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ABSTRACT 

The intervertebral disc (IVD) is traditionally viewed as an aseptic structure due to its avascular nature, 

yet recent studies challenge this assumption, revealing possible bacterial colonisation within disc 

tissue. This discovery has spurred great interest in understanding the role of bacteria, such as 

Cutibacterium acnes, in IVD degeneration and related pathologies. This thesis investigated the 

presence and role of bacteria in IVD tissue, distinguishing between perioperative contamination and 

true in vivo bacterial colonisation. The introduction summarises existing literature suggesting a 

microbiome within the IVD and highlights the need for further exploration into bacterial colonisation. 

A semi-automatic quantification method was developed for analysing immunohistochemically stained 

low-cellularity tissues to enhance accuracy and inter-rater reliability. Immunohistochemical evidence 

presented in this thesis confirmed the presence of C. acnes and Staphylococcus aureus in IVD tissue, 

with significant correlations identified between C. acnes and nucleotide-binding oligomerisation 

domain 2 (NOD2), matrix metallo-proteinase 3 (MMP3), and gasdermin-D (GSDMD). Experimental 

inhibition studies suggested that toll-like receptors may not be the primary receptors involved in 

bacterial recognition, indicating that other pattern recognition receptors, such as nucleotide-binding 

oligomerisation domain-like receptors 3 (NLRP3), may play a key role. 

Further results demonstrated that both human and bovine IVDs harbour bacteria, with regional 

distribution differences noted within the bovine discs. The findings support the hypothesis that 

bacterial invasion may occur through the endplates and annulus fibrosus. Additionally, the impact of 

the microbiome on Modic changes and disc degeneration is discussed, highlighting the complex 

interplay between bacterial presence and disc pathology. The thesis emphasises the need for more 

targeted research into the disc microbiome and its implications for treatment approaches, particularly 

regarding the cautious use of antibiotics, which may disrupt beneficial microbial communities. Overall, 

this thesis provides compelling evidence for the presence of a disc microbiome and underscores the 

need for further investigation into its role in disc health and disease. 
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Low back pain (LBP) stands as the primary cause of morbidity globally, impacting roughly 80% of 

individuals in Western nations throughout their lives and resulting in 5 million disability-adjusted life-

years among young adults 2. The prevalence of intervertebral disc (IVD) degeneration increases 

progressively with age but is also prevalent in individuals younger than 30, indicating the involvement 

of various factors such as age, abnormal physical loading 3, environmental influences 4, endocrine 

effects 5 and hereditary factors 6–8. Given the intricate and multifaceted nature of IVD degeneration, 

understanding the initiating and risk factors remains limited, significantly impeding effective LBP 

patient stratification.  

1.1 THE STRUCTURE OF THE INTERVERTEBRAL DISC (IVD) 

IVDs are located between the vertebral bodies of the spine. The IVDs are part of a “three-joint 

complex” that includes the two posterior articulations of the diarthrodial facet joints, along with the 

soft tissues of the IVD between the two adjacent vertebral bodies 9. Their function is to absorb and 

transfer high loading forces from body weight and muscular activity, as well as to provide flexibility to 

the human spine 10. A total of 25 IVDs are part of the human spine. Based on their anatomical location 

they can be subdivided into 7 cervical, 12 thoracic, 5 lumbar and one between the lumbar and sacrum.  

The IVD is the largest avascular organ within the human body. Blood vessels are solely found in the 

Figure 1.1 | Anatomy of the human lumbar intervertebral disc (IVD) 

A Two motion segment of the lumbar spine comprised of 2 adjacent vertebrae separated by the IVD. The sagittal view of the 
IVD shows its different regions, the annulus fibrosus, the cartilaginous endplates and the central nucleus pulposus. B 
Transverse view of the IVD showing its composition. The outer annulus fibrosus with lamellar fibrocartilaginous structure 
and the inner gelatinous nucleus pulposus.   
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outer annulus fibrosus (AF) and bony endplates which protrude into the edge of the cartilaginous 

endplates. All exchange of nutrients and waste products occurs through diffusion across the 

extracellular matrix (ECM) of the IVD 11. Due to the avascularity of the tissue, the environment is 

hypoxic with an oxygen tension within the IVD considered between 1 and 5% 12. The IVD comprises 

three anatomic regions (Figure 1.1): a gelatinous core, the nucleus pulposus (NP); the AF, which is a 

fibrocartilage ring that confines the NP laterally; and two cartilaginous endplates (CEP) 10. 

1.1.1 CARTILAGINOUS ENDPLATES  

Both the superior and inferior ends of the IVD are covered by a thin layer of hyaline cartilage layers, 

known as the CEPs. The CEP is a unique tissue, distinct from other cartilaginous tissues in terms of 

morphology, gene expression, mechanical function, and transport properties 13,14. Its thickness varies 

significantly, even within healthy IVDs, ranging from 0.1 to 1.6 mm, depending on factors such as age, 

disc level, position within the IVD (cranial vs. caudal), and location within the tissue (central vs. 

peripheral) 15. Over the course of life, the composition and structure of the CEP undergo continuous 

change. At birth, the human CEP is thicker, occupying approximately 50% of the intervertebral space; 

by adulthood, this is reduced to around 5% 16. Additionally, blood vessels present in the CEP during 

early life are progressively replaced by cartilaginous extracellular matrix, eventually disappearing 

almost entirely by skeletal maturity 16–18.  In contrast to other animals, such as sheep or cattle, the CEP 

in humans serves as a growth plate for the vertebrae until the teenage years, after which only a thin 

layer of hyaline cartilage remains 16,17. Ossification of the vertebral body begins early in life, including 

the vertebral side of the endplate, forming the bony endplate (BEP) 18. This results in a porous layer of 

merged trabecular bone with pockets of vascularised bone marrow, allowing bidirectional transport of 

nutrients and metabolic waste 19. While the vertebral side of the endplate ossifies, the disc-facing side 

remains cartilaginous, forming the CEP, which is rich in type II collagen, proteoglycans, and water 20 

and serves both mechanical and biochemical roles. In adults, the CEP becomes avascular, but a dense 

network of capillaries at its base, formed by terminal branches of arteries, persists 21 (Figure 1.2). The 

CEP plays a crucial role in nutrient diffusion from peripheral blood vessels into the IVD and facilitates 

the removal of waste from the avascular disc. Its transport properties are influenced by its porosity 

and matrix composition 22, whilst solute transport into and out the IVD depends on solute size 23, 

shape, weight, and ionic charge 24. Mechanical forces are essential for cartilage homeostasis, as the 

chondrocytes and chondrocyte-like cells within the CEP respond to mechanical stimuli, helping 

regulate mechanical loading 25 . Compressive, tensile, and shear forces, along with fluid movement, 

are vital for CEP function 26. While physiological loading supports disc health, excessive loading can 

cause vertebral endplate fractures or other injuries 27. Moreover, dynamic loading enhances both small 
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and large solute transport through the CEP, particularly in discs with low porosity, where osmosis and 

diffusion are less efficient 28. 

1.1.2 ANNULUS FIBROSUS  

The AF constitutes the peripheral portion of the IVD providing a fibrous matrix binding together the 

outer rims of adjacent vertebra and attaches to the end plate. It can be categorised into two regions: 

the outer and inner AF 29,30. The outer AF consists of highly organised type I collagen fibre bundles 

forming concentric lamellae (Figure 1.2). The fibres of adjacent lamellae are oriented in opposite 

directions, crossing each other obliquely at angles of around 60° 10. The orientation of the lamellae 

provides the outer AF resilience against tensile forces incurred from spinal bending and twisting 29. The 

thickness of each lamella ranges from 100 to 500 µm, in which the peripheral lamellae are thicker than 

the central lamellae 31.  Each lamella is separated by an interlamellar tissue containing a proteoglycan 

rich matrix, elastic fibres, and cells, possibly providing mechanical integrity of the AF 32. The collagen 

fibres within the outer AF are anchored to the vertebral body connecting one vertebra with the 

adjacent one 33.  

The inner AF serves as a transitional zone between the highly organised outer AF and the gelatinous 

NP. It expresses characteristics of both tissues. A morphological feature of the transitional zone is the 

reduction of the structured lamellae of type I collagen and the increase in irregularly oriented type II 

collagen fibres. Whilst the outer AF is directly connected with the vertebra the inner AF is linked with 

the CEP and presents in an intact disc a fully avascular structure 34. 

1.1.3 NUCLEUS PULPOSUS 

The central NP lies between the cranial and caudal CEPs and laterally confined by the surrounding, 

fibre-reinforced AF. The NP consists primarily of water (70–80%), with randomly arranged type II 

collagen fibres, radially organised elastin, and smaller amounts of collagen types IV, VI, IX, and XI 35. 

These elements are embedded within a proteoglycan-rich matrix, where aggrecan serves as the main 

proteoglycan component, linking to hyaluronan to anchor within the tissue 36,37. Proteoglycans, with 

their negatively charged glycosaminoglycan (GAG) side chains—such as chondroitin sulphate and 

keratan sulphate—attract water and cations through osmosis, generating high osmotic and hydrostatic 

pressure in the NP 37 (Figure 1.2). This pressure endows the NP with viscoelasticity and resistance to 

compression. Due to the very low oxygen tension in the NP, NP cells predominantly rely on the 

glycolytic pathway for energy metabolism 38.  
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The cell population of the early postnatal NP mainly consists of notochordal cells that are commonly 

arranged in clusters. In humans, mature NP cells replace the notochordal cells during the first decade 

of life 39. Phenotypical features of mature NP cells have been shown to differ from other chondrocyte-

like cells and reflect their adaption to the hypoxic, acidic, nutrition deprived micro-environment of the 

nucleus pulposus, and their differential embryonic origin. The cell density of NP cells is around 4x106 

cells/cm3 40 lower than in articular cartilage which is estimated to consist of 5-20x106 cells/cm3 

depending on the zone 41.  

1.2 DEVELOPMENT OF THE IVD 

IVDs derive from two embryonic structures, the notochord, and the sclerotome. The NP is derived 

from the notochord while all other connective tissues of the spine including the AF, the vertebral 

bodies, the CEPs as well as all tendons and ligaments are derived from the sclerotome 42. The 

notochord is a defining structure of chordates, forming a central, rod-like axis within the embryo 43. 

During embryonic development, it acts as both a supportive structure and a signalling centre, guiding 

the formation and differentiation of surrounding tissues, including the neural tube 44,45 and sclerotome 
46 by releasing growth factors and morphogens 47. The sclerotome originates from somites, temporary 

structures positioned next to the notochord and neural tube during vertebrate development 48. Lead 

by wingless-related integration site (WNT) signalling from the notochord and sonic hedgehog (SHH) 

Figure 1.2 | Structure and composition of IVD components   

The middle image represents a sagittal IVD section, showing the blood supply and the different components CEP, AF and NP. 
On the left side are zoomed in regions, showing the matrix and cell composition. The right side lists the components of each 
IVD tissue type.   
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signalling from the ectoderm, the somites undergo compartmentalisation 44. This development is 

marked by the division of somites into ventral, lateral, and dorsal sub-compartments, with the 

dermomyotome forming to produce connective tissue for the axial skeleton 49. The ventral sub-

compartment produces the vertebral bodies, the AF and the CEPs of the IVD 50.  

As the vertebrae, AF, and CEP develop, the notochord retracts from the vertebral bodies. Notochordal 

cells are displaced from these regions and become concentrated at the centre of the forming IVD, 

which then expands to generate the NP 42. The notochordal sheath encloses the retreating notochord 

and maintains internal hydrostatic pressure, which is crucial for notochordal expansion and 

subsequent NP formation 42. In humans, the number of notochordal cells within the notochord and 

eventually the NP starts to decline during maturation, even in early embryonic development 39. This 

decline continues until notochordal cells are nearly absent within the NP after the first decade of life 

in humans 51. 

1.3 INTERVERTEBRAL DISC DEGENERATION  

Disc degeneration is a complex, progressive condition that inevitably occurs with aging, but occurs at 

an accelerated rate in some individuals 52. Although the initial factors driving the degeneration process 

are still not fully understood, multiple contributors such as genetics and epigenetics 53, altered 

biomechanics 54, the microenvironment 55, bacterial involvement 56 , as well as factors such as  smoking 

and obesity, can all play a role in disc degeneration (Figure 1.3). Disc degeneration is marked by 

increased levels of catabolic cytokines, which accelerate the breakdown of aggrecan and collagen, 

leading to changes in disc structure and function 16. Morphologically, it becomes more difficult to 

distinguish between the NP and AF as the NP transitions from a gel-like consistency to a more fibrotic 

state 57. Degeneration also results in a reduction of water-attracting proteoglycans in the NP 58, 

impairing the osmotic resistance of the IVD and reducing its ability to withstand compressive forces 59. 

The loss of hydrophilic matrix components leads to structural changes, which are the primary causes 

of disc herniation and sciatica resulting from nerve root compression 16. Degeneration also 

compromises the integrity of the CEP and BEP, altering the mechanical and nutritional balance within 

the IVD, further accelerating degeneration 60. As degeneration progresses, the reduced permeability 

of the CEP limits nutrient transport, hindering oxygen supply to the disc 61, which in turn reduces cell 

viability and activity 22. 
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1.4 THE SHIFT FROM ANABOLISM TO CATABOLISM 

During disc degeneration, the balance between anabolism (matrix synthesis) and catabolism (matrix 

breakdown) becomes dysregulated. Disc cells show increased expression of proinflammatory and 

catabolic cytokines as degeneration progresses 62. Key cytokines secreted during this process include 

Interleukin (IL)-1, IL-6, IL-17, IL-8, interferon-gamma (IFN-γ), and tumour necrosis factor (TNF), with IL-

1 and TNF being the most studied, both strongly implicated in the pathogenesis of IVD degeneration 
63–65. In healthy, non-degenerated discs, IL-1 receptor I (IL-1RI), IL-1 (α&β), and their inhibitor IL-1 

receptor antagonist (IL-1Ra) are expressed, maintaining matrix homeostasis through the balance of IL-

1 agonists and IL-1Ra. However, in degenerated discs, immunohistochemical staining reveals an 

increase in IL-1 agonists and IL-1RI without a corresponding rise in IL-1Ra, disrupting the balance and 

triggering catabolic activity 63. TNF expression also increases during degeneration, though its receptor 

TNF-RI does not. Hoyland et al. found that inhibiting TNF did not affect matrix degradation, while 

inhibiting IL-1 fully blocked matrix degradation, emphasising IL-1's central role in disc degeneration 

over TNF 66. In contrast, Andrade et al. reported an increase in both TNF receptors (TNF-RI, TNF-RII) in 

herniated discs, correlating with pain levels on the visual analogue scale, suggesting TNF plays a role 

at least following herniation and during pain manifestation 67. Additionally, IL-6 levels rise in herniated 

discs 68, and Studer et al. demonstrated that IL-6 enhances IL-1 and TNF-induced upregulation of 

matrix-degrading factors in NP cells 69. IL-6, in conjunction with TNF, also contributes to the 

development of neuropathic pain, exacerbating sciatica symptoms 70,71.  

