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Abstract 

 

Background 

Circulating cell-free DNA (cfDNA) represents a class of biological molecules whose role in 

inflammation remains poorly understood. Inflammatory bowel disease (IBD), from ulcerative 

colitis to Crohn’s disease, comprises a spectrum of chronic immune-mediated conditions with 

complex pathogenic mechanisms that manifest primarily as gut-mucosal inflammation. There 

remains an unmet need that requires a greater understanding of disease mechanisms to find 

better treatments for patients.  

 

Hypothesis/Methods 

cfDNA is a biomarker in IBD that captures a dimension of disease activity not covered by 

current clinical biomarkers. Mitochondrial cfDNA may identify a subset of patients whose 

disease is driven by immune-mediated recognition of mitochondrial cfDNA. cfDNA 

metagenomics may provide new insights into disease biology.  

 

Two multi-centre translational cohort studies were set up – GI-DAMPs (cross-sectional) and 

MUSIC (longitudinal) and the execution of which is discussed. Clinical sampling was 

performed, and subsequent analysis was carried out using Qubit for total quantification, digital 

polymerase chain reaction (dPCR) for COX3, ND2 and GAPDH genes, fragment analysis with 

the Agilent BioAnalyzer, and cfDNA sequencing using both Nanopore and Illumina platforms. 

 

Results 

Patients with highly active IBD (requiring admission to hospital) had significantly higher total 

cfDNA (median 0.52 ng/uL, Kruskal-Wallis p<0.001), mitochondrial ND2 (median 359 

copies/uL, Kruskal-Wallis p<0.05) and genomic GAPDH levels (median 8.7 copies/uL, 

Kruskal-Wallis p<0.01) compared to patients with active disease or remission. Digital PCR 

techniques provide better resolution compared to Qubit. cfDNA fragment analysis shows an 

increase in the 160bp peak and the release of longer fragments in highly active disease, 

suggesting increased apoptosis and necrosis, compared to patients in remission or healthy 

controls. cfDNA sequencing and bioinformatic analysis were feasible. cfDNA metagenomics 

reveals that patients with active disease have reduced alpha diversity (median Chao1 2612, 

p=0.07 and median Shannon 0.06, p=0.43) and significantly different beta diversity profiles 

(permanova R2 0.766, p<0.01) compared to patients in remission or healthy controls.  
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Conclusion 

The analysis of cfDNA with modern advances in technology is an unexplored dimension of 

inflammation biology. cfDNA correlates with IBD activity and further study is required to 

validate its use as a clinical and mechanistic biomarker. Further scientific work in cfDNA could 

unlock new insights into both cfDNA and IBD biology, potentially allowing the development of 

better mechanistic and predictive biomarkers, new therapeutics, and general insights into 

other inflammatory diseases.  
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Lay Summary 

 

In our blood, there are strands of DNA which circulate outside cells. They circulate in different 

forms known as ‘circulating cell-free DNA’. This has been known about as far back as the 

1940s, but it is only now that we have the technology to analyse this in greater detail.  

 

The role of circulating cell-free DNA in inflammation is poorly understood. Inflammatory bowel 

disease, including ulcerative colitis and Crohn’s disease, are conditions where the body’s 

immune system mainly attacks the gut, although other parts of the body can be affected. Why 

this happens is not entirely understood but is thought to arise from a combination of genes, 

the environment, the gut bacteria, and how the immune system responds to this.  

 

Mitochondria – known as the ‘powerhouse’ within our cells – are thought to descend from 

bacteria billions of years ago. They have their own separate DNA, which has similar features 

to bacterial DNA. Previous work has shown that the immune system can recognise these 

mitochondrial DNA fragments and cause the activation of the immune response. This 

activation, when inappropriate, continues to drive inflammation when it should instead be 

switched off. Therefore, measuring these molecules (mitochondrial DNA) may help track the 

immune system’s activity. It may even find patients with this specific problem that keeps the 

immune system’s attack going and allow doctors to tailor treatment to them. 

 

In this thesis, two studies were set up to study these molecules of cell-free DNA and work out 

if they are important factors in the development of inflammation in IBD and therefore serve as 

a biomarker. The GI-DAMPs study looks at patients and healthy people at a single snapshot 

in time. The MUSIC study follows patients over one year. How these studies were set up and 

the challenges that were overcome are described in detail. Measurements were carried out in 

both studies and the results were analysed from different angles to look at various aspects of 

these molecules and how they behave over time and between different groups. 

 

It is found that these molecules were increased when there was more inflammation. Studying 

the size of the molecules suggests that two different cell death processes are increased in 

patients with high activity – both orderly cell death known as ‘apoptosis’ and disorderly cell 

death known as ‘necrosis’. This thesis also shows that sequencing these molecules – working 

out the individual DNA characters of the sequences (whether they are A, T, C or G bases) – 

is technically feasible where previously it was very challenging to do so. Patients with high 
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activity have less diverse and different bacterial cell-free DNA sequences in the blood 

compared to patients in remission and healthy people. 

 

In summary, this thesis represents the first step in exploring these molecules to see if there 

are better ways to understand the cause of inflammatory bowel disease and will hopefully lead 

to the development of new ways to track activity in patients and perhaps even new treatments 

in the future.   



vii 

 

Abbreviations 

 

CD Crohn’s disease 

cfDNA Cell-free DNA 

COX3 Cytochrome oxidase III 

CUCQ-32 Crohn’s and ulcerative colitis questionnaire - 32 

DAMP Damage-associated molecular pattern 

DNA Deoxyribonuclease acid 

dPCR Digital polymerase chain reaction 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GI-DAMPs Gastrointestinal damage associated molecular patterns study 

HBI Harvey-Bradshaw index 

IBD Inflammatory bowel disease 

MUSIC Mitochondrial damps as mechanistic biomarkers in Crohn’s disease and 

ulcerative colitis 

ND2 Nicotinamide adenine dinucleotide hydrogen-dehydrogenase 2 

NMDS Non-parametric multidimensional scaling 

ODN Oligonucleotides 

OTU Operational taxonomic unit 

PAMP Pathogen-associated molecular pattern 

PCR Polymerase chain reaction 

pDC Plasmacytoid dendritic cell 

PRR Pattern recognition receptor 

qPCR Quantitative polymerase chain reaction 

RNA Ribonucleic acid 

SIRS Systemic inflammatory response syndrome 

SCCAI Simple clinical colitis activity index 

SES-CD Simple endoscopic score for Crohn’s disease 

TLR9 Toll-like receptor 9 

UC Ulcerative colitis 

UCEIS Ulcerative colitis endoscopic index of severity 

  

 

  



viii 

 

Figure Index 

 

Figure 2.1 Lifecycle of circulating cell-free DNA .................................................................. 13 

Figure 2.2 Factors affecting the release of cfDNA in IBD and translational opportunities .... 20 

Figure 3.1 MUSIC study overview ....................................................................................... 28 

Figure 3.2 Amplified COX3 droplets (MID-90-21 6m) .......................................................... 34 

Figure 3.3 Amplified ND2 droplets (MID-90-21 6m) ............................................................. 34 

Figure 3.4 Droplet analysis using CrystalMiner software. .................................................... 35 

Figure 3.5 Addition of EcoRI digest improves dPCR signal. ................................................ 38 

Figure 3.6 Bioinformatics cloud computing setup ................................................................ 45 

Figure 3.7 cfDNA analysis pipeline ...................................................................................... 46 

Figure 4.1 Traditional vs research sampling workflows ....................................................... 55 

Figure 4.2 Architecture of G-Trac ........................................................................................ 56 

Figure 5.1 Process Overview .............................................................................................. 62 

Figure 5.2 CUCQ-32 over time in aggregate (above) and individually (below) (MUSIC). ..... 68 

Figure 5.3 HBI scores over time in patients with CD (MUSIC) ............................................. 69 

Figure 5.4 SCCAI and Mayo Clinical Score over time in patients with UC (MUSIC) ............ 69 

Figure 5.5 CRP over time in aggregate (above) and individually (below) (MUSIC) .............. 70 

Figure 5.6 Calprotectin over time in aggregate (above) and individually (below) (MUSIC) .. 71 

Figure 5.7 Complete mucosal healing and endoscopic improvement rates (MUSIC) .......... 72 

Figure 5.8 Distribution of total cfDNA (GI-DAMPs and MUSIC) ........................................... 73 

Figure 5.9 Total cfDNA by groups (GI-DAMPs). .................................................................. 74 

Figure 5.10 Total cfDNA by IBD activity (GI-DAMPs) .......................................................... 75 

Figure 5.11 Total cfDNA by Crohn’s disease and ulcerative colitis activity (GI-DAMPs) ...... 76 

Figure 5.12 Total cfDNA trajectory by Crohn’s disease or ulcerative colitis (MUSIC)........... 77 

Figure 5.13 Total cfDNA trajectory by complete mucosal healing (MUSIC) ......................... 77 

Figure 5.14 Distribution of COX3 and ND2 (GI-DAMPs and MUSIC) .................................. 78 

Figure 5.15 ND2 highly correlates with COX3 (GI-DAMPs and MUSIC) .............................. 79 

Figure 5.16 ND2 partially correlates with total cfDNA (GI-DAMPs and MUSIC) ................... 80 

Figure 5.17 ND2 by groups (GI-DAMPs) ............................................................................. 81 

Figure 5.18 ND2 by IBD Activity (GI-DAMPs) ...................................................................... 82 

Figure 5.19 ND2 by Group and IBD Activity (GI-DAMPs) .................................................... 83 

Figure 5.20 Correlation of ND2 against known biomarkers (GI-DAMPs) ............................. 84 

Figure 5.21 Correlation of ND2 against haemoglobin and platelets (GI-DAMPs) ................. 84 

Figure 5.22 ND2 by IBD activity corrected for haemoglobin and platelets (GI-DAMPs) ....... 85 

Figure 5.23 ND2 trajectory by Crohn’s disease or ulcerative colitis (MUSIC) ...................... 86 



ix 

 

Figure 5.24 ND2 over time by complete mucosal healing (MUSIC) ..................................... 86 

Figure 5.25 Distribution of GAPDH (GI-DAMPs) ................................................................. 87 

Figure 5.26 GAPDH by groups (GI-DAMPs) ....................................................................... 88 

Figure 5.27 GAPDH by IBD Activity (GI-DAMPs) ................................................................ 89 

Figure 5.28 GAPDH levels correlate with total cfDNA and ND2 (GI-DAMPs) ...................... 90 

Figure 5.29 Mitochondrial:Genomic cfDNA ratio represented by ND2:GAPDH.................... 91 

Figure 5.30 Fragment size distribution of all samples in the GI-DAMPs cohort.................... 92 

Figure 5.31 Fragment size distribution of all samples in the MUSIC cohort ......................... 92 

Figure 5.32 Fragment size distribution by group (GI-DAMPs) ............................................. 93 

Figure 5.33 Fragment size distribution by group (MUSIC) ................................................... 93 

Figure 5.34 cfDNA fragment size by IBD activity (GI-DAMPs) ............................................. 94 

Figure 5.35 cfDNA fragment size distribution by activity in CD and UC (GI-DAMPs) ........... 94 

Figure 5.36 cfDNA fragment size distribution by complete mucosal healing (MUSIC) ......... 95 

Figure 5.37 Subgroup with rising mitochondrial cfDNA (ND2) trajectory (MUSIC) ............... 96 

Figure 5.38 Fragment size distribution by rising mitochondrial cfDNA trajectory (MUSIC) ... 96 

Figure 6.1 Illumina vs Nanopore raw read counts ............................................................. 107 

Figure 6.2 Illumina sequencing quality as measured by FastQC ....................................... 108 

Figure 6.3 Nanopore sequencing quality as measured by NanoPlot ................................. 108 

Figure 6.4 Illumina vs Nanopore percentage of reads successfully classified .................... 109 

Figure 6.5 Illumina vs Nanopore percentage of microbial reads in unmapped sequences . 110 

Figure 6.6 Illumina final sequencing quality averages Q33 ................................................ 111 

Figure 6.7 Raw reads per sample ..................................................................................... 112 

Figure 6.8 Percentage reads by chromosome normalised for chromosomal length ........... 113 

Figure 6.9 Percentage bacterial and mitochondrial reads, per sample (above) and aggregated 

by IBD activity (below) ....................................................................................................... 114 

Figure 6.10 Sequencing ratio of chrM vs chr20 normalised for chromosome length and across 

samples ............................................................................................................................ 115 

Figure 6.11 Bacterial reads by IBD activity (raw count and percentage) ............................ 116 

Figure 6.12 Rarefaction curves per sample ....................................................................... 117 

Figure 6.13 Alpha diversity metrics by IBD activity ............................................................ 118 

Figure 6.14 Beta diversity by IBD activity .......................................................................... 119 

  



x 

 

Table Index 

 

Table 1.1 List of key IBD precision medicine cohorts ............................................................ 6 

Table 1.2 Detailed comparison between IBD BioResource and GI-DAMPs/MUSIC .............. 8 

Table 1.3 Outcome measures commonly seen in IBD literature .......................................... 10 

Table 2.1 Summary of clinical studies of cfDNA and behaviour in various disease states ... 14 

Table 3.1 Primers and probes for mitochondrial genes COX3 and ND2 .............................. 39 

Table 3.2 Samples for Nanopore sequencing ..................................................................... 43 

Table 3.3 Samples for Illumina sequencing ......................................................................... 44 

Table 4.1 Sampling overview for GI-DAMPs, MUSIC and MARVEL .................................... 51 

Table 4.2 G-Trac sample data model .................................................................................. 57 

Table 5.1 IBD disease activity definitions for GI-DAMPs ..................................................... 63 

Table 5.2 GI-DAMPs cohort ................................................................................................ 64 

Table 5.3 MUSIC cohort ...................................................................................................... 66 

Table 5.4 Total cfDNA median and interquartile range by IBD activity ................................. 75 

Table 5.5 ND2 median and interquartile range by IBD activity ............................................. 82 

Table 5.6 GAPDH median and interquartile range by IBD activity ....................................... 89 

Table 6.1 Alpha diversity and beta diversity calculation formulas ...................................... 106 

Table 6.2 Alpha diversity metrics median and interquartile range ...................................... 118 

  



 

 

 

 

 

 

 

Chapter 1 Introduction



2 

 

Chapter 1 Introduction 

 

1.1 Inflammatory bowel disease 

Inflammatory bowel disease (IBD), ranging from ulcerative colitis (UC) to Crohn’s disease 

(CD), comprises a spectrum of chronic immune-mediated conditions with complex pathogenic 

mechanisms that manifest primarily as gut-mucosal inflammation. Genetic susceptibility (>300 

genetic loci), environmental influences (such as diet, drugs, and smoking), altered 

microbiome, and dysregulated immune and gut barrier functions are key contributory factors 

to the development of IBD. 

 

1.2 IBD is an increasing problem globally 

The diagnosis of IBD has major implications not just for the affected individuals but also for 

their families and societies. Over the 21st century, there has been an increasing incidence of 

IBD in newly industrialised countries across Africa, Asia, and South America, turning what was 

once thought of as a disease bound by ethnicity and geography into a global problem (1).  

 

Globally, the prevalence of IBD is estimated to be approximately 300 per 100,000 population 

and more locally in Edinburgh, an IBD prevalence of 832 per 100,000 population (2). The 

incidence of IBD has two age peaks: one in the 20-30 age group and another in the 60-80 age 

group (3,4). Although the incidence of IBD in developed countries has remained stable, its 

prevalence is projected to compound over time due to the initial peak of incidence in younger 

age groups, the lifelong nature of the diagnosis, and the ageing population. 

 

These two trends – increasing incidence in developing countries and compounding prevalence 

in developed countries – indicate that IBD will place increasing burdens on health systems 

worldwide. 

 

1.3 Problems with current treatments 

Over the last two decades, there has been an explosion in the number of biological therapies 

used to treat IBD, from anti-TNFs such as infliximab and adalimumab to more recent novel 

therapies such as ustekinumab and tofacitinib. These therapies represent technological 

breakthroughs demonstrating the capability of targeting specific, known inflammatory 

pathways and blocking them. While there were issues initially surrounding costs and 

affordability, patent expiry and the rise of biosimilars have resulted in increased accessibility 
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and earlier initiation of biologic treatment. Despite these advances, there are several problems 

associated with the current treatments. 

 

1.3.1 Does treating earlier and more aggressively actually improve long-term 

outcomes? 

The landmark CALM study showed that patients who escalated treatment based on symptoms 

and biomarkers of calprotectin and C-reactive protein (CRP) achieved greater rates of 

mucosal healing at 48 weeks than patients who escalated based on symptoms alone (46% 

vs. 30%) (5). Emerging data suggest that this new era of increased treatment with biologics 

may reduce the incidence of surgery, particularly in Crohn’s disease, implying the 

development of fewer Crohn’s-related complications with more intensive treatment (6). 

 

The key question is this. Are better outcomes sustained over 10, 20, and 30 years? Are we 

merely delaying the emergence of these complications? Understanding this is important 

because the treatment itself is lifelong and not without risk, especially over the decades. These 

immunosuppressive therapies are known to carry significant risks of infection and, more 

importantly, malignancies, such as lymphoma seen in association with azathioprine. These 

risks increase with time, partly due to the treatment duration, but ageing itself also increases 

the susceptibility of patients to adverse effects.  

 

1.3.2 The ‘therapeutic ceiling’ and ‘treatment resistance’ 

Despite the continuous development and ‘success’ of new therapies, a therapeutic ceiling for 

these treatments remains a daily experience for practising gastroenterologists (7). From the 

early days of infliximab use to modern JAK inhibitors, there are several clear trends. First, the 

clinical remission rates tended to hover around the 50% mark across these treatments. 

Second, the remission/response rates do not remain constant, with many patients losing their 

response over time. Thirdly, the issue of ‘treatment resistance’ – it has been shown 

consistently that patients previously treated with a biologic do not respond as well to 

subsequent biologics, even when the targeted inflammatory pathway is distinct from the initial 

target (such as using vedolizumab, anti-47 integrin therapy in previous anti-TNF failure). 

These issues highlight the existence of a significant treatment gap for many patients with IBD, 

leading to ongoing disease activity and an impact on quality of life. 
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1.4 The need to move beyond current treatment paradigms 

While current treatment pipelines are full of promising candidates, the fundamental concept of 

indefinitely suppressing inflammatory pathways is common to them. Based on the clinical 

experience over the last few decades, it has been difficult to identify any obvious candidate 

that will deliver a transformative approach in the management of IBD. Therefore, there 

remains a clear need to improve our understanding of IBD biology to develop new treatment 

paradigms and tools to monitor outcomes.  

 

Is this unrealistic optimism? Within the field of gastroenterology, hepatitis C and peptic ulcer 

disease stand out clearly as examples in which moving beyond the accepted paradigms of the 

day has resulted in game-changing treatments. More recently, the success of mRNA vaccines 

in COVID-19 has highlighted the fact that while science has advanced tremendously, there 

remain many undiscovered opportunities to be explored. 

 

1.5 Progressing precision medicine in IBD 

Precision medicine in IBD refers to the use of specific clinical and biological markers to predict 

the disease course and tailor treatment to the individual patient summarised as getting the 

right drug to the right patient at the right time. However, over 20 years since the discovery of 

the NOD2 (nucleotide-binding oligomerization domain containing 2) gene mutation 

association in Crohn’s disease (8) and genome-wide association studies showing susceptible 

genetic loci, the promise of precision medicine has disappointingly yet to impact the reality of 

clinical practice in IBD.  

 

Faecal calprotectin is currently the best existing biomarker used for clinical practice over the 

last few decades and has been recognised as an adjunctive target in the latest STRIDE-II 

consensus guidelines (9). It has provided an alternative way of inferring disease activity to 

invasive tests such as colonoscopy. While it is useful, it is noted that other conditions such as 

diverticulitis or certain medications may contribute to raising its level and therefore it is not 

always specific to IBD activity. On the other hand, CRP has significant limitations to its use in 

IBD clinical practice owing to its non-specific elevation in most inflammatory conditions. These 

biomarkers currently function as biomarkers of activity and do not provide prognostic 

information and does not allow help clinicians tailor treatments to the patient. 

Furthermore,from a patient’s perspective, stool biomarkers are difficult to use, with poor 

acceptability and low return rates (10). Many patients prefer blood-based biomarkers, which 

remains a major gap in the management of IBD. 
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Treatment decisions continue to be applied in a ‘one-size-fits-all’ approach, with patients 

cycling through therapies in a trial-and-error fashion to achieve a successful response. While 

developing the application of precision medicine in IBD may seem daunting, it should be noted 

that precision medicine is already in clinical use in other fields, particularly in oncology. 

 

In a wide-ranging review, Cho et al. identified the major areas that drive progress forward (11). 

In summary, larger longitudinal cohorts including all ages and ethnic minorities are needed. 

Deeper multi-omic analysis will require the standardisation of sampling protocols and data 

sharing. Developing precision biomarkers to inform therapeutic choices remains a priority, and 

validation of biomarkers in trials and cost evaluations is required to translate the findings into 

clinical practice. 

 

Current Precision Medicine Cohorts & Limitations 

Key IBD precision medicine cohorts which involved bio-sampling are presented next in Table 

1.1. 
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Table 1.1 List of key IBD precision medicine cohorts 

Cohort Sites Number of 
Participants 

Target Group Key Data Outputs Ref 

RISK Cohort 28 sites in 
USA and 
Canada 

1813  Crohn’s disease 
first diagnosed in 
age < 18 

Response to anti-TNF 
Complication-free survival 
Blood samples for DNA and plasma 
Stool samples 
Mucosal biopsies 
 

(12) 

GEM Project 107 sites in 
7 countries 

5000  First degree 
relatives of 
patients with IBD 
age between 6-35 

Single sampling visit with 
opportunistic repeat sampling and 
questionnaire follow-up 
Blood samples 
Stool samples 
Dietary questionnaires 
 

(13) 

SPARC IBD 16 sites in 
USA 

3029 Adult IBD Opportunistic longitudinal sampling 
as part of IBD care 
Blood samples 
Stool samples 
Mucosal biopsies 
Patient reported outcomes 
 

(14) 

IBD 
BioResource 

90 sites in 
UK 

25000 Adult IBD Cross-sectional single sampling 
with option to recall patients 
Blood samples – serum, plasma, 
DNA 
Aimed for gene 
discovery/development of polygenic 
risk scores 
 

(15) 

PREDICTS US military 2500 US military 
personnel with 
IBD 

Retrospective study retrieving 
earliest available serum sample 
pre-diagnosis of IBD 
 

(16) 

PUCCINI 17 sites in 
USA 

947 Patients 
undergoing 
surgery for IBD 
 

Effect of anti-TNF on post-operative 
complications 
Serum samples for drug levels 

(17) 

PRISM Single 
centre USA 

>2000 Adult IBD Longitudinal sampling 
Blood samples 
Stool samples 
Mucosal biopsies 
 

(18) 

1000IBD Single 
centre 
Netherlands 

1215 Adult IBD Cross-sectional with opportunistic 
longitudinal subset 
Blood samples 
Stool samples 
Mucosal biopsies 
 

(19) 

PANTS Multi-centre 
UK 

1610 Patients 
undergoing 
treatment with 
anti-TNF in 
Crohn’s disease 
 

Predictors of anti-TNF non-
response 
Longitudinal sampling 
Blood samples 
Stool samples 

(20) 
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These cohorts were recruited over many years with significant effort and have yielded 

important answers to key IBD questions such as genetics and anti-TNF outcomes. Some of 

these cohorts were targeted for highly specific research questions (RISK, GEM, PUCCINI, 

PANTS) whereas other cohorts were more exploratory in nature. Many of these cohorts were 

cross-sectional with an opportunistic longitudinal component to them and only a few have 

formalised longitudinal sampling. 

