any future change in 
diagnosis. We may also contact you during this time to ask if you would be willing to provide an additional 
blood sample to investigate interesting findings. This would be optional. If you would prefer not to be 
contacted again following completion of the study, simply let us know. 

Finally, we may contact you once your participation in this study is completed and ask you whether you 
would mind completing a short questionnaire regarding your experience. This is optional, but we would be 
very grateful for your feedback. 

Side effects due to injection of killed bacteria: 

• The injection itself can sting for a few seconds.  
• After 2 hrs, the site will get red, warm and slightly tender, similar to a bee-sting.  The tenderness will 

reach its worst at about 12-24 hours. Redness may continue to expand for up to 48hours, to a total area 
of around 10x5cm, but will then fade away. 

• One in every three or four people who have these killed bacteria injected can get some ‘general’ 
symptoms such as ache or ‘fullness’ in the armpit, a headache, muscle aches or a slight rise in body 
temperature, but volunteers have described these as ‘mild’ and they should not affect your routine 
activities.  In the unlikely event you feel very unwell or develop sustained symptoms (over 24hours) 
please contact the researchers, or if very concerned seek medical assistance. 

• When this technique was first used, one individual suffered a severe skin reaction which required medical 
treatment to recover. However, we now inject a much smaller dose of bacteria (60 times less), and have 
not seen this side effect in more than 100 volunteers since, and so believe that this risk is very small. 

Side effects associated with forming blister and taking samples: 

• Taking a blood sample is the same as having a routine blood test at your doctor’s surgery. 
• Suction blister formation process can lead to mild discomfort as the superficial layer of skin is slowly 

separated from the deeper layers. The blister can sting for a few seconds after the fluid has been 
removed, whilst the dressing is applied. 

• There is a minimal risk of infection at the blister site. In this case the site becomes red, painful and weepy. 
This risk is minimised by using an aseptic technique throughout and by applying a waterproof hypo 
allergic dressing over the blister site. However, if it did occur you might need treatment with antibiotics 
and should contact us on details below.  

• Blister formation can lead to temporary skin marking that will usually fade after 6-12 weeks, but may 
persist for longer, particularly on darker skin.  
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PART 2: Further Information 

Will this study help me? 

This study will not benefit you directly. However, it will tell us about how inflammation recovers in people 
with certain rheumatic diseases, helping us to develop more focussed and individualised approach to 
treatment, and it could lead to the development and testing of new treatments in the future.  

How will we use the samples we obtain from you? 

We plan to use the cells/skin tissue obtained before and after the injection to understand changes in the 
types of cells present at the site of inflammation, and the gene expression (RNA). We will also look at the 
fluid obtained to understand changes in the soluble factors involved in inflammation.  

Could I come to any harm if I take part in this study? 

The potential side effects are listed in part 1. Your GP will be sent a letter informing them that you are 
participating in this study. 

How will confidentiality be protected? 

All the information obtained about you in the course of the study is confidential and will be kept in a locked 
room and on password-secured university computers. This information will include your unique study 
number (code) and we will label all your samples and records with this number. Only the researchers will be 
able to identify you from the samples or results, as they are the only ones that will have access to the code.  

As the samples generated from your blood/tissue during the course of this study are extremely valuable, if 
there are cells, fluid or skin tissue left over after the completion of this study, we may use these samples for 
other studies underway in this laboratory if you consent to this. These samples will stay labelled, and be 
analysed, with your study number (code), and not your name. 

Are there any factors that would exclude me from taking part in the study? 

You will not be able to take part if you: 

• Have moderately or severely active rheumatic disease  
• Are pregnant or breastfeeding 
• Have had a recent vaccination (within 3 months)  
• Have used immunosuppressant medication (including steroid tablets or injection) within the last 3months 
• Would be unable to stop non-steroidal anti-inflammatory drugs for one week prior to, and throughout 

the study 
• Take recreational drugs 
• Have an infection currently or are taking antibiotics  
• Have HIV infection, a known defect in your immune system (immunodeficiency), a personal or family 

history of an inflammatory skin condition called pyoderma gangrenosum 
• Are recruited as a ‘healthy control’, but have a condition commonly associated with rheumatic disease, 

such as inflammatory bowel disease, psoriasis or bronchiectasis 
• You or the researchers feel that this research is unsuitable for you for any other reason 

If you are already involved in another study, you should discuss this with the researchers to ensure that you 
are able to take part. 
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What happens if something goes wrong? 