In response to this catabolic environment, disc cells produce several matrix-degrading enzymes, such 

as a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) especially ADAMTS-4, 

-5, and matrix metalloproteinases (MMPs) 1, 2, 3, 9, and 13 (Figure 1.3) 72. These enzymes promote 

the breakdown of key extracellular matrix components like aggrecan and collagen type II, leading to 

altered IVD structure and function 73. Continuous matrix degradation results in mechanical instability 

and annular tears. In addition, neurotrophic and angiogenic factors, such as nerve growth factor (NGF), 

brain-derived neurotrophic factor (BDNF), substance P (SP), and vascular endothelial growth factor 

(VEGF), are elevated in degenerating discs 74–76. Annular tears and fissures in the AF allow for blood 

vessels and nerve growth into the disc, with higher Pfirman grades (indicating advanced degeneration) 

correlating with increased blood vessel ingrowth 77. This vascular ingrowth is accompanied by immune 

cell migration, further amplifying cytokine and chemokine production within the disc 78. This creates a 

vicious cycle of inflammation-driven catabolism, working in synergy with native IVD cells to accelerate 

extracellular matrix breakdown 65. 
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1.5 MODIC CHANGES 

Modic changes (MC) are vertebral bone marrow lesions visible on MRI scans as signal intensity changes 

in the vertebral bone marrow around a degenerated IVD 79,80 (Figure 1.4).  Three variations of MC have 

been characterised according to their appearance in T1-weighted (T1w) and T2-weighted (T2w) images 
56. Modic type 1 changes (MC1) appear as hypointense regions on T1w images and hyperintense 

regions on T2w images, indicating the presence of oedema, fibrovascular granulation tissue, immune 

cell infiltration, and an increase in profibrotic stromal cells 81 (Figure 1.4). Modic type 2 changes (MC2) 

are characterised by hyperintensity on both T1w and T2w images, reflecting fatty marrow conversion 

along with fibrotic tissue 81 (Figure 1.4). Modic type 3 changes (MC3) appear as hypointense regions 

on both T1- and T2-weighted images and are associated with sclerotic alterations 82. MC1 and MC2 are 

convertible over time and can eventually convert to MC3 83,84. Around 20% of MCs occur as a mixed 

type MC1/2 or MC2/3 85. Modic changes typically start adjacent to a degenerate disc, at the endplate 
86,87. The bigger the MC region the more likely the IVD is degenerated, and the patient suffers from LBP 
88.  Karchevsky et al. showed in a systematic review that the prevalence of MC in LBP patients is about 

Figure 1.3 | Schema of Factors involved in Disc Degeneration  

A schematic representation illustrating the various factors contributing to the metabolic shift from anabolism to catabolism 
in disc degeneration, including genetic and epigenetic influences, biomechanical forces, the microenvironment, bacterial 
presence, and additional elements. These contributors collectively trigger downstream biochemical processes, such as 
matrix degradation and neurotrophin production, which result in structural and biomechanical changes, nerve infiltration, 
and blood vessel formation. Consequently, the immune system becomes involved through chemotaxis, disrupting the 
immune-privileged state of the intervertebral disc. Created by Andrea Nüesch for review on immuno-modulatory effects of 
IVD cells 1.  
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seven times higher than in the non-clinical population 89 underlining the association between MC, 

especially MC1 and chronic LBP 90,91. Despite the high specificity of MC for degenerate discs, the low 

sensitivity indicates that disc degeneration alone is not sufficient to trigger MC in most cases 86. Määttä 

et al. found in large population-based study a strong and independent association of endplate defects 

with disc degeneration and MC 92. Damage to the endplate triggers a cascade of degenerative changes 

in both the vertebrae and the disc, and in cases of severe endplate damage, chronic LBP is more likely, 

suggesting a sustained stimulus and prolonged inflammation 93. The inability to eliminate the 

inflammatory trigger results in chronic inflammation accompanied by fibrosis and granulation tissue, 

leading to cumulative damage marked by persistent inflammation, fibrosis, and increased bone 

turnover 56. Two aetiologies, both presupposing structural disc damage as herniation or endplate 

damage, have been suggested for MC1; (1) an auto immune reaction of the bone marrow to the disc 

cells, and their secreted factors; (2) occult discitis 94.  

The aetiology of MC may involve autoimmunity. After the disc's embryologic development, the NP is 

isolated from systemic circulation, maintaining immune privilege 95. Damage to the endplate can 

expose the NP to bone marrow leukocytes, leading to an adaptive immune response. Peripheral disc 

damage may expose the NP to the immune system, triggering an autoimmune response 96–98. This 

Figure 1.4 | Modic changes 

Examples of cartilaginous endplate (CEP) and bony endplate (BEP) appearance in standard of care MRI from a healthy patient 
(left). Modic changes (MC) type 1 and type 2 in T1- and T2 weighted image. (MC1) In type 1 MCs extending from L3-L4 IVD, the 
green arrows indicate the cranial and caudal BEP. A type 2 MC also visible in the L4 vertebral body indicated with the arrow in 
orange. (MC2) Type 2 MC extending from L5-S1 IVD indicating the cranial and caudal BEP with orange arrows. Adapted from 
Crump et al.   
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aligns with findings in herniated and degenerated discs 99. Additionally, disc ECM and proteoglycans 

are linked to immune responses, potentially prolonging clinical symptoms in LBP patients 100.  

An infective aetiology is supported by the disc’s anaerobic environment, susceptibility to damage, and 

limited repair capacity. Peripheral disc damage may allow low-virulence bacteria such as Cutibacterium 

acnes (Moore et al. 1963)101 to enter through the circulatory system through everyday activities 102,103. 

While immune surveillance and the aerobic environment in the blood limit systemic infection, the 

disc’s low oxygen environment (1-5% O2, 5-21 mmHg 104) is ideal for anaerobic bacterial growth. Heggli 

et al. suggests the existence of two different biological MC1 types, one having a low copy number of 

C. acnes, whilst the other has a high copy number of C. acnes having an increased adaptive immune 

cell signature 105.  

While disc or endplate damage, infection, and autoimmunity are plausible explanations for the 

aetiology of MC, they do not explain why some patients with disc and/or endplate damage develop 

MC, while others do not. This suggests that the likelihood of developing MC may depend on the 

intensity and persistence of the inflammatory stimuli, as well as the composition and metabolic state 

of the bone marrow 56.  

1.6 CROSS-TALK BETWEEN THE IMMUNE SYSTEM AND IVD 

As mentioned, the IVD is the largest avascular organ with blood vessels only present in the outer AF 

and bony endplates, so all metabolite exchange takes place via diffusion through the dense ECM of the 

IVD. The dense ECM of the IVD inhibits blood vessel ingrowth both mechanically by having a high 

physical pressure, and chemically through high proteoglycan concentration 106,107, which combined 

with secretory inhibitors prevents nerve and blood vessel ingrowth in non-degenerate discs 108,109. The 

AF and the CEP, along with the secretory inhibitors of angiogenesis, are defined as the blood-NP barrier 

(BNB), which strongly isolates the NP from the circulation and thus the host immune system 110. 

Where both AF and CEP are intact, the IVD has been described as an immuno-privileged tissue 110 with 

a lack of immune cells. However, this is often confused as the native cells of the disc (i.e., the NP, AF 

and CEP cells) have been shown to take on roles and markers classically expressed by immune cells 
63,65,111,112  as a result, some authors have described this as an immune response or inflammation. 

However, the activity of native IVD cells does not represent true inflammation. Therefore, it is crucial 

to distinguish which cases of IVD degeneration involve an immune response, as this would necessitate 

different clinical interventions and treatments. Native disc cells produce a variety of cytokines and 

chemokines that become upregulated during disc degeneration, driving numerous catabolic processes 
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within the IVD.63,66,112–114. A shift to catabolism is at least in part driven by the increased production of 

cytokines in the disc by the native cells (in an intact disc) and a combination of inflammatory cells and 

native disc cells following CEP and AF rupture. Phillips et al. (2015) 113 demonstrated that NP cells 

express a number of cytokine and chemokine receptors and are thus able to respond in a paracrine 

and autocrine manner (Figure 1.3). Caused by different, yet not fully understood mechanisms, disc 

cells upregulate the expression of inflammatory cytokines such as IL-1α&β, TNF, IL-6, IL-8 and IL-17 

amongst others creating a cytokine rich catabolic environment. IL-1 has been shown to drive the 

catabolic events during disc degeneration 63,66,112–114. Whilst other cytokines and chemokines (e.g., 

MCP-1, TNF, IL-8) produced in the disc appeared to have limited effects on the native disc cells due to 

lack of receptor expression in vivo 62,113, they undoubtedly diffuse to the surrounding tissues leading 

to increased inflammation in local tissues and drive cellular infiltration following AF and CEP rupture 

and increased sensitisation of nerves 115. Cytokines such as IL-1 can stimulate specific intracellular 

signalling pathways that further enhance the degenerative process 116,117 and upregulate matrix-

degrading enzymes known as MMPs and ADAMTS, particularly MMP- 1, 2, 3, 9, 13 and ADAMTS-4, 5 
118. In later phases of IVD degeneration, these cytokines can upregulate neurotrophic and angiogenic 

factors, which could lead to further nerve and blood vessel ingrowth 74,76,119 (Figure 1.3). 

Remarkably, some of these cytokines, such as IL-1, have also been shown to be expressed in cells from 

non-degenerate discs and display roles in maintaining normal homeostasis 63,113. Indeed, if the IL-1 

agonists are knocked out during development, IVD degeneration can be induced 63,120. Thus, IL-1 plays 

a role as a normal regulatory mechanism during IVD homeostasis, which becomes imbalanced during 

IVD degeneration 63 (Figure 1.3). Native NP cells have also been shown to take on other roles normally 

associated with immune cells such as phagocytosis, for example Jones et al. (2008) 111 observed the 

capacity of bovine NP cells to ingest latex beads at least as efficiently as phagocytic cells and ingested 

apoptotic cells. This capability could be of great physiological relevance to maintain a healthy disc, as 

it may prevent inflammation triggered by the release of toxic or immunogenic intracellular content by 

apoptotic cells 121. Clearly, the suggestion from some reviews that cytokine production within the disc 

is solely from immune cells is inaccurate 115. However, when the AF or CEP becomes ruptured, or 

fissures occur during injury or disc degeneration this provides a route for blood vessel ingrowth and 

migration of immune cells into the intervertebral disc. Within these “non-intact” IVDs, immune cells 

will migrate including T cells (CD4+, CD8+), B cells, macrophages, neutrophils and mast cells 65 (Figure 

1.3). 

These immune cells then contribute to an inflamed environment in the disc, leading to further 

increases in cytokine and chemokine expression 113. This leads to a viscous circle of inflammatory 

driven catabolism which acts synergistically with the native IVD cells to cause accelerated ECM 

https://www.frontiersin.org/journals/cell-and-developmental-biology/articles/10.3389/fcell.2022.924692/full#B219
https://www.frontiersin.org/journals/cell-and-developmental-biology/articles/10.3389/fcell.2022.924692/full#B128


CHAPTER 1 | INTRODUCTION 

17 
 

breakdown 65 (Figure 1.3). These cytokines and chemokines play several roles within the disc, including 

direct actions on NP, AF and CEP cells where their receptors are present 62,63,113. They will also likely 

diffuse out of the IVD leading to increased cellular migration to the disc 122, or sensitisation of local 

nerve roots 123,124. 

1.7 BACTERIAL PRESENCE WITHIN THE DISC 

In 2001, Stirling et al. were the first to report the presence of anaerobic bacteria, particularly C. acnes, 

in herniated disc tissue of 43 out of 140 patients with sciatica 102. Building on this pioneering work, 

Alberts et al. 125 and later Capoor et al. 126,127 confirmed that herniated discs harbour bacteria, primarily 

opportunistic anaerobic or facultative anaerobic species such as C. acnes and coagulase-negative 

Staphylococci. Since these initial findings, the concept of disc infection and the potential existence of 

a disc microbiome has sparked considerable debate in the spine research field, challenging the long-

held view that the IVD is sterile 128–130. 

Subsequent studies have attempted to replicate these bacterial findings using a variety of laboratory 

techniques. Methods employed to detect bacteria included selective microbial cultures and targeted 

PCR, though only a few more recent studies used universal PCR or genome-wide sequencing 130–134. 

Microbial culture methods are inherently limited by the conditions selected for cultivation; for 

example, C. acnes is a slow growing, aerotolerant anaerobic Gram-positive bacterium that requires 

specific anaerobic conditions and extended incubation periods to grow on solid media 135. Both 

microbial culture and sequencing techniques face the challenge of differentiating true bacterial 

presence from perioperative contamination, highlighting the need for contamination control samples 

in such studies. Furthermore, use of various methodologies and the absence of standardised protocols 

have led to inconsistent results across studies. 

In recent years, 16S rRNA sequencing has enabled the unbiased identification and quantification of 

disc bacteria, even from low-biomass samples. Rajasekaran et al. utilised 16S rRNA sequencing and 

identified a diverse microbiome in healthy, degenerate, MC, and herniated IVDs, linking various 

pathologies with dysbiosis 136,137. Mengis et al. supported Rajasekaran’s findings by providing further 

evidence that the disc harbours its own microbiome, as well as highlighting differences in the detection 

and abundance of microbes across various pathological groups 138. Although both studies reached 

similar conclusions, they reported notable differences in the types of bacteria detected. These 

discrepancies may reflect true biological variations, as the studies were conducted on different 
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continents, or they may arise from differences in sample preparation or bioinformatic analysis 138. This 

underscores the need for standardised protocols for sample preparation and bioinformatic analysis. 

As a result, current 16S rRNA sequencing datasets from disc samples vary, and it remains unclear which 

bacterial species are part of a healthy disc, and which are associated with pathological conditions. With 

emerging evidence suggesting the presence of bacteria within the disc, clinical trials of oral antibiotics 

targeting MC1 pathogenesis have been conducted, however studies show mixed results with only a 

subset of patients responding with benefits to antibiotic treatment compared to placebo 139–142 . 

Inoculating C. acnes into caudal IVDs has been shown to induce disc degeneration, leading to endplate 

resorption and MRI changes resembling MC1 in both rats 143,144 and rabbits 145,146. Although these 

findings suggest that C. acnes may be pathogenic, they do not account for the possibility that the IVD 

itself might already harbour a microbiome. Additionally, C. acnes has been detected in healthy human 

IVDs 147, which, raises the question: which bacteria in the disc are pathogenic, which are commensal, 

and how disc cells regulate their responses to bacterial presence? 