 

As science progresses into the multi-omic era and new sampling technology emerges, these 

cohorts begin to show certain limitations regarding paired sampling, types of sampling, and 

the limited depth of clinical data. As such, to further progress this field, we embarked on the 

major undertaking of building new cohorts – the deep, cross-sectional GI-DAMPs cohort and 

the prospective, longitudinal MUSIC cohort that will form the basis of an IBD research platform 

for future scientific discovery.  

 

As an example of these limitations, a detailed comparison between IBD BioResource and the 

GI-DAMPs/MUSIC cohorts is shown in Table 1.2.  
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Table 1.2 Detailed comparison between IBD BioResource and GI-DAMPs/MUSIC 

 IBD BioResource GI-DAMPs MUSIC 
Target participants 
 

25,000 1,100 250 

Study design Cross-sectional Cross-sectional with 
opportunistic longitudinal 
sampling 
 

Prospective, longitudinal 

Patient-reported 
outcomes 
 

None CUCQ-32 CUCQ-32 x 5 timepoints 

Clinical data IBD demographics 
 Age 

 Type of IBD 
 Montreal 
 Past medical history 
 Family history 

 Smoking status 

IBD demographics 
 Age 

 Type of IBD 
 Montreal 
 Past medical history 
 Family history 

 Smoking status 
 Date of diagnosis 
 Previous treatment 

exposure 
 Previous surgery 
 
Sampling parameters 
 Formal symptom scoring 

with HBI/SCCAI/ Mayo 
clinical score 

 Steroid exposure 
 Rescue therapy 
 Antibiotics 
 Full blood count 

 Urea & electrolytes 
 Calcium/albumin 
 CRP 
 Faecal calprotectin 
 Endoscopic data (if 

available) 
 Radiological data (if 

available) 
 
 

In addition to clinical data 
of GI-DAMPs: 

 Repeated 
measurements every 3 
months for 1 year (5 
time-points) 

 Baseline endoscopic 
state 

 Assessment of complete 
mucosal healing at 
follow-up endoscopy 

Blood sampling 1 x plasma sample 
1 x serum sample 

2 x plasma sample 
1 x ccfDNA sample 
1 x RNA sample 
 

2 x plasma sample 
1 x ccfDNA sample 
1 x RNA sample 

Stool sampling None 1 x calprotectin 
1 x microbiome 
1 x qFIT 
 

1 x calprotectin 
1 x microbiome 
1 x qFIT 

Biopsy sampling None Up to 16 when patients 
attend for endoscopy 
 

Up to 16 at both baseline 
and follow-up endoscopy 
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Although GI-DAMPs and MUSIC have fewer planned participants, these studies combine 

cross-sectional and longitudinal approaches and will obtain much deeper clinical data, patient-

reported outcomes, increased sampling types, and new sampling technologies.  

 

These cohorts attempt to overcome the limitations of current cohorts and address the points 

raised by Cho et al. Detailed descriptions and the process of creating these cohorts are 

covered in Chapters 3 and 4. 

 

1.6 Complete mucosal healing and outcome measures 

Having discussed the burden of disease, current treatments, and the ongoing development of 

precision medicine approaches in IBD, we shift our focus to outcome measures – what are 

the outcomes that should be considered as ‘successful treatment’? 

 

Traditionally, clinicians have managed patients based on symptoms alone. With the advent of 

endoscopy and the ability to visualise the colonic mucosa, it is apparent that in patients with 

IBD, there is clear disruption of the intestinal barrier, and the effects of chronic inflammation 

can be seen macroscopically. It also became clear that patients can have ongoing active 

inflammation despite the absence of symptoms. More recently, there is evidence to suggest 

that patients who achieve mucosal healing have better long-term outcomes – with reduced 

risk of relapse, decreased hospitalisations, and reduced risk of surgery (21–23). 

 

In 2015, the International Organization for the Study of Inflammatory Bowel Disease (IOIBD), 

released the STRIDE recommendations formalising the use of complete mucosal healing and 

symptomatic remission as primary treatment targets for both ulcerative colitis and Crohn’s 

disease (24). These targets continue to remain in the latest STRIDE-II recommendations (9), 

which incorporate the reduction of calprotectin as an intermediate target and histological 

healing as an adjunctive target. 

 

However, some issues arise with the use of complete mucosal healing. In the clinical setting, 

it is not practical or feasible to repeat endoscopy constantly. This has led to the rise of many 

other intermediate treatment targets and attempts to find biomarkers that are representative 

of complete mucosal healing. There is also the question of what a meaningful treatment target 

from the patient’s perspective is, as patients may feel completely well despite high values in 

calprotectin and CRP and may be reluctant to consider taking treatments that could potentially 

cause significant side effects. 
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Current commonly used outcome measures are shown below in Table 1.3. 

 

Table 1.3 Outcome measures commonly seen in IBD literature 

Outcome Measure Definition 

 

Clinical response 

 

 

Improvement in symptoms 

Clinical remission 

 

Absence of symptoms 

Steroid-free remission 

 

Absence of symptoms + no steroid use 

Biochemical remission 

 

Absence of symptoms + normal calprotectin and CRP 

Steroid-free biochemical remission 

 

Absence of symptoms + normal calprotectin and CRP + no steroid use 

Endoscopic healing 

 

Improvement in endoscopy appearance +/- absence of symptoms 

Endoscopic remission/ 

complete mucosal healing 

 

Absence of symptoms + normal endoscopy 

Histological healing 

 

Improvement in histological appearance 

Histological remission Absence of symptoms + normal endoscopy + normal histology 

  

Other Outcome Measures  

 

Patient-reported outcomes 

 

 

Quality of life questionnaires such as CUCQ-32 

Surgical rates 

 

Rates of IBD surgery within a defined timespan 

Hospitalisation rates 

 

Rates of admission to hospital within a defined timespan 

Steroid use 

 

Rates of steroid courses within a defined timespan 

Treatment-escalation rates Usually defined as rates of escalation to biologic therapy from traditional 

therapy 

 

 

Based on current guidelines and evidence, complete mucosal healing has been adopted as 

the primary outcome measure for MUSIC. The studies have also been designed to incorporate 

data to enable the comprehensive measurement of other outcome measures. 
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1.7 Aims and hypothesis 

To summarise the context of this thesis – IBD is an increasing problem globally and current 

treatments fall short. Therefore, we need to move beyond current paradigms and take steps 

to progress precision medicine in IBD. Within this thesis, there are two major themes to the 

work presented here – firstly, the broader concept of building a platform to drive precision 

medicine in IBD and secondly, the exploration of cfDNA as a group of macromolecules to 

improve our understanding of disease biology and the potential of developing this further as a 

useful mechanistic biomarker.  

 

Aims 

 To develop and build a multi-centre IBD clinical platform to enable a Precision-

medicine approach 

 To translate the clinical utility of blood cfDNA using this platform in IBD as a novel 

mechanistic biomarker 

 

Hypothesis 

Mitochondrial cfDNA is a mechanistic biomarker released during active IBD and identifies 

pathogenic mechanisms that can be therapeutically targeted in a stratified medicine approach. 

 

 Mitochondrial cfDNA is a useful biomarker of disease activity in IBD 

 Mitochondrial cfDNA identifies patients with a subset of IBD whose inflammation is 

driven by immune-mediated recognition of mitochondrial cfDNA 

 Bacterial cfDNA is present in IBD and is higher in patients with active disease due to 

the breakdown of gut mucosal barrier function in IBD 



 

 

 

 

 

 

 

Chapter 2 

Circulating Cell-Free DNA and IBD 
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Chapter 2 Circulating Cell-Free DNA and IBD 

 

2.1 Discovery of circulating cell-free DNA – Origins 

 

Figure 2.1 Lifecycle of circulating cell-free DNA 

DNA, the blueprint of all biological information, is contained in specialised compartments - in 

the nucleus or intracellular mitochondria, separate from the rest of the eukaryotic cell. This 

partitions major DNA functions and cellular processes, including gene expression, genome 

replication, and the repair of damaged DNA. Multiple biological machineries exist to tightly 

regulate and maintain a finely tuned state of cellular and tissue homeostasis where cells can 

replicate while safely transferring their DNA.  

 

Cell-free DNA (cfDNA) is present in circulating plasma, urine, and other bodily fluids in humans 

(25). It comprises double-stranded DNA fragments that are overwhelmingly short, <200 base 

pairs (bp) and are normally present at low concentrations (26). The circulation of cfDNA in 

blood was first described in 1948 shortly after World War II; by Mandel and Metais (27); using 

a perchloric acid precipitation method (28). It is interesting to note that this was only a few 

years after DNA was first demonstrated as the material of inheritance and preceded Watson 

and Crick’s seminal paper on the double-helical structure of DNA (29).  

 

This discovery received little attention during that era, and it was not until 1966 that it was 

noted that cfDNA levels were elevated in systemic lupus erythematosus, a disease 

characterised by the formation of anti-dsDNA antibodies (30). Interest in cfDNA began to grow 
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when it was shown to be elevated in cancer patients in 1973, with cancer patients having 

approximately 10 times more cfDNA than healthy controls (31). It has only been in the last 10-

20 years that improved technology has led to an explosion of interest in cfDNA, particularly in 

the field of oncology. More recently, there has been emerging evidence that cfDNA may play 

an important role in regulating immune responses in health and various disease states (Table 

2.1). 

 

Table 2.1 Summary of clinical studies of cfDNA and behaviour in various disease states 

Disease  cfDNA subtype Sample Size Effects Reference 

Trauma mtDNA 86 patients 
40 controls 

mtDNA is associated with risk 
of post-trauma SIRS 

(32) 

Trauma mtDNA 15 patients 
12 controls 
 

mtDNA activates PMNs 
through TLR9 

(33) 

Trauma mtDNA, ncDNA 104 patients 
42 controls 

No association between 
mtDNA and injury severity. 
 
ncDNA correlates but does 
not directly contribute to 
immune response. 

(34) 

Systemic 
Lupus 
Erythematosus 

Total cfDNA, 
mtDNA, ncDNA 

43 patients 
50 controls 

Total cfDNA higher in SLE  
 
Relative mtDNA higher in 
SLE. 
 
Higher fragmentation in SLE. 

(35) 

Systemic 
Lupus 
Erythematosus 

Total cfDNA 52 patients 
25 controls 

cfDNA correlates with CRP 
 
cfDNA negatively correlates 
with anti-dsDNA, ANA 

(36) 

Systemic 
Lupus 
Erythematosus 

Total cfDNA 58 patients 
259 controls 

cfDNA higher in SLE 
cfDNA higher in active 
disease 

(37) 
 

Rheumatoid 
Arthritis 

mtDNA, ncDNA 74 patients 
63 controls 

ncDNA higher in RhA 
mtDNA no association in RhA 

(38) 

Rheumatoid 
Arthritis 

mtDNA, ncDNA 32 patients, 
longitudinal 
sampling at 3 
and 6 months, 0 
controls 

ncDNA and mtDNA 
decreases significantly 
following treatment 

(39) 

Rheumatoid 
Arthritis 

Total cfDNA 30 patients 
21 controls 

cfDNA higher in RhA. 
 

(40) 

Sepsis Total cfDNA 27 sepsis 
7 trauma 

cfDNA higher in sepsis vs 
trauma 

(41) 
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Sepsis Total cfDNA 80 patients 
14 controls 

cfDNA higher in non-
survivors 

(42) 

Sepsis Total cfDNA 255 patients 
0 controls 

cfDNA higher in non-
survivors 

(43) 

Sepsis mtDNA 20 sepsis 
40 post-surgery 
20 controls 

mtDNA higher in sepsis vs 
post-surgical inflammation 

(44) 

COVID-19 mtDNA 97 patients 
0 controls 

mtDNA higher in non-
survivors 

(45) 

Major 
depression 

mtDNA 109 major 
depressive 
disorder 
28 bipolar 
disorder 
17 
schizophrenia 
29 controls 

mtDNA decreases in 
depression and bipolar 

(46) 

 

cfDNA in the plasma comprises a mixture of fragmented DNA molecules released from various 

tissues within the body. They are primarily nucleosome-associated fragments – wrapped 

around histone proteins like a spool rather than free strands of DNA (47). Each cfDNA 

fragment bears the molecular signatures of its cell of origin, such as DNA methylation status. 

The cellular/tissue origins of cfDNA have been studied using several approaches such as 

nucleosome positioning (47,48) and methylation analysis (49,50).  

 

cfDNA mostly originates from haematopoietic cell death (49,51–53). In healthy individuals, 

Moss et al. estimated that cfDNA is derived from 55% white blood cells, 30% erythrocyte 

progenitors, and 10% vascular endothelial cells, accounting for ~95% of cfDNA (49). Of the 

remaining cfDNA derived from non-haematopoietic tissue, the liver is estimated to account for 

a further 1-1.3% of the total cfDNA, which is consistent with estimates of daily liver cell turnover 

via apoptosis (50,54). Notably, the absence of cfDNA signals from other tissues in the body 

with a high turnover rate, such as intestinal epithelial cells, lung, kidney, and skin, may reflect 

unknown alternative clearance routes.  

 

In disease states, such as sepsis and cirrhosis, the elevation in cfDNA is mostly derived from 

blood cells (49,50). Owing to tight nucleosome-wrapping of cfDNA and generally low quantities 

in circulation, it is unclear if they impart a direct inflammatory impact. However, circulating 

mitochondrial cfDNA exists in short fragments that have a strong immunostimulatory effect 
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and from this perspective, mitochondrial cfDNA has received much recent attention in 

inflammatory diseases (55). 

 

2.2 Circulating cell-free DNA as an inflammatory trigger 

 

In 2000, Polly Matzinger proposed the ‘Danger Model’, where our immune system is primarily 

geared towards recognising and responding to danger irrespective of its origins. Hence, our 

immune system can be rapidly mobilised to respond to pathogen-associated molecular 

patterns (PAMPs) when host defences are compromised (e.g., in septicaemia), and danger-

associated molecular patterns (DAMPs) are released during significant tissue damage. 

Although the former is apposite in IBD, given our close juxtaposition with gut microbiota, 

endogenously released DAMPs may also be important (56). In both settings, activation of 

pattern recognition receptors (PRRs) by PAMPs or DAMPs leads to inflammation (57). 

 

Nucleic acids, whether released from our cells or a foreign source (e.g., from bacteria, viruses, 

and vaccines), encapsulate Matzinger’s dictum, in that our immune system has evolved to 

develop built-in ‘alarm systems’ to respond to intrusion and calibrate an appropriate response. 

Following significant tissue damage such as major trauma, Hauser et al. showed that 

mitochondrial DAMPs, such as formylated peptides and mitochondrial DNA, are released into 

the circulation with a direct functional effect of activating the immune system, leading to 

systemic inflammatory response syndrome (SIRS) (33). SIRS is a serious condition 

characterised by systemic inflammation (fever, tachycardia, and breathlessness), multi-organ 

dysfunction, and failure associated with high morbidity and mortality. In patients with severe 

trauma, mitochondrial cfDNA was thousands of folds higher than in healthy controls and 

persisted for 24 hours after injury. The authors further showed that the strong immune 

response is based on the activation of TLR9 by mitochondrial cfDNA in neutrophils.  

 

We have shown that elevated mitochondrial cfDNA can also be detected in the blood of 

patients with active and extensive IBD (58). It is noteworthy that in fulminant cases of IBD, 

patients can present with evidence of systemic inflammation (such as SIRS) without evidence 

of bacterial infection. In our study, a subset of patients with severe IBD showed significantly 

decreased mitochondrial cfDNA levels after the removal of the affected inflamed colon. 

Overall, circulating mitochondrial cfDNA has been detected in many inflammatory conditions 

and most recently, is associated with disease severity in Covid19 (45).  
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2.3 Circulating cell-free mitochondrial vs. genomic DNA 

 

Mitochondria descended from ɑ-proteobacteria in the ancestry of eukaryotic cells 1.5 billion 

years ago (59) and consequently, mitochondrial cfDNA possesses unmethylated CpG motifs 

similar to bacterial DNA (60). CpG motifs are short fragments of DNA that have cytosine 

followed by guanine residues, and they have particular significance in stimulating immune 

responses, notably (but not exclusively) via the Toll-like Receptor 9 (TLR9) signalling pathway 

(61). Mitochondrial cfDNA is shorter (40–60 bp), more fragmented, has a higher GC content, 

and is not bound to nucleosomes compared to nuclear cfDNA (62). 

 

On the other hand, genomic DNA generally circulates with a size profile in the region of 20-

200 bp with a peak of approximately 166 bp, corresponding to the size of a nucleosome. Other 

peaks were noted at ~320 bp and ~1000 bp, corresponding to dinucleosomes and chromatin, 

respectively (63).  

 

The innate immune system has developed a tiered system of nucleic acid sensors to recognise 

and respond to mislocalized or foreign DNA (64) which is strategically located in cell 

compartments free of resident DNA (e.g. cytoplasm) to detect tissue injury and infection (64). 

There are three main DNA sensors: TLR9 (65), cyclic GMP-AMP synthase (cGAS) and Absent 

in Melanoma 2 (AIM2). TLR9 detects DNA rich in unmethylated CpG dinucleotides, which are 

rare in mammalian genomes, but common in microbial and mitochondrial DNA. cGAS binds 

double-stranded DNA leading to activation of STING (stimulator of interferon genes) and 

resulting in type I interferon release; and the activation of NF-κB pathway to drive the secretion 

of inflammatory cytokines, such as tumour necrosis factor (TNF) and interleukin-6 (IL-6) (66). 

AIM2 signalling leads to inflammasome activity and the cleaving of pro–IL-1β and pro–IL-18 

to enable the secretion of the active forms of these inflammatory cytokines and also drives an 

inflammatory program of cell lysis (called pyroptosis (67)). A diverse range of noxious stimuli 

by damaging the mitochondria can result in mitochondrial DNA release that triggers NLRP3 

inflammasome activation thus acting as a nexus for the cellular ‘alarm system’ (68).  TLR9, 

cGAS, and AIM2 have different nucleic acid-sensing capacities based on CpG methylation, 

strand, and fragment length; however, it is notable that these receptors are located within the 

cellular cytosol (or endosomes in the case of TLR9) and are expressed mainly in immune 

cells. Hence, for circulating and extracellular DNA, the entry mechanisms and types of immune 

cells involved are important. 
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While naked cfDNA is easily degraded, oxidation induces structural changes which make the 

DNA more resistant to degradation and, therefore, available for uptake (69). This is particularly 

relevant for mitochondrial DNA, where high reactive oxygen species generation leads to DNA 

oxidation and thereby significantly confers its inflammatory potential to NLRP3-inflammasome 

activation. Other entry mechanisms exist, for example, a process mediated by the 

antimicrobial peptide, LL37 that can bind to both genomic and mitochondrial DNA. When 

bound to LL37, cfDNA condenses and forms a stable complex that is resistant to nuclease 

degradation (70). DNA-LL37 complexes can then be transported via lipid rafts into the 

endosomal components of pDCs, where they can activate TLR9 and subsequently induce a 

type 1 interferon response (71). This process can be pathogenic and is implicated in a range 

of diseases including type 1 diabetes (72), atherosclerosis (70,73), psoriasis (74), and SLE 

(75). 

 

2.4 Circulating cell-free DNA release and clearance 

 

cfDNA is released during cell death and/or active secretion. Cell death processes include 

apoptosis, necrosis, mitotic catastrophe, autophagy, necroptosis and pyroptosis whereas 

active secretory processes include active secretion of cfDNA, packaging and circulation within 

exosomes, and release in processes such as NETosis (76). In addition, cfDNA can arise from 

exogenous sources, such as bacterial and viral DNA, during infection. In healthy states, the 

majority of cfDNA is packaged into nucleosomes and released via apoptosis. Conversely, in 

disease states, uncontrolled cell death from necrosis can occur, leading to the release of long 

fragments of up to 10,000 bp (77,78). Therefore, the balance between apoptosis and necrosis 

can alter the cfDNA fragment size profile seen and indicate the underlying pathological 

processes. In severe trauma, nuclear cfDNA, but not mitochondrial cfDNA, correlates with 

early host inflammatory response (34). Conversely, there is a higher mitochondrial/nuclear 

cfDNA ratio in patients with sickle cell disease than in healthy controls (79). 

 

The half-life of cfDNA is short and is generally estimated to range from a few minutes to 1-2 

hours (80–83). Different clearance processes are likely to account for this variability. For 

example, studies examining the clearance of foetal DNA from maternal plasma show a 

biphasic process consisting of a rapid phase with a half-life of 10-60 mins and a slow phase 

with a half-life of 13 hours (84). In cancer, cfDNA has an estimated half-life of 1-2 hours 

(85,86). Several factors are known to affect cfDNA clearance, including the formation of 

molecular complexes which reduce degradation, epigenetic regulation, levels of nucleases, 

and transport mechanisms within the liver, spleen, and kidneys that remove cfDNA. These 
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factors are not fully understood; however, emerging evidence suggests that these processes 

are not random (87).  

 

Within the circulation, cfDNA is rapidly degraded by nucleases, such as DNA fragmentation 

factor subunit beta (DFFB), intracellular deoxyribonuclease 1 like 3 (DNASE1L3), and 

deoxyribonuclease 1 (DNASE1). Using nuclease-deficient mouse models, the Lo group 

(88,89) showed that cfDNA fragments were first generated intracellularly using DFFB, 

DNASE1L3, and other nucleases. Subsequently, fragmentation occurred in the extracellular 

space via DNASE1 and DNASE1L3. The 10 bp periodicity seen in the size profile of cfDNA 

originates from the cutting of DNA within an intact nucleosomal structure. DNASE1 levels are 

elevated in the context of trauma and may play an immunoregulatory role by clearing high 

cfDNA levels (90). It must be noted that the degradation of cfDNA by nucleases only plays a 

partial role in cfDNA elimination (91), and it is postulated that there are other unknown 

mechanisms by which cfDNA is cleared.  

 

From circulation, cfDNA is eliminated via the liver, spleen, and kidneys. Most cfDNA (71-85%) 

is cleared by the liver (83). Kupffer cells in the liver and macrophages in the spleen are 

responsible for trapping and clearing DNA and nucleosomes (92). The kidneys play a smaller 

role. The presence of plasma-derived cfDNA in urine suggests some clearance; however, 

patients with chronic renal failure do not have higher levels of cfDNA (80).  