This study has already been performed on many patients with inflammatory bowel disease and healthy 
individuals, and we believe that it is fundamentally safe. However, research can carry unforeseen risks and 
we want you to be informed of your rights in the unlikely event that any harm should occur as a result of 
taking part in this study. Every care will be taken to ensure that your wellbeing and safety are not 
compromised during the course of the study. 

If you wish to complain, or have any concerns about any aspect of the way you have been approached or 
treated by members of staff you may have experienced due to your participation in the research, National 
Health Service or UCL complaints mechanisms are available to you. Please ask your research doctor if you 
would like more information on this.  

In the unlikely event that you are harmed by taking part in this study, compensation may be available. If you 
suspect that the harm is the result of the Sponsor’s (University College London) or the hospital's negligence 
then you may be able to claim compensation.  After discussing with your research doctor, please make the 
claim in writing to Professor Derek Gilroy who is the Chief Investigator for the research and is based at UCL. 
The Chief Investigator will then pass the claim to the Sponsor’s Insurers, via the Sponsor’s office. You may 
have to bear the costs of the legal action initially, and you should consult a lawyer about this. 

 You may contact the Patient Advice and Liaison Service (PALS) for independent advice: 

UCLH: email  

University Hospitals Birmingham: email  

Who is organising and funding the research? 

The research is organised by the Centre for Clinical Pharmacology, UCL. The study is being funded by the 
Wellcome Trust. 

Do I have to take part in this study, and can I withdraw? 

No, you do not have to take part in this study. If you do decide to take part, you may withdraw at any time 
without giving a reason and without any penalty. No further samples would be taken after this point. Any 
samples and data that have already been collected would be retained and used in the study unless you 
request that we dispose of them. 

Details of how to contact the researchers 

Centre for Clinical Pharmacology,  

Dr Julia Flint on  

Dr Madhur Motwani on  

Professor Derek Gilroy on  

Thank-you for taking your time to read this information leaflet. Please discuss the information above with 
others if you wish, and ask us if there is anything that is not clear or if you would like more information. 

The decision is of course entirely yours whether you would like to take part or not. 

 



Resolution of Inflammation in Autoimmune Rheumatic Disease 
Patient Information Sheet (blister) 06/04/2017 Version 4 

6 
 

 

Picture 1: Injection of killed bacteria 

Picture 2: Creation of suction blister 
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REDCap data collection instrument 
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Screening And Consent

Record ID
__________________________________

RA

Study Group ARD / pre-RA
Osteoarthritis
Healthy Control

Screening date and time
__________________________________

Inclusion CriteriaParticipants MUST BE:
Over 18 years old? Yes No

Male or Female? M F

Able to communicate with the research team in English Yes No

Able to provide informed consent Yes No

Willing to stop NSAIDs for one week prior to, and
during the study

Yes No

All inclusion criteria 'Yes'? Yes No

Exclusion CriteriaParticipants MUST NOT:
Pregnant or breastfeeding Yes No

HIV infection or other immunodeficiency, leukopenia
or neutropenia

Yes No TBC

Have a current infection or on antibiotic treatment Yes No

Systemic immunosuppressants within the last 3 months
(including steroids)

Yes No

Personal or family history of pyoderma gangrenosum Yes No

Current or recent involvement in other research Yes No

Dr Flint approval to continue? Yes No

Moderate or severely active disease(e.g RA DAS-28
score >3.2 and Ankylosing spondylitis BASDAI >4)

Yes No

https://projectredcap.org
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No personal history of other autoimmune disease, or
conditions commonly associated with ARD (e.g IBD,
psoriasis, bronchiectasis)

Yes No

Pregnancy Test
Pregnancy test administered? Yes No

Why was a pregnancy test not administered?
 