1.8 PATTERN RECOGNITION RECEPTORS  

Pattern recognition receptors (PRRs) are a group of receptors originally identified in the innate immune 

system, capable of recognising specific molecular patterns present on pathogens, termed pathogen-

associated molecular patters (PAMPs) as well as on apoptotic and damaged senescent cells, termed 

damage associated molecular patterns (DAMPs). These receptors trigger immune-protective 

responses and play a critical role in initiating and mediating specific immune reactions 148. PRRs are 

classified into five types based on their protein domain structure: toll-like receptors (TLRs), nucleotide-

binding oligomerisation domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene-I (RIG-I)-like 

receptors (RLRs), C-type lectin receptors (CLRs), and absent in melanoma-2 (AIM2)-like receptors 

(ALRs).  

The most extensively studied class of PRRs are the TLRs, a family of type I transmembrane receptors. 

To date, 10 TLRs have been identified in humans, each recognising distinct PAMPs derived from various 

microbial pathogens, including viruses, bacteria, fungi, and protozoa 149. In human IVD cells, the 

expression of TLR1, 2, 3, 4, 5, 6, 9, and 10 has been reported 150,151. TLRs 1, 2, 4, 5, 6, and 10 are located 

on the cell surface, while TLRs 3 and 9 are found within endosomal compartments 152. Among these, 

TLR2, which partners with TLR1 or TLR6, and TLR4, which can form homodimers, have been extensively 

studied. TLR2 primarily recognises components of bacteria in general such as peptidoglycans (PGN) or 

lipoteichoic acid (LTA) of Gram-positive bacteria, while TLR4 is activated by lipopolysaccharides (LPS) 
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from Gram-negative bacteria (Figure 1.5) 153. Although the downstream signalling pathways of these 

receptors are not yet fully understood, current research suggests that different adaptor molecules, 

such as myeloid differentiation primary response protein 88 (MyD88) and toll/interleukin-1 receptor 

(TIR) domain-containing adaptor inducing interferon-β (TRIF), mediate distinct signalling cascades. For 

example, TLR4 activation can initiate both MyD88-dependent and TRIF-dependent pathways. 

Tenascin-C, an extracellular matrix glycoprotein, expressed at areas of inflammation and tissue damage 

acts as a TLR4 agonist, exclusively triggering the MyD88 pathway, while matrix component biglycan 

fragments activate both TLR2 and TLR4 in a MyD88-dependent manner 154,155. Ultimately, TLR signalling 

leads to the activation of transcription factors such as nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFkB) and activator protein-1 (AP-1), which regulate gene expression and promotes 

the production of catabolic cytokines 154.  

NLRs are cytosolic pattern recognition receptors found in various cell types, including B cells 156, 

macrophages 157, dendritic cells 158, intestinal epithelial cells 159, monocytes, and keratinocytes 160. 

These receptors play a crucial role in detecting invading pathogens and initiating the innate immune 

response but have not yet been investigated in the IVD. NOD1 and NOD2 are two well-characterised 

members of the NLR family that recognise specific structural motifs derived from bacterial PGNs such 

as muramyl dipeptide (MDP) (Figure 1.5) 161–164. Upon activation, NOD1 and NOD2 oligomerise and 

recruit signalling molecules, leading to the activation of NFkB and AP-1, which drive the expression of 

catabolic cytokines. Additionally, upon viral stimulation they regulate IRF3- and IRF7-dependent 

expression of type I interferons 165. Other well-researched NLRs include NLR family pyrin domain-

containing 1 (NLRP1), NLRP3, and NLR family CARD domain containing 4 (NLRC4) 166. Upon activation, 

these NLRs oligomerise to form multiprotein inflammasome complexes, leading to the cleavage and 

activation of caspase-1, which promotes the secretion of IL-1β and IL-18 167 and triggers inflammatory 

cell death through pyroptosis. Among these, NLRP3 is the only NLR that has been studied in relation 

to IVDs and has been linked to IVD degeneration 168. Intracellular oxidative stress, mitochondrial 

dysfunction, endoplasmic reticulum stress, and lysosomal rupture, caused by various stimuli are all 

implicated in the activation of the NLRP3 inflammasome in IVDs (Figure 1.5) 169. Moreover, recent 

studies suggest that C. acnes accelerate IVD degeneration by inducing pyroptosis in NP cells via the 

ROS-NLRP3 pathway 168. 

CLRs are a diverse family of soluble and transmembrane proteins, with multiple members functioning 

as PRRs involved in antifungal, antiviral, and antibacterial immunity. CLRs are primarily expressed on 

antigen-presenting cells such as macrophages and dendritic cells; however, their presence and role 

within the IVD have not yet been investigated 170. RLRs are another subset of cytosolic PRRs that detect 

viral RNA 171, leading to the upregulation of catabolic cytokines. Additionally, ALRs have been 
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implicated in the recognition of cytosolic DNA and are thought to play a role in inflammasome 

pathways, though their precise function is not fully understood 172. To date, none of these receptor 

families—CLRs, RLRs, or ALRs—have been explored in the context of the IVD.  

  

Figure 1.5 | Overview of TLR2, TLR4, NOD2 and NLRP3 inflammasome signalling 

TLR4 homodimers and TLR2 heterodimers (TLR2-TLR1 or TLR2-TLR6) recognise pathogen-associated membrane components 
on the cell surface. While TLR4 is located at the plasma membrane, its activation triggers endocytosis into the endosome. 
Upon binding to their respective ligands, TLR signalling is initiated through receptor dimerization, which allows the TIR 
domains of the TLRs to interact with adaptor proteins like TIRAP and MyD88 or TRAM and TRIF. MyD88 engagement leads 
to the recruitment of downstream signalling molecules, ultimately activating the transcription factors NFκB and AP-1. NOD2, 
found in the cytosol, oligomerises upon activation and recruits signalling molecules, also resulting in NFκB and AP-1 
activation, driving the expression of catabolic cytokines. Additionally, in response to viral stimulation, the TLR4 homodimer, 
TLR2-TLR1 or TLR2-TLR6 heterodimers, and NOD2 regulate IRF3- and IRF7-dependent expression of type I interferons. 
Activation of the NLRP3 inflammasome involves the recruitment of pro-caspase-1, ASC, and NEK7, leading to the cleavage of 
pro-IL-1β and pro-IL-18 into their active forms, as well as cleaving GSDMD, triggering pyroptosis. 

This figure represents a compilation of various signalling pathways in immune cells; however, whether these mechanisms 
apply to the intervertebral disc remains to be determined through further investigation. 
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1.9 AIMS AND OBJECTIVES 

The presence of bacteria within the IVD and their role in disc degeneration remain controversial topics. 

Numerous studies have identified C. acnes and other microbes using 16S rDNA sequencing and 

microbial cultures. However, these studies do not clarify whether the detected bacteria are true in vivo 

residents of the disc or simply perioperative contaminants. The overall aim of this PhD was to 

determine the presence of a microbiome in the intervertebral disc and investigate its potential 

influence on disc cells. 

 

SPECIFIC OBJECTIVES 

  

1. Establishment of a methodology for immunohistochemical analysis of tissues with low 

cellularity that ensures reproducible immunopositivity rates with high accuracy, reduces 

evaluation time, and maintains transparency minimising variability between individuals and 

laboratories (Chapter 2). 

 

2. Investigate the presence of bacteria in non-herniated IVD tissue using immunohistochemistry, 

with a focus on distinguishing perioperative contamination from true in vivo bacterial 

colonisation (Chapter 3). 

 

3. Assess bacterial growth and survival under conditions that mimic the IVD microenvironment 

(Chapter 3). 

 

4. Examine correlations between PRRs, catabolic factors, and bacterial presence, and investigate 

the effects of bacterial exposure on human disc cells, with particular emphasis on the 

signalling pathways activated in response to such exposure (Chapter 3). 

 

5. Investigate bacterial presence in intact bovine discs and examine the correlation between 

bacterial presence, TLRs, and catabolic factors (Chapter 4). 

 

6. Explore potential mechanisms by which bacteria may invade intact discs using a healthy bovine 

whole organ co-culture model (Chapter 4). 
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CHAPTER 2  

 

APPLICATION AND VALIDATION OF SEMI-AUTOMATIC QUANTIFICATION OF 

IMMUNOHISTOCHEMICALLY STAINED SLIDES FOR LOW CELLULAR TISSUE SUCH 

AS INTERVERTEBRAL DISC USING QUPATH 
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ABSTRACT 

Immunohistochemistry (IHC) is a widely used method for localising and semi-quantifying proteins in 

tissue samples. Traditional IHC analysis often relies on manually counting 200 cells within a designated 

area, a time-intensive and subjective process that can compromise reproducibility and accuracy. 

Advances in digital scanning and bioimage analysis tools, such as the open-source software QuPath, 

enable semi-automated cell counting, reducing subjectivity and increasing efficiency. This project 

developed a QuPath-based script and detailed guide for semi-automatic cell counting, specifically for 

tissues with low cellularity, such as intervertebral discs and cartilage. The methodology was validated 

by demonstrating and no significant differences (p=0.783, p=0.386) between the manual counting and 

the semi-automatic quantification while showing a strong correlation of the methods for both collagen 

type II staining (r=0.09602, p<0.0001) and N-cadherin staining (r= 0.9044, p=0.0001). Furthermore a 

strong correlation (ICC single raters = 0.853) between 3 individual raters with varying academic rank 

and experience in IHC analysis was shown using the semi-automatic quantification method. The 

approach ensures high reproducibility and accuracy, with reduced variability between raters and 

laboratories. This semi-automated method is particularly suited for tissues with a high extracellular 

matrix to cell ratio and low cellularity. By minimising subjectivity and evaluation time, it provides a 

robust alternative to manual counting, making it ideal for applications where reproducibility and 

standardisation are critical. While the methodology was effective in low-cellularity tissues, its 

application in other tissue types warrants further exploration. These findings underscore the potential 

of QuPath to streamline IHC analysis and enhance inter-laboratory comparability. 
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2.1 INTRODUCTION 

Immunohistochemistry (IHC) is a standard technique used for the localization and semi quantification 

for protein detection 173. IHC is extremely useful because it does not only preserve cell morphology 

and the tissue architecture, but is also highly sensitive, enabling the characterisation of certain 

biomolecules at protein level within the tissue 173. The process involves applying a primary antibody 

that binds to a specific target protein. A secondary antibody, conjugated with either a fluorophore, 

enzyme, or biotin, then binds to the primary antibody, allowing for colorimetric analysis through 

substrate conversion. This enables the quantification of immunopositive and immunonegative cells 174.   

The standard quantification of immunopositivity is to perform semiquantitative analysis by manually 

counting 200 cells within a region of interest 174. However, manual scoring can be subjective and 

prevent reproducible and objective analysis essential for the quantification and correlation of proteins 

in biological tissue. Furthermore, by only counting 200 cells, regional variability may not be considered. 

With the advent of the ability to acquire high resolution digital scans of entire microscopic slides, 

combined with whole slide scanning and the use of new bioimage analysis tools such as QuPath, 

immunohistochemical analysis can be performed semi-automatically using digital image analysis 175–

178.  

QuPath is an open-source software for bioimage analysis and is often used for digital pathology. 

Featuring a user-friendly interface, embedded algorithms for tissue and cell detection, interactive 

machine learning capabilities, and the option for automated scripting, this offers a robust solution for 

analysing whole slide images 177. Even though QuPath has a built-in algorithm for the detection of cells 

and their classification into immuno-positive and negative cells its accuracy is impacted by cellularity 

of the tissue, in particular tissues with low cellularity are impeded as tissue artefacts are wrongly 

detected as cells. Tissues considered to have high extracellular matrix to cell ratio include tendons 179, 

ligaments 180, cartilage 181 and the components of the intervertebral disc 182.  

Additionally, while QuPath facilitates image analysis, it lacks tools for streamlined post-processing of 

large datasets. Users typically export data manually to platforms like Excel or R for further statistical 

analysis, a process that is labour-intensive and prone to error. Addressing these limitations is critical 

for ensuring reproducibility and standardisation in IHC analysis. To address this, within this program of 

work we developed the ProcessScanningData class, 183 a novel tool designed to automate the post-

processing of data from various whole-slide image formats, including MRXS, NDPI, CID, and BIZ. This 

class integrates scanned image data with inventory metadata, calculates immunopositivity statistics, 

and produces detailed output files. Additionally, it generates visual outputs such as scatter plots and 

heatmaps, enabling efficient exploration of relationships between markers 184. By automating these 
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processes, the tool significantly reduces the need for manual intervention, improving accuracy and 

efficiency, especially in the analysis of tissues with low cellularity 185. 

The project aimed to create a QuPath-compatible script and an accompanying step-by-step guide 

tailored for semi-automatic cell counting and classification of H-DAB-stained slides, to specifically 

enable accurate determination of cellular immunopositivity. The methodology was designed to ensure 

reproducible immunopositivity rates with high accuracy, minimise inter-rater and inter-laboratory 

variability, and significantly reduce the time required for sample evaluation. The approach is 

particularly suited for the analysis of low-cellularity tissues, such as intervertebral discs, cartilage, and 

bone, where traditional methods fall short. 
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2.2 METHODS 

2.2.1 STUDY DESIGN 

In the initial phase of this study, a semi-automatic pipeline for quantifying low-cellularity 

Haematoxylin-DAB (H-DAB) stained tissue slides was developed. Presented as a two-step tutorial, the 

H-DAB semi-automatic method is designed to extract immunopositivity rates based on cellular 

classification in different tissues and compute statistical correlation analysis. The study design 

consisted of four key components: (1) Development of the QuPath pipeline: Samples were stained and 

digitised, followed by the creation of QuPath projects (Figure 2.1).  