 

2.5 Circulating cell-free DNA in IBD 

 

Although there is increasing data in health and oncology, our understanding of cfDNA in 

inflammatory diseases, pertinently in IBD is still at an early stage. In health, circulating cfDNA 

is derived mainly from the apoptosis of cells of haematopoietic lineage with minimal 

contributions from other tissues. As discussed earlier, the short half-life suggests a tightly 

maintained system of degradation and filtration to limit their potential pathogenic effects (91).  

 

In inflammatory diseases such as IBD, two other factors have so far been demonstrated. 

Firstly, the concentration levels of circulating cfDNA are significantly higher during active 

systemic inflammation. Secondly, the underlying conditions may contribute to the 

dysregulation of cfDNA release (i.e., higher non-apoptotic cell death, release from the inflamed 

gut), pro-inflammatory qualitative changes of cfDNA (shorter fragment sizes, higher oxidised 

mitochondrial DNA in the setting of impaired cellular mitophagy) and impaired/overwhelmed 

clearance mechanisms. Traditional views of cfDNA as an epiphenomenon have been 



20 

 

challenged by rapid advances in sequencing technologies that are more affordable and 

require much lower DNA concentrations; simultaneous expansion of disease-related datasets 

and the development of simple methods of stabilising cfDNA during blood sampling. Here we 

present key conceptual developments that will be of translational relevance in IBD (Figure 

2.2). 

 

 

Figure 2.2 Factors affecting the release of cfDNA in IBD and translational opportunities 

 

2.5.1 Circulating cell-free DNA as mechanistic biomarkers of IBD 

In active IBD, both total circulating cfDNA and mitochondrial cfDNA are elevated (58,93). In 

our study, patients with acute severe IBD have significantly higher levels of mitochondrial 

cfDNA, this correlation with more severe illness is in line with other diseases such as COVID-

19 and trauma. However, unlike advances in oncology where the clinical utility of cfDNA is 

geared toward the detection of cancer, crude plasma cfDNA concentration may not be useful 

in predicting the level of systemic or mucosal inflammation in IBD. Rather its use may be more 

relevant as biomarkers to identify dominant mechanisms (mechanistic biomarkers) in a 

heterogeneous complex disease like IBD and potentially stratify patients to relevant 

therapeutic interventions.  

 

In SLE, the higher neutrophil release of the oxidised and more pro-inflammatory form of 

mitochondrial cfDNA is linked to defective mitophagy, a process that is also highly relevant in 
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IBD. In this context, the role of mitochondrial cfDNA is more defined, given the increasing lines 

of evidence to implicate mitochondrial dysfunction in IBD (94). 

 

2.5.2 Finding new therapeutics from understanding the inflammatory role of cell-free 

DNA 

As discussed, nucleic acid sensors have a clear role given that immune cells can take up 

fragments of cfDNA with consequential effects. Earlier work has shown that this effect is not 

didactic but more complex, and dependent on features such as specific DNA sequence, 

fragment size and structural modification e.g., oxidation of mitochondrial DNA. The earliest 

work has come from the study of CpG oligonucleotides (ODNs) where three different classes 

of ODNs were characterised by their structure and pro-inflammatory effect. Class A ODNs are 

multimeric structures containing central unmethylated CpG motifs and accumulate in the early 

endosomes where they induce IFNα production by plasmacytoid dendritic cells (pDC) and can 

trigger B cell proliferation. In contrast, class B ODNs are monomeric, contain one or more 

unmethylated CpG motifs and accumulate in late endosomes where they induce pDC 

maturation via TLR9 signalling. Class C ODNs combine the features of class A and class B 

ODNs, accumulate in both early and late endosomes, and induce activation as well as the 

maturation of pDCs (95). 

 

The triggering of PRR activation by host and bacterial DNA can have either pro- or anti-

inflammatory effects, depending on tissue- and disease context. In a mouse model of colitis, 

bacterial CpG worsens the disease via TLR9 activation (96,97). On the other hand, several 

studies have also shown the potential anti-inflammatory effect of TLR9-activation. 

Rachmilewitz et al., described synthetic Class B ODNs with multiple TCG repeats containing 

unmethylated CpG motifs that suppressed TNFα and IL1β generation in ex vivo cultured 

colonoscopy biopsies from UC patients (98). This study also showed that the anti-

inflammatory effect of certain unmethylated CpG ODNs depends on the exact sequence, and 

that methylation of the CpG repeat abolished the anti-inflammatory potential. In 2017 Liu et 

al., described the immunosuppressive effects of a TLR-antagonistic CpG ODN by inhibiting 

innate immune signalling via TLR3 and 7/8 in a TLR9-independent manner (99). The CpG 

ODN Cobitolimod contains a single unmethylated CpG motif and has been shown to induce 

anti-inflammatory responses via TLR9 (100).  

 

In addition to synthetic CpG-ODNs, the anti-inflammatory potential of cfDNA has also been 

described, however, the exact mechanisms behind this have not been elucidated.  In this 

context, two studies showed that the prophylactic administration of cfDNA from colitic into 
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healthy mice was protective when DSS-colitis was induced (101,102). A recent paper by 

Constantinovits et al. found that injecting healthy mice with colitis-derived cfDNA before 

induction of DSS-colitis changed the expression of several autophagy and inflammatory 

cytokines in a clinically favourable manner on the gene and protein level (103).  

 

Other potential therapeutic pathways will come from the better characterisation of cfDNA and 

its specific effects on inflammation. This includes how blood cfDNA is released, removed from 

circulation and/or their downstream effects on inflammatory pathways. Of note, these types of 

studies can be run in parallel with mechanistic studies to accelerate drug development 

timelines. In IBD, one of the challenges in the development of therapeutic antisense 

oligonucleotides (ASO) that inhibit/modulate gene targets via RNA, is the abundant presence 

of nucleases in plasma and tissue that rapidly degrade ASOs (104). 

 

2.5.3 Development of the next generation highly specific biomarker of gut damage in 

IBD 

A second development relates to the ability to leverage new sequencing technologies and 

analytical methods to identify the tissue origins of cfDNA. More recently, Esfahani et al. have 

shown that fragmentation profiles of cfDNA can inform on their origins (105). Circulating cfDNA 

molecules are primarily nucleosome-associated fragments, they represent distinctive 

chromatin configurations of the nuclear genome of cells which they come from. Specifically, 

genomic regions densely associated with nucleosomal complexes are generally protected 

against the action of various endonucleases while open chromatin is not. Hence, specific 

chromatin fragmentation features are potentially useful for the classification of tissue-of-origin 

by cfDNA profiling which includes fragmentation profiles of lower-depth sequencing coverage 

and disruption of nucleosome positioning near transcription start sites in groups of genes 

relevant to the particular tissue site. 

 

Such advances can be directly exploited to find very sensitive biomarkers of gut damage in 

IBD with realistic clinical applications – to track mucosal healing in IBD, to screen and detect 

pre-IBD in high-risk groups (i.e., those with strong family history) and even to identify pre-

cancerous changes during IBD surveillance. From a theoretical perspective, this is likely to be 

superior to current clinical biomarkers such as calprotectin which relies on protein release into 

the gut from neutrophils or C-reactive protein that is produced by hepatocytes during systemic 

inflammation. If realised these technologies may potentially obviate the need for 

colonoscopies and supplant the current non-specific blood tests currently in use in the clinic. 
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By using the Tabula Sapiens transcriptomic cell atlas and Human Protein Atlas RNA 

consensus dataset, Vorperian and colleagues have generated cell type signature scores 

which allow the inference of cell types that contribute to cell-free RNA for a variety of diseases 

(106). Here they show that loss of cell-free RNA (cfRNA) specific signature from tubular cells 

and neurons from kidneys and brain are associated with chronic kidney disease and 

Alzheimer’s respectively; whereas increased hepatocyte-specific cfRNA signatures are linked 

to hepatic steatosis (107). In another study by the same group, they show that cfRNA 

signatures can predict the development of preeclampsia in pregnancy (108). This exciting 

progress provides the conceptual platform for cfDNA in IBD, although there remains much 

work required. 

 

2.6 Conclusion 

 

The understanding of the role of cfDNA in inflammation in parallel with the development of 

technologies to accurately detect their presence, origins and relationships with underlying 

inflammatory mechanisms are likely to represent significant translational advances in the next 

10 years. The use of nucleic acid-based therapies and technologies is already in the clinical 

mainstream – in vaccines, ‘liquid biopsies’ in oncology, and pre-natal diagnostics.  

 

In IBD, this approach is a new major step to realise the potential of Precision Medicine. 

Incorporating knowledge from cellular pathophysiology which often forms the basis of disease 

into a liquid biopsy would more loosely match the resolution afforded by invasive procedures 

that can enable stratification and the discovery of a potentially new class of treatments in IBD.
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Chapter 3 Methodology 

 

In this chapter, the methodology applied to answer the questions will be detailed. Briefly, 

cohort strategy will be discussed before moving onto experimental strategies and dPCR assay 

development. Finally, steps to carry out bioinformatic analysis are described. All infrastructural 

and analysis code is publicly available at the links provided in the sections below and in 

Appendix VI.  

 

The clinical studies that will form the basis of the discussions in this thesis are the GI-DAMPs 

and MUSIC studies. When I joined the lab, the GI-DAMPs study was already in existence as 

a single centre study with 200 existing patients and was running for two years. As a team, we 

transformed GI-DAMPs into a multi-centre study with a significantly increased number of 

targeted participants. For the MUSIC study, we started from scratch, building the study from 

the ground up including the setup of all study infrastructure such as centrifuges and freezers. 

 

I played an active role in recruiting participants for these studies, drawing from my clinical 

practice. In addition, I was responsible for key aspects of the studies’ day-to-day operations, 

including obtaining informed consent, collecting research blood and endoscopic samples, 

processing research samples, collecting data, conducting experiments, and analysing data. 

 

The COVID-19 pandemic had major effects on study strategies and patient recruitment. We 

shifted our focus significantly to GI-DAMPs due to difficulties in getting MUSIC up and running 

as all new studies were paused and national clinical research activity was shifted to supporting 

COVID-19 studies. Due to constant uncertainty and varying restrictions by geographical 

locations, these studies were designed to be multi-centre to provide resilience in the situation 

where a single site was heavily impacted by COVID-19 restrictions. 
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3.1 GI-DAMPs 

 

3.1.1 Study design 

GI-DAMPs (Gastrointestinal Damage Associated Molecular Patterns) is a multi-centre, cross-

sectional cohort study that encompasses a wide variety of groups – healthy controls, non-IBD, 

IBD (UC, Crohn’s and IBDU). It has a straightforward sampling protocol in which participants 

donate extra blood, stool, and biopsy samples (if attending for colonoscopy) at a single time 

point. Participants also consent to providing future samples if convenient, building in 

opportunistic longitudinal sampling to its design.  

 

3.1.2 Funding and ethics 

GI-DAMPs is funded by Genentech Inc (#CT-5545). Ethical review and approval were 

obtained from the East of Scotland Research Ethics Service (REC reference 18/ES/0090). 

 

3.1.3 Recruitment 

GI-DAMPs aims to recruit 1000 participants and 100 healthy controls. Participants are 

recruited from inpatient wards, outpatient clinics and the endoscopy unit. Participating centres 

are the Western General Hospital Edinburgh, Queen Elizabeth University Hospital Glasgow, 

Gartnavel General Hospital Glasgow, and Ninewells Hospital Dundee.  

 

3.1.4 Inclusion criteria 

 Age between 16-80 years old  

 Willing and able to give consent 

 All participants admitted into hospital or attending gastrointestinal appointments for 

investigation of gastrointestinal symptoms or management of newly diagnosed or 

known IBD 

 For endoscopy participants, they must fulfil normal clinical criteria for requiring an 

endoscopy 

 

3.1.5 Exclusion criteria 

 Participants with coagulation disorders or are on anticoagulants that would preclude 

biopsies 

 Participants with limitations to language communication where there is a potential 

issue where the information sheet cannot be reliably understood and/or the subject 

cannot provide full informed consent 

 Participants out with the age range above 
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3.1.6 Clinical data collection 

Following informed consent, clinical data were collected from patients and electronic records 

and securely stored using RedCap, an electronic research data capture tool. At baseline, 

demographic data such as age, gender, past medical history, past surgical history, and 

smoking status were recorded. Baseline IBD demographic data including date of diagnosis, 

Montreal classification, previous biologics exposure, and family history were recorded.  

 

At each sampling time point, clinical scores of HBI, SCCAI and partial mayo score were 

recorded as appropriate. Clinical parameters captured include sampling date and clinical lab 

results of full blood count, urea & electrolytes, albumin, CRP, and faecal calprotectin. 

Sampling setting such as inpatient, outpatient or endoscopy was recorded. If patients were 

inpatients, details of any antibiotic or steroid treatment were recorded. Current IBD therapy at 

the point of sampling was also recorded. 

 

3.1.7 Biosample collection 

At each visit, a minimum blood sampling set consisting of 1 x 10ml PaxGene ccfDNA, 1 x 

2.5ml PaxGene RNA, and 1 x 10ml EDTA tube was collected. Stool samples including 

OmniGut, calprotectin, and qFIT were optional and collected in a subset of patients. Biopsy 

samples were collected in formalin and RNAlater whenever participants underwent 

endoscopy. 
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3.2 MUSIC 

 

3.2.1 Study design 

 

 

Figure 3.1 MUSIC study overview 

MUSIC (Mitochondrial DAMPs as mechanistic biomarkers of mucosal inflammation in Crohn’s 

disease) is a prospective, longitudinal observational study where patients with active Crohn’s 

or ulcerative colitis are recruited and followed up closely every 3 months for 1 year (Figure 

3.1). At each visit, a detailed clinical evaluation is performed alongside experimental sampling. 

Importantly, this study incorporates patient-reported outcome measures and, clinical progress 

is benchmarked to mucosal healing. 

 

3.2.2 Funding and ethics 

MUSIC is funded by The Leona M. & Harry B. Helmsley Charitable Trust (#1911-03343). 

Ethical review and approval were obtained from the East of Scotland Research Ethics Service 

(REC reference 19/ES/0087). 

 

3.2.3 Recruitment 

MUSIC aims to recruit 250 participants and follow them up over 5 time points. Participating 

centres are the Western General Hospital Edinburgh, Queen Elizabeth University Hospital 

Glasgow, Gartnavel General Hospital Glasgow, and Ninewells Hospital Dundee. Participants 

will be identified by responsible NHS IBD clinicians and then referred to the MUSIC research 

team.  
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3.2.4 Inclusion criteria 

 All patients must be able to give consent and aged 16 years old and over 

 All patients must have a diagnosis of Crohn’s disease or ulcerative colitis 

 All patients must have active IBD at the time of screening. Active IBD defined as active 

IBD symptoms by referring clinician’s judgement in addition to one of the following 

criteria (within 6 weeks of screening): 

o Calprotectin > 250 

o CRP > 5, 

o Endoscopic, radiological or histological evidence of active IBD 

 All IBD patients with disease involvement that is amenable for endoscopic assessment 

of mucosal healing (patients with small bowel disease were included if small bowel 

activity was accessible to assessment by colonoscopy) 

 All IBD patients will require a recent colonoscopy or flexible sigmoidoscopy within 6 

weeks of recruitment 

 

3.2.5 Exclusion criteria 

 Patients with severe/fulminant colitis at screening: 

o Fulfilling Truelove and Witt’s criteria 

o Evidence of toxic megacolon 

o Evidence of significant bowel obstruction, abdominal sepsis, abscess 

formation, fistula formation 

 Referring clinician’s judgement where surgical intervention is likely within 3 months of 

screening 

 Evidence of intestinal dysplasia or malignancy 

 UC patients with <15cm involvement (proctitis) 

 UC patients who have had a colectomy 

 UC patients with an ileo-anal pouch 

 Patients with an intestinal stoma 

 Patients where colonoscopy or flexible sigmoidoscopy are contra-indicated (e.g. 

significant comorbidities e.g. cardiovascular, respiratory, cancer, renal failure and 

pregnancy) 

 Patients where there are limitations to language communication where there is a 

potential issue where information sheet cannot be reliably understood and/or the 

subject cannot provide full informed consent. 
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3.2.6 Definition of complete mucosal healing 

Complete mucosal healing was defined as an endoscopic Mayo score of 0 or 1 in patients 

with ulcerative colitis and an SES-CD score of less than 3 in patients with Crohn’s disease. 

Patients with Crohn’s disease must also have an ulceration score of 0 in all sections of the 

SES-CD. 

 

3.2.7 Clinical data collection 

Following informed consent, clinical data were collected from patients and electronic records 

and securely stored using RedCap. At baseline, demographic data such as age, gender, past 

medical history, past surgical history, and smoking status were recorded. Baseline IBD 

demographic data including date of diagnosis, Montreal classification, and family history were 

recorded.  

 

At each visit timepoint, clinical scores of HBI, SCCAI and partial mayo score were recorded 

as appropriate. Patient-reported outcomes using the CUCQ-32 questionnaire were recorded. 

Lab results including full blood count, urea & electrolytes, albumin, CRP, and faecal 

calprotectin were recorded. 

 

Endoscopy data were collected at baseline, follow-up (3-6 months) and optionally, at 12 

months in patients who did not achieve mucosal healing. Video recording was performed and 

clinical scores of Mayo endoscopic score and UCEIS were recorded for participants with UC 

and SES-CD for participants with CD. 

 

3.2.8 Biosample collection 

At each visit, a minimum blood sampling set consisting of 1 x 10ml PaxGene ccfDNA, 1 x 

2.5ml PaxGene RNA, and 2 x 10ml EDTA tube was collected. Stool samples including 

OmniGut, calprotectin, and qFIT were collected. Biopsy samples were collected in formalin 

and RNAlater whenever participants underwent endoscopy. 
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3.3 cfDNA processing, extraction, and quantification 

 

3.3.1 Sample collection 

Blood samples were collected using 10ml PaxGene Blood ccfDNA tubes (PreAnalytix 

#768115), which contain additives that stabilise blood cells, preventing apoptosis and 

minimising the release of intracellular DNA into plasma. These tubes have been demonstrated 

to keep cfDNA stable at room temperature for up to 10 days and perform better compared to 

standard EDTA tubes (109–111).  

 

Apart from better performance, these tubes were chosen as it simplifies sample processing 

logistics, allowing a longer window of 7 days for sample processing compared to the typical 

window of 4-6 hours for EDTA tubes. This is important for future scalability, allowing for cross-

site transport and centralised processing of samples. 

 

3.3.2 Plasma extraction 

Plasma extraction was performed to isolate cfDNA to avoid contamination by DNA derived 

from blood cells. The following parameters were chosen based on recent guidelines reviewing 

the pre-analytical conditions for cfDNA analysis (112) and adapted to take into consideration 

the use of PaxGene tubes.  

 

Plasma extraction was performed within 7 days of sample collection using a double-spin 

protocol. Following the first spin at 1600G for 10 minutes at room temperature, the plasma 

supernatant was removed and transferred to a separate sterile tube, carefully avoiding the 

buffy coat. 

 

The second spin was then performed at 16000G for 10 minutes (at room temperature). This 

was done to remove platelets as much as possible as platelets are a potential source of 

mitochondrial DNA. Extracted plasma was visually inspected against a haemolysis reference 

palette (Appendix I). Plasma with a haemolysis score of 100mg/dL or more was discarded and 

did not undergo further processing. The final supernatant was collected and portioned into 

aliquots of 2ml each before freezing at -80°C. Frozen plasma samples were only thawed once 

when samples underwent downstream analysis.  
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3.3.3 cfDNA extraction 

cfDNA was extracted from plasma using the QIAamp circulating nucleic acid kit (Qiagen 

#55114) according to the manufacturer’s protocol. This extraction kit was chosen based on 

published performance data (113–115). Vacuum extraction allowed for the use of a high 

volume of input plasma (2mls) in the extraction of cfDNA. For the final elution step, cfDNA was 

eluted in 25ul of nuclease-free water instead of buffer AVE as buffer AVE was found to 

interfere with downstream processing. 

 

Quality Control 

Extractions were performed under a fume hood to minimise the risk of environmental 

contamination. Negative controls (nuclease-free water) were introduced, and these controls 

underwent all downstream analytical processes to control for potential contamination. 

 

3.3.4 cfDNA quantification 

Total cfDNA quantification was performed using a Qubit fluorometer in combination with the 

Qubit dsDNA HS assay (Invitrogen, Q32854) in accordance with the manufacturer’s protocol. 

2ul of input sample was used. 
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3.4 Digital PCR 

 

3.4.1 Introduction to digital PCR 

The concept of digital PCR (dPCR) was first proposed in 1992 by Sykes et al. (116). Using 

the principles of limiting dilution and Poisson statistics, it is possible to quantify an absolute 

measure of nucleic acid concentration. The application of this was first demonstrated in 1999 

by Kinzler and Vogelstein, in which they quantified RAS mutations in a sample by partitioning 

the sample into a series of PCR in a 384-well microplate (117). 

 

In digital PCR, a sample is first diluted and partitioned such that each partition will contain 

either a single strand of the target molecule or not. The partitions then undergo PCR 

amplification, and a fluorescent probe identifies the amplified target (similar to qPCR). This 

then enables a binary ‘all-or-none’ readout – leading to the name ‘digital’. Absolute 

quantification can then be calculated using Poisson statistics. 

 

The advancement of microfluidic technology over the last decade has led to the development 

of new digital PCR platforms and assays, leading to a resurgence in interest as digital PCR 

allows much more sensitive detection and absolute quantification of a target gene compared 

to qPCR. This is particularly well suited for cfDNA assays as initial concentrations are very 

low thus allowing for increased reliability and reproducibility in comparison to qPCR. 

3.4.2 dPCR platform 

dPCR assays were run on the Stilla Naica digital PCR platform (Stilla Technologies) using 

Sapphire chips, Geode thermocycler, Prism6 machines in conjunction with manufacturer 

supplied naica PCR MIX reagents (#R10055, Stilla Technologies). Following dPCR, the 

Sapphire chips are read using Stilla CrystalReader and droplet analysis performed using Stilla 

CrystalMiner software. 

 

Example chip images captured using CrystalReader are shown below in Figure 3.2 (COX3) 

and Figure 3.3 (ND2). These scans demonstrate the partitioning of the sample into >20,000 

droplets. Droplets containing the target appear bright while negative droplets remain dark. 
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Figure 3.2 Amplified COX3 droplets (MID-90-21 6m)  

 

Figure 3.3 Amplified ND2 droplets (MID-90-21 6m) 

Bright spots represent droplets which contain target COX3 or ND2. Importantly, ND2 and COX3 

droplets do not directly overlap, providing visual confirmation that the assay is targeting independent 

targets. 



35 

 

 

Example droplet analysis using CrystalMiner software is shown below in Figure 3.4. Absolute 

measures in copies/uL were recorded for subsequent statistical analyses. 

 

 

 

Figure 3.4 Droplet analysis using CrystalMiner software. 