__________________________________________

Pregnancy test result Negative Positive

 
All exclusion criteria 'No'? Yes No

Eligibility criteria has not been met. Thank you for completing the screening form.

https://projectredcap.org
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Screening/Baseline Bloods

Screening FBC
Haemoglobin

__________________________________

HCT
__________________________________

RBC Count
__________________________________

MCV
__________________________________

MCH
__________________________________

MCHC
__________________________________

RDW
__________________________________

Platelet Count
__________________________________

MPV
__________________________________

WBC Count
__________________________________

Neutrophils
__________________________________

Lymphocytes
__________________________________

Monocytes
__________________________________

Eosinophils
__________________________________

Basophils
__________________________________

https://projectredcap.org
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Baseline Bloods
Hb

__________________________________

Platelets
__________________________________

WBC
__________________________________

Neutrophils
__________________________________

Lymphocytes
__________________________________

Monocytes
__________________________________

Urea
__________________________________

Creatinine
__________________________________

Sodium
__________________________________

Potassium
__________________________________

CRP
__________________________________

Rheumatoid Factor Positive
Negative

Rheumatoid Factor Titre
__________________________________

Anti-CCP Positive
Negative

Anti-CCP Titre
__________________________________

https://projectredcap.org
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Clinical History And Examination

Demographics
Date of Assessment

__________________________________

Sex Male
Female

Date of birth
__________________________________

Ethnicity White
Asian/Asian British
Black/African/Caribbean/Black British
Arabic/Arabic British
Mixed/Multiple ethnic groups
Other

Please specify
__________________________________

Left or right handed? Right
Left

Medical History
Diagnosis Healthy Control

OA
Pre-RA
RA
Sjogren's syndrome
Ankylosing Spondylitis
SLE
Other

Please specify
__________________________________

Date of diagnosis (if applicable)
__________________________________

Description of symptoms
- Site of symptoms  
- Date of onset (if applicable) __________________________________________
- Character of pain/swelling
- Time-course
- Exacerbating/Alleviating factors (effect of
exercise)

History of Rashes
(particularly psoriasis, pyoderma gangrenosum)  

__________________________________________
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Past medical history
(particularly inflammatory bowel disease,  
bronchiectasis, or history of non-healing wounds) __________________________________________

Family history
(particularly autoimmune disease and pyoderma  
gangrenosum) __________________________________________

Drug history
 
__________________________________________

Any systemic immunosuppressant medication within the Yes
last 3 months? No

Please specify
 
__________________________________________

Any vaccinations within the last 3 months? Yes
No

Please specify
 
__________________________________________

Any allergies? Yes
No

Please specify
 
__________________________________________

Social History
Occupation

__________________________________

Smoking
__________________________________

Alcohol
__________________________________

Any regular exercise
 
__________________________________________

https://projectredcap.org
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Hormonal History
First day of last menstrual period

__________________________________

Specify any hormonal treatment (including oral
contraceptive pill, hormonal intra-uterine device  
(coil), hormone replacement therapy (HRT, including __________________________________________
hormonal vaginal creams), contraceptive implant etc)

Examination Findings
Findings
(focused GALS screen with examination of affected  
joints) __________________________________________

Height (in m, estimated if not known)
__________________________________

Weight (in kg, estimated if not known)
__________________________________

https://projectredcap.org
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Baseline Checklist

Forms
Yes No

Patient Information Sheets
provided?

Screening form completed?
Informed consent obtained?
Copy of informed consent
provided?

History and clinical examinations
completed?

Letter sent to GP?

Date and time informed consent obtained
__________________________________

If unable to be obtained, please explain
 
__________________________________________

E. coli Skin Challenge
Left arm E. coli injection date and time

__________________________________

Left Arm E. coli ID injection successful? Yes No

Left Arm E. coli sample number
__________________________________

Right arm E. coli injection date and time
__________________________________

Right Arm E. coli ID injection successful? Yes No

Right Arm E. coli sample number
__________________________________

https://projectredcap.org
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Blister Checklist and Data Sheet

Time Point Baseline
4hr
24hr
48hr
Day 14

Investigations
Yes No

Bloods obtained and sent to
TDL/lab?

Doppler image before blister
obtained?

Camera image before blister
obtained?

Camera image after blister
obtained?

Plasma 5x 300uL stored?
Blister fluid 30uL aliquots
stored?PBMC cryopreserved?
Fresh blood FACS

If unable to obtain, please explain:
 
__________________________________________

Storage
Plasma sample storage location

 
__________________________________________

Blister fluid storage location
 
__________________________________________

Cryopreserved PBMC storage location
 
__________________________________________
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Cell count of 1ml ACK lysed blood
Dilution

__________________________________

Live cell count (cells/mL)
__________________________________

Total WBCs /ml whole blood
__________________________________

Volume of blood taken for PBMCs (usually 9mls)
__________________________________

Number PBMC samples stored (1ml each)
__________________________________

Blister Data
Timepoint Baseline

4hr
24hr
48hr
Day 14

Left or Right arm? Left
Right

Date and Time of blister
__________________________________

Distance from crease (cm)
__________________________________

Tube weight (before)
__________________________________

Tube weight (after)
__________________________________

Blister fluid weight (excluding sodium citrate)
__________________________________

Number of blister fluid aliquots
__________________________________
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Cell counts from blister, by haemocytometer
Raw cell counts
Please input in the following format  
A [Upper L, Upper R, Lower R, Lower L] __________________________________________
B [Upper L, Upper R, Lower R, Lower L]

Cell count
__________________________________
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Biopsy Checklist

Yes No
Bloods obtained and sent to
TDL/lab?