Within QuPath, parameters such as deconvolution stain and cell detection were optimised before 

training a specific object classifier to distinguish between immunopositive and negative cells, as well 

as tissue artefacts (Figure 2.2). Batch analysis was performed in regions of interest to detect and 

classify cells, generating immunopositivity rates. The second step involved automatic annotation of 

QuPath results using a Python template workflow, which integrated data from QuPath, computed 

immunopositivity statistics, and produced visual outputs such as scatter plots and heatmaps for further 

Figure 2.1 | Method pipeline 

After immunohistochemical staining, the slides are scanned and analysed using QuPath before proceeding with statistical 
analysis and graph creation. Prior to running the QuPath batch analysis, the system undergoes training, during which the Cell 
Detection parameters are defined, an object classifier is trained, and regions of interest are selected (Figure 2). Batch analysis 
is then performed within a QuPath project based on the pre-defined parameters established during the initial training process 
During this analysis, cells within the regions of interest are detected according to the pre-set parameters and classified as 
either "positive cell," "negative cell," or "no cell." The batch process analyses all slides within the project and generates a 
folder containing text files with the results. In the subsequent step, a Python script consolidates these text files into a single 
Excel spreadsheet, which provides the positivity rate for each selected region of every slide. This consolidated data is then 
used for statistical analysis and visual representation. 
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analysis. (2) Development of a user guide on GitBook: To ensure the process was accessible and user-

friendly, a detailed step-by-step guide was hosted on GitBook 186, outlining how to perform the 

quantification and calculate the positivity rate for each antibody on the slides. The guide also included 

troubleshooting tips and best practices for batch analysis. (3)  Feedback sessions and survey: The 

GitBook tutorial was distributed to six testers from four universities with diverse educational 

backgrounds. Feedback was collected through Zoom calls, where participants shared verbal comments 

on unclear sections, and through a written survey at the end of the process to gather overall 

impressions of the pipeline's clarity and usability. (4) Validation: Two evaluations were conducted to 

validate the pipeline. First, accuracy was validated by comparing semi-automatic quantification results 

with manual counting, for collagen type II staining and N-Cadherin staining revealing no significant 

differences (p=0.783, p=0.386) between the two methods while showing a strong correlation of the 

methods for both collagen type II staining (r=0.09602, p<0.0001) and N-cadherin staining (r= 0.9044, 

p=0.0001). Second, inter-rater correlation was assessed by having three raters independently analyse 

the same set of slides, with results demonstrating high consistency (Intraclass Correlation Coefficient, 

ICC = 0.853).  

Figure 2.2| QuPath Training 

To perform batch analysis with QuPath, the system must first be trained. This involves creating a training project within 
QuPath that includes all scanned slide files. Staining vectors are then estimated to define the DAB and haematoxylin 
components, enabling colour deconvolution. A representative training image containing various regions reflective of the 
entire project is selected for training cell detection and object classification. The QuPath Cell Detection plugin is run, and the 
parameters are adjusted accordingly. Detected cells are manually classified as "positive," "negative," or "no" cell. In a new 
project, regions of interest are selected, either manually by drawing or automatically using a pixel thresholding tool. Once 
the training process is complete, batch analysis is performed by applying the pre-determined parameters and values from 
the training phase to the batch script. This allows consistent analysis across all slides in the project. 
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2.2.2 SAMPLE PREPARATION AND DIGITALISATION 

Frozen or formalin-fixed paraffin-embedded sections are suitable for immunohistochemical staining. 

We conducted DAB (3,3-Diaminobenzidine) staining according to the immunohistochemical analysis 

protocol outlined by Binch et al. 174. Human Intervertebral disc tissue (IVD, Sheffield Research Ethics 

Committee, IRAS: 10266) and human cartilage (South Yorkshire and North Derbyshire Musculoskeletal 

BioBank (SYNDMB) REC: 20/SC/0144, 12182) were collected from Sheffield hospitals). The tissue was 

fixed in 10% (w/v) formalin (Leica, Milton Keynes, UK), embedded in paraffin wax, sectioned into 4 µm 

slices using a microtome, and mounted on positively charged slides. The sections were then de-waxed, 

rehydrated, and endogenous peroxidases were blocked before antigen retrieval. The cartilage samples 

were stained for the target antigen interleukin (IL)-1β (ab9722, 0.5 mg/mL, heat 1:100, Abcam, 

Cambridge, UK) whereas disc samples were stained for collagen type II (ab3092, enzyme 1:200, 

Abcam) and N-Cadherin (ab76011, 0.097 mg/mL, heat 1:100, Abcam). Heat antigen retrieval was 

performed using 0.05M Tris (pH 9.5), preheated to 60°C, and incubated for 5 minutes in a rice steamer. 

Enzyme antigen retrieval was performed with 0.1% (w/v) α-chymotrypsin (Sigma Aldrich, Poole, UK) in 

tris-buffer saline (TBS, 20 mmol/L Tris, 150 mmol/L NaCl, pH 7.5) containing 0.1% (w/v) CaCl₂ for 30 

minutes at 37°C. Following antigen retrieval washing in TBS, non-specific antibody binding was blocked 

for 1 hour at room temperature. For IL-1β and N-Cadherin, 1% (w/v) bovine serum albumin (BSA) with 

25% (v/v) rabbit serum (Sigma) in TBS was used. For collagen type II 1% (w/v) BSA with 25% (v/v) goat 

serum in TBS was utilised. Primary antibodies were applied to the slides overnight at 4°C. IL-1β was 

used diluted in TBS with 1% (w/v) BSA. IgG controls were used at equal protein concentrations to test 

for non-specific binding of the isotype. After overnight incubation, the sections were washed three 

times in TBS. Secondary antibodies goat anti rabbit (ab6720, 1:400, Abcam) or rabbit anti-mouse IgG 

(1:400, ab6727, Abcam) were then applied for 30 minutes at room temperature. Following three 

washes in TBS, Elite® ABC reagent (Vector Laboratories, Peterborough, UK) was added to the slides for 

30 minutes at room temperature. After another three TBS washes, 0.65 mg/mL 3,3’-diaminobenzidine 

tetrahydrochloride (Sigma-Aldrich) containing 0.08% (v/v) H₂O₂ in TBS was added for 20 minutes. The 

sections were then washed in running tap water for 5 minutes. Nuclei were counterstained with 

haematoxylin for 20 seconds and blued under running tap water for 3 minutes. The slides were then 

dehydrated in graded ethanol, cleared in xylene, and mounted using Pertex® (Leica). Slides were 

scanned at 20x magnification using a slide scanner (PANNORAMIC® 250 Flash II DX, 3DHistech, 

Budapest, Hungary). Slide images scanned in MRXS (Mirax Scan) format (3D HISTECH), NDPI 

(NanoZoomer Digital Pathology Image) format (Hamamatsu, Shizuoka, Japan), CZI (Carl Zeiss Image) 

format (Zeiss, Oberkochen, Germany), and BIF (Bio-Format Image File) format (Ventana, Arizona US) 

are compatible with this analysis method. Each sample slide is automatically assigned a name during 
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the scanning process, referred to as ID_Slidescanning. This ID_Slidescanning remains unchanged 

throughout the analysis process to ensure unbiased analysis and is later linked to the sample ID in a 

subsequent step. 

2.2.3 IMAGE PROCESSING IN QUPATH 

2.2.3.1 Project Creation and Estimating of Staining Vectors. 

A project was created for each stain analysed to allow for quantification of the whole project 

automatically, rather than for each scanned sample itself (Figure 2) 186.The nonspecific binding controls 

of the isotype were included in the analysis serving as accuracy measurement for the analysis. Staining 

analysis for each antibody was conducted in batches, accommodating between 1 and 100 samples per 

batch. The quantity of slides that can be processed in each batch relies on the computer's central 

processing unit (CPU) and random-access memory (RAM), rather than being determined by the 

capabilities of QuPath. A separate project is required in QuPath for each antibody and its 

corresponding regions, containing the relevant images. An algorithm, typically in the form of a simple 

Plug-in, is executed within QuPath to deconvolute the colour information captured by red-green-blue 

(RGB) cameras. This process estimates the staining vectors, digitally separating the stains to distinguish 

between the blue haematoxylin and the brown DAB stain 187. If multiple regions are analysed within 

the same project, the staining vectors should be set for each region separately and saved accordingly.  

2.2.3.2 Cell Detection and Object Classification 

QuPath offers an automatic cell detection tool with adjustable parameters to fine-tune cell detection 

for each batch 188. However, in the case of IVD tissue and cartilage, which exhibit a high extracellular 

matrix to cell ratio, the automatic distinction between positive and negative cells may not be applicable 

due to the detection of tissue artifacts. To address this issue, an alternative method is described. As a 

first step, regions within the tissue are selected to create a training image (Figure 2.2) 189 . The higher 

the number of regions included in the training image creation, the more accurate the training. If 

different components of a tissue are analysed within one sample, such as the nucleus pulposus and 

annulus fibrosus within the IVD, training images are created for each component. This is due to 

anatomical differences, which may result in differences in the optimal parameters for the cell 

detection. As a next step the cell detection plugin is ran on the training image (Figure 2.3). Parameters 

such as detection images, requested pixel size, background radius, median filter radius, sigma, 

minimum area of a nuclei, maximum area of a nuclei, threshold and maximal background intensity 

should be adjusted and optimised for each cell detection. Complete details of the influence of these 

parameters and proposed starting settings for different tissue types are provided in the Gitbook 190, 
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(Table 2.1). As previously mentioned, some tissue artefacts will be recognised within the software as 

cells. Thus, training an object classifier is required, which enables classifications of artefacts as “NoCell” 

and exclude them from the analysis. The Object classifier was manually trained to differentiate 

between immuno-positive cells (“PositiveCell”), immuno-negative cells (“NegativeCell”), and regions 

devoid of cells (“NoCell”) 191. Once the precision of the Object classifier was high enough to result in 

correct measurement of immuno-positive and -negative cells, this was tested on sections and directly 

corrected, building the accuracy of the Object classifier (Figure 2.3).  
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Table 2.1 | Parameters for cell detection 

Parameters Description 

Detection images Haematoxylin Optical 

Density  

Detects nuclei based on the haematoxylin optical density, should 

only be chosen if DAB staining is not nuclear.  

Optical Density Sum Detects nuclei based on the optical density sum, enables detection 

of nuclei that are masked with DAB, resulting not only in blue but 

also brown nuclei. 

Requested pixel size Under the Image tab, the pixel size of the slides can be checked, the pixel size should be 

chosen at the highest value still resulting in accurate results. The bigger the chosen value in 

pixel size the faster the analysis.  

Background radius The background radius in QuPath represents the area surrounding each pixel that the 

software evaluates to estimate the local background intensity. This parameter is essential for 

accurately differentiating between the cells and tissue and the background. It correlates with 

the Threshold and should be set greater than the largest nuclei or set to 0 to turn it off. If it 

is turned off, the threshold needs to be increased 

Median filter radius The median filter radius is a parameter that serves as noise reduction and smoothening tool. 

If the nuclei are segmented in the detection, it should be increased.  

Sigma Sigma refers to the standard deviation parameter used in various filters (commonly Gaussian 

filter) playing a critical role in determining the smoothening extend of an image. 

Area The minimum and maximum area of a nuclei is depended on the cell type. 

Threshold Segments the image by separating objects of interest from the background in a binary way.  

It can help to remove the detection of false nuclei within the tissue. If a high number of cells 

is not detected, lowering the threshold is suggested.  

Max background intensity Refers to the highest intensity value considered to be background. Can remove tissue fold 

and artefacts, as the background is darker than usual. The lower the value the more folds will 

be ignored. The Default value doesn’t show an effect.  
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2.2.3.3 Tissue Detection/Selection 

Even though the training of the object classifier and the tissue detection could be run within the same 

project, we suggest creating a second project as it is easier to make corrections at the end if needed. 

Under annotations classification for the tissue detection were created, these may include for example 

nucleus pulposus, annulus fibrosus and cartilaginous endplate within IVD tissues, or cartilage and bone 

within osteochondral tissues 192. If your sections contain multiple components the tissue detection 

needs to be performed manually. To do so the appropriate classification was selected, and regions of 

interest drawn round to be selected for inclusion in counting. If the whole sample consists of only one 

tissue type, automatic tissue detection can be used. Therefore, a thresholder was created ignoring all 

pixels above a certain threshold. If the staining within the project varies it was important to ensure all 

the slides are checked and adjusted either manually or by altering the thresholder. The thresholder 

was saved as “TissueDetection”. If there were visible tissue folds, they were removed from the 

detection so that they did not result in false data. 

2.2.3.4 Batch analysis 

To perform the batch image analysis, a script was written which is freely available and downloadable 
193,194. The parameters for the estimation of the staining vectors and the parameters for the cell 

Figure 2.3 | Object classifier. 

Three stages completed during object classifier: Region selection, cell detection and the object classification. Once a region 
of interest is selected the Cell Detection Plugin from QuPath can be run. Shown in red are the detection classified as cells. As 
the cellularity of the tissue is low and it is quite fibrous, some tissue artefacts are recognised and classified as cells. Once the 
object classifier, specifically trained for this project is ran the detected cells are classified as “PositiveCell” (green), 
“NegativeCell” (pink) and “NoCell” (yellow) enabling the calculation of a positivity rate as the ratio between positively stained 
cells and the total of negatively and positively stained cells.  
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detection were manually replaced for each project, creating a project specific script for each region 

and antibody of interest. Scripts were then run in a text file and automatically saved in a new results 

folder within the QuPath project folder. The text file contains information for each of the parent 

regions, e.g. cartilage, the detected objects and their type, e.g. cells, and the classification of the cells 

(Positive/Negative).  

2.2.4 PROCESS SCANNING DATA - PYTHON PACKAGE  

QuPath 177 is the gold standard software used in biological image analysis, even though it falls short in 

automating data processing. To export the results and represent statistical measurements for each 

sample, in this step-to-step tutorial it is employed the ProcessScanningData Python class 184,developed 

as a second step following the generation of files from the scanned images processed through the 

aforementioned method in QuPath. 

The Python class, built up with specific libraries, such as NumPy  195 and MatLab 196, is customizable for 

MRXS, NDPI, CZI and BIF files. Merging these image-derived data with inventory files, organizing it into 

output files in either XLSX or CSV, depending on user’s preference. Resulting in automatic and precise 

calculation of positivity rates and producing visualizations for every individual marker 185.  To unveil 

their potential biological correlation and significance, scatterplots and heatmaps were produced with 

Python libraries 197 based on standard statistical coefficients between positivity rates for different 

markers (e.g., Pearson, Spearman, and Kendall correlation coefficients)198–200. In the tutorial, rather 

than using the Python class directly, the focus is on a customizable workflow template tailored to user 

preferences, for example it is employed for MRXS files in this study. Notably, the dedicated Gitbook 

section aforementioned 184,provides a guide for users through the entire process, from software 

installation to the final generation of results. 

2.2.4.1 Usage of Process Scanning Data in IHC Data analysis 

The project has used the ready-to-use workflow and personalized it for analysing immunopositivity 

within histological images as defined by the previous method in QuPath. A step-by-step description 

from inputs to outputs is provided in the section ‘Processing’ in the tutorial 184. 