Targets: COX3 (above in blue), ND2 (below in green). Each lane represents a single sample. Lane 1-

11 – MUSIC participants. Lane 12 – negative control. 
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3.4.3 dPCR targets 

The mitochondrial genome is well characterised with the Cambridge Reference Sequence first 

being released in 1981 and subsequently updated in 1999 as the Revised Cambridge 

Reference Sequence(118). There are 37 genes, of which 13 encode proteins. The COX3 

(cytochrome c oxidase subunit 3) gene is established in the literature as a common surrogate 

measure of mitochondrial DNA and was selected as one of the targets in dPCR assay 

development. To validate this measurement, the ND2 (NADH dehydrogenase subunit 2) gene 

was selected as a second target to confirm that these measurements are reproducible and 

accurate and that COX3 measurements were not aberrantly affected by the dPCR assay itself. 

 

For genomic cfDNA, commonly used gene targets in the literature(119,120) are beta-2-

microglobulin and GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Due to the low 

concentrations of genomic cfDNA compared to mitochondrial cfDNA, initial readouts using the 

custom designed beta-2-microglobulin primers and probes were inconsistent. Subsequently 

off-the-shelf GAPDH primers and probes were used once sequencing validated the findings 

of extremely low copy numbers of genomic cfDNA. 

 

3.4.4 dPCR quality control 

For each dPCR experiment performed, both negative and positive controls were used to 

ensure that the assay performed as intended. Nuclease-free water was used as negative 

controls (as demonstrated in Lane 12 of Figure 3.4). For positive controls, D7 cell line diluted 

to 1:50 was provided by Broc Drury as a known sample with elevated mitochondrial DNA. The 

same positive control which originated from a single sample was used across all dPCR 

experiments, and this allowed for the calculation of assay reproducibility (3.4.6). Further 

quality control was carried out by visual inspection of droplet formation in CrystalReader 

software. Samples not meeting the quality control threshold (e.g., failure of droplet formation) 

were discarded and repeated in subsequent assays. 

 

3.4.5 dPCR protocol development 

The protocol for mitochondrial COX3 and ND2 dPCR was initially developed and optimised by 

Tamara Gilchrist at the Wellcome Trust Clinical Research Facility, Edinburgh. COX3 and ND2 

primers and probes were designed by William Brownlee and manufactured by Integrated DNA 

Technologies. Subsequently, I used the initial protocols and ran them against GI-DAMPs and 
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MUSIC samples, performing further optimisation – determining the best scanning parameters, 

performing spillover compensation, and measuring assay reproducibility. 
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3.4.6 Addition of EcoRI digest improves the signal 

When this assay was initially developed by Tamara Gilchrist, several issues with signal 

amplification were identified, creating the ‘rain’ seen below in Figure 3.5. Crucially, Tamara 

found that adding the EcoRI (ThermoFisher Scientific #ER0271) enzymatic digest step 

allowed for cleaner amplification of the mitochondrial targets. 

  

 
 

 

Figure 3.5 Addition of EcoRI digest improves dPCR signal.  

Targets: COX3 (above in blue) and ND2 (below in green) 

Lane 1 – HepG2 control + EcoRI 
Lane 2 – GID-18-P + EcoRI  
Lane 3 – GID-18-P undigested  
Lane 4 – Negative control + EcoRI 
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3.4.7 Final dPCR protocol 

The final optimised dPCR protocol for COX3 and ND2 is as follows: cfDNA samples underwent 

digestion with EcoRI at 37°C for 30 minutes prior to dPCR. Custom primer and probe 

sequences for COX3 and ND2 which were developed in-house are listed below in Table 3.1. 

GAPDH primer and probes were obtained from ThermoFisher Scientific (Taqman Copy 

Number Assay, #4400291). 

 

Following the mixing of primers and reaction reagents, samples were first partitioned at 40°C 

before undergoing denaturation at 97°C for 3 minutes. 47 cycles of PCR involving 15 seconds 

at 95°C and 20 seconds at 52°C was performed. 

 

The digital PCR chips were read using Stilla CrystalReader software. Scanning parameters 

were 65ms for the blue channel and 100ms for the green channel. The final protocol and its 

revision history is available at https://github.com/1-gut/ddPCR protocol.  

 

Table 3.1 Primers and probes for mitochondrial genes COX3 and ND2 

Target Type Sequence 

COX3 Forward primer 5' - CGA GTC TCC CTT CAC CAT TTC - 3' 

 Reverse primer 5' - TTG GCG GAT GAA GCA GAT AG - 3' 

 Probe 5’ - CGA CGG CAT CTA CGG CTC AAC ATT - 3' 

 Probe Fluorophore 100 nm PrimeTime® 5' 6-FAM™/ZEN™/3' IB®FQ 

   

ND2 Forward 5' - ACC TGA GTA GGC CTA GAA ATA ACC - 3' 

 Reverse 5' - GTT GCT TGC GTG AGG AAA TAC - 3' 

 Probe 5’ - TCG TTC CAC AGA AGC TGC CAT CAA - 3' 

 Probe Fluorophore 100 nm PrimeTime® 5' HEX™/ZEN™/3' IB®FQ 
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3.4.8 dPCR assay reproducibility 

With every dPCR run, a positive control sample was included and measured. Assay 

reproducibility was calculated from 17 repeated measurements of the positive control sample. 

The coefficient of variation for COX3 was 15.1% (95% CI, 11.1%-23.2%) and ND2 was 14.0% 

(95% CI, 10.4%-21.5%). 

 

3.4.9 Spillover compensation 

The Stilla dPCR platform allows for the multiplexing of primer and probes, in this case, the 

dual targeting of COX3 and ND2 within a single PCR experiment. When multiplexing samples, 

there is a chance that depending on the fluorophore used, the signal from a single fluorophore 

may be detected in more than one channel in a phenomenon known as fluorescence spillover.  

 

Therefore, to test and correct for this, a separate dPCR assay was run with each fluorophore 

in a separate channel. This allows for the computation of a compensation matrix. The 

computed compensation matrix was then applied to all data files to correct for spillover. 

Minimal spillover was seen between COX3 and ND2 primers and probes. Applying the 

compensation matrix did not alter the initial results, suggesting minimal spillover between 

COX3 and ND2 primers and probes used in this protocol.  
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3.5 cfDNA fragment analysis 

 

Fragment analysis using automated electrophoresis was performed by the Wellcome Trust 

Clinical Research Facility using the Agilent BioAnalyzer 2100 instrument. This allows for highly 

precise evaluation of the size of cfDNA molecules and the data forms part of the quality control 

process in ensuring that the cfDNA extraction step ran successfully. 

 

Raw XML files were exported from 2100 Expert software for downstream analysis. These files 

were aggregated and analysed using R to integrate clinical data and visualisation was 

performed with the bioanalyzeR package v0.9.2 (121). 
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3.6 Statistical analysis 

 

Statistical analysis was performed using R (v4.2.0). Data was tested for normality using the 

Wilks-Shapiro test. Parametric data were compared using T-test for two groups and anova 

test for comparison across more than two groups. For non-parametric data, comparisons 

between two groups were performed using chi-square tests. Comparison across more than 

two groups were performed using Kruskal-Wallis test. Post-hoc pairwise Wilcoxon testing was 

performed with Benjamini & Hochberg correction applied to find inter-group differences. A p-

value of less than 0.05 was considered significant. All code and third-party packages required 

to reproduce the analysis is available at github.com/shaunchuah/cfdna.  
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3.7 cfDNA sequencing methodology 

 

3.7.1 Nanopore sequencing 

Nanopore sequencing was performed by Broc Drury and me. Libraries were prepared using 

19uL of each cfDNA using the SQK-LSK109 ligation sequencing kit. cfDNA samples were 

end-repaired and subsequently barcoded using the EXP-NBD104 Native Barcoding 

Expansion 1-12 kit before pooling into a single sample. Sequencing adapters were then ligated 

onto the fragments before loading into the flow cell. Libraries were quantified by fluorometry 

using the Qubit dsDNA HS assay pre- and post-library preparation. Sequencing was 

performed on the MinION Mk1C device using an R9.4.1 flow cell and was carried out for 72 

hours. Raw output files were base called and demultiplexed using guppy software provided 

by Oxford Nanopore Technologies. Samples sequenced using Nanopore technology are listed 

below (Table 3.2). 

 

Table 3.2 Samples for Nanopore sequencing 

Study ID Age Gender Diagnosis Clinical Phenotype 

GID-98-P 46 F IBDU Remission 

GID-154-P 29 F UC Remission 

GID-171-P 28 M CD Remission 

GID-187-P 22 F UC Mildly active (Symptomatic and CRP 9) 

GID-213-P 59 M CD Highly active (inpatient for IV steroids) 

GID-215-P 28 F CD Highly active (inpatient for IV steroids) 

GID-2-HC    Healthy control 

NC    Negative control (nuclease-free water) 

 

 

3.7.2 Illumina sequencing 

Illumina sequencing was performed by the Wellcome Trust Clinical Research Facility. 

Libraries were prepared using 12uL of each cfDNA using NEBNext Ultra II DNA Library Prep 

Kit for Illumina (#E7645). cfDNA was end-repaired, 5’ phosphorylated and a single A 

nucleotide ligated at the 3’ end of the fragments. Fragments were then ligated with the 

NEBNext Adaptor for Illumina. Multiple unique dual-indexing adapters were then ligated to the 

ends of the dsDNA to prepare them for hybridization onto a flow cell before 9 cycles of PCR 

were used to selectively enrich those DNA fragments with adapter molecules on both ends 

and amplify the amount of DNA in the library suitable for sequencing. After amplification 

libraries were purified using AMPure XP beads. Libraries were quantified by fluorometry using 
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the Qubit dsDNA HS assay and assessed for quality and fragment size using the Agilent 

Bioanalyzer with the DNA HS Kit (#5067-4626). Libraries shared a similar distribution with a 

main peak at 305bp and an additional peak at around 500bp thought to be the result of some 

library overamplification. Fragment size and quantity measurements were used to calculate 

the molarity for each library, and libraries were combined in a single equimolar pool. 

Sequencing was performed on the NextSeq 2000 platform (Illumina Inc, #SY-415-1002) using 

the NextSeq 1000/2000 P3 Reagents (200 cycles) Kit (#20040560). PhiX Control v3 (#FC-

110-3001) library was spiked into the run at a concentration of 2% to help with cluster 

resolution and facilitate troubleshooting in case of any problems with the run. Samples 

sequenced for this are listed below (Table 3.3). 

 

Table 3.3 Samples for Illumina sequencing 

Study ID Age Gender Diagnosis Clinical Phenotype 

GID-146-P 71 M UC Remission 

GID-173-P 35 F UC Remission 

GID-212-P 28 M UC Highly active (inpatient for IV steroids) 

GID-213-P 58 M CD Highly active (inpatient for IV steroids) 

GID-216-P 59 M CD Highly active (inpatient for IV steroids) 

GID-220-P 28 F CD Highly active (inpatient for IV steroids) 

GID-226-P 17 M CD Remission 

GID-335-HC 26 F HC Healthy controls 

GID-338-HC 56 F HC Healthy controls 

GID-340-HC 26 F HC Healthy controls 

 

3.7.3 Nanopore vs Illumina bioinformatics pipeline 

The initial pipeline for comparing Nanopore and Illumina sequencing used Snakemake (122), 

ran on a single computer and is available at github.com/shaunchuah/cfdna workflow. Briefly, 

reads were mapped against the human genome (GRCh38 from NCBI (14)) using 

minimap2(15). Unmapped sequences were then separated out and taxonomically profiled 

using Kraken 2 (16) with the 16GB standard database. Final report files were visualized using 

Pavian (17). 
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3.7.4 Bioinformatics infrastructure 

Following the results of the Nanopore vs Illumina analysis, more samples were sequenced 

using Illumina. Due to the subsequent large data output files, it was not feasible to continue 

running subsequent analyses using a single computer. Therefore, I set up bioinformatics 

infrastructure (Figure 3.6) using Azure cloud computing services.  

 

Nextflow (123) is a workflow manager which allows for the analysis and infrastructure to be 

decoupled from each other, leading to portable workflows that can run on different computing 

setups. Bioinformatic software was run using Docker, a containerization platform that allows 

for the replication of the computing environment in which the packages are installed (124). 

Docker build files for the tools used are available at github.com/shaunchuah/docker builds. 

The final pipeline code is available at github.com/shaunchuah/cfdna nextflow. This workflow 

set-up is publicly available and allows for version tracking, code reusability, and full 

reproducibility. 

 

 

Figure 3.6 Bioinformatics cloud computing setup 
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3.7.5 Final cfDNA bioinformatics pipeline 

After a process of pipeline development and optimisation, the final pipeline is outlined below 

(Figure 3.7). 

 

 

 

Figure 3.7 cfDNA analysis pipeline 

 

In detail, raw sequencing reads were first passed to FastP (125) to obtain quality control 

metrics as well as perform adapter trimming. MultiQC (126) was used to visualize the 

aggregated quality control metrics for each sample. 
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Subsequently, there are 3 major components to the pipeline: 

 

1. Sequences were aligned to GRCh38 using bowtie2 (127) and deduplication performed 

with samblaster (128). Using samtools (129), statistics were obtained on alignment 

using flagstat and idxstats commands. Unmapped reads were extracted and sent for 

taxonomic classification using Kraken 2. Abundance re-estimation was performed with 

bracken (130). Finally, the kraken outputs were aggregated into a biom file for 

phyloseq analysis (131). 

 

2. Sequences were aligned to NCBI mitochondrial genome using bowtie2 and 

deduplication performed with samblaster. Samtools was used to extract statistics on 

mitochondrial alignments. 

 

3. Sequences were directly fed into Kraken 2 for taxonomic classification to allow 

sequences to directly classify against the Kraken 2 human genome k-mers. Again, 

abundance re-estimation was carried out with bracken. Using Kraken Tools (132), host 

reads were filtered out using the filter_braken.out.py script with taxonomic ID 9606 (for 

homo sapiens). Outputs were aggregated into a biom file for downstream analysis. 

 

Downstream analysis of the pipeline was performed in R. Outputs from the pipeline were 

integrated with clinical data and analysed. Full analysis code is available at 

github.com/shaunchuah/cfdna.  
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3.8 Patient public involvement 

 

Patient public involvement is increasingly important in the modern era of clinical trials, both 

from the standpoint of involving trial participants in the outcomes of what they have signed up 

for and, promoting engagement by patients in research longer-term.  

 

As part of the studies, a patient representative committee consisting of 3 patients and the 

research team was established to allow researchers to consult patients for their views on 

various aspects of the clinical studies. I sought patient views particularly in the establishment 

of the sampling protocol to ensure that the protocol was not overly burdensome while 

preserving scientific utility. Various sampling protocol amendments were made (such as 

reducing the number of stool samples collected) following feedback from both trial participants 

as well as the patient representatives. 

 

I have also assisted in the technical aspects of various projects that the patient representatives 

are planning to carry out (for example collecting participant feedback anonymously using a 

web-based approach) and have also set up the MUSIC study website (www.musicstudy.uk) 

and the MARVEL study website (www.marvelstudy.uk) to engage patients and the public in 

conjunction with patient representatives who provide their perspectives on why other patients 

should be involved. Final research outputs will be published on these websites in the future.
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Chapter 4 Sampling Logistics for Multi-omic Studies 

 

In this chapter, key challenges, and solutions for the task of scaling and operationalising multi-

centre biomarker studies will be discussed. 

 

4.1 Building a research platform for translational science in IBD 

 

Over the last decade, technological breakthroughs have led to increased accessibility of 

‘omics’ analysis such as genomics, epigenomics, transcriptomics, proteomics, metabolomics 

etc. Integrating these analyses to improve the modelling of complex biological networks has 

given rise to the ‘multi-omic’ era of biological research. These techniques hold the promise of 

unlocking new insights into the biology of IBD and are beginning to be applied across the field. 

 

Within this context, the design of the next generation of translational studies in IBD needs to 

incorporate the collection of deep phenotyping data, large number of biological samples, and 

include as many participants as possible to enable meaningful multi-omic analyses. However, 

this comes with significant challenges that need to be overcome. To begin with, these studies 

are logistically complex. They require multiple sample types and to achieve the scale required, 

often need to be multi-centre. Next, handling the data generated – ‘big data’ – is non-trivial. 

Finally, the statistical techniques to integrate across -omics are not well-established and the 

software tools to perform such analysis will require significant development effort. 

 

In this section, I will describe the solution created in response to the logistical complexity of 

these studies. Solutions to the remaining challenges will emerge in the future as these studies 

complete recruitment and move into the analysis phase and continue to be a work in progress. 

 

4.2 Sampling protocols and sample projections 

 

To begin with, a rough estimation of the challenge was performed. An overview of sampling 

protocols for the 3 studies that form the basis of this research platform is listed below in table 

4.1.  
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Table 4.1 Sampling overview for GI-DAMPs, MUSIC and MARVEL 

Study GI-DAMPs MUSIC 

   

Target participants, n 

 

1200 250 

Number of sampling 

timepoints 

Opportunistic 5 timepoints 

   

Sample Type   

Blood 1x 10ml PaxGene ccfDNA 

1x 10ml EDTA 

1x 4.9ml EDTA 

1x PaxGene RNA 

2x 10ml EDTA 

1x 10ml PaxGene ccfDNA  

1x 2.5ml PaxGene RNA 

   

Blood (optional) 1x 10ml citrate 

1x 10ml PaxGene ccfDNA  

1x 9ml EDTA 

 

   

Stool Omnigut (optional) 

Plain stool container (optional) 

Omnigut 

Calprotectin 

qFIT 

   

Biopsy (optional) Up to 16 biopsies if attending for 

endoscopy 

Up to 16 biopsies each at baseline and 

follow-up endoscopy 

   

Processing Notes Processing Steps 

  

EDTA 10ml Double-spin 1 x 1000G at RT followed by 1 x 3000G at RT within 6 hours 

PaxGene ccfDNA Double spin 1 x 1600G at RT followed by 1 x 16000G at RT within 7 days 
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Based on the above proposed sampling protocols, the estimation of projected potential 

samples is shown below: 

 

𝐺𝐼𝐷𝐴𝑀𝑃𝑠 (𝑙𝑜𝑤𝑒𝑟 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒) = 1200 𝑛 ∗  

2 (𝑐𝑐𝑓𝐷𝑁𝐴 𝑐ℎ𝑖𝑙𝑑 𝑎𝑙𝑖𝑞𝑢𝑜𝑡𝑠) +

5 (𝐸𝐷𝑇𝐴 𝑐ℎ𝑖𝑙𝑑 𝑎𝑙𝑖𝑞𝑢𝑜𝑡𝑠) +

1(𝐸𝐷𝑇𝐴) +

1(𝑅𝑁𝐴)

 

=   10,800 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

𝐺𝐼𝐷𝐴𝑀𝑃𝑠 (ℎ𝑖𝑔ℎ𝑒𝑟 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒) = 𝑙𝑜𝑤𝑒𝑟 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 +  1200 𝑛 ∗  

⎝

⎜
⎜
⎜
⎛

1 (𝑐𝑖𝑡𝑟𝑎𝑡𝑒) +
2 (𝑐𝑐𝑓𝐷𝑁𝐴 𝑐ℎ𝑖𝑙𝑑 𝑎𝑙𝑖𝑞𝑢𝑜𝑡𝑠) +

5 (𝐸𝐷𝑇𝐴 𝑐ℎ𝑖𝑙𝑑 𝑎𝑙𝑖𝑞𝑢𝑜𝑡𝑠) +

1(𝑂𝑚𝑛𝑖𝐺𝑢𝑡) +

1 (𝑝𝑙𝑎𝑖𝑛 𝑠𝑡𝑜𝑜𝑙) +

16 (𝑏𝑖𝑜𝑝𝑠𝑖𝑒𝑠) ⎠

⎟
⎟
⎟
⎞

 

= 10,800 + 31,200 

= 42,000 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

  

𝑀𝑈𝑆𝐼𝐶 (𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒) = 250 𝑛 ∗  

⎝

⎜
⎛

2 (𝑐𝑐𝑓𝐷𝑁𝐴 𝑐ℎ𝑖𝑙𝑑 𝑎𝑙𝑖𝑞𝑢𝑜𝑡𝑠) +

10 (𝐸𝐷𝑇𝐴 𝑐ℎ𝑖𝑙𝑑 𝑎𝑙𝑖𝑞𝑢𝑜𝑡𝑠) +

1 (𝑅𝑁𝐴) +
1 (𝑂𝑚𝑛𝑖𝐺𝑢𝑡) +

1 (𝑞𝐹𝐼𝑇) ⎠

⎟
⎞

∗ 5 timepoints 

= 18,750 samples 

 

 

𝐎𝐯𝐞𝐫𝐚𝐥𝐥 𝐞𝐬𝐭𝐢𝐦𝐚𝐭𝐞𝐝 𝐬𝐚𝐦𝐩𝐥𝐞𝐬 = ~𝟑𝟎, 𝟎𝟎𝟎 − 𝟔𝟎, 𝟎𝟎𝟎 𝐬𝐚𝐦𝐩𝐥𝐞𝐬 

 

This estimation suggests that 30,000 – 60,000 samples with at least 10 different sample types 

over the lifetime of these studies will need to be managed. What has not been included in the 

projections above are downstream intermediate samples that are created as part of sample 

processing. Therefore, the successful execution of these studies will realistically require the 

capability to handle up to 100,000 samples. 
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4.2.1 Managing complexity 

The complexity of multi-omic sampling as outlined above can lead to significant practical 

issues and increase the risk of errors. Feasibility and practicality of the protocol are crucial 

aspects to consider, particularly in busy clinical settings, and these issues will determine 

whether the final protocol will have real-world applicability.  In these studies, the design of the 

sampling protocol was arrived at after consideration of the trade-off between the feasibility of 

implementation against ideal conditions while preserving experimental usefulness. 

 

Blood sampling tubes that have stabilisation mediums to extend processing times were 

chosen at the trade-off of increased costs. Other practical considerations include allowing a 

6-hour time window for EDTA sampling and processing to account for the differing logistical 

capabilities at each site. 
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4.3 Building a scalable, end-to-end sample tracking solution 

 

One of the biggest challenges in this context is tracking samples with a small research team. 

Being able to manage this complexity is the cornerstone to the successful delivery of this 

project. Traditionally, samples were tracked using a combination of paper logs and 

spreadsheets. However, at this scale, manual tracking of samples will be extremely tedious, 

time-consuming, inefficient, and error-prone. Therefore, a better solution is needed to enable 

the project objectives to be realised. 

 

The fundamental requirement is the ability of members of the team to work off a single source 

of truth. Given the multi-centre nature of the projects, the solution needs to be accessible 

across multiple geographic sites and organisational IT boundaries (for example, working 

across university and NHS networks). 

 

At the beginning of this undertaking, a search was performed for simple, off-the-shelf 

solutions. Initial ideas include running a centralised spreadsheet over the internet to enable 

data synchronisation. Examples of this approach would include using Google Sheets and 

Airtable. The stumbling block to this approach was that data would be held by third-party 

servers located outside the United Kingdom. Due to data security concerns, this idea was not 

pursued further.  

 

Alternative lab information management systems were designed for commercial and hospital 

settings. These are usually set up in a fixed manner with known assays to be run and the 

results of the assays tightly integrated into downstream applications (such as electronic patient 

records). Apart from high costs, these systems were not designed to be able to adapt to the 

changing needs of research sampling – both in terms of sample types and sample locations. 