Doppler image obtained?
Camera image obtained?
Plasma 5x 300uL stored?
PBMC cryopreserved?

If unable to obtain, please explain:
 
__________________________________________

Biopsy Data
Left or Right Arm Left

Right

Time point Baseline
4hr
24hr
48hr
Day 14

Date and Time of biopsy
__________________________________

Cell counts from whole blood, by Countess
Dilution

__________________________________

Cell count
__________________________________

https://projectredcap.org
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Clinical Scores

As discussed, please could you complete the survey below.

Thank you!

Room temperature
__________________________________

Clinical Pain Scoring
Date and time of pain assessment

__________________________________

Forehead temperature
__________________________________

Left Arm
Pain visual analogue score for pain at site
(0 = no pain, to 10 = worst pain imaginable in your
arm)

none (0) worst (100)

(Place a mark on the scale above)           

Pain Threshold at site (using pain algometer)
__________________________________

Pain Tolerance at site (using pain algometer)
__________________________________

Tenderness in response to weight none (0) worst (100)

(Place a mark on the scale above)           

Temperature at site
__________________________________

Right Arm
Pain visual analogue score for pain at site
(0 = no pain, to 10 = worst pain imaginable in your
arm)

none (0) worst (100)

(Place a mark on the scale above)           

Pain Threshold at site (using pain algometer)
__________________________________

Pain Tolerance at site (using pain algometer)
__________________________________

https://projectredcap.org
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Tenderness in response to weight none (0) worst (100)

(Place a mark on the scale above)           

Temperature at site 
__________________________________

Other Symptoms
Headache
(0 = no headache to 10 = worst headache imaginable) none (0) worst (100)

(Place a mark on the scale above)           

Muscle ache
(0 = no muscle ache to 10 = worst muscle ache
imaginable) none (0) worst (100)

(Place a mark on the scale above)           

Armpit ache
(0 = no ache to 10 = worst ache imaginable) none (0) worst (100)

(Place a mark on the scale above)           

Fever
(0 = no fever to 10 = worst fever imaginable) none (0) worst (100)

(Place a mark on the scale above)           

Other (please specify)
__________________________________

[other_symptom]
(0 = no pain to 10 = worst imaginable pain) none (0) worst (100)

(Place a mark on the scale above)           
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Blister Suction Tracking Sheet

Date
__________________________________

Arm Left
Right

Timepoint Baseline
4hr
24hr
48hr
Day 14

Pressure raising
Please record the time when the pressure was raised
Start

__________________________________

2
__________________________________

3
__________________________________

4
__________________________________

5
__________________________________

5.5
__________________________________

6
__________________________________

6.5
__________________________________

7
__________________________________

7.5
__________________________________

8
__________________________________

8.5
__________________________________
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9
__________________________________

10
__________________________________

11
__________________________________

Initial bleb formation
__________________________________

Pressure reduction
Please record the time the pressure is reduced
10

__________________________________

9
__________________________________

8.5
__________________________________

8
__________________________________

7.5
__________________________________

7
__________________________________

6.5
__________________________________

6
__________________________________

5.5
__________________________________

5
__________________________________

4
__________________________________

3
__________________________________

2
__________________________________

https://projectredcap.org
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Stop
__________________________________
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Follow-up

Administrative Procedures
Please upload copies of all paper records for this
participant here, with the file name as the Study ID.

Please ensure the informed consent form, and TDL
results at 4hr and 24hr are included.

TDL screening results

TDL baseline results

TDL 4hr results

TDL 24hr results

TDL 48hr results

TDL day 14 results

Consent form signed

Reimbursement form completed and signed by
participant?

Yes No

Date reimbursement submitted
__________________________________

Follow-up
Final Diagnosis

__________________________________

Date of final diagnosis
__________________________________

Follow-up notes
 
__________________________________________

https://projectredcap.org
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