Each input file is processed to extract detailed cellular and tissue-level metrics, such as object IDs, 

classifications (e.g., Positive/Negative Cell), region coordinates, and detailed nucleus and cell 

measurements (e.g., area, perimeter, circularity, and optical density of Haematoxylin and DAB stains), 

generated from the QuPath analysis. The processed data is then further analysed to calculate each 

marker's positivity rates. The results are compiled into structured output files (e.g., CSV or XLSX), which 
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include essential details such as Sample ID, Antibody, Image, Positive/Negative Class, and Positivity 

Rate. The final output consists of processed data files, or structured files (e.g., CSV or XLSX) containing 

detailed information on cell metrics, positivity rates, and respective metadata, and correlation analysis 

files, or visual representations (heatmaps and scatterplots) that illustrate the relationships between 

different biomarkers, providing a comprehensive and organized dataset that researchers can use for 

further analysis or publication. An additional merging step can be added to the pipeline, which has the 

aim to create a final spreadsheet, linking the donor/sample information with the positivity rates of the 

antibodies within specific regions, to end up with a single comprehensive file for further observation 

and analysis.  
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2.2.5 METHOD EVALUATION 

 

2.2.5.1 Manual vs Semi-automatic Counting 

A single evaluator assessed 28 IVD samples, 14 stained for Collagen type II and 14 stained for N-

Cadherin, both manually and following the semi-automatic guidelines provided by QuPath. The 

correlation between the results obtained from the two methods was analysed using a paired t-test 

(p=0.05) in GraphPad Prism (Version 10.3.1 509, Windows, GraphPad Software, Boston, Massachusetts 

USA).  

 

2.2.5.2 Interrater Variability 

Three evaluators from the University of Sheffield conducted an analysis to determine the positivity 

rate for 17 IL-1β immunohistochemically stained slides, following the same pipeline. The results were 

analysed using the intraclass correlation coefficient (ICC) for single measures, based on a two-way 

mixed model with absolute agreement, in SPSS Statistics (IBM Corp. Released 2023. IBM SPSS Statistics 

for Windows, Version 29.0.2.0 Armonk, NY: IBM Corp). While two of the evaluators had prior 

experience with the pipeline, the third was performing the analysis and using QuPath for the first time. 

The evaluators varied in academic rank, comprising a PhD student, a postdoctoral researcher, and a 

professor. 

 

2.2.5.3 Survey 

A survey was conducted to assess the clarity of the GitBook documentation and the level of satisfaction 

with the results obtained using the semi-automatic QuPath method. Participants were contacted via 

email, either directly or through their principal investigator, and were provided with an information 

letter outlining the study and inviting them to participate in the evaluation of the semi-automatic 

quantification guide. After using the GitBook, participants assessed various aspects of the guide’s 

usability using a Likert scale ranging from 1 (strong dissatisfaction) to 10 (strong satisfaction) (Appendix 

1). A total of six participants from the University of Bern (Switzerland), Icahn School of Medicine at 

Mount Sinai (USA), the University of Arizona College of Medicine (USA), and the University of Sheffield 

(UK) participated in the survey. The group included two medical students, one PhD student, two 

postdoctoral researchers, and one professor.  
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2.3 RESULTS  

2.3.1 MANUAL VS. SEMI-AUTOMATIC COUNTING 

A two-tailed t-test revealed no significant differences between the semi-automatic QuPath method 

and manual counting for either collagen type II staining (p = 0.783) or N-cadherin staining (p = 0.386) 

(Figure 2.4A). For collagen type II staining, the mean difference between the methods was -0.6042, 

with a standard deviation (SD) of 8.039 and a 95% confidence interval of -5.245 to 4.038. Similarly, for 

N-cadherin staining, the mean difference was -2.651, with an SD of 11.02 and a 95% confidence 

interval of -9.016 to 3.71 (Figure 2.4A). The data pairing was highly effective, as indicated by strong 

correlation coefficients for both collagen type II (r = 0.9602, p < 0.0001) and N-cadherin (r = 0.9044, p 

< 0.0001), suggesting that the two methods are closely aligned. For both antibodies, the effect size 

was small (R² = 0.006 for collagen type II and R² = 0.0586 for N-cadherin), indicating minimal variability 

between the semi-automatic QuPath method and manual counting. 

2.3.2 INTRACLASS CORRELATION COEFFICIENT BETWEEN 3 RATERS 

The ICC for single measures was 0.853, with 95% confidence intervals ranging from 0.706 to 0.939. For 

average measures, the ICC was 0.946, with a 95% confidence interval between 0.878 and 0.979. The 

inter-item correlation matrix showed that rater 1 and rater 2 showed a correlation coefficient of 0.781, 

rater1 and rater3 0.892; rater 2 and rater 3 0.923 (Figure 2.4B). Differences in the positivity rates were 

traced back to differences in the QuPath training, the manual selection of the tissue but also the quality 

of the staining (Figure 2.4B). The slides showing bigger inter-rater variability showed a high 

background/noise staining with DAB, complicating the identification of cells and their classification 

(Figure 2.5).  
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Figure 2.4 | Method evaluation 

A Graph showing a paired t-test of the immunopositivity rates for immunohistochemically stained slides for Collagen type II 
(n=14) and N-Cadherin (n=14) analysed by a single rater manually and with QuPath. For the positivity rate of collagen type II 
staining the mean of differences between the manual and QuPath quantification was -0.604, with a standard deviation of 
8.04. The correlation coefficient between the two methods was 0.960. For the positivity rate of N-Cadherin staining the mean 
of differences was -2.65 with a standard deviation of 11.02. The correlation coefficient between the manual and semi-
automatic QuPath based quantification was 0.904. B Graph displaying the positivity rates obtained in 17 slides by 3 different 
Raters indicated by different colours. The positivity rates differed between the rates with a maximal standard deviation of 
14.5 and a minimal standard deviation of 1. The Intraclass correlation for single measures was 0.853 and for average 
measures 0.946. Cronbach’s alpha 0.943. 
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Figure 2.5 | Interrater differences in cell detection and object classification 

The figure shows the differences between the different raters in parameters set for the cell detection as well as for the object 
classification. The top box shows the cell detection, detected objects are marked in red. The bottom box shows the object 
classification, displaying immunopositively classified cells in green, immune-negatively classified cells in pink and objects to 
ignore in yellow.  Whilst images in row A and B show high similarities in the detection and classification images C and D differ 
highly. Rater 1 (row C) has not trained the classifier to exclude and ignore DAB debris within the stain whilst rater 2 partly 
ignores it and rater 3 fully. To acquire exact measurements rater 1 would therefore need to exclude mal stained regions from 
the analysis. Row D shows an image that is blurred. Rater 1 classifies blurred cells as positive and negative, whilst rater 3 
classifies them as no cells and excludes them from the analysis. 
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2.3.3 SURVEY EVALUATION  

Survey evaluation showed that five out of six participants had no prior experience with QuPath, while 

one had used it occasionally (Figure 2.6). Their familiarity with immunohistochemical analysis ranged 

from slightly familiar (n=2) to extremely familiar (n=2). 

 

Figure 2.6 | Survey evaluation 

Participants assessed various aspects of the guide's usability using a Likert scale ranging from 1 (strong dissatisfaction) to 10 
(strong satisfaction). The different floating bars range from the minimal rated value to the maximum rated value showing 
the mean as a line. The different colours represent the different raters  
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The clarity of the installation process received an average score of 8.83/10, and the QuPath tutorial 

was rated at 8.67/10 (Figure 2.6). Some participants sought additional help from the official QuPath 

webpage, which was linked in the GitBook. The tasks of downloading, opening the script, accessing 

the script editor, and modifying the script lines were rated highly, with scores of 9/10, 9.5/10, and 

9.17/10, respectively. Only two participants had prior experience with Python and GitBash, but the 

installation process was straightforward for Windows users. However, Mac users gave the process a 

lower rating of 3/10 (Figure 2.6). 

The information provided in the GitBook was rated as sufficient for running the Python script (8.67/10), 

and participants were able to resolve issues independently while executing the code (Figure 2.6). One 

participant analysed 10-20 slides, four analysed 20-30 slides, and one participant analysed over 50 

slides using the provided script. The tissues analysed included IVD tissue from humans and rats, as well 

as osteochondral tissue and cartilage. While one participant was somewhat satisfied with the 

detection and classification of cells in QuPath, five participants reported being extremely satisfied 

(Figure 2.6). 

Regarding future use, two participants indicated they would probably use the package, and four 

participants stated they would definitely use it. All participants reported that they would recommend 

it to a friend or colleague (Figure 2.6). 

2.4 DISCUSSION  

IHC is a well-established and widely accepted method in both clinical and experimental medical 

sciences for assessing the localization and semi-quantification of proteins. However, the commonly 

used manual approach of counting 200 cells is limited by human fatigue, subjective interpretation of 

colour intensity, and regional bias, all of which reduce the accuracy and reproducibility of this method 
201,202. In response, several research fields 203, particularly in cancer research 175,176,178, have developed 

semi-automatic or fully automated methods, emphasizing the need for standardized, accurate, 

scalable, and reproducible evaluation techniques. However, these methods are not suitable for tissues 

like IVD components or cartilage due to morphological differences and the low cellularity of IVD tissue. 

This study aimed to develop a guide for semi-automatic quantitative analysis of IHC-stained slides from 

low-cellularity tissues using QuPath. A fully automated pipeline was not implemented due to the 

region-dependent nature of cell detection parameters 204, which requires the system to be trained to 

differentiate between immunopositive and immunonegative cells, as well as tissue artifacts. The semi-

automatic approach also allows for flexibility, enabling the use of various immunohistochemical 
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staining protocols. The focus of this study was specifically on cellular immunopositivity, and 

quantification of extracellular matrix (ECM) staining was beyond the scope of our analysis. While 

techniques such as area positivity measurements could be employed to assess ECM staining, 

quantifying staining intensity for DAB staining is not appropriate due to amplification of the staining 

and therefore potential inaccuracies in intensity or area-based quantification. 

The method's evaluation involved comparing manual and semi-automatic results, along with 

calculating inter-rater correlation coefficients from the same sample set, following the established 

guideline. The high correlation between manual and semi-automatic counting confirmed the accuracy 

and highlighted the robustness of the semi-automatic QuPath method. Slight differences in positivity 

rates were attributed to the higher cell count and reduced regional bias in QuPath’s quantification. The 

ICC analysis demonstrated strong reliability for both single raters and averaged measures, 

underscoring the robustness of the method. The single-measure ICC indicates good agreement among 

individual raters, while the higher ICC for average measures reflects excellent reliability when scores 

from multiple raters are averaged. This highlights the value of incorporating multiple raters to enhance 

the precision of measurements 205. The inter-item correlation matrix further supports these findings, 

showing high consistency between raters, particularly between raters 2 and 3, while rater 1 exhibited 

slightly lower agreement with the others. These differences in inter-rater reliability were attributed to 

variations in QuPath training, manual tissue selection, and staining quality. Slides with greater inter-

rater variability were characterised by high background staining with DAB, which made cell 

identification and classification more challenging. These findings highlight the importance of 

standardised training and stringent quality control during staining and image preparation to minimise 

variability. Overall, the results confirm that while individual raters achieve good reliability, averaging 

ratings from multiple raters substantially enhances the consistency and robustness of the method, 

particularly when addressing challenges posed by staining artefacts or subjective variability in tissue 

selection. The survey results indicated that the instructions provided in the GitBook were clear and 

sufficient for users to successfully follow and perform the analysis, yielding highly satisfactory 

outcomes in cell detection and classification. Importantly all participants stated they would 

recommend it to a colleague and most participants expressed an intention to use the method for 

future analyses. 

Considering QuPath as the benchmark for biological image analysis, it lacks automation for tasks 

including calculating positivity rates and correlation coefficients, as well as generating customised 

visualisations 177. A result, users have been forced to export the results and manually process the MRXS 

results, occasionally using other tools like Excel or R, which for non-experts can be time-consuming 
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and error prone. Additionally, manual data processing limits scalability when dealing with large 

datasets. 

The ProcessScannigData class designed with a versatile hierarchical structure, offers a robust solution. 

It can serve as the foundation for a customised workflow, tailored on the type of scanned files the 

user's expertise level in bioinformatics. Accompanied by a template and an extended documentation, 

the instantiation of a customisable workflow is simplified for both experts and non-experts, producing 

ultimately the output files necessary for the assessment of immunopositivity and the generation of 

scatter plots and heatmaps 183,184 A standardised method like ProcessScanningData is crucial because 

it ensures reproducibility and portability across studies, avoiding the inconsistencies and arbitrary 

interpretations that can arise with manual curation. By eliminating subjective calculations, it provides 

a reliable framework for exploring relationships between different biomarkers, making it an invaluable 

resource for researchers working with histological data. 

The proposed pipeline for semi-automatic counting demonstrates consistent and reliable 

performance, as evidenced by the high ICC values observed in this study. A comparison between 

manual and semi-automatic counting demonstrated that both methods yielded similar results, with 

the semi-automatic approach offering a more streamlined process by utilising predefined parameters. 

However, the dataset for this comparison was relatively small, and ICC analysis was not performed for 

manual counting by multiple raters, which limits the ability to fully evaluate variability in the manual 

method. While the semi-automatic pipeline reduces the need for repetitive, labour-intensive tasks, 

human input during the training phase and manual tissue selection can still introduce variability. 

Variability observed in slides with high background staining or poorly defined tissue regions highlights 

the importance of standardised training and quality control to ensure reliable results across both 

methods. 

2.4.1 LIMITATIONS 

The methods used in this analysis have several limitations. First, the requirement of a slide scanner 

limits accessibility, as not all laboratories may have the necessary equipment. Additionally, poor 

staining quality of the slides can negatively impact the accuracy of both manual and semi-automatic 

counting, as unclear or inconsistent staining makes cell identification more difficult. Furthermore, 

there is an element of subjectivity in the classification process, especially when training the semi-

automatic system, which can introduce variability in results despite the use of standardised 

parameters. These factors must be considered when interpreting the data. Finally, during the 

evaluation process multiple users reported issues whilst using a Mac. CaseViewer used for the 
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visualisation of 3D HISTECH scanned slides is not available on Macs, however 3DHistech Panoramic 

viewer can be downloaded for free in the Appstore for iPads.  

2.4.2 CONCLUSION  

In conclusion, this study presents a semi-automatic pipeline for quantitative analysis of 

immunohistochemically stained slides, particularly for low-cellularity tissues such as intervertebral 

discs (IVD) and cartilage. The semi-automatic method developed using QuPath has been proposed to 

address key limitations of manual cell counting, such as human fatigue, subjective interpretation, and 

regional bias, with the aim to improve accuracy and reproducibility across groups following uptake. 