 

4.3.1 Design overview 

After much consideration, to achieve the scalability that these projects require, I set about to 

design, build, and implement a custom end-to-end sample tracking solution – named ‘G-Trac’. 

The final sample tracking system implemented adopted several major design decisions which 

will be outlined in greater detail next.  
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4.3.2 Sample creation flow 

The first building block of the system is the initial sample creation flow (Figure 4.1). Traditional 

large-scale sampling systems (such as in a hospital setting) often have tight data integration 

with subjects being sampled. When a patient in a hospital requires blood tests, modern lab 

workflows allow clinicians to request tests via the electronic patient record, which then 

generates a sample ID and prints barcode labels for sample tubes. This necessitates tight 

coupling between patient information and the sample tracking system. This also requires the 

purchase and maintenance of barcode printers, as well as software integration with barcode 

printers which varies depending on the printer manufacturer. Overall, this approach provides 

highly robust tracking but requires a large amount of time, significant infrastructural costs, and 

needs a large software development team. 

 

Alternatively, by swapping the usual process and labelling the sample with the participant 

information after sampling, we can decouple the sample tracking system from the research 

data system (Figure 4.1). This has two major advantages. Firstly, research data and sample 

tracking systems can evolve independently of one another. This provides agility and flexibility 

to adapt to changing circumstances without requiring a wholesale revamp of both systems. 

Secondly, barcode label generation can be abstracted away and pre-printed. This leads to 

significant cost savings as it obviates the need to purchase and maintain barcode printers as 

well as avoids significant software development time and cost to build the integration with the 

sample tracking system. 

 

Figure 4.1 Traditional vs research sampling workflows 
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4.3.3 Building G-Trac: a web application to manage sampling data 

The source code and development history of G-Trac is open-source and available at 

github.com/shaunchuah/musicsamples. Briefly speaking, the application was written using the 

Python programming language and the Django web framework (133). Django was chosen 

over other potential options (such as Ruby on Rails, Laravel, .NET) for its speed of 

implementation, built-in security and the opportunity to extend the application in the future to 

leverage data science and machine learning packages (which mainly use the Python language 

as well). Django serves as the glue between user input via web browsers and the backend 

database (PostgreSQL). The overall architecture is shown below in Figure 4.2. 

 

 

Figure 4.2 Architecture of G-Trac 

G-Trac was developed using the agile approach (134) and features modern software 

development practices of continuous integration and continuous deployment. Adopting these 

approaches to software development is particularly suited for research applications where the 

final processes are not fully known in advance. This enables the flexibility to change things as 

project requirements shift and has been key to the successful implementation of this sample 

tracking system. 
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4.3.4 Sample data model 

The sample data model is shown below in Table 4.2. 

 

Table 4.2 G-Trac sample data model 

 Field Name Comments 

Mandatory fields Sample ID  

 Patient ID  

 Sample location  

 Sample datetime  

 Sample type  

   

Optional fields Sample sublocation For use in large freezers 

 Sample comments  

 Is deleted  

 Is fully used For tracking active/inactive samples 

 Is MARVEL study Enable filtering of MARVEL study 

samples 

 Processing datetime  

 Frozen datetime  

 Sample volume  

 Sample volume units  

 Freeze thaw count  

 Haemolysis reference Quality control of haemolysis 

 Biopsy location Colonic segment location 

 Biopsy inflamed status  

 Created Datetime of sample registration 

 Created by Tracking user interaction 

 Last modified Datetime of last change to data 

 Last modified by Tracking user interaction 

   

 

There are 5 key mandatory fields for any sample-tracking project – sample ID, patient ID, 

sample location, sampling date and time, and sample type. These fields are generalisable and 

form the basis of a minimum dataset for logistical tracking. The other fields are project-specific 

and will need adaptation if applying G-Trac to other studies. By open-sourcing G-Trac, other 

researchers can consider their project requirements and change the optional fields to suit their 
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needs. Building a generalisable solution is possible but will require exponential effort and was 

not undertaken here due to limited resources. 

 

4.3.5 Balancing data model flexibility against integrity 

When architecting software, one of the key design decisions is determining the optimal 

balance between data model flexibility against integrity. An illustrative example would be 

sample location. Many software developers would consider fixing the allowed values to known 

locations to maintain data integrity. However, in this case, to allow for flexibility and adaptation, 

a conscious decision was made to allow the database to accept any string of characters.  

 

There are several major problems associated with an overly rigid data model. Firstly, the 

system will not be able to cope with unforeseen events. From our experience with the COVID-

19 pandemic, the ability to change locations and adapt on-the-fly proved to be an important 

factor in maintaining study activity in the face of pandemic challenges. Secondly, rigid data 

models impede scaling by requiring constant input from the software maintainer to modify the 

data schema in the face of changes. This creates a bottleneck and hinders progress. Finally, 

a rigid data model often leads to increased user frustration as the slightest error will stop users 

from submitting the form, causing users to lose momentum, and increasing the likelihood of 

unforeseen workarounds. 

 

Conversely, having flexible data models can lead to data analysis errors – for example, on the 

face of it, ‘location a’ and ‘location A’ look identical to humans but are not considered the same 

by computers. Automated analysis might miss small differences and lead to downstream 

errors. In addition, data entry errors might not be obvious from the outset in a flexible data 

model. 

 

Therefore, to strike a balance between flexibility and integrity, autocompletion was 

implemented to coerce user input values to existing values in the database. Minimal 

constraints were put in place to prevent major errors – such as preventing blank values from 

being recorded in the sample location. More importantly, a whole system design was 

implemented to error-correct independent of G-Trac itself which will be discussed next. 
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4.3.6 Error-correction with a double-entry accounting system 

To correct the downsides of a flexible data model, inspiration was drawn from the field of 

accounting with its double-entry bookkeeping system, which has its origins in 13th-century Italy 

(135). When participants are sampled, sampling data is entered twice, once into G-Trac and 

the second into the clinical database. Entry into the second database is simplified and only 

keeps track of 2 fields: sampling date and what samples were taken. 

 

Implementing this simple concept provides the powerful capability to error-correct and 

reconcile samples in the event of the discovery of labelling errors, which throughout >35,000 

samples, should be considered inevitable. This creates robustness in the conduct and 

implementation of the biomarker studies. 

 

4.3.7 QR codes as the barcode of choice 

Barcodes were first invented in the 1940s to tackle the problems of inventory management 

and customer checkout for the supermarket industry. However, it was not until 1974, that the 

maturation and falling costs of several technologies – lasers and integrated circuits in 

particular – led to increasing barcode adoption with the establishment of the UPC standard. 

Since then, barcode adoption has continued to grow across industries. The key technological 

breakthrough provided by barcodes is enabling the interaction of software systems with 

physical items in the real world. 

 

QR codes were invented in 1994 by Masahiro Hara to track vehicle components during 

manufacturing. Its 2-dimensional nature allows for significantly more data to be encoded 

compared to 1-dimensional barcodes to accommodate kanji characters from the Japanese 

language. QR codes provide a highly efficient way of encoding a large amount of data onto a 

small surface area and incorporate an error correction algorithm allowing scanners to decode 

the data even if the QR code itself was warped (such as when applying a label to a cylinder). 

Therefore, in laboratory use, QR codes are the barcode of choice as they are much smaller 

physically and can be applied to small cylindrical tubes. 

 

For this application, a unique 8-character string was encoded on each QR code in the format 

of “MGM10001” to “MGM40001”. QR codes were pre-printed in bulk which generated 

significant cost savings compared to printing QR codes on demand. A key consideration for 

biomarker studies is to specify the use of cryogenic labels that can withstand cold storage. 

These QR codes were affixed to samples generated throughout the study, including 

intermediate samples awaiting further downstream processing. 
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4.3.8 Connecting G-Trac and QR codes 

Most barcode scanners are recognised as keyboards by computers. They read the barcode 

and convert them into a string of characters followed by a terminator. This 'terminator' can be 

configured to end in the 'enter' or 'tab' key. This allows barcode scanners to function 

independently and enables reuse across multiple computer systems. Generally, no software 

installation is required which means lab members can easily share scanners.  

 

G-Trac harnesses this capability by using JavaScript in the web browser to listen to the output 

from the scanner. When it detects the terminator key, it will send a request to the server which 

updates the database with the desired data. Connecting G-Trac with QR codes allows for 

improved efficiency and a reduction in data entry errors, thereby allowing research teams to 

focus on science and not on managing sample logistics and paperwork. 

 

4.3.9 Summary of G-Trac 

Summarising thus far, the approach to designing and implementing a robust sample tracking 

system has been outlined above. Given the complexity of each multi-omic project, it is highly 

unlikely that a single generalisable solution to this will be found and each project will require 

a bespoke approach. Nonetheless, the design decisions described here are a useful blueprint 

for approaching and overcoming this challenge for other studies.
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Chapter 5 Characterising Cell-Free DNA in IBD 

 

5.1 Introduction 

 

In this chapter, cell-free DNA is characterised in the context of IBD using multiple approaches. 

A full detailed methodology for the experimental processes is described in Chapter 3. GI-

DAMPs and MUSIC cohort demographics and clinical status are presented below before 

experimental results. 

 

The general overview of the experimental processes for characterising cfDNA is presented 

below in Figure 5.1. 

 

 
Figure 5.1 Process Overview 

Firstly, cfDNA is quantified using the Qubit hsDNA assay. Next, digital PCR is performed to 

quantify mitochondrial cfDNA. Finally, fragment analysis is performed to better understand 

fragment size distributions in the various disease states. The fragment analysis technique 

demonstrated here is novel as traditionally, fragment analysis is only used as a quality control 

step. This technique provides an assessment of cfDNA size distribution changes between 

groups and over time. 
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At each sampling time point, overall disease activity stratification is performed according to 

the parameters listed below in Table 5.1. Patients who required admission for IV steroids were 

classified as highly active while asymptomatic patients were further stratified into remission 

and biochemical remission using CRP and calprotectin. 

 

Table 5.1 IBD disease activity definitions for GI-DAMPs 

Disease Activity Definition 

Biochemical Remission Asymptomatic, CRP < 5 and calprotectin <250 

Remission Asymptomatic, but without CRP <5 and calprotectin <250 

Active Symptomatic 

Highly active Admission for intravenous steroids 
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5.2 Results 

 

5.2.1 GI-DAMPs cohort descriptives 

Demographics for the GI-DAMPs cfDNA cohort analysed are presented below (Table 5.2). 

The groups are heterogenous with different ages and clinical profiles. 

 

Table 5.2 GI-DAMPs cohort  

 Crohn’s Disease  Ulcerative colitis Healthy Controls p-value 
Numbers, n 64   82  58  
Age, median ± IQR 40 ± 26.5  42.5 ± 19.5 30.5 ± 31 NS 
Male : Female, n 37:27   48:34  12:46 <0.001 
 
Montreal Classification 

 

 n %  n %   
L1 Ileal  11 28 E1 Proctitis 4 5   
L2 Colonic 5 13 E2 Left-sided  32 41   
L3 Ileocolonic 23  58 E3 Pancolitis 42 54   
+/- L4 Upper GI 1 3      
        
B1 Non-stricturing, non-penetrating 15 38 S1 Mild 13 17   
B2 Stricturing 16 40 S2 Moderate 20 26   
B3 Penetrating 8 20 S3 Severe 45 58   
+/- Perianal disease 4 10      
 
Previous Treatment Exposure 

 

 n %  n %   
Any thiopurine 33 52  30 37  NS 
    Azathioprine     19     48      21     39    NS 
    Mercaptopurine     4     10      6     11    NS 

Any biologic 34 53  29 35  <0.05 
    Infliximab     25     45      8     11    <0.001 
    Adalimumab     23     36      5     6    <0.001 
    Vedolizumab     12     19      15     18    NS 
    Ustekinumab     9     14      2     2    <0.05 
    Tofacitinib     1     2      13     16    <0.01 

 
Clinical Parameters 

 

 Mean SD  Mean SD   
HBI 3.9 4.3 SCCAI 4.7 3.7   
Haemoglobin 129 17.9  133 15.3  NS 
White cell count 12.4 22.7  11.2 4.19  <0.001 
Platelets 385 120  378 137  NS 
Albumin 33.5 6.3  32.4 7.1  NS 
CRP 25.6 40.2  20 36.7  NS 
Faecal calprotectin 637 491  854 460  <0.05 
 
Drug Therapy at Sampling 

 

 n %  n %   
Intravenous steroids 22 34  54 66  <0.001 
Rescue therapy 4 6  38 46  <0.001 
Ant biotics 7 11  4 5  NS 
 
Overall IBD Activity Status 

 

 n %  n %   
Biochemical remission 12 19  6 7  <0.001 
Remission 9 14  3 4   
Active 22 34  21 26   
Highly active 21 33  52 63   
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Patients with UC were a much sicker cohort compared to CD with higher rates of intravenous 

steroids (66% vs 34%) and rescue therapy (46% vs 6%). Conversely, CD patients had higher 

rates of previous biologic exposure compared to UC, suggesting a more treatment-resistant 

cohort (53% vs 35%).  

 

Baseline clinical parameters were otherwise equivalent with the only major difference being 

statistically higher levels of faecal calprotectin in UC vs CD – likely reflecting greater colonic 

involvement in UC vs CD. 
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5.2.2 MUSIC cohort descriptives 

Demographics for the analysed MUSIC cohort are shown below (Table 5.3). Recruitment to 

MUSIC is ongoing and the initial snapshot of clinical data for the first 36 patients is presented 

below. 

 

Table 5.3 MUSIC cohort 

 Crohn’s Disease  Ulcerative colitis p-value 
Numbers, n 20   16   
Age, median ± IQR 30 20.8  43.5 21.2 NS 
Male : Female, n 15:5   12:4  NS 
       
Montreal Classification       
 n %  n %  
L1 Ileal  1 5 E1 Proctitis 0 0  
L2 Colonic 7 35 E2 Left-sided  9 56  
L3 Ileocolonic 12 60 E3 Pancolitis 7 44  
+/- L4 Upper GI 1 5     
       
B1 Non-stricturing, non-penetrating 11 55 S1 Mild 3 19  
B2 Stricturing 3 15 S2 Moderate 7 44  
B3 Penetrating 6 30 S3 Severe 1 6  
+/- Perianal disease 1 5     
       
Clinical Scores       
 n %  n %  
Physician Global Assessment      NS 
    Remission 1 5  1 6  
    Mild 7 35  5 31  
    Moderate 11 55  9 56  
    Severe 1 5  1 1  
       
 Median IQR  Median IQR  
HBI 4 6.2    - 
SCCAI    4 5 - 
Partial Mayo Score    3.5 3.2 - 
CUCQ-32 Score 93 69  106.5 70 NS 
       
Clinical Measurements       
 Mean SD  Mean SD  
Weight (kg) 74.9 12.2  79.4 16.3 NS 
Haemoglobin 135 15.4  141 8.8 NS 
White cell count 8.66 3.42  9.35 3.82 NS 
Platelets 335 102  320 108 NS 
Albumin 37.8 4.0  38.4 3.9 NS 
CRP 9.6 9.6  5.1 5.4 NS 
Faecal calprotectin 863 500  718 593 NS 
       
Endoscopic Scores at Baseline       
 Median IQR  Median IQR  
SES-CD 7 10 UCEIS 4 1 - 
   Mayo 2 0.2 - 
       
Mucosal Healing at Follow-Up       
 n %  n %  
Complete mucosal healing 7 41  7 47  
Endoscopic improvement 12 71  11 73  
       
Centre       
 n %  n %  
Edinburgh 12 60  9 56  
Glasgow 8 40  7 44  
       



67 

 

Clinically, both cohorts in MUSIC are similar. Both CD and UC patients have a moderate 

degree of disease activity at baseline based on reported clinical scores, biochemical markers 

of CRP and calprotectin, and endoscopic scoring. At the 3-6 month follow-up endoscopy, 

complete mucosal healing was seen in approximately ~40% and endoscopic improvement in 

~70%, suggesting a cohort which responded reasonably well to treatment. 

 

Clinical evolution over time of the analysed MUSIC Cohort 

In the following section, the clinical evolution of the MUSIC cohort over the first 6 months of 

follow-up is visualised below.  
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Patient Reported Outcome Measures 

CUCQ-32 is a quality-of-life questionnaire used to obtain a more comprehensive assessment 

of patients’ symptoms compared to standard clinical questioning by including aspects of 

fatigue/sexual/anxiety/psychological health, with higher scores representing a poorer quality 

of life. In the assessed MUSIC cohort so far, there is a decrease in CUCQ-32 scores over 

time, suggesting improvements in patients’ well-being and this is more clearly seen in UC 

compared to CD. 

 

 

 

Figure 5.2 CUCQ-32 over time in aggregate (above) and individually (below) (MUSIC). 
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Clinical Scores – HBI, SCCAI, Partial Mayo 

Clinical activity indices in both CD (HBI) and UC (SCCAI, Mayo Clinical Score) are shown 

below. These activity indices generally fall over time, reflecting the effects of treatment on 

symptoms in line with expectations. Of note, these data show that there are several individuals 

who do not respond to first-line treatment of their disease. 

 

   

Figure 5.3 HBI scores over time in patients with CD (MUSIC) 

 

 

Figure 5.4 SCCAI and Mayo Clinical Score over time in patients with UC (MUSIC) 
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Biochemical markers of disease activity – CRP, Calprotectin 

Established biochemical markers of disease activity and their behaviour over time are shown 

below. These patterns would mirror the changes in clinical scores and patient-reported 

outcome measures. Of note, calprotectin (Figure 5.6) had incomplete return rates, reflecting 

a key issue with the use of calprotectin in routine clinical practice – patient acceptability. 

 

CRP 

 

 

 

Figure 5.5 CRP over time in aggregate (above) and individually (below) (MUSIC) 
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Calprotectin 

 

 

Figure 5.6 Calprotectin over time in aggregate (above) and individually (below) (MUSIC) 
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Mucosal Healing 

Complete mucosal healing (defined as SES-CD score <2 or Mayo endoscopic score of 0 or 

UCEIS<2) was achieved in 44% of participants at 3-6 months and endoscopic improvement 

(defined as >1 point improvement in either the SES-CD or UCEIS/Mayo Endoscopic Score) 

was noted in 72% of participants.  

 

To assess mucosal healing, 5 endoscopists participated across the two centres (Glasgow and 

Edinburgh) and were trained on the use of SES-CD, UCEIS and Mayo Endoscopic score. 

Olympus high-definition scopes were used although the exact models varied by location. No 

central reading was performed, and scoring was not anonymised at this stage however 

endoscopic videos have been recorded to allow for blinded reading to be performed in the 

future.  

 

The detailed numerical breakdown by diagnosis groups is available in Table 5.3. 

 

 

Figure 5.7 Complete mucosal healing and endoscopic improvement rates (MUSIC) 
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5.2.3 Total cfDNA 

Measurement characteristics of total cfDNA 

Total cfDNA as a measurement had a non-normal distribution (Shapiro-Wilk normality test 

p<0.001) (Figure 5.8). 

 

 
Figure 5.8 Distribution of total cfDNA (GI-DAMPs and MUSIC) 
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Cross-sectional behaviour of total cfDNA 

Total cfDNA was significantly higher in Crohn’s disease and ulcerative colitis compared to 

healthy controls and negative controls (negative controls significance not shown in the graph 

below for simplicity). 

 

 
Figure 5.9 Total cfDNA by groups (GI-DAMPs). 
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Looking more specifically at patients with Crohn’s disease or ulcerative colitis, patients with 

highly active disease had significantly increased levels of total cfDNA (Figure 5.10). 

 

 

 
Figure 5.10 Total cfDNA by IBD activity (GI-DAMPs) 

Biochemical remission defined by symptoms in remission with CRP<5 and calprotectin<250. Highly active defined 
by inpatient admission for intravenous steroids. 

 

Table 5.4 Total cfDNA median and interquartile range by IBD activity 

IBD Activity Total cfDNA (ng/uL) 
 Median Interquartile Range 
Biochemical remission 0.235 0.213 
Remission 0.162 0.094 
Active 0.216 0.165 
Highly active 0.516 0.452 
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The trend of higher total cfDNA in highly active disease can be seen regardless of whether 

patients have Crohn’s disease or ulcerative colitis suggesting that total cfDNA levels are 

correlated with IBD activity rather than subtype (Figure 5.11). 

 

 
Figure 5.11 Total cfDNA by Crohn’s disease and ulcerative colitis activity (GI-DAMPs) 
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Longitudinal behaviour of total cfDNA 

Longitudinal behaviour of total cfDNA for MUSIC participants are shown below. 

 

 
Figure 5.12 Total cfDNA trajectory by Crohn’s disease or ulcerative colitis (MUSIC) 

 

The behaviour of total cfDNA when broken down by whether patients achieved complete 

mucosal healing is shown below (Figure 5.13). No obvious signal is seen at this early stage 

of the study (early data from 36 patients shown here). 

 

 

Figure 5.13 Total cfDNA trajectory by complete mucosal healing (MUSIC) 
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5.2.4 Mitochondrial cfDNA 

Results for mitochondrial cfDNA as measured by COX3 and ND2 are shown in the following 

section. 

 

COX3/ND2 have exponential distributions 

Mitochondrial COX3 and ND2 have exponential distributions (Shapiro-Wilk normality test 

p<0.001) (Figure 5.14). 

 

 

 
Figure 5.14 Distribution of COX3 and ND2 (GI-DAMPs and MUSIC) 
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COX3/ND2 are highly correlated 

Mitochondrial COX3 and ND2 measurements are highly correlated, and this is confirmed in 

both GI-DAMPs and MUSIC cohorts (Spearman R=0.98, p<0.001). Therefore, for the 

remainder of this section, we will discuss and analyse ND2 values as interchangeably 

representative of COX3 values.  

 

 
Figure 5.15 ND2 highly correlates with COX3 (GI-DAMPs and MUSIC) 
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ND2 correlates with total cfDNA but incompletely 

Of note, ND2 strongly correlates with total cfDNA (Spearman R=0.64, p<0.001). However, this 

correlation is incomplete partly due to the inaccuracy of total cfDNA measurements which can 

be visualised below as the vertical cluster of ND2 measurements on the y-axis corresponding 

to undetectable total cfDNA measurements. 

 

 
Figure 5.16 ND2 partially correlates with total cfDNA (GI-DAMPs and MUSIC) 
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Cross-sectional behaviour of mitochondrial cfDNA 

 

ND2 levels are similar across groups 

No differences were seen in ND2 levels between the different groups (Figure 5.17). 

 

 
Figure 5.17 ND2 by groups (GI-DAMPs) 
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Higher ND2 levels with increased IBD activity 

Looking more specifically at patients with Crohn’s disease or ulcerative colitis, patients with 

highly active disease had significantly higher levels of ND2 with a median ND2 of 359 

copies/uL (Figure 5.18). The median and interquartile range for each category is shown in 

Table 5.5. 

 

 
Figure 5.18 ND2 by IBD Activity (GI-DAMPs) 

Biochemical remission defined by symptoms in remission with CRP<5 and calprotectin<250. Highly active defined 

by inpatient admission for intravenous steroids. 

 

Table 5.5 ND2 median and interquartile range by IBD activity 

IBD Activity ND2 (copies/uL) 
 Median Interquartile Range 
Biochemical remission 106 202 
Remission 96.2 147 
Active 137 266 
Highly active 359 634 
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This trend can be seen in both Crohn’s disease and ulcerative colitis. Due to the limited 

number of samples in the remission groups, statistical difference was only seen in highly active 

Crohn’s disease. 

 

 

Figure 5.19 ND2 by Group and IBD Activity (GI-DAMPs) 
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ND2 weakly correlates with known biomarkers 

ND2 correlates weakly with known biomarkers (Figure 5.20), suggesting the capture of a 

different dimension of disease activity compared to CRP and calprotectin. 

 

 
Figure 5.20 Correlation of ND2 against known biomarkers (GI-DAMPs) 

Spearman rank correlation R and p values shown in plots. 

 

ND2 weakly correlates with haemoglobin and platelets 

ND2 was found to negatively correlate with haemoglobin levels (Spearman R = -0.22, p-

0.005), which is posited to serve as a ‘sink’ for cfDNA and positively correlate with platelet 

levels (Spearman R=0.2, p=0.012), which can release mitochondrial cfDNA. 

 

 
Figure 5.21 Correlation of ND2 against haemoglobin and platelets (GI-DAMPs) 

Spearman rank correlation R and p values shown in plots. 
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ND2 corrected for haemoglobin and platelets 

Given the correlations noted above, ND2 levels corrected for haemoglobin and platelets are 

presented below in Figure 5.22. These results are similar to the uncorrected findings. 

Correction for haemoglobin strengthened the statistical significance of the differences while 

correction for platelets reduced the statistical significance of the difference. 

 

 

Figure 5.22 ND2 by IBD activity corrected for haemoglobin and platelets (GI-DAMPs) 
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Longitudinal behaviour of mitochondrial cfDNA 

ND2 measurements over time broken down by Crohn’s disease and ulcerative colitis are 

shown below. No obvious differences are seen between the groups. 

 

 
Figure 5.23 ND2 trajectory by Crohn’s disease or ulcerative colitis (MUSIC) 

 
ND2 measurements by whether patients achieved mucosal healing at the 3–6-month follow-

up endoscopy is shown below. No obvious patterns can be seen at this early stage of study 

completion. 

 

 

Figure 5.24 ND2 over time by complete mucosal healing (MUSIC) 

 

  



87 

 

5.2.5 Genomic cfDNA (GAPDH) 

In a subset of GI-DAMPs samples (n=67), glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) measurements were performed as a surrogate to measure genomic cfDNA using 

digital PCR (as opposed to Qubit measurement). The GAPDH gene is located on chromosome 

12. These measurements were kindly performed by Phoebe Lau. 

 

An important point to note here and the reason why GAPDH was measured in a subset of 

samples was due to initial difficulties in ensuring that the GAPDH dPCR assay ran reliably. A 

significant amount of time was spent troubleshooting the assay before it was realised that the 

main reason for the difficulty in reliably measuring GAPDH was its much lower concentration 

compared to COX3/ND2 (values obtained were approximately 100x lower). It should be noted 

that the dPCR measurement uncertainty for GAPDH was higher than COX3/ND2. 

 

GAPDH distribution 

Similar to mitochondrial COX3/ND2 measurements, GAPDH measurements have exponential 

distributions. 

 

 

Figure 5.25 Distribution of GAPDH (GI-DAMPs) 
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Cross-sectional behaviour of genomic cfDNA 

 

GAPDH levels are similar across groups 

No significant differences are seen in GAPDH measurements across the groups. 

 

 

Figure 5.26 GAPDH by groups (GI-DAMPs) 
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Higher GAPDH with increased activity 

Looking more specifically at patients with Crohn’s disease or ulcerative colitis, patients with 

highly active disease had significantly higher levels of GAPDH (Figure 5.27) compared to 

patients with active disease or remission. No statistical significance was seen with the 

biochemical remission group likely due to small numbers and a wide variation in measurement 

results. 

 

 

Figure 5.27 GAPDH by IBD Activity (GI-DAMPs) 

 

Table 5.6 GAPDH median and interquartile range by IBD activity 

IBD Activity GAPDH (copies/uL) 
 Median Interquartile Range 
Biochemical remission 5.5 168 
Remission 1.4 1.0 
Active 4.2 2.8 
Highly active 8.7 7.4 
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GAPDH correlates with total cfDNA and ND2 

As expected, GAPDH strongly correlates against total cfDNA (R=0.66, p<0.001) however its 

correlation is incomplete and this likely reflects the limits of detection using Qubit quantification 

as there is a vertical cluster of measurements seen (Figure 5.28 left) which are samples 

undetectable by Qubit. 

 

GAPDH levels correlate with ND2 levels although less strongly than with total cfDNA (R=0.42 

vs 0.66). 

 

 

Figure 5.28 GAPDH levels correlate with total cfDNA and ND2 (GI-DAMPs) 
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Mitochondrial:Genomic cfDNA Ratio 

Given the correlations noted above, mitochondrial to genomic cfDNA ratios are shown below 

comparing ND2 to GAPDH ratio by IBD activity levels. No statistical differences are seen 

between the groups, suggesting that there is not a disproportionate increase in the 

mitochondrial to genomic cfDNA ratio. 

 

 

Figure 5.29 Mitochondrial:Genomic cfDNA ratio represented by ND2:GAPDH 
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5.2.6 cfDNA fragment size distributions 

Fragment size distributions for all cfDNA samples in the GI-DAMPs and MUSIC cohort are 

shown below. The characteristic cfDNA peak of 160bp can be clearly seen, in keeping with 

the literature. Longer fragments between 1000-10,000bp can also be seen in some samples. 

 

 

Figure 5.30 Fragment size distribution of all samples in the GI-DAMPs cohort 

 

 

Figure 5.31 Fragment size distribution of all samples in the MUSIC cohort 
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Group comparison reveals no obvious differences in cfDNA fragment size 

cfDNA fragment size distributions by the groups for both GI-DAMPs and MUSIC studies are 

shown below. Negative controls (nuclease-free water samples which accompany the cfDNA 

extraction process) confirm that the extraction processes performed had minimal 

contamination. No obvious differences are seen when separated by group. 

 

 

 

Figure 5.32 Fragment size distribution by group (GI-DAMPs) 

CD – Crohn’s disease; UC – Ulcerative colitis; HC – healthy controls; NC – negative controls 

 

 

 

Figure 5.33 Fragment size distribution by group (MUSIC) 

CD – Crohn’s disease, UC- Ulcerative colitis; NC – negative controls 
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Patients with active IBD have more cfDNA and release longer fragments 

Looking closer at patients with IBD, patients with active disease have increased fluorescence 

signal at the 160bp peak. Of note, patients with highly active disease show an increased 

presence of long fragments of cfDNA in the region of 1000-10,000bp. 

 

 

Figure 5.34 cfDNA fragment size by IBD activity (GI-DAMPs) 

 

Fragment size patterns are similar in Crohn’s disease and ulcerative colitis 

This pattern of more cfDNA and the presence of long fragments can be seen consistently 

regardless of whether patients have Crohn’s disease or ulcerative colitis. 

 

 

Figure 5.35 cfDNA fragment size distribution by activity in CD and UC (GI-DAMPs) 
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Longitudinal behaviour of cfDNA fragment size 

Although the analysed number of samples here is limited, there is a suggestion that patients 

who achieve complete mucosal healing show a reduction in the 160bp peak as well as a 

reduction in the longer fragments over time while patients who did not achieve mucosal healing 

show varying levels of 160bp peak and stable release of longer fragments. 

 

 

Figure 5.36 cfDNA fragment size distribution by complete mucosal healing (MUSIC) 
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5.2.7 Subgroup with rising mitochondrial cfDNA trajectory in MUSIC 

In the MUSIC cohort, it is noted that there is a subgroup of patients with rising mitochondrial 

cfDNA (as measured by ND2) trajectory over time. This subgroup is shown below. 

 

 

Figure 5.37 Subgroup with rising mitochondrial cfDNA (ND2) trajectory (MUSIC) 

 

When looking at this subgroup in terms of fragment size distribution, no obvious major patterns 

emerge. Patients with a non-rising trajectory have a reduction of the 160bp peak over time 

which may simply reflect a surrogate measure of falling total cfDNA concentration due to the 

strong correlation between mitochondrial cfDNA and total cfDNA shown earlier. 

 

 

Figure 5.38 Fragment size distribution by rising mitochondrial cfDNA trajectory (MUSIC) 
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5.3 Discussion 

 

5.3.1 cfDNA process improvements 

In comparison to previous work by our group (58), the data outlined here have been obtained 

using significantly improved mitochondrial cfDNA measurement processes by using blood 

stabilization tubes (PaxGene ccfDNA vs EDTA tubes), an improved cfDNA extraction process 

(vacuum extraction kit), more sensitive quantification methods (Qubit vs nanodrop) and more 

accurate PCR measurements (dPCR vs qPCR). 

 

Improvements in stabilization medium and sample processing protocols increase the 

feasibility of translating these measurements in an experimental setting into the real world, as 

the sampling protocol considers real-world delays in obtaining and transferring samples 

across sites from hospitals to laboratories. Using ccfDNA tubes allows up to 7 days for 

downstream processing compared to 6 hours with EDTA tubes. 

 

Next, the vacuum extraction method increases the yield of cfDNA by allowing a higher input 

volume of plasma (2mls vs 400uL previously) and thus allows more accurate quantification of 

cfDNA particularly in patients with less active disease i.e., biochemical remission and 

remission states. 

 

Nanodrop measurement of total cfDNA was an error-prone process and the accuracy provided 

by Qubit significantly improved the limits of detection. Nevertheless, despite these 

improvements, there remains a significant proportion of samples that were undetectable using 

Qubit. 

 

Finally, digital PCR provides much more reproducible and accurate measurements of gene 

copy numbers, being able to provide consistent results even when Qubit measurements were 

undetectable, thus increasing the confidence we have in the reliability of the data presented 

here. 
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Plain vs diagnostic vs mechanistic biomarkersIn the above section, the measurements of ND2, 

COX3, GAPDH, and total cfDNA against the diagnostic grouping of patients and IBD activity 

levels were explored as the first step in characterising these molecules as ‘plain biomarkers’ 

in a similar fashion to known biomarkers of CRP and calprotectin.  

 

The utility of cfDNA and mitochondrial cfDNA as a diagnostic biomarker could be further 

investigated in the future by recruitment of patients with alternative GI diagnoses such as 

diverticulitis, colorectal cancer, and irritable bowel syndrome, and comparing whether these 

measurements can discriminate between these conditions. 

 

As our understanding of the role of mitochondrial cfDNA in the perpetuation of chronic 

inflammation improves, there is a hope that these measurements can be further developed in 

the future to serve as ‘mechanistic biomarkers’, identifying a subgroup of patients who have 

abnormally high mitochondrial cfDNA and potentially targeting treatments that may be better 

suited for this aberration in the normal immune response. 

 

In Figure 5.10 and 5.18, patients with highly active disease have a wide spread of total cfDNA 

and mitochondrial cfDNA measurements. Some patients have significantly elevated levels 

whereas others have measurements in keeping with patients in remission. This is an area for 

future exploration as more patients are recruited. The first step is to assess if clinical outcomes 

(such as colectomy, rescue treatment, treatment escalation) differ based on the subgroup with 

elevated total cfDNA or mitochondrial cfDNA levels. If so, future targeted interventions could 

be applied in a formal clinical trial (such as earlier initiation of rescue therapy or mitochondrial 

antioxidant treatment) to investigate if these outcomes can be meaningfully modified by 

therapy. 

 

5.3.2 Logarithmic behaviour of measurements 

Total cfDNA, mitochondrial cfDNA and GAPDH measurements behave in a logarithmic 

fashion, consistent with many signalling processes in the body, where signals must reach a 

particular threshold before significant activation occurs.  

 

This logarithmic behaviour may affect the use of these measurements for clinical analysis as 

the identification and discrimination between intermediate states are more difficult compared 

to measurements that behave linearly. Conversely, the detection of high and low levels would 

be comparatively easier. 
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5.3.3 Mitochondrial cfDNA increases as disease activity increases 

Mitochondrial cfDNA, as measured by COX3 and ND2, is found to be elevated in active 

disease. There are increased mitochondrial cfDNA levels with increased IBD activity from 

biochemical remission through to remission, active disease, and highly active disease. 

Compared to our previous findings which were only done in the context of UC (58), the findings 

here demonstrate that this phenomenon also occurs in Crohn’s disease and is related to IBD 

activity rather than the type of IBD. 

 

Of note, mitochondrial cfDNA does not correlate with CRP or calprotectin, suggesting that it 

could serve as a novel biomarker that identifies a different inflammatory mechanism compared 

to CRP or calprotectin. Preliminary data (n=36) shown here do not immediately show a 

significant correlation with endoscopic mucosal healing however, full recruitment to MUSIC 

may yield new insights in the future. 

 

5.3.4 Mitochondrial cfDNA correlates with haemoglobin and platelets 

Mitochondrial cfDNA negatively correlates with haemoglobin. A recent study by Lam et al. 

suggests that red blood cells, which have traditionally been considered immunologically inert, 

may have a role in the processing of cfDNA by expressing TLR9 receptors on the surface 

membrane that binds to mitochondrial cfDNA. This is posited to serve as a sink and dampens 

the potential inflammatory effects of cfDNA. The authors suggest that this leads to the 

development of anaemia seen with chronic inflammation (136). 

 

In contrast, mitochondrial cfDNA positively correlates with platelets. Platelets are sources of 

mitochondrial cfDNA (137,138) and in active IBD, patients are known to have higher platelet 

counts as a marker of chronic inflammation. The strength of the correlation suggests that this 

may explain partially the elevation of mitochondrial cfDNA in active IBD. 

 

Nevertheless, corrections applied for these correlations do not dramatically change the initial 

findings that mitochondrial cfDNA levels increase with IBD activity (Figure 5.22). Correcting 

for haemoglobin level yields stronger statistical significance while correcting for platelets 

reduces the statistical significance of the differences. 

 

5.3.5 Genomic cfDNA and its relationship to mitochondrial cfDNA 

Genomic cfDNA levels as inferred using the surrogate measurement of GAPDH levels provide 

a more accurate view compared to measuring total cfDNA using Qubit. This demonstrates the 
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improved sensitivity of digital PCR as a technique. Genomic cfDNA is increased with higher 

IBD activity levels. 

 

Comparing mitochondrial to genomic cfDNA ratio did not show any disproportionate increase 

in mitochondrial cfDNA, suggesting that the higher levels of total cfDNA, mitochondrial cfDNA 

and genomic cfDNA seen with increased IBD activity are a broad-based phenomenon across 

cfDNA as a class of molecules.  

 

It is worth revisiting this ratio in the future as more data becomes available to see if there exists 

a subgroup of patients with disproportionately raised mitochondrial to genomic cfDNA ratio as 

this may represent an aberrant inflammatory mechanism that could be targeted for treatment. 

These findings suggest that the behaviour and clinical picture of cfDNA is much more complex 

in vivo than what mechanistic studies show in vitro regarding mitochondrial cfDNA and its 

effects on inflammatory mechanisms. 

 

5.3.6 Fragment analysis shows the release of longer fragments of cfDNA in active 

disease 

Fragment analysis reveals that in active IBD, there is the release of longer fragments which is 

absent in patients in remission. This could be due to increased necrotic processes in active 

disease or increased release of longer fragments that offset the capacity of clearance 

processes. There is also an increased release of short, 160bp fragments of cfDNA in active 

disease, suggesting increased apoptosis. Overall, in active disease, this hints at either 

increased release of cfDNA into the bloodstream, reduced clearance capabilities or both. 

Further work to clarify the biology of cfDNA release and clearance will need to be undertaken 

to understand the significance of these findings. 

 

5.3.7 Longitudinal sampling potentially identifies a subgroup of patients with high 

mitochondrial cfDNA 

Longitudinal measurements in the MUSIC cohort show that there is potentially a subgroup of 

patients with a rising trajectory of mitochondrial cfDNA levels. This lends weight to the idea 

that mitochondrial cfDNA may be a mechanistic biomarker in this subgroup. Future 

experimental work should be directed toward confirming the existence of this subgroup, 

comparing their outcomes against other patients, and consideration of targeted treatment 

against the mitochondrial activity. 
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5.3.8 Limitations of healthy control data 

In the data presented above, it must be noted that the findings for the healthy control subgroup 

are not in line with expectations from previous work. There are many other 

conditions/comorbidities which can increase cfDNA – such as pregnancy, other inflammatory 

diseases, malignancies, and infections. The healthy control cohort was recruited by participant 

self-certification of health rather than objective blood testing and formal review of medical 

records and this may account for the experimental findings above. 

 

In addition, the healthy controls span a wide range of age groups with a median age of 30.5 

and an interquartile range of 31 (Table 5.2). We did not collect detailed medical history on this 

group, and older participants may have comorbidities which are undiagnosed or do not affect 

their day-to-day living and might have perceived themselves as healthy where blood testing 

may reveal some minor underlying abnormalities. The other potential issue here is that there 

is an imbalance in the gender ratio with significantly more female participants compared to the 

patient cohort. Routine pregnancy testing was not performed which may miss this important 

cause of elevation in cfDNA levels. 

 

These data were not collected due to resource limitations and cannot be retrospectively 

obtained at this time as ethical approval for this was not specifically authorised.  For future 

studies, collecting detailed data and performing clinical sampling could be considered to 

improve characterisation of the healthy control cohort.



 

 

 

 

 

 

 

Chapter 6 

cfDNA Sequencing 
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Chapter 6 cfDNA Sequencing 

 

6.1 Introduction 

 

cfDNA sequencing was performed by adopting a broad-based approach to understand what 

sequences were represented in the blood (compared to the targeted approach adopted in 

Chapter 5). Broadly speaking, this was carried out to understand the nature of sequences 

present in blood cfDNA with the following questions in mind: 

 What genomic cfDNA sequences were present and were they uniformly representative 

or released in a biased manner? 

 Were mitochondrial cfDNA sequences detected? Do their proportional levels change 

with different levels of IBD activity?  

 Were bacterial cfDNA sequences present in the blood? How do these sequences 

behave with different levels of IBD activity? 

 

Feasibility of cfDNA sequencing in IBD 

The first major hurdle was the technical feasibility of cfDNA sequencing in IBD. To be clear, 

cfDNA sequencing is not a new concept and has been used in other fields, for example – 

oncology. The difference with IBD patients is that cancer patients usually have significantly 

elevated cfDNA concentrations – approximately 10-100x more compared to IBD patients, and 

this is especially a problem with patients in remission, who have even lower levels of cfDNA. 

The other point of note is that cfDNA sequencing in these scenarios is usually carried out after 

amplification for a certain gene of interest looking for a particular mutation. Conversely, in IBD, 

the primary goal is to achieve unbiased sequencing of blood cfDNA. 

 

Nanopore sequencing 

Sequencing with Nanopore technology was first attempted. The main attraction of this 

sequencing platform is the quick turnaround time and ease of use. Nanopore sequencing 

works by passing DNA strands through a membrane containing pores. An electrical difference 

exists across the membrane and as the different sizes of the ATCG bases pass through the 

pore, an electrical signal is generated. This electrical signal is subsequently translated to base 

calls using the software. Results for this are shown below in the next section. These results 

revealed certain limitations of current technology, and following this, Illumina sequencing was 

performed next. 
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Illumina sequencing 

Illumina sequencing is considered the ‘gold standard’ of next-generation DNA sequencing 

technologies. Briefly, DNA is fragmented into smaller lengths (150bp in this application). 

Adapters and barcodes are then added to the ends of these DNA fragments. An amplification 

step is performed to increase the concentration of cfDNA. The prepared samples (called a 

library) are then loaded into a flow cell. Within these flow cells, there are strands of DNA 

attached to the bottom of the plate designed to hybridize with the adapter sequences.  

 

Sequencing is then performed using a ‘sequencing-by-synthesis’ approach. Custom ATCG 

bases with an attached fluorophore are used. As each letter is sequenced, these fluorophores 

are released, which are read by the detector and converted into base calls. These reads are 

performed in pairs as the two complementary strands of DNA are sequenced and this provides 

high accuracy compared to Nanopore sequencing which reads a single strand only. 

 

Microbial Diversity Metrics 

Alpha and beta diversity were developed in the field of ecology to measure the diversity of 

species at a particular site and across regions. Subsequently, these measures have been 

widely adopted in microbiome studies to mathematically quantify how many species are 

present and enable comparison of diversity within and between samples. In general terms, 

alpha diversity measures how many species are represented within a single sample whereas 

beta diversity measures the similarity/dissimilarity of the represented species between 

different samples. 

 

There are a wide variety of techniques to measure diversity and each technique has its 

advantages and limitations (139). This is because diversity estimation is performed on 

samples which are a smaller representation of the true community and possess a certain 

amount of bias when representing the larger community. The true relative abundance of rare 

species is difficult to capture in small samples, and those species may appear as a single read 

when sequenced. Each diversity metric accounts for this in a slightly different way. 

 

Operational Taxonomic Units 

To enable quantitative measurements of microbial diversity, the concept of an operational 

taxonomic unit (OTU) was introduced by Sneath and Sokal in the 1970s (140). The term is 

used to classify sequences belonging to a group of organisms to enable numerical operations. 

For this thesis, the NCBI taxonomy database was used as the reference standard (141). Each 

sequenced read is assigned an OTU. These OTUs can be assigned and classified at different 
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taxonomic levels – the main levels being domain, kingdom, phylum, class, order, family, 

genus, and species. 

 

Alpha diversity 

Alpha diversity metrics of Shannon and Chao1 were used as these were the most popular 

metrics in microbiome literature. The Shannon diversity index estimates species richness and 

species evenness with more weight placed on species richness. It was originally proposed by 

Claude Shannon in 1948 as a technique to quantify the entropy in strings of text. The idea is 

that the more letters there are in a string of text, the closer to their proportional abundance 

and therefore the more difficult it is to predict the next letter. Within a sample, if there is an 

overabundance of a single species, the Shannon index will be closer to 0.  

 

The Chao1 metric adopts an abundance-based estimator of species richness which 

emphasises rare species as measured by singletons (species represented with only a single 

read) and doubletons (species represented with only two reads). Formulas for the 

mathematical calculations are shown below in Table 6.1. 

 

Beta Diversity 

Beta diversity is the measure of similarity or dissimilarity in the species between two or more 

different populations (or samples in this case). Bray-Curtis dissimilarity is widely used for 

comparison between groups and the calculation formula is shown in Table 6.1. The Bray-

Curtis dissimilarity is bounded between 0 and 1 with 0 meaning both samples have the same 

species composition and 1 meaning both samples do not share any species. The key 

advantage of the Bray-Curtis method is that it considers species presence/absence as well as 

abundance whereas other measures (such as Jaccard) tend to only consider abundance. 