High inter-rater agreement and strong correlation with manual counting underscore the method's 

robustness and reliability. Furthermore, the ProcessScanningData class enhances the workflow by 

providing a scalable, customisable solution for processing large datasets, reducing manual 

intervention, and facilitating reproducible results. Despite minor reliance on manual training for cell 

detection, this approach represents a significant step forward in standardising IHC analysis, making it 

a valuable tool for researchers dealing with immunohistochemical data where the outcome measure 

of interest is cellular immunopositivity. The positive feedback from users, who reported high 

satisfaction and intent to continue using the method, with all survey participants reporting that they 

would recommend its use to colleagues, highlights its practical applicability and potential for 

widespread adoption in future studies. 
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ABSTRACT 

The existence of a disc microbiome and the potential for disc infection have sparked considerable 

debate within the spine research community, challenging the long-standing belief that the 

intervertebral disc (IVD) is a sterile environment. Despite advancements in microbial culture and next-

generation sequencing (NGS), these methods have struggled to rule out perioperative contamination. 

This study examined the detection of bacteria within non-herniated IVDs using immunohistochemistry 

to determine if bacterial presence indicated in vivo colonisation rather than contamination. The 

survival of bacteria under conditions mimicking the harsh IVD environment was assessed to gauge 

potential growth rates in vivo. Following confirmation of bacterial presence, correlations with catabolic 

factors were analysed, alongside the in vitro effects of bacterial exposure. Human nucleus pulposus 

(NP) cells were treated with bacterial cell membrane components in both monolayer and 3D cultures 

to evaluate their impact on the cellular secretome, analysed via Luminex assay. Co-culture studies 

tracked bacterial internalisation, while NP cells were exposed to peptidoglycans or co-cultured with 

what is believed to be physiologically relevant MOIs of S. aureus or C. acnes to explore the activation 

of intracellular signalling pathways. Immunohistochemical staining showed significant correlations 

between C. acnes and MMP-3, GSDMD, and NOD2, indicating an active role of NP cells in immune 

surveillance. The involvement of NOD2 points to previously unrecognised intracellular pathways 

contributing to bacterial detection and subsequent inflammatory responses. This study highlights the 

complex interplay of various receptors and pathways in the disc's immune response to bacteria, 

suggesting avenues for targeted therapeutic strategies for disc-related conditions.  
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3.1 INTRODUCTION 

The intervertebral disc (IVD) is a key structural component of the spine, responsible for maintaining 

flexibility and facilitating the distribution of mechanical loads across vertebral segments 206. 

Degeneration of the IVD is strongly associated with low back pain (LBP), a condition that stands as the 

leading cause of disability worldwide. In 2020, it was estimated that LBP affected approximately 619 

million individuals, particularly affecting females 207. Traditionally, the avascular nature of the IVD led 

to the assumption that it was a sterile environment. This long-held view was first challenged in 2001, 

when Stirling et al. identified anaerobic bacteria, particularly Cutibacterium acnes (Moore et al. 

1963)101 , in the disc tissue of patients suffering from sciatica 208. Since this discovery, the potential role 

of bacterial infection within the disc, as well as the presence of a disc-specific microbiome, has become 

a topic of intense debate within the spine research community. In particular, the relationship between 

bacterial colonisation and Modic changes, which are vertebral bone marrow lesions observable on 

MRI, has been of significant interest, as bacterial colonisation has been suggested as a potential 

aetiology 138. 

With improvements in microbiological detection methods, particularly next-generation sequencing 

(NGS), it has become possible to explore the microbiome in low-biomass environments such as the 

IVD 138. Recent studies suggest that the disc may harbour its unique microbiome 138,147. However, data 

indicating an IVD microbiome has been viewed cautiously due to the vulnerability to perioperative 

contamination, raising questions about whether detected bacteria truly exist in vivo within the disc or 

are artifacts of the surgical procedure. Among the bacteria frequently identified within the disc, C. 

acnes has gained the most attention to date 125–127,132,209–215. C. acnes is a Gram-positive, aerotolerant 

anaerobic bacterium and is a commensal that colonises the skin, oral cavity, gastrointestinal tract, and 

genitourinary tract 216,217. However, it is also known to act as an opportunistic pathogen, particularly in 

skin and soft tissue infections, as well as infections associated with medical devices 218,219. Since its 

initial detection in IVD tissue, C. acnes has been the focus of numerous studies, alongside other 

microbes such as coagulase-negative Staphylococci and Staphylococcus aureus (Jevons et al. 1963) 220, 

which have also been detected in disc samples 147. 

Recent research has focused on the presence of bacteria within the IVD, and the potential signalling 

pathways activated by bacterial stimulation. Molecular pattern recognition is a fundamental 

mechanism in innate immunity and tissue repair, mediated by pattern recognition receptors (PRRs) 

that detect danger signals from damage-associated molecular patterns (DAMPs) and pathogen-

associated molecular patterns (PAMPs). The critical PRR families in humans include retinoic acid-

inducible gene I (RIG-I)-like receptors (RLRs), nucleotide oligomerisation domain (NOD)-like receptors 
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(NLRs), and toll-like receptors (TLRs). While RLRs primarily detect viral infections 221, certain NLRs and 

TLRs are responsible for recognising bacterial components such as lipopolysaccharide (LPS), 

lipoteichoic acid (LTA), and peptidoglycan (PGN) fragments 222,223. TLRs have been identified in human 

IVD cells 151,224. TLR2, a membrane-bound receptor, forms heterodimers with either TLR1 or TLR6 and 

has been shown to upregulate catabolic factor expression when stimulated by bacterial cell wall 

components from Gram-positive bacteria, including C. acnes 225. Similarly, the TLR4 homodimer is 

activated by Gram-negative bacteria and fragments such as LPS 226. Within the NLR family, NLR family 

pyrin domain containing 3 (NLRP3) has been detected in IVD cells and is implicated in C. acnes-induced 

pyroptosis in nucleus pulposus (NP) cells 168. However, the presence of NOD2, an intracellular sensor 

of PGN-derived small peptides 227, has not yet been investigated in the context of IVDs.  

This study aimed to investigate the presence of bacteria within non-herniated human IVDs and 

differentiate between perioperative contamination and authentic in vivo bacterial colonisation. 

Additionally, the study sought to examine the correlations between PRRs, catabolic factors, and 

bacterial presence. Furthermore, bacterial growth was monitored in conditions mimicking the IVD 

microenvironment, and the effects of bacterial exposure on human disc cells were explored, with a 

focus on the signalling pathways activated in response to such exposure. 
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3.2 METHODS 

3.2.1 EXPERIMENTAL DESIGN 

This study initially investigated whether bacteria could be detected within non-herniated human IVDs 

using immunohistochemistry to enable localisation of bacteria and determine whether bacterial 

presence was likely due to contamination alone or represented in vivo disc bacteria (Figure 3.1). 

Bacterial growth was also assessed under conditions mimicking the harsh disc environment to monitor 

their survival. The ability of bacteria to survive and multiply within conditions which mimicked the 

harsh disc environment was undertaken to determine potential growth rates in vivo. Following 

confirmation of bacterial presence within the disc, correlation with catabolic factors and the ability of 

bacteria to multiply within conditions which mimicked the disc environment, the potential direct 

effects of bacteria were investigated in vitro. Initial studies utilised human nucleus pulposus (NP) cells 

in monolayer and subsequently in a 3D culture system treated with bacterial cell membrane 

components to determine their influence on cellular secretome, which was analysed using a Luminex 

Figure 3.1 | Project overview 

Addressing the main questions whether bacteria are present within non-herniated human IVDs and what their potential 
influence is with the methods stated on the right-hand side. 
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assay. Co-culture studies were then utilised to determine time course of bacterial internalisation into 

human NP cells. Finally, NP cells were treated with PGNs or in co-culture with physiologically relevant 

MOI of S. aureus or C. acnes to determine activation of intracellular signalling pathways and 

modulation of secretome. These cultures were performed with and without the presence of inhibitors 

of TLR2 and NOD receptors to determine potential receptor-mediated responses.  

3.2.2 TISSUE COLLECTION  

Human IVD tissue was collected from patients who gave their consent during spinal surgery at 

Northern General Hospital or Claremont Hospital in Sheffield (UK). Local ethics approval was given for 

this work by Sheffield Research Ethics Committee (09/H1308/70) (IRAS approval: 10226). The tissue 

was placed into 30 ml low glucose (1.0 g/L) Dulbecco’s Modified Eagle Medium DMEM (LG-DMEM, 

Invitrogen 31600-083, Paisley, UK) supplemented with 1% Penicillin/ Streptomycin (P/S, Invitrogen, 

15070-063) and 25 µg/ml Amphotericin B (Sigma, A2942, Dorste, Gillingham, UK) at 4 degrees at 

surgery, and transported under sterile conditions to the laboratory. As a first step the tissue was 

washed twice in sterile phosphate buffered saline (PBS, OXOID BR0014G, Thermo Fisher Scientific, 

Loughborough, UK) before splitting the tissue into annulus fibrosus (AF), cartilaginous endplate (CEP), 

and NP tissues. For cell isolation solely NP tissue was used in this study whereas parts from all tissue 

components (where available), were fixed in 10 % (w/v) formalin (Leica, Milton Keynes, UK), processed, 

embedded in paraffin wax to perform histological grading of degeneration and immunohistochemical 

staining.  

3.2.3 HAEMATOXYLIN AND EOSIN STAINING AND GRADING FOR STATE OF DEGENERATION  

Sections were cut with a microtome at a thickness of 4 µm and mounted on positively charged slides 

(Superfrost Plus, Epredia, Runcorn UK). Sections were dewaxed in sub-X (Leica Microsystems) 3x 5 

minutes and hydrated in industrial methylated spirit (IMS, 3x5 minutes). Sections were the stained 

with Harris’s haematoxylin (Surgipath Europe Ltd) for 5 minutes and blued for 3 minutes under running 

tap water. For counterstaining alcoholic eosin (Leica Microsystems) was applied for 2 minutes. After 

dehydration in IMS and clearing in sub-X the slides were mounted using Pertex® (Leica Microsystems). 

Grading was performed following the standardised histopathology scoring system for human IVD 

degeneration 228. For samples consisting of both NP and AF, the average of the two scores was taken 

as degenerative score. CEPs were excluded from the analysis as they were observed in low numbers 

of samples.  
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3.2.4 IMMUNOHISTOCHEMICAL STAINING (IHC) 

Human IVD specimens were fixed in 10 % (w/v) formalin for 48 hours up to a week and embedded in 

paraffin wax. Sections were cut with a microtome at a thickness of 4 µm and mounted on positively 

charged slides. Immunohistochemical staining was performed as previously published 229. The sections 

were de-waxed and rehydrated and endogenous peroxidases were blocked for 60 minutes in 100% 

IMS containing 3% (v/v) hydrogen peroxide (Sigma Aldrich) and 0.06% (v/v) concentrated HCl. Antigen 

retrieval depended on antibody (Table 3.1) and consisted either of no antigen retrieval, enzyme 

antigen retrieval [0.1% w/v α-chymotrypsin (Sigma Aldrich, Poole, UK) in tris-buffer saline (TBS) (20 

mmol/L Tris, 150 mmol/L NaCl pH7.5) containing 0.1 % w/v CaCl2 for 30 minutes at 37°C] or heat 

antigen retrieval [0.05M Tris, pH 9.5 preheated on automatic cook mode prior to 5 minutes incubation 

of samples within a rice steamer on warm (ASAB, AS-40979, UK)].  Following antigen retrieval, the 

sections were washed in TBS and non-specific antibody binding was blocked (Table 3.1) for 1 hour at 

room temperature in 1% (w/v) bovine serum albumin (BSA) containing 25% (v/v) normal serum in TBS. 

Primary antibodies (Table 3.1) were applied to the slides overnight at 4 degrees diluted in TBS 

containing 1% (w/v) BSA. Simultaneously IgG controls in place of the primary antibodies were used at 

equal protein concentrations to test for non-specific binding of the isotype. Following the overnight 

incubation, the sections were washed with TBS three times prior to the application of the secondary 

antibodies at room temperature for 30 minutes followed by three more TBS washes, before applying 

Elite®ABC reagent (Vector, Laboratories, Peterborough, UK) to the slides for 30 minutes. After another 

3 TBS washes 0.65 mg/mL 3,3’-diaminobenzides tetrahydrochloride (DAB, Sigma-Aldirch) containing 

0.08% (v/v) H2O2 in TBS was added for 20 minutes, prior to washes in running tap water for 5 minutes. 

Counterstaining of the nuclei was performed with Haematoxylin (Gill’s Haematoxylin 

Primary Antibody Clonality
Stock conc. 

[mg/ml]
Dilution Antigen Retrieval Secondary Antibody Normal Serum

ADAMTS4 (ab185722)
rabbit polyclonal 2.3 1:200 none Goat anti rabbit (ab6720) Goat

C acnes (D371-3)
mouse monoclonal 1 1:100 enzyme Rabbit anti mouse (ab6727) Rabbit

G43J (ab267414)
mouse monoclonal 0.1 1:50 enzyme Rabbit anti mouse (ab6727) Rabbit

GSDMD (ab210070)
rabbit monoclonal 0.78

1:100 heat
Goat anti rabbit (ab6720) Goat

IL1b (AB_223567)
mouse monoclonal 1 1:400 none Rabbit anti mouse (ab6727) Rabbit

MMP3 (ab53015)
rabbit polyclonal 1 1:400 enzyme Goat anti rabbit (ab6720) Goat

NLRP3 (ab263899)
rabbit monoclonal 0.58 1:100 none Goat anti rabbit (ab6720) Goat

NOD2 (ab31488)
mouse monoclonal 1 1:600 heat Rabbit anti mouse (ab6727) Rabbit

S aureus (AB_1087481)
mouse monoclonal 2 1:100 enzyme Rabbit anti mouse (ab6727) Rabbit

TLR2 (ab226913)
rabbit polyclonal 1 1:500 enzyme Goat anti rabbit (ab6720) Goat

TLR4 (ab22048)
mouse monoclonal 1 1:100 heat Rabbit anti mouse (ab6727) Rabbit

Table 3.1 | Target antibodies used for immunohistochemical staining 
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GHS232, Sigma, Doset, UK) for 20 seconds and blued for 3 minutes under running tap water. After 

dehydration in graded ethanol and clearing in xylene the slides were mounted using Pertex®. Slides 

were scanned at 20x and 40x magnification using a slidescanner (PANNORAMIC® 250 Flash II DX, 

3DHistech) and representative images included to highlight immunohistochemical staining. Image 

analysis was performed using the semi-automatic quantification protocol described in chapter 2.  