 

For the graphical representation of these multidimensional data, non-metric multidimensional 

scaling (NMDS) is used. Compared to principal component analysis (PCA), which uses 

Euclidean distance to plot points on the chart, NMDS is non-parametric and uses rank order 

instead, which is the more appropriate measure for the data generated here due to high 

resolution of sequencing picking up many rare species. NMDS shows how close a sample is 

to another sample and helps visualise and collapse hundreds of OTUs to a single point. 
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Table 6.1 Alpha diversity and beta diversity calculation formulas 

Diversity Indices Formula Reference 

 

Shannon diversity 

index  

(Alpha diversity) 

 

𝐻 =  − (𝑝  ln 𝑝 ) 

 

where s is the number of operational taxonomic units 

(OTUs) and pi is the proportion of the community 

represented by OTU i 

 

 

(142) 

Chao1  

(Alpha diversity) 
𝑠 =  𝑠 +  

𝐹 (𝐹 − 1)

2(𝐹 + 1)
 

 

where F1 and F2 are counts of singletons and 

doubletons, respectively and Sobs is the number of 

observed species. 

 

(143) 

Bray-Curtis 

dissimilarity  

(Beta diversity) 

𝐵𝐶 = 1 −  
2𝐶

𝑆 + 𝑆
 

 

where Cij is the sum of the lesser values for species in 

common between both samples. Si and Sj are the total 

number of species counted in each sample. 

(144) 
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6.2 Results 

 

6.2.1 Sequencing technology comparison (Illumina vs Nanopore) 

 

Illumina sequencing achieves more reads 

Illumina sequencing produced significantly more reads – this is due to the library amplification 

step which is absent in Nanopore sequencing. More reads are produced with the trade-off of 

potentially introducing library amplification bias. 

 

 

Figure 6.1 Illumina vs Nanopore raw read counts 
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Illumina sequencing had higher read quality compared to Nanopore 

The mean phred score for Nanopore sequencing was Q7.8 (an error rate of approximately 

~15 in 100 bases) compared to Q33 for Illumina sequencing (an error rate of approximately 

~1 in 2000 bases) (Figures 6.2, 6.3). 

 

 

Figure 6.2 Illumina sequencing quality as measured by FastQC 

 

Figure 6.3 Nanopore sequencing quality as measured by NanoPlot 
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Illumina sequencing achieves better taxonomic classification 

Taxonomic classification was performed using a k-mer-based approach (kraken2) given the 

fragmented nature of cfDNA. In the bioinformatics pipeline discussed in Chapter 3, direct 

classification with kraken2 and classification after filtering off non-host reads with bowtie2 were 

compared and did not have significantly different results. Non-k-mer-based taxonomic 

classification using marker gene approaches (metaphlan2 (145)) was tried and did not work 

given the fragmented nature of cfDNA. 

 

Due to higher read counts and better accuracy of Illumina sequencing, a significantly greater 

proportion of non-host reads were successfully classified. The error rate of Nanopore 

sequencing limited the ability to identify microbial reads. This led to the decision to adopt 

Illumina sequencing as the platform of choice moving forwards. 

 

 

Figure 6.4 Illumina vs Nanopore percentage of reads successfully classified 
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Microbial reads account for up to 2% of unmapped sequences. 

Bacterial fragments accounted for up to 2% of non-host sequences that were unmapped 

initially by bowtie2. Bacterial cfDNA sequences are therefore noted to be at extremely low 

concentrations but detectable using these highly sensitive techniques. 

 

 

Figure 6.5 Illumina vs Nanopore percentage of microbial reads in unmapped sequences 

Following the above results, further Illumina sequencing was performed to obtain more data 

and analyse cfDNA further and the final dataset is presented next. 

 

  



111 

 

6.2.2 cfDNA sequencing metrics 

21 samples were sequenced in the aggregated Illumina data set. 

 

Quality Control 

The sequencing quality is shown below. The phred quality score of the final dataset averages 

Q33 (an error rate of approximately 1 in 2000 bases). 

 

 

Figure 6.6 Illumina final sequencing quality averages Q33 
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Raw Read Counts 

The number of reads per sample is shown below. On average, ~200 million reads were 

obtained per sample. 

 

 

 

Figure 6.7 Raw reads per sample  
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6.2.3 Genomic cfDNA representation by chromosomes 

 

 

Figure 6.8 Percentage reads by chromosome normalised for chromosomal length 

 

Percentage reads by chromosomes were normalised as raw reads mapped to each 

chromosome divided by total reads (to enable comparison across samples) divided by 

chromosome length (to correct for the difference in chromosome length) and multiplied by 

1,000,000 for easier visualization. 

 

When corrected as above, there is a relatively even representation of genomic cfDNA 

fragments across chromosomes 1-22. Chromosomes X and Y differ as expected based on 

the gender of the patient sequenced, confirming that genomic cfDNA sequencing was 

performed successfully. 
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6.2.4 Percentage bacterial and mitochondrial reads 

Bacterial reads accounted for around 0.08-0.10% of all sequences while mitochondrial reads 

represented 0.01-0.03% of all sequences. The following figure shows the individual values for 

each sample sequenced as well as the aggregated reads by IBD activity. 

 

Figure 6.9 Percentage bacterial and mitochondrial reads, per sample (above) and aggregated by IBD 

activity (below) 
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6.2.5 Mitochondrial vs genomic cfDNA representation 

Relatively speaking, mitochondrial reads are approximately 100 times more represented 

compared to genomic sequences (when considering the mitochondrial genome size of 16 

kilobases vs human genome of 3.2 gigabases). This is in keeping with the expectation that 

humans have significantly more copies of the mitochondrial genome compared to the human 

genome. 

 

 

Figure 6.10 Sequencing ratio of chrM vs chr20 normalised for chromosome length and across samples 
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6.2.6 cfDNA metagenomics 

Raw and relative bacterial read counts are shown below. Patients with active disease are 

noted to have lower bacterial reads – both in relative and raw terms. 

 

 

Figure 6.11 Bacterial reads by IBD activity (raw count and percentage) 
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Rarefaction Curve 

Rarefaction curves are used to estimate species richness by randomly subsampling the 

original data and plotting the number of samples against the number of species. This allows 

comparison of species richness between sets with different sample sizes (for example a 

sample with 200 million reads vs 300 million reads) although there are significant limitations 

described in the usage of these curves (146). 

 

 

Figure 6.12 Rarefaction curves per sample 

 

Rarefaction curves tend to climb quickly in the initial phase as new species are identified and 

then reach an asymptotic plateau as rarer species are identified. Here, rarefaction curves for 

the samples show a reasonable representation of the blood bacterial cfDNA community in 

samples where the curve begins to plateau. However, a few samples do not reach a plateau. 

There are two major potential explanations – one is that higher read counts may improve the 

identification of rare species further or, more plausibly, there are fewer bacterial cfDNA in 

some of these patients. These curves suggest that species richness differs between the 

samples. 
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Alpha Diversity 

Patients with active disease appear to have lower Chao1 and Shannon alpha diversity 

compared to healthy controls, although this did not reach statistical significance likely due to 

the low number of samples sequenced. 

 

 

Figure 6.13 Alpha diversity metrics by IBD activity 

 

 

Table 6.2 Alpha diversity metrics median and interquartile range 

IBD Activity Chao1 Shannon 
 Median IQR Median IQR 
Active  2612 978 0.06 0.08 
Remission 4759 1537 0.31 0.30 
Healthy control 4616 1230 0.33 0.30 
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Beta Diversity 

 

 

Figure 6.14 Beta diversity by IBD activity 

Patients with active disease have different beta diversity compared to patients in remission or 

healthy controls. It is noted that negative controls, healthy controls, and remission patients 

have similar beta diversity metrics. There are a variety of ways in which these differences can 

be tested statistically – the most popular tools within the microbiome literature are 

PERMANOVA and ANOSIM testing (147). 

 

PERMANOVA testing (148) was performed which compares the centroid of the groups and 

tests whether they are different. R2 was calculated at 0.766 and p<0.01, suggesting that the 

grouping variable explains 76.6% of the variance seen here and it was statistically significant. 

 

ANOSIM testing (149) only takes a single grouping variable and then compares whether the 

difference between the groups is greater than the difference within the groups, therefore taking 

into account dispersion which PERMANOVA does not. The R-value is bounded between 0 

and 1 and the closer to 1, the stronger the effect of the grouping variable. In this case, ANOSIM 

testing did not reach statistical significance with R=0.19, p=0.062. 

 

Using these two methods suggests that patients with active disease have a different cfDNA 

bacterial composition and further samples would help validate this. 
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6.3 Discussion 

 

6.3.1 Illumina sequencing performs better for cfDNA metagenomics compared to 

Nanopore sequencing 

Sequencing cfDNA is challenging owing to its extremely low concentration - approximately 10-

100x lower than that specified by most sequencing input libraries. Nanopore sequencing has 

the advantage of fast turnaround time, and the lack of amplification avoids the introduction of 

bias. Conversely, Illumina sequencing is more accurate than Nanopore, at the expense of 

higher costs and the potential introduction of amplification bias. 

 

Comparing the two modalities revealed that while cfDNA sequencing was feasible in 

Nanopore, the limitations of the current technology significantly hinder its use in downstream 

metagenomics. Ongoing improvements in sequencing chemistry and base-calling technology 

may enable the use of Nanopore sequencing for this application in the future. Currently, 

Illumina sequencing provides more accurate and useful insights into cfDNA in the context of 

IBD. 

 

6.3.2 Mitochondrial cfDNA is detectable and is relatively higher compared to genomic 

cfDNA 

Sequencing results show that mitochondrial cfDNA is detectable and, in comparison to 

genomic cfDNA, is relatively more represented (about 100x). Although relative quantification 

of mitochondrial cfDNA using this technique may be possible, as shown above, the number of 

sequenced samples is too limited to draw any firm conclusions on the validity of this approach. 

For the absolute quantification of cfDNA, Qubit and digital PCR techniques are cheaper, more 

scalable, and more robust than sequencing. The difference in the proportional representation 

of mitochondrial cfDNA confirms the differences in COX3/ND2 levels vs. GAPDH levels 

measured via dPCR. 

 

6.3.3 Patients with active disease may have reduced alpha diversity and increased 

beta diversity 

This thesis demonstrates the application of metagenomic analysis of blood cfDNA. These 

metagenomic techniques allow for very sensitive identification of non-host cfDNA sequences. 

Patients with active IBD possess different bacterial cfDNA profiles, with reduced bacterial 

cfDNA reads (both raw and proportional), reduced alpha diversity, and increased beta 

diversity. This finding reveals an important implication: bacterial cfDNA can be detected in the 

blood both in health and disease and is not solely due to environmental contamination (which 
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was mitigated against by using both positive and negative controls as well as applying quality 

control measures at every step of the experimental pipeline). 

 

The presence of bacterial cfDNA in the blood raises questions about its role in immune 

signalling. The body has evolved to tolerate the gut microbiome and distinguish between 

harmful pathogens and beneficial commensals. Therefore, signalling mechanisms and 

messaging systems must exist to allow the immune system to calibrate its response to bacteria 

that originate from the gut. In this context, a potential question for further exploration is the 

role of bacterial cfDNA in distant immune signalling by transporting fragments of bacterial DNA 

via the blood to distant immune cells, and whether aberrations in this play a role in the 

pathogenesis of IBD. 

 

Within the IBD field, there is a widespread assumption that the breakdown of the gut mucosal 

barrier in active inflammation can lead to bacterial translocation and the logical deduction of 

the release of more bacterial cfDNA into the bloodstream. Interestingly, the opposite is shown 

here: patients with active disease have reduced bacterial cfDNA fragments (both in absolute 

and relative terms). It is unclear why this is the case. Potential theories include hyperactivation 

of the inflammatory system leading to increased clearance of bacterial cfDNA, which may 

serve as an immune-regulatory mechanism, and a loss of immunotolerance leading to 

bacterial cfDNA clearance. 

 

Of note, a recent systematic review suggests that patients with IBD have reduced gut 

microbiota alpha diversity on stool microbiome sequencing (150). cfDNA metagenomics 

shows that blood cfDNA also has reduced alpha diversity and this raises the question as to 

whether findings in the blood can provide a representation of what is happening in the gut as 

well. To further explore this avenue in the future, paired sequencing of blood cfDNA and stool 

microbiome should be performed. If a correlation exists, blood cfDNA sequencing may provide 

improved feasibility, scalability, and a different view of microbiota changes in IBD. 

 

This novel cfDNA sequencing data for IBD raises several questions for future studies. What 

is the role of bacterial cfDNA in health and disease? What are the interactions between the 

immune system and bacterial cfDNA? How is bacterial cfDNA released and cleared from the 

bloodstream? Is there a connection between bacterial cfDNA and the gut microbiome? The 

investigation of these questions may lead to a better understanding of the pathophysiological 

processes underlying IBD and, consequently, allow for therapeutic targeting of the 

microbiome.



 

 

 

 

 

 

 

Chapter 7 

Conclusions and Future Research 
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Chapter 7 Conclusions and Future Research 

 

The previous chapters in this thesis demonstrated a comprehensive approach to the 

characterisation of cfDNA in the context of IBD. While the above studies remain in the 

recruitment phase, with more data to come, the pathways and assays required to perform this 

have been established. In Chapter 3, the methodological steps required have been detailed 

and the analysis codebase has been established and is ready to receive and integrate future 

data arising from these studies. To conclude, key insights from the above data are 

summarised and areas for future exploration are highlighted. 

 

7.1 Challenges of navigating the COVID-19 pandemic 

 

The work in this thesis was carried out during 2020-2022, a period marked by severe and 

wide-ranging restrictions on research and scientific activity, which were necessary responses 

to the COVID-19 pandemic. Many of the solutions described here were developed to maintain 

the agility and flexibility of scientific activity in view of restrictions that were changing on a 

weekly basis.  

 

Social distancing measures meant that it was difficult to collaborate on setting up and 

troubleshooting assays. We had to be prepared to find new locations at short notice, and new 

ways of working to conduct clinical research, as clinical research facilities across the National 

Health Service were commandeered to implement vaccine studies and sequencing facilities 

were directed to sequence COVID-19 samples. I learned to code and developed G-Trac 

during the UK national lockdown at the end of 2021 and in hindsight was a key strategic 

decision that went well. We encountered Brexit-related challenges in importing laboratory 

equipment.  

 

Reflecting on these challenges, recruitment was significantly impacted as remote 

consultations were performed in lieu of traditional clinic appointments which limited the ability 

to recruit patients who were in remission. The GI-DAMPs cohort has a much higher proportion 

of patients with highly active disease than typical IBD studies because only patients with 

severe disease were attending hospital services in person. Similarly, the MUSIC data 

presented here were limited due to difficulties in opening and recruiting to a prospective, 

longitudinal follow-up study during the pandemic. 
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Despite the multitude of challenges, we have persevered and managed to maintain a degree 

of research activity. This enabled the studies to be ready to scale up, as they emerge in the 

post-pandemic world. 

 

7.2 Building a platform for precision medicine in IBD 

 

The work contained within this thesis represents a blueprint for building complex, multi-omic 

studies, taking into consideration the need for ‘big data’ to enable precision medicine in the 

future. To make sense of the high-dimensional data provided by modern technologies, such 

as sequencing and spatial transcriptomics, there is a pressing need to scale the clinical 

aspects of translational studies to distinguish true signals from noise. 

 

The scalability of clinical studies is a difficult challenge, particularly in the setting of constrained 

resources that have been made even more acute by the challenges of emerging into a post-

pandemic world with significant clinical backlogs across health systems worldwide. Therefore, 

to build a platform for precision medicine, technology must be used as a force multiplier to 

improve research teams’ productivity.  Better data linkage technologies are a key step towards 

integrating multi-omic measurements and are an area for further development. As discussed 

previously, G-Trac is simply a single piece of a larger puzzle that remains to be solved. 

 

7.3 Circulating cfDNA represents a class of unexplored molecules for 

further investigation in the context of IBD 

 

Within the field of IBD, circulating cfDNA represents a new class of unexplored molecules with 

limited literature available to describe its role and behaviour in IBD. This is partly due to the 

difficulty in obtaining, processing, and analysing this class of molecules. However, recent 

advances in technology and improved accessibility indicate that this field is ripe for further 

exploration. This thesis demonstrates the practical application of the latest cfDNA 

technologies available and represents the fundamental first step towards the clinical 

application of nucleic acid-based technologies in inflammatory diseases. 

 

To take things further, three key areas require ongoing development from a technological 

standpoint. The first is improvements in the scalability and speed of the cfDNA extraction 

processes. In this regard, an ongoing collaboration with Professor Maiwenn Kersaudy-

Kerhoas at Heriot-Watt University was established to test microfluidic devices for rapid cfDNA 

extraction. Secondly, there is a need for ongoing innovation and improvement in the accuracy 
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and cost of sequencing technologies. For example, the release of new software, flow cells, 

and chemistry by Oxford Nanopore Technologies, targeting short-read sequencing (which is 

highly applicable for cfDNA). Third, continued development and improvements in bioinformatic 

computational tools and databases to allow for the identification of the origins of cfDNA could 

uncover a sensitive blood-based biomarker of gut damage. 

 

7.4 Understanding the biology of circulating cfDNA is crucial 

 

The fundamental biology of circulating cfDNA remains unknown. The data presented here 

provide a snapshot of the balance between cfDNA release and clearance from circulation. 

Improving our understanding of the processes leading to release and clearance will enhance 

our understanding of the implications of measuring these levels and in the future, may unlock 

new translational applications, not only in IBD, but also in other diseases.  

 

7.5 Mitochondrial cfDNA as a mechanistic biomarker in IBD 

 

Delving deeper into the subsets of circulating cfDNA, mitochondrial cfDNA is unique and has 

implications for inflammatory pathways and mechanisms. Patients with highly active disease 

have higher levels of mitochondrial cfDNA – is this cause or effect, or both? As a biomarker, 

mitochondrial cfDNA does not correlate with known ones and based on preliminary data, it 

may identify a subgroup of patients with potentially different inflammatory mechanisms 

amenable to therapeutic targeting. 

 

Current scientific work by other members of the Ho lab shows that short-fragmented 

mitochondrial DNA is directly inflammatory, triggering the STING pathway in pDCs and 

monocytes. Thus, identifying a patient group (i.e., high mitochondrial cfDNA) might benefit 

from STING inhibition. 

 

In parallel to the above work, I have been involved in the setting up of the MARVEL and mini-

MARVEL study – randomised-controlled trials studying the use of oral mitochondrial 

antioxidant therapy as an adjunctive treatment for moderate flares of ulcerative colitis. This is 

the first ‘all-ages’ IBD clinical trial involving both paediatric and adult patients. It runs in parallel 

to translational studies to speed up the time from scientific discovery to clinical application. 

These trials are currently recruiting and have opened in multiple centres across Scotland and 

England. 
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These ongoing research efforts from multiple perspectives will help identify the utility and 

application of these levels in clinical practice. Even if the utility of mitochondrial cfDNA is 

limited, understanding the variations in these levels may lead to an improved understanding 

of the pathophysiology of IBD, unlocking new areas for future research. 

 

 

7.6 Bacterial cfDNA may carry important clues about the immune 

regulatory system and the immune-microbiome interaction in IBD 

 

Moving onto bacterial cfDNA, initial sequencing work presented here suggests that patients 

with active disease have reduced bacterial cfDNA levels, contrary to received wisdom. More 

research is required to establish whether there are commonalities between the changes in 

bacterial profiles of active disease and the identification of bacterial species and mechanisms 

behind these observed changes.  

 

From a broader perspective, there is a question as to how the immune system recognises the 

microbiome and distinguishes between beneficial microbes and potential pathogens that 

require priming of immune defences against it. In IBD, these mechanisms are likely to be 

aberrant; and may be the cause or consequence of disease activity. Understanding the role 

of bacterial cfDNA in immune signalling may lead to better characterisation of the immune-

microbiome interaction and, therefore, how to correct it when things go wrong. 
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7.7 Final conclusions 

 

In conclusion, the advancement of technology has provided us with the opportunity to improve 

our understanding of circulating cfDNA and its application to IBD. IBD continues to impose 

heavy burdens on patients and society and there remains a significant unmet need for 

diagnostics, monitoring, and therapeutics. I hope that this thesis represents the beginning of 

the exploration of a new scientific area. More research exploring novel grounds will be key to 

the advancement of this field and will hopefully improve the lives of patients in the future.  
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Appendix I – Haemolysis Reference Palette 

Source: CDC.gov (151) 
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Appendix II – Clinical Disease Activity Indices in IBD 

 

Harvey-Bradshaw Index (Crohn’s) 

 
 0 1 2 3 4 

General wellbeing Very well Slightly below par 
 

Poor Very poor Terrible 

Abdominal pain None Mild Moderate Severe 
 

 

Abdominal mass None Dubious Definite Definite and 
tender 
 

 

Arthralgia 
 

No Yes    

Uveitis 
 

No Yes    

Erythema nodosum 
 

No Yes    

Aphthous ulcers 
 

No Yes    

Pyoderma gangrenosum 
 

No Yes    

Anal fissures 
 

No Yes    

New fistula 
 

No Yes    

Abscess 
 

No Yes    

 
Number of liquid stools/day = ___________ 
 
 

Total HBI score =  ___________ 
(Total HBI score = sum of items on table + number of liquid stools/day) 
(<5 remission, 5-7 mild, 8-16 moderate, >16 severe) 
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Simple Clinical Colitis Activity Index (UC) 
 
 0 1 2 3 4 

General wellbeing Very 
well 

Slightly 
below par 
 

Poor Very poor Terrible 

Bowel frequency (day) 1-3 4-6 7-9 >9 
 

 

Bowel frequency (night) 
 

0 1-3 4-6   

Urgency of defecation 
 

None Hurry Immediately Incontinence  

Blood in stool 
 

None Trace Occasionally 
frank 

Usually frank  

Arthralgia 
 

No Yes    

Uveitis 
 

No Yes    

Erythema nodosum 
 

No Yes    

Pyoderma gangrenosum 
 

No Yes    

   Total = ______ (0-19) 
(≤2 remission) 

 

 
 
Partial Mayo Score (UC) 
 
 0 1 2 3 

Stool frequency Normal 1-2x/day 
above normal 
 

3-4x/day 
above normal 

>4x/day 
above normal 

Rectal bleeding None Visible in 
<50% of stools 

Visible in 
>50% of stools 

Frank blood 
 

Physician assessment Normal Mild Moderate Severe 
 

  Total = ______ (0-9) 
(<2 remission, 2-4 mild, 5-7 moderate, >7 severe) 

 

 
Supplementary notes: Combine with Mayo endoscopic subscore for full mayo score. Mayo score 
lacks formal validation, Mayo score is similar to UCDAI. FDA definition of clinical remission: Stool 
frequency score of 0, rectal bleeding score of 0 and endoscopic subscore of 0-1 
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Appendix III – Endoscopic Scoring Indices in IBD 

 

Simple Endoscopic Score for Crohn’s Disease (SES-CD) 

  N/A 0 1 2 3 
Ileum Ulcer size Not assessed None <5mm 0.5-2cm >2cm 

Ulcerated surface Not assessed None <10% 10-30% >30% 

Affected surface Not assessed None <50% 50-75% >75% 

Strictures Not assessed None Single Multiple Can’t pass 

Right 
colon 

Ulcer size Not assessed None <5mm 0.5-2cm >2cm 

Ulcerated surface Not assessed None <10% 10-30% >30% 

Affected surface Not assessed None <50% 50-75% >75% 

Strictures Not assessed None Single Multiple 
 

Can’t pass 

Transverse Ulcer size Not assessed None <5mm 0.5-2cm >2cm 

Ulcerated surface Not assessed None <10% 10-30% >30% 

Affected surface Not assessed None <50% 50-75% >75% 

Strictures Not assessed None Single Multiple 
 

Can’t pass 

Left colon Ulcer size Not assessed None <5mm 0.5-2cm >2cm 

Ulcerated surface Not assessed None <10% 10-30% >30% 

Affected surface Not assessed None <50% 50-75% >75% 

Strictures Not assessed None Single Multiple 
 

Can’t pass 

Rectum Ulcer size Not assessed None <5mm 0.5-2cm >2cm 

Ulcerated surface Not assessed None <10% 10-30% >30% 

Affected surface Not assessed None <50% 50-75% >75% 

Strictures Not assessed None Single Multiple 
 

Can’t pass 

   
Total = ______ (0-56) 

(Inactive ≤2, Mild 3-6, Moderate 7-15, Severe ≥16) 
 

 



144 

 

Ulcerative Colitis Endoscopic Index of Severity (UCEIS) 

(Score the worst affected segment) 
 0 1 2 3 

Vascular pattern Normal Patchy 

obliteration 

 

Obliterated - 

Bleeding None Mucosal Luminal mild 

(some liquid blood 

in lumen) 

Luminal 

moderate-severe 

(frank blood, 

visible oozing) 

 

Erosions/ulcers None Erosions (<5mm) Superficial ulcer Deep ulcer 

 

    

Total = ___ (0-8) 

UCEIS ≥ 7 predicts need for salvage therapy and colectomy  

(AUC = 0.85, sensitivity 60% specificity 85%)  

 

 

Mayo Endoscopic Subscore (UC) 

(Score the worst affected segment) 

 
Mayo 0 Mayo 1 Mayo 2 Mayo 3 

Normal Mild Moderate Severe 

Normal mucosa Mild erythema, 

friability, reduced 

vascular pattern 

Marked erythema, lack 

of vascular pattern, 

friability, erosions 

 

Severe activity, 

spontaneous bleeding, 

large ulcers 

 

  



145 

 

Appendix IV – Patient Reported Outcome Measures 

 

Crohn’s and Ulcerative Colitis Quality of Life Questionnaire – 32 

(CUCQ-32) 

 

The following questions ask for your views about your bowel problem and how it has affected 

your life over the last two weeks. Please answer all the questions.  If you are unsure about 

how to answer any question, just give the best answer you can.  Do not spend too much time 

answering, as your first thoughts are likely to be the most accurate. If you do not wish to 

answer any of these questions, please leave it blank and complete the details of the question 

and reason(s) why it was not answered.  