3.2.5 ISOLATION AND EXPANSION OF HUMAN NUCLEUS PULPOSUS (NP) CELLS  

Cell isolation was performed using the standardised protocol as previously published 230. Briefly, upon 

washing with PBS, the tissue was transferred into a 50 ml falcon tube containing 20 ml of Collagenase 

type II (285.00 units/mg, 0.05 mg/ml, Invitrogen: 17101-015) and incubated (37°C, 5% CO2, 21% O2) 

for 4 hours on an orbital shaker. The released cells were filtered through a 70 µm cell strainer, counted, 

and plated at a seeding concentration of 10’000 cells/cm2. Culture media composed of high glucose  

(4.5 g/L) DMEM Medium (HG-DMEM, Invitrogen: 10569010 HG) supplemented with 10% (v/v) heat-

inactivated foetal calf serum (FCS, LifeTechnologies, Paisley, UK), 1% P/S, 1% L-Glutamine (Invitrogen: 

25030-024), 2.5 µg/ml Amphotericin B and 25µg/ml L-ascorbic acid 2-Phosphate (AA, Sigma, A5960) 

was added and changed 3 times per week. At 80% confluence cells were detached using Trypsin-EDTA 

(Invitrogen, 25300-062) and passaged 1:3. Upon passage 2, cells were used for experiments in 

monolayer or resuspended in 1.2% alginate to enable re-differentiation to NP phenotype.  

3.2.6 ENCAPSULATION OF NP CELLS IN ALGINATE 

Following trypsinisation, cell suspensions were centrifuged at 400 g for 4 minutes. The cell pellet was 

then resuspended in culture media and counted using a NucleoCounter® NC-2000TM. Following further 

centrifugation at 400 g, cells were resuspended at 1.2 % medium viscosity sodium alginate (Sigma 

A2033) in 0.15 M sodium chloride (NaCl) at 4x106 cells/ml density. The resulting cell suspension was 

passed through a 21-gauge needle into a 24 well plates containing 200 mM calcium chloride (CaCl2), 

six beads per well. Beads were incubated for 10 min at 37°C in 200mM CaCl2, followed by 2 washes of 

0.15 M NaCl and media. Two millilitres of complete low glucose (LG, 1g/L) -culture media: LG DMEM, 

supplemented with 1% insulin transferrin selenium-x (ITS-x, Invitrogen, 51500-056), 1% P/S, 1% L-

Glutamine, 2.5 µg/ml Amphotericin B, 25µg/ml AA, 40 µg/ml L-Proline and 1.25 mg/ml Albumax were 

added 230. Cultures were maintained for 2 weeks at 37°C under physioxia conditions (5%O2, 5%CO2) to 

regain in vivo phenotype.  
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3.2.7 BACTERIAL CULTURES 

Staphylococcus aureus SH1000 a derivate of the 8325-4 strain and Cutibacterium acnes (NCTC 737, 

Culture Collection UK Health Security Agency, Salisbury, UK) were used for this study. S. aureus was 

grown on Mueller Hinton agar (70191, Merck, Dorset, UK) plates at 37 degrees and 21% O2 overnight. 

C. acnes was grown at 37 degrees in an anaerobic chamber on agar plates for 1 week. Liquid cultures 

were grown under 5% O2 by adding one colony-forming unit (CFU) to 4 ml of complete LG media. S. 

aureus was used after 16 hours of culture, whilst C. acnes was cultured for 48 hours prior to use.  

3.2.8 BACTERIAL GROWTH 

Bacterial growth was measured at 5% O2 within 3 different culture media. Mueller Hinton Broth was 

used as positive control, whilst complete LG-culture media at an osmolarity of 350 mOsm/Kg and 450 

mOsm/Kg were used to represent the disc environment 231. An initial liquid culture in the respective 

culture media was diluted to have an optical density of 0.1 at a wavelength of 600 nm. The suspended 

bacteria were then seeded into a 96-well plate, and the optical density was measured with the stratus 

kinetic microplate reader (Cerillo, Charlottesville, VA 22902, USA). A second 96-well plate was used to 

prepare serial dilution to count CFU every hour for S. aureus and twice a day for C. acnes 

3.2.9 CO-CULTURE OF HUMAN NP CELLS AND S. AUREUS 

Human NP cells were seeded into chamber slides at 0.3x105 cells/well in LG-culture media. Cells were 

left to attach overnight at 37°C, 5% CO2, 21% O2, whilst S. aureus was grown in a liquid culture in LG-

culture media overnight. Two hours before usage, NADA green (0.5mM, Cat 6648, TOCRIS) was 

supplemented with the media labelling the peptidoglycans in the live bacteria. Fresh media, 

supplemented with S. aureus at an MOI 1:100 (bacteria: cells) was added to the cell culture and 

incubated for 1 hour prior to fixation in 10 % (w/v) formalin for 20 minutes. Cells were then stained 

with Phalloidin (A12381, Thermo Fisher) for 30 minutes prior to washing with PBS and mounting with 

gold antifade mountant with DNA stain DAPI (P36931, Thermo Fisher). Imaging was performed on 

Zeiss LSM 800 confocal microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany).   
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3.2.10 STIMULATION WITH PEPTIDOGLYCANS (PGN) AND LIPOPOLYSACCHARIDES (LPS) 

Following trypsinisation and counting, cells were seeded into a 12 well plate at a concentration of 

0.5x106 cells/well for the monolayer culture (Appendix 3). Cultures were held at 37°C, 5% CO2, 21% O2. 

After an initial settling period for 24 hours in complete LG media, the cells were treated for 48 hours 

with different concentrations (0-50 µg/ml) of peptidoglycans (PGN) and lipopolysaccharides (LPS) 

respectively. Media was collected following treatment for protein analysis with Luminex immunoassay. 

Cells in alginate were cultured under physioxia conditions (5% O2, 5% CO2) complete LG media for 2 

weeks prior to the treatment with complete LG media supplemented with different concentrations of 

PGN (0-50 µg/ml) for 72 hours respectively. Cells were permeabilised with 0.1% Triton X-100 in PBS for 

3 minutes and stained with Phalloidin for 30 minutes.  

3.2.11 INHIBITION OF NOD AND TLR2 AND STIMULATION WITH PGN, S. AUREUS AND C. ACNES 

Cells from 3 human donors (Appendix 3) at passage 2 were trypsinised and counted and seeded into 

96 well plates at a density of 15’000 cells per well, and 48 well plates at a seeding density of 30’000 

cells per well. Cells were left to attach overnight in complete LG media under physioxia conditions (5% 

O2, 5% CO2). Cells were treated with the inhibitors for nucleotide oligomerisation domain in 1 (NODin1, 

10 µM, Selleckechem, S0004), toll like receptor 2 (TLR2, 50 µM, Selleckchem, S6597) and a combination 

of the two for 24 hours prior to treatment. Optimisation of the concentrations was performed by 

measuring the metabolic activity using a resazurin reduction assay to confirm no detrimental effects 

on viability. Cells were incubated for two hours at 37°C and resazurin sodium salt (119,4 µM, Sigma 

Aldrich, R7017) in media before absorbance was measured at excitation 560 nm and emission 590 nm. 

The treatment groups were stimulation with PGN (50 µg/ml) for 48 hours or bacterial stimulation with 

C. acnes or S. aureus SH1000 with and without the presence of inhibitors. Bacteria were added for 2 

hours with and without the presence of inhibitors at a ratio of 1 bacterium to 100 cells (MOI 1:100) 

before washing non-internalised bacteria with PBS and adding fresh media supplemented with the 

inhibitors to culture the cells for a further 48 hours. Media was collected to perform Luminex analysis.  

3.2.12 CELL BASED PHOSPHORYLATION MEASUREMENTS 

Protein phosphorylation was measured for c-Jun-N-terminal Kinase (JNK, CBEL-JNK-1, RayBiotech, GA 

30092, US) p38 mitogen-activated protein kinase (p38, CBEL-P38, RayBiotech), extracellular signal-

regulated kinase (ERK, CBEL-ERK, RayBiotech) and nuclear factor kappa B p65 (NFkB, FBCAB0073, Assay 

Genie, Dublin Ireland) as per manufacturer’s instructions. As previously stated, cells were seeded into 

the 96 well-plates and incubated overnight before applying inhibition followed by the treatment. After 
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2 hours of treatment, following the manufacturer’s instructions, the cell culture medium was discarded 

and washed 3 times with the provided wash buffer before fixing the cells for 20 minutes. Following the 

manufacturer’s instructions for kits purchased from Raybiotech (CBEL-JNK-1, CBEL-P38, CBEL-ERK) the 

absorbance for the phosphorylated and non-phosphorylated form of the target protein was measured 

in two identically treated wells. For the NFkB p65 kit, in addition to measuring the phosphorylated and 

non-phosphorylated target, GAPDH was measured in each well.  

3.2.13 LUMINEX 

Conditioned media from the initial LPS and PGN treatment was collected and analysed for 73 secreted 

proteins for monolayer culture (Table 3.2, 2D) and 28 proteins for alginate bead culture (Table 2, 3D) 

using bead-based Luminex multiplex immunoassays (Protavio, Athens, Greece), as described 

previously 232. Six assay panels were employed to measure the 73 analytes in the conditioned media, 

utilising an eight-point standard curve. Ninety-six well plates were coated with 50 µl of each 1X bead 

mix dilution (Mag-Plex® magnetic microspheres, Luminex Corp, Austin, TX, USA), containing 2’500 

beads per bead ID, and incubated with 35 µl of standards, samples, and blanks for 90 minutes at room 

temperature on an orbital shaker (1’000 rpm). Wells were washed twice with assay buffer (PR-ASSB-

1x, Protavio, Greece), followed by the addition of 20 µl of a detection antibody mix at an average 

concentration of 1 µg/ml to each well, and incubated for 60 minutes at room temperature on an orbital 

shaker (1’000 rpm). After two more washes with assay buffer, 35 µl of Streptavidin-R-Phycoerythrin 

conjugate (5 µg/ml, SAPE-001, MOSS, USA) was added and incubated for 15 minutes under the same 

conditions. Finally, the wells were washed twice and resuspended in 130 µl of assay buffer, and the 

median fluorescence intensity (MFI) values were measured using the Luminex FLEXMAP 3D platform 

(Luminex Corp., Austin, TX, USA) with a minimum of 100 bead counts per sample. 

For the Luminex analysis performed on the study of treatment with PGN, S. aureus or C. acnes with or 

without inhibitors a reduced panel was used based on results from the first study (Table 3.2, I). The 

analysis was performed in Sheffield, using R&D Systems’ Luminex assay (LXSAHM-20, R&D systems 

Minneapolis, US) following the manufacturer’s instructions. The median MFI values were measured 

utilising Luminex 200, Thermo Scientific with a minimum of 50 bead counts per sample.  
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3.2.14 STATISTICAL ANALYSIS 

Statistical analysis for IHC positivity rates was conducted using GraphPad Prism (Version 10.3.1 509). A 

Kruskal-Wallis test with Dunn’s multiple comparisons was used to compare different groups for each 

antibody staining. A two-tailed Pearson correlation analysis with a 95 % confidence interval was 

performed to assess the correlation between positivity rates for various antibodies. For the 

comparison between bacterial cell wall component treatments and the control group, statistical 

analysis was conducted in R (R Core Team, 2020) and RStudio (R version 4.4.1, RStudio Team, 2020), 

utilising the “rstatix 29” and “stats 30” packages. Kruskal-Wallis tests with Bonferroni correction were 

applied to adjust p-values for multiple comparisons. Additionally, differences in cytokine expression 

levels between PGN- and bacteria-stimulated samples, with or without inhibition, were analysed using 

Kruskal-Wallis Dunn’s multiple comparisons in GraphPad Prism. A p-value of ≤ 0.05 was considered 

statistically significant. Experiments were conducted in biological triplicates unless stated differently.  

Table 3.4 | List of analysed proteins 

Analytes grouped according to their function. Whilst all the below listed cyto- and chemokines were measured for the 
monolayer culture stimulated with LPS and PGN (2D), the panel was reduced for the alginate culture (3D) and the experiment 
of bacterial stimulation in combination with inhibitors.  

 
Abbreviation Analytes 2D 3D I Abbreviation Analytes 2D 3D I
TGFb Transforming Growth Factor Beta1 x CCL2 C-C Motif Chemokine Ligand 2 x
IL1RA Interleukin 1RA x x x CCL3 C-C Motif Chemokine Ligand 3 x
IL2RA Interleukin 2RA x CCL4 C-C Motif Chemokine Ligand 4 x x
IL4 Interleukin 4 x x CCL7 C-C Motif Chemokine Ligand 7 x
IL10 Interleukin 10 x x RANTES C-C Motif Chemokine Ligand 5 x x
IL11 Interleukin 11 x Eotaxin C-C Motif Chemokine Ligand 11 x
IL13 Interleukin 13 x x CCL17 C-C Motif Chemokine Ligand 17 x
IL22 Interleukin 22 x CCL19 C-C Motif Chemokine Ligand 19 x
LIF LIF Interleukin 6 Family Cytokine x CCL20 C-C Motif Chemokine Ligand 20 x
IL1A Interleukin 1A x x x CCL22 C-C Motif Chemokine Ligand 22 x
IL1B Interleukin 1B x x x CTACK C-C Motif Chemokine Ligand 27 x
IL6 Interleukin 6 x x GROA C-X-C Motif Chemokine Ligand 1 x
IL7 Interleukin 7 x x x IL8 Interleukin 8 x
IL15 Interleukin 15 x CXCL9 C-X-C Motif Chemokine Ligand 9 x
IL16 Interleukin 16 x x IP10 C-X-C Motif Chemokine Ligand 10 x x
IL17A Interleukin 17A x x CXCL11 C-X-C Motif Chemokine Ligand 11 x
IL17F Interleukin 17F x x CXCL12 C-X-C Motif Chemokine Ligand 12 x
IL-18 Interleukin 18 x x x CXCL13 C-X-C Motif Chemokine Ligand 13 x
IL20 Interleukin 20 x x CXCL16 C-X-C Motif Chemokine Ligand 16 x
MIF Macrophage Migration Inhibitory Facto x SCF Stem Cell Factor x x
IFNA2 Interferon Alpha 2 x IL5 Interleukin 5 x
IFNG Interpheron Gamma x x x IL9 Interleukin 9 x
RETN Resistin x x IL12 Interleukin 12 x
S100AB S100 calcium-binding protein A8 x x sRANK-L Receptor Activator of NF-kB x
ST2 Suppression Of Tumorigenecity 2 x x MMP1 Matrix Metallopeptidase 1 x x
TNF Tumor Necrosis Factor x x x MMP2 Matrix Metallopeptidase 2 x
TNF10 Tumor Necrosis Factor Member 10 x x MMP3 Matrix Metallopeptidase 3 x
TNFRF9 TNF Receptor superfamily member 9 x x MMP7 Matrix Metallopeptidase 7 x
TWEAK TNF Superfamily Member 12 x MMP9 Matrix Metallopeptidase 9 x x
CNTF Ciliary Neurotrophic Factor x x MMP13 Matrix Metallopeptidase 13 x x
NGF Neural Growth Factor x x x TIMP1 TIMP Metallopeptidase Inhibitor 2 x
NRG1 Neuregulin 1 x x DEFB1 Defensin Beta 1 x
PAI1 Serpin Family E Member 1 x FGF Basic Fibroblast Growth Factor 2 x x x
PROK1 Prokineticin1 x x M-CSF Colony Stimulating Factor 1 x
VCAM1 Vascular Cell Adhesion Moldecule 1 x GM-CSF Colony Stimulation Factor 2 x
VEGF Vascular Endothelial Growth Factor A x x G-CSF Colony Stimulation Factor 3 x x x
2D, 3D ICAM1 Intetercellular Adhesion Molecule 1 x x
I FST Follistatin x x
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3.3 RESULTS 

3.3.1 C. ACNES AND S. AUREUS ARE PRESENT IN NON-HERNIATED HUMAN IVD SAMPLES 

C. acnes (detected with an antibody to C. acnes lysate) and S. aureus were investigated in human IVD 

samples using immunohistochemical staining (Figure 3.2, A). C. acnes was detected in all the samples 

ranging from 5.9-99.6 % of cells with immunopositivity staining (n = 79, average positivity rate= 68.15 

± 26.6 %) (Figure 3.2, B). No statistically significant difference was observed between age groups, 

degeneration grade or presence of Modic change (Figure 3.2). S. aureus was detected in 38 out of 78 

IVDs ranging from 0.6 to 7.6 % (average positivity rate 1.9 ± 1.4%). Samples from female (f) patients 

showed a higher abundance of S. aureus than samples from male (m) patients (f = 60.5 % (26/43), m 

= 47.8% (11/23)). No differences were observed in the different age groups, degeneration states or 

types of Modic changes. C. acnes and S. aureus were solely detected intracellularly and not as biofilms 

within the tissue (Figure 3.2).  