 

1.  On how many days over the last two weeks have you had loose or runny bowel movements?  

……………. days 

  

2.  On how many days in the last two weeks have you noticed blood in your stools?   

……………. days 

 

3.  On how many days over the last two weeks have you felt tired?    

……………. days  

 

4.  In the last two weeks have you felt frustrated?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

  

5.  In the last two weeks, has your bowel condition prevented you from carrying out your work 

or other normal activities?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    
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6.  On how many days over the last two weeks have you opened your bowels more than three 

times a day? 

…………….days   

 

7.  On how many days over the last two weeks have you felt full of energy?   

…………….days   

 

8.  In the last two weeks did your bowel condition prevent you from going out socially?   

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time   

  

9.   On  how  many  days  over  the  last  two  weeks  have  your  bowels  opened accidentally?   

……………. days 

 

10.   On how many days over the last two weeks have you felt generally unwell?   

……………. days 

  

11.   In the last two weeks have you felt the need to keep close to a toilet?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

 

12.   In the last two weeks, has your bowel condition affected your leisure or sports activities?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

  

13.   On how many days over the last two weeks have you felt pain in your abdomen?   

……………. days   

   

14.   On how many nights over the last two weeks have you been unable to sleep well (days if 

you are a shift worker)? 

……………. nights (or days) 

 



147 

 

15.   On how many nights in the last two weeks have you had to get up to use the toilet because 

of your bowel condition after you have gone to bed?  

……………. nights 

 

16.   In the last two weeks have you felt depressed?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

 

17.   In the last two weeks have you had to avoid attending events where there was no toilet 

close at hand?   

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

 

18.   On how many days over the last two weeks, have you had a problem with large amounts of 

wind? 

……………. days 

  

19.   On how many days over the last two weeks have you felt off your food?   

……………. days 

 

20.   Many patients with bowel problems have worries about their illness.  How often during the 

last two weeks have you felt worried?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

  

21.   On how many days over the last two weeks has your abdomen felt bloated?   

……………. days 
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22.   In the last two weeks have you felt relaxed?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

 

23.   In the last two weeks have you been embarrassed by your bowel problem?   

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

 

24.   On how many days over the last two weeks have you wanted to go back to the toilet 

immediately after you thought you had emptied your bowels?   

……………. days 

   

25.   In the last two weeks have you felt upset?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

 

26.   On how many days over the last two weeks have you had to rush to the toilet?   

……………. days 

 

27.   In the last two weeks have you felt angry as a result of your bowel problem?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

 

28.   In the last two weeks, has your sex life been affected by your bowel problem?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time   
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29.    On how many days over the last two weeks have you felt sick?   

……………. days 

 

30.   In the last two weeks have you felt irritable?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

 

31. In the last two weeks have you felt lack of sympathy from others?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    

  

32.   In the last two weeks have you felt happy?  

a)   No, not at all  

b)   Yes, some of the time  

c)   Yes, most of the time  

d)   Yes, all of the time    
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Appendix V – Submitted Abstracts 

 

Building a de novo integrated multi-centred framework for Precision IBD Medicine in 

Scotland: Data from first 58 patients from the MUSIC study 

R Hall, CS Chuah, E Brownson, B Drury, E Ward, B Poulose, A Oddy, C Mowat, J MacDonald, 

JP Seenan, GT Ho. Scottish Society of Gastroenterology Summer Meeting. Crieff Hydro, 

Perthshire 5 May 2022 

 

Background 

The MUSIC study1 is a 12-month prospective longitudinal study (from 2020-2025) built into 

the ‘real world’ NHS clinical setting to translate the clinical utility of mitochondrial damage-

associated molecular patterns (DAMPs) as a new inflammatory signal in IBD. We set up this 

collaborative study in Edinburgh, Glasgow and Dundee in the midst of the Covid19 pandemic; 

and present the initial data from our first 58 patients and the development of key infrastructural 

and data-pipeline processes to build an integrated Precision Medicine-enabled study in 

Scotland. 

 

Methods 

We prospectively capture clinical (HBI, SCCAI), biomarker (calprotectin, CRP), TDMs, patient-

reported outcome measures (PROMs), endoscopic and histology (~350 data fields) in 

conjunction with scientific (proteomics, transcriptomics, genetics, microbiome) data in active 

IBD patients over 5 defined time-points with total 30 000 biological sampling points over 12-

months follow-up (Cohort 1; target n=250). GI-DAMPs is a parallel cross-sectional study 

capturing ad hoc clinical activity and mucosal inflammation with optional serial sampling; and 

non-IBD controls (Cohort 2; targets n=1000 and 250 respectively). In both Cohorts, we aim to 

combine blood mitochondrial DAMPs analysis and carry out modelling with clinical and multi-

omic metadata across time to predict mucosal healing in IBD.   

 

Results 

In Cohort 1, we recruited n=58 subjects from February 20-March 2021, (F/M=20/38; 

UC/CD=21/37; Edinburgh/Glasgow/Dundee =34/21/3; Age=18-68 years) with 5 completed 12 

months’ data. Preliminary analyses show improving clinical IBD clinical activity in response to 

treatment: Median CD HBI score 4→2.5→3→0 →0.5; UC SCCAI 3→2 →2 →1→0 per 3 

months F/U. PROMs using CUCQ-32 reduced from 96 (IQR 60-138) →50 (IQR 33-67) at 

baseline to 6 months FU respectively (p=0.001). Serial paired endoscopic and histologic 

mucosal healing data at 0 vs. 3-6 months have been completed in 17/58 (29%) subjects (with 
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Mayo/UCEIS/SES-CD and associated raw digital imaging) of which only 6 (35%) achieved 

complete mucosal healing on FU.  In Cohort 2, from January 2019-March 2022, we recruited 

n=493 subjects, (F/M=262/230, UC/CD/IBD-U/non-IBD/pending diagnosis 

=182/137/28/132/13; Age=17-75 years; 69 [14%] with serial data). 108 (22%) subjects were 

recorded as ‘highly active’ (requiring in-patient IV steroids; CRP = median 11.5 mg/L IQR 3.8-

29.0, calprotectin = median 1122 ug/g IQR 883-1250). In Cohort 2, initial interim analysis of 

circulating cell-free DNA and mitochondrial DNA confirms association with highly active 

disease ([plasma cfDNA : 0.66ng/uL vs. 0.22ng/uL; p=0.002) and mitochondrial genes COXIII 

(1134 copies/uL vs. 183 copies/uL)/ND2 copy numbers (1297 copies/uL vs. 197 copies/uL); 

both p=0.01). 

 

Conclusion 

We present the initial dataset to demonstrate the organic set-up and feasibility of the 

MUSIC/GI-DAMPs study, a complex integrated multi-centre Precision Medicine-enabled study 

with novel features to capture dynamic evolution of IBD from mucosal healing to patient-

centred outputs. This ensuing framework will incorporate paediatric IBD (Mini-MUSIC) and 2 

biomarker-enabled phase 2b RCTs (MARVEL and Mini-MARVEL) in 20222; and deliver long 

term gains in translational IBD science in Scotland. 
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Analysis of genomic, mitochondrial, and bacterial DNA using shotgun metagenomics 

sequencing of circulating blood cell-free DNA in Inflammatory Bowel Disease (IBD). 

CS Chuah, B Drury, GT Ho. The Next Generation of Genomics Symposium. University of 

Edinburgh 31 May 2022. 

 

Circulating cell-free DNA (cfDNA) is increasingly used as diagnostic tools in oncology 

however, their role in inflammation is unclear. cfDNA and mitochondrial DNA: We show that 

in IBD (Crohn’s disease and ulcerative colitis, n=103), total cfDNA and mitochondrial cfDNA 

are associated with active flare-ups (plasma cfDNA: 0.66ng/uL vs. 0.22ng/uL, p=0.002; 

mitochondrial genes COXIII: 1134 copies/uL vs. 183 copies/uL, p=0.01; ND2: 1297 copies/uL 

vs. 197 copies/uL, p=0.01). We further performed shotgun metagenomics sequencing using 

Illumina NextSeq 1000 (average 240 million reads/sample) in a well-phenotyped cohort of 19 

participants and 2 controls to analyse the identity of cfDNA with a focus on bacterial, 

mitochondrial and nuclear genomic data. Bacteria: Low levels of bacterial cfDNA were 

present. Active IBD is associated with reduced α-diversity (median Chao-1 2583 vs 4690, 

p=0.07 and median Shannon score 0.06 vs 0.31, p=0.33). Beta diversity analysis show that 

patients with active disease have a different bacterial cfDNA profile compared with healthy 

controls or patients in remission. Mitochondria: We detected relatively higher mitochondrial 

vs. genomic cfDNA (normalised to chromosome length). Genomic: Nuclear fragment DNA 

sequencing were evenly present across all chromosomes (except for sex) with no major 

differences between IBD and controls. Conclusion: We present the first dataset and our 

analytical pipeline of cfDNA Illumina sequencing in IBD, an inflammatory condition associated 

with higher cfDNA and mitochondrial DNA. 
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Holistic well-being as patient-reported outcomes (PROs) in translational IBD research 

R Hall, CS Chuah, E Brownson, B Drury, B Poulose, A Oddy, C Mowat, J MacDonald, JP 

Seenan, GT Ho. Scottish Society of Gastroenterology Winter Meeting. Dunblane Hydro, 

Perthshire, 2 December 2022. 

 

Background 

There is increasing recognition of ‘holistic’ wellbeing as a key target in the 

management of IBD. Patient-reported outcomes (PROs) capture the impact of 

IBD on social, emotional and general wellbeing 1 . Recently, regulatory bodies such 

as U.S Food and Drug Administration(FDA)/European Medicines Agency (EMA) 

mandates the study of PROs in interventional clinical trials. However, the role of 

PROs has never been investigated as a potential end-point in translational 

scientific research in IBD 2 . 

 

Methods 

CUCQ32 is a 32-question form that captures well-being of IBD patients including 

aspects of fatigue, anxiety, sexual and emotional health – with a score range 

from 0 to 272 (higher score correlating with worse quality of life) 1 . We 

prospectively captured CUCQ32-PROs in our on-going MUSIC (Cohort 1) and GI- 

DAMPs (Cohort 2) IBD biomarker studies (www.musicstudy.uk) based in 

Edinburgh, Glasgow and Dundee (2018-present, ~total n=700 patients 

recruited). MUSIC is a prospective 12-month longitudinal study (over 5 time 

points) following active IBD patients in response to current drug treatment whilst 

GI-DAMPs is a cross-sectional study across IBD disease activity at one-time 

point. CUCQ32-PROs has been recorded since 2021 with 163 data-points 

captured. CUCQ32-PROs were filled independently by patients with no input from 

the clinical team. Initial data were also reviewed by our Patient Participant 

Involvement (PPI) group to provide patient perspective. 

 

Results 

In IBD, CUCQ32-PROs scores were high with medians of 113 (IQR of 67.5-152.2) 

and 132 (IQR of 91-179) in Cohorts 1 and 2 respectively. In MUSIC Cohort 1, 

CUCQ32 decreased in response to treatment 113→62→58→45→30 over 3- 

monthly intervals. CUCQ32 scores are significantly correlated to clinical indices of 

disease activity, SCCAI for UC (Cohort 1, p=0.003/Cohort 2, p&lt;0.001) and 

Harvey-Bradshaw Index for CD (Cohort 1, p&lt;0.001/Cohort 2, p&lt;0.001). Of 
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interest, no correlation was observed with C-reactive protein and faecal 

calprotectin. Notably, although overall CUCQ32 scores associated with active 

disease, those deemed in ‘clinical remission’ continue to have high score (median 

154 vs. 87 respectively, p=0.06). High CUCQ32 scores were observed even in 

those achieving complete mucosal healing (defined as either endoscopic SESCD 

or UCEIS score of 0) from longitudinal prospective endoscopic follow-up; median 

decrease from 116 (baseline) to 55 (6-months SESCD/UCEIS =0), paired data 

available in n=14 patients. There is no statistical correlation with endoscopic mucosal healing 

(p=0.6; in 34 patients). 

 

Conclusions 

Although patient wellbeing improved with medical treatment in IBD and PROs are 

correlated with clinical indices of IBD activity, high CUCQ32 (thereby poor quality 

of life) scores were observed in traditional categorisation of ‘clinical remission’ in 

IBD. This suggests a far-reaching impact of IBD beyond gut-related 

signs/symptoms. Our current work incorporates PROs into our scientific 

biomarker studies (amongst other proteomic and microbiome analysis) and will 

be the first in IBD, to our knowledge. 
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Holistic well-being as Patient-reported outcomes (PROs) in translational IBD research: 

Prospective capture of CUCQ32 as study endpoints for mechanistic biomarker 

MUSIC/GIDAMPs study. 

R. Hall, C.S. Chuah, E. Brownson, B. Poulose, O. Athena, C. Mowat, J. Macdonald, J.P. 

Seenan, G.T. Ho. ECCO’23 Congress. Copenhagen , 1-4 March 2023. 

 

Background 

There is increasing recognition of ‘holistic’ wellbeing as a key target in the management of 

IBD. Patient-reported outcomes (PROs) capture the impact of IBD on social, emotional and 

general wellbeing. Recently, regulatory bodies such as FDA/EMA mandates the study of 

PROs in interventional clinical trials. However, the role of PROs has never been investigated 

as a potential end-point in translational scientific research in IBD 

 

Methods 

CUCQ32 is a 32-question form that captures well-being of IBD patients including aspects of 

fatigue/anxiety/sexual/emotional health – score range from 0-272 (↑score correlating with 

worse quality QoL). We prospectively captured CUCQ32-PROs in our on-going MUSIC 

(Cohort 1) and GI-DAMPs (Cohort 2)  IBD biomarker studies (www.musicstudy.uk) based in 

Edinburgh, Glasgow and Dundee (2018-present, ~total n=700 patients recruited). MUSIC is a 

prospective 12-month longitudinal study (over 5 time points) following active IBD patients in 

response to current drug treatment whilst GI-DAMPs is a cross-sectional study across IBD 

disease activity at one-time point. CUCQ32-PROs has been recorded since 2021 with 163 

data-points captured. CUCQ32 were filled independently by patients. 

 

Results 

In IBD, CUCQ32-PROs scores were high with medians of 113 (IQR of 67.5-152.2) and 132 

(IQR of 91-179) in Cohorts 1 and 2 respectively.  In MUSIC Cohort 1, CUCQ32 decreased in 

response to treatment 113→62→58→45→30 over 3-monthly intervals. CUCQ32 scores are 

significantly correlated to clinical indices of disease activity, SCCAI for UC (Cohort 1, 

p=0.003/Cohort 2, p<0.001) and HBI for CD (Cohort 1, p<0.001/Cohort 2, p<0.001). Of 

interest, no correlation was observed with CRP and faecal calprotectin. Notably, although 

overall CUCQ32 scores associated with active disease, those deemed in ‘clinical remission’ 

continue to have high score (median 154 vs. 87 respectively, p=0.06). High CUCQ32 scores 

were observed even in those achieving complete mucosal healing (defined as either 

endoscopic SESCD or UCEIS score of 0) from longitudinal prospective endoscopic follow-up; 

median decrease from 116 (baseline) to 55 (6-months SESCD/UCEIS =0), paired data 
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available in n=14 patients. There is no statistical correlation with endoscopic mucosal healing 

(p=0.6; in 34 patients). 

 

Conclusion 

Although patient wellbeing improved with medical treatment in IBD and PROs are correlated 

with clinical indices of IBD activity, high CUCQ32 (thereby poor quality of life) scores were 

observed in traditional categorisation of ‘clinical remission’. This suggests a far-reaching 

impact of IBD beyond gut-related signs/symptoms. Our current work incorporates PROs into 

our scientific biomarker studies and molecular analyses) and will be the first in IBD, to our 

knowledge. 
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Short fragmented circulating mitochondrial DNA released during active gut 

inflammation directly triggers the cGAS-STING pathway and plasmacytoid DC Type-1 

Interferon production in Inflammatory Bowel Disease 

Chuah CS, Fisher L, Whelan R, Hall R, Drury B, Rutherford D, Lau P, Jones GR, and Ho 

GT. Keystone Symposia: Mitochondrial dysfunction: from ultra-rare diseases to aging. 

Colorado, USA, 26 March 2023. 

 

Background 

Inflammatory Bowel Diseases (IBD) are chronic immune-mediated conditions affecting the GI 

tract. We have previously shown that mitochondrial DNA can be detected at increased levels 

in the blood during active IBD. Due to their similarities to bacterial DNA, we hypothesized that 

mitochondrial DNA is a direct endogenous inflammatory factor and thus a potential axis for 

therapeutic intervention. 

 

Methods/Results 

In two prospective IBD human cohorts (www.musicstudy.uk and GI-DAMPs in three centres 

in Scotland; n=202), we demonstrated higher blood total-cell free DNA (cfDNA) in active 

disease vs. remission (0.47 vs. 0.17ng/μl; p<0.05) and mitochondrial DNA COXIII/ND2 

transcripts (411 vs. 44 copies/ μl, p<0.01). We performed fragmentomic analysis to show that 

circulating cfDNA were present at higher levels at specific lengths 200-400 bps prerequisite 

for STING nucleic receptor activation, during active disease (n=100/50 IBD and healthy 

controls respectively). Bulk RNA analysis of whole gut biopsies (n=98 non-inflamed IBD/ 

n=190 inflamed IBD/ n=67 non-IBD controls) revealed upregulation of Type-1 IFN 

transcriptomic profile in inflamed IBD gut. Here, STING, IFIT, MX1, CXCL20, ISF20, STAT1, 

and IFITM were significantly upregulated in IBD inflammation (all p<0.0001) demonstrating 

the biological relevance of this pathway. We extracted mitochondrial DNA directly from 

affected IBD (and normal) gut specimens but failed to show an immunostimulatory effect of 

human peripheral blood neutrophils and plasmacytoid DCs ex vivo. However, experimental 

fragmentation of IBD gut mitochondrial DNA from 10kB to 200-400bps) restored mitochondrial 

DNA immune-activation properties. Direct ex vivo co-culture with short fragmented 

mitochondrial IBD gut cfDNA (compared with non-fragmented DNA) resulted in significantly 

higher STING (and not TLR9) reporter activity. As circulating plasmacytoid DCs have high 

STING expression, we show a dose-dependent and significant effect of fragmented IBD 

mitochondrial DNA on Type 1 IFN cytokine production on primary culture. This effect is further 

amplified by addition of LL37, an abundant gut anti-microbial peptide that can form complexes 

with free nucleic acids and thereby facilitating cellular uptake of mitochondrial DNA.  
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Conclusions 

We show critical fragment properties of short circulating mitochondrial DNA as key 

endogenous pro-inflammatory factor that drives cGAS-STING-Type 1 IFN as a novel 

mechanism in IBD. 
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Appendix VI – Manuscripts 

 

Title Status 

Circulating Cell-Free DNA in Inflammatory Bowel Disease: 

Liquid Biopsies with Mechanistic and Translational 

Implications 

 

Under review 

Circulating cell-free DNA and mitochondrial DNA predict 

disease activity in paediatric-onset inflammatory bowel 

disease   

 

Planned 

Short fragmented circulating mitochondrial DNA released 

during active gut inflammation directly triggers the cGAS-

STING pathway and plasmacytoid DC Type-1 Interferon 

production in Inflammatory Bowel Disease 

 

Planned 

Circulating cell-free DNA as a damage associated molecular 

pattern in Crohn’s disease and ulcerative colitis 

Planned 
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Appendix VII – List of Code Repositories 

 

 

Description Link 

G-Trac Codebase github.com/shaunchuah/musicsamples  

cfDNA Analysis github.com/shaunchuah/cfdna  

Nanopore vs Illumina pipeline github.com/shaunchuah/cfdna workflow  

Final bioinformatics pipeline github.com/shaunchuah/cfdna nextflow  

Digital PCR protocol github.com/1-gut/ddpcr protocol  

MUSIC study website github.com/shaunchuah/musicstudy  

MARVEL study website github.com/shaunchuah/marvelstudy  
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