Figure 3.2 | C. acnes and S. aureus are present within non-herniated human IVDs 

A Immunohistochemical staining for C. acnes lysate and S. aureus in human IVD tissue.  Brown staining confirms the presence 
of the target antigen, whilst the only blue IgG/IgM control shows no unspecific binding. The bacteria were only detected 
intracellularly and not as biofilm within the tissue B Positivity rate of C. acnes and S. aureus in each sample, separated 
according to age (top), the histological state of degeneration (middle) and the type of Modic changes (bottom). The different 
colours purple and blue represent female and male tissue donors respectively. Statistical analysis was performed using 
Kruskal-Wallis multiple comparison. 
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3.3.2 TLR2, TLR 4 AND NOD2 ARE EXPRESSED IN HUMAN IVD SAMPLES; NOD2 PRESENCE 

CORRELATES WITH THE POSITIVITY RATE OF C. ACNES, TLR2 AND TLR4 

Immunohistochemical staining confirmed the presence of TLR2 (average positivity rate= 67.4 ± 24.5), 

TLR4 (average positivity rate= 28.52 ± 23.6) as well as NOD 2 (average positivity rate= 28.27 ± 26.25) 

within human IVD tissue (Figure 3.3, A). Pearson correlation showed a positive correlation between 

the expression of TLR2 and NOD2 (p=1.58x10-6, r=0.589), TLR4 and NOD2 (p= 1.79x10-7, r=0.576) and 

Figure 3.3 | Expression of TLR2, TLR4 and NOD2 within human IVD samples 

A Immunohistochemical staining for TLR2, TLR4 and NOD2 confirmed their presence within the human IVD. The brown 
staining shows the presence of the target antigen whilst the blue IgG/IgM controls confirm only specific binding occurred. B 
Pearson correlation was performed between C. acnes lysate, S. aureus, LTR2, TLR4 and NOD2. A correlation was observed 
between C. acnes and NOD2, TLR2 and NOD2, TLR4 and NOD2 and between TLR2 and TLR4 (p=0.05). C Graphs showing 
regional differences for TLR2, TLR4 and NOD2. Purple dots represent samples obtained from female patients, blue dots from 
male patients. The samples were sorted according to their disc levels from C1-C7, L1-L4, L4/5 and L5/s1. TLR4 was significantly 
higher on the level L5/S1 compared to the cervical discs (C1-C7). Statistical analysis was performed using Kruskal-Wallis. 
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between TLR2 and TLR4 (p=2.4x10-8, r=0.622) (Figure 3.3, B). A further correlation was detected 

between the positivity rate of NOD2 and the positivity rate of C. acnes (p=0.028, r=0.262) (Figure 3.3, 

B). While other comparisons failed to show significant correlations (p>0.05). Division of the samples 

into their spinal location showed that TLR4 showed significantly more immunopositively stained cells 

(p=0.0025) in discs at level L5/S1, compared to cervical IVDs (Figure 3.3, C), whilst TLR2 and NOD2 did 

not show differential percentage immunopositivity with disc level.  

3.3.3 CORRELATION BETWEEN BACTERIAL COMPONENTS AND RECEPTORS WITH CATABOLIC 

FACTORS 

Immunohistochemical staining revealed the expression of TLR2, TLR4 and NOD2 within the IVD. 

Additionally staining showed the presence of catabolic factors interleukin-1β (IL-1β), matrix 

Figure 3.4 | Immunohistochemical staining for catabolic factors 

Immunohistochemical staining for catabolic factors IL-1β, MMP3, ADAMTS4 and Gasdermin D confirmed their 
presence within the human specimens used in this study. The brown staining shows the presence of the target 
antigen whilst the blue IgG/IgM controls confirm only specific binding occurred. 
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metalloproteinase 3 (MMP-3), a disintegrin and metalloproteinase with thrombospondin motifs 4 

(ADAMTS4) and gasdermin-D (GSDMD) (Figure 3.4). 

Pearson correlation between the patients age, the degenerative state of the tissue, different catabolic 

factors and the bacteria as well as the receptors showed a positive correlation between the patients 

age and the positivity rate of C. acnes (p=0.048, r=0.235) (Figure 3.5). The histological grading score 

representing the tissue's degenerative state did not show any correlation with the catabolic factors, 

the presence of bacteria or the expression of TLR2, TLR4 and NOD2. The positivity rate of IL-1 showed 

a moderate positive correlation with matrix mettaloproteinase-3 (MMP-3) (p=7.03x10-6, r=0.518) and 

TLR4 (p=2.1x10-6, r=0.539) as well as a weak positive correlation with NOD2 (p=2.6x10-5, r=0.483), TLR2 

(p=2.06x10-4, r=0.455)  GSDMD (p=0.004, r=0.371) and ADAMTS4 (p=0.031 ,r=0.263) (Figure 3.5b). 

MMP-3 showed another moderate positive correlation with NOD2 (p=6.56x10-9, r=0.649). It 

furthermore correlated with the positivity rate of GSDMD (p=0.001, r=0.426), C. acnes (p=3.39x10-4, 

r=0.431) TLR2 (p=0.02, r=0.400) and TLR4 (p=0.04, r=0.424). The positivity rate of ADAMTS4 correlated 

with the positivity rate of TLR2 (p=0.002, r=0.406), TLR4 (p=0.011, r=0.319) and NOD2 (p=9.6x10-5, 

r=0.465). Pyroptosis marker GSDMD correlated with the abundance of C. acnes (p=0.019, r=0.298) as 

well as NOD2 (p=0.022, r=0.288) (Figure 3.5).  

Figure 3.5 | Pearson correlation plotting the p-value  

Pearson correlation between the factors age, degeneration score, catabolic factors and the abundance of the bacteria C. acnes 
and S. aureus as well as the different receptors TLR2, TLR4 and NOD2. Darker colours indicate a lower p-value. (p=0.05). 
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3.3.4 PGN STIMULATION INDUCES A CATABOLIC RESPONSE IN HUMAN NP CELLS 

The levels of cytokines and chemokines in the collected media were measured using the Luminex 73-

plex assay. These measurements, taken from the secretome of NP cells in monolayer cultures exposed 

to bacterial cell wall components, revealed a dose-dependent increase in catabolic cytokines, 

degrading enzymes and their inhibitors, neurotrophic and angiogenic regulators, anti-inflammatory 

cytokines, immune regulators, and chemokines following treatment with PGN (Figure 3.6, A). A dose 

response was observed for various factors (Figure 3.6, F). While treatment with LPS also resulted in an 

increase in multiple factors, the changes were not statistically significant compared to the untreated 

control group (Figure 3.6, A). Notably, treatment with 5 µg/ml of PGN led to a significant increase in 

IL-5, IL-9, IL-13, IL-18, IL-16, IL-6, and C-X-C chemokine ligand 12 (CXCL12, Figure 3.6, C, D). At a higher 

dose of 50 µg/ml PGN, there was a broad increase in numerous cytokines and chemokines. Factors 

that exhibited a significant upregulation (p<0.05) with at least a 1.5-fold change compared to the non-

treated control were highlighted in volcano plots. These included anti-inflammatory cytokines (IL-1RA, 

IL-2Ra, IL-4, IL-10, IL-11, IL-13, IL-22, LIF), catabolic markers (IL-1α, IFN-α2, IFN-γ, IL-6, IL-7, IL-15, IL-16, 

IL-17F, IL-18, ST2, TNF, TNF-10, TWEAK), chemokines (CCL3, CCL4, CTACK, CXCL9, CXCL11, CXCL12, IP-

10, RANTES, SCF), degrading enzymes (MMP-7, MMP-9), neurotrophic factors (CNTF, NGF, NRG1, PAI-

1, PORK1), and cytokines (DEFB1, FGF-basic, FST, G-CSF, GM-CSF, ICAM1, IL-5, IL-9, IL-12, M-CSF) (Figure 

3.6, B). In addition, stimulation with 50 µg/ml PGN of NP cells resuspended in alginate resulted in the 

upregulation of catabolic markers such as IL-1α, TNF, IL-6, IL-7, IL-16, IL-17F, IL-18, IFN-γ, and anti-

inflammatory markers IL-1Ra, IL-4, and IL-10. Other factors like SCF, PROK1, FGF Basic, and G-CSF also 

showed significant increases (Figure 3.6, E). Factors showing a significant increases compared to the 

non-treated control but with less than a 1.5-fold change included CCL22, CXCL13, CXCL16, IFN-α2, IL-

1β, IL-17A, IL-20, S100A8, sRANK-L, ST2, TNFRSF9, and VEGF.  
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Figure 3.6 | Exposure of human NP cells to bacterial cell wall components 

A Heatmaps of the absolute cytokine concentration obtained from media of human NP cells (n=3) in monolayer stimulated with LPS or PGN respectively for 48 hours. B,C,D,E Volcano plots 
for the different cyto- and chemokines, grouped according to their function. Cyto- and chemokines plotted show a 1.5x fold change and are significantly upregulated compared to the 
untreated control. Statistical analysis was performed using Kruskal Wallis with a p value adjustment through Bonferroni correction. F Showing heatmaps of the absolute concentration of 
cyto- and chemokines measured with Luminex from the media of NP cells resuspended in alginate (n=3) stimulated with PGN for 72 hours. 
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3.3.5 S. AUREUS IS DETECTED INTRACELLULARLY AFTER ONE HOUR OF CO-CULTURE 

S. aureus and C. acnes were first grown under conditions mimicking the disc environment. The growth 

of S. aureus was not affected by the different culture conditions, C. acnes however showed a slower 

growth under LG media than Mueller Hinton Broth (Figure 3.7). Fluorescently labelled S. aureus was 

observed intracellularly within disc cells after a one-hour incubation period at an MOI of 1:100 (Figure 

3.8).   

  

Figure 3.7 | Growth curve of bacteria in different growth-media 

S. aureus and C. acnes grown in Mueller Hinton Broth, complete LG Media at an osmolarity of 450 mOSm/L, and complete 
LG Media at an osmolarity of 350 mOSm/L at 5 % O2. S aureus growth was not impacted by the different culture conditions; 
however, growth of C. acnes was slowed down in the LG Media culture conditions compared to the Mueller Hinton Broth 
control. 
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Figure 3.8 | Confocal image of intracellular S. aureus 

Confocal microscopy image of S. aureus infected disc cells (multiplicity of infection (MOI) 1:100; 1 hour). Left displaying the 
NADA green stained S. aureus, followed by the phalloidin stained cytoskeleton of the cells and the DAPI stained nuclei of the 
cells.  
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3.3.6 LOW BACTERIAL LOAD DOESN’T UPREGULATE PHOSPHO-ERK, JNK, P38 OR NFKB 

Within no treatment groups which were only treated with the inhibitors of TLR2 and NOD no changes 

in the expression of phosphorylated ERK, JNK, p38 or NFkB were observed (Figure 3.9). When cells 

were treated with either 50 µg/ml PGN, S. aureus (MOI 1:100) or C. acnes (MOI 1: 100) in the absence 

of inhibitors a small increase in phosphorylated ERK, phosphorylated JNK, phosphorylated p38 and 

phosphorylated NFkB following PGN treatment was seen which reached significance for ERK 

(p=0.0041) and NFkB (p=0.0011) compared to the non-treated control. Inhibition of TLR2 in 

combination with PGN treatment still showed a slight increase in ERK, JNK, p38 and NFkB, with the 

increase being significant for phosphorylated ERK (p=0.0008) and phosphorylated NFkB (p=0.0006) 

compared to inhibited but non-stimulated control. TLR2 inhibition in combination with S. aureus 

treatment led to a significant decrease (p=0.0312) in JNK compared to the non-treated control (Figure 

3.9). Inhibition of NOD in combination with PGN treatment showed a small increase in 

phosphorylated-ERK, - JNK, -p38 and -NFkB which reached significance (p=0.0003) for phospho-NFkB 

compared to the non-treated, inhibited control. In the combined inhibition of TLR and NOD, PGN 

treatment led to an increase in phosphorylated ERK, -JNK, -p38 and NFkB with a significant increase in 

phosphorylated ERK (p=0.0094) and phosphorylated NFkB (p=0.0109) compared to inhibited non 

treated control (Figure 3.9). A significant increase (p=0.0442) in phospho-JNK was also observed 

following stimulation with C. acnes compared to the non-treated inhibited control (Figure 3.9).  
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Figure 3.9 | Stimulation of NP cells with S. aureus and C. acnes combined with inhibitors. 

In cell-ELISA was used to measure phospho- ERK, JNK, p38 and NFkB. Cells in monolayer under hypoxia were left to attach overnight before treatment with the inhibitors for TLR2, NODin1 and both 
combined for 24 hours. Followed by the inhibition was treatment with 50 µg/ml PGN, S. aureus (MOI1:100) and C. acnes (MOI1:100) for 2 hours in combination with the inhibitors. The different shades 
of blue represent the different donors (n=3). All the measured concentrations were normalised to the non-treated control. The No treatment graphs, show the different levels of phospho ERK, JNK, p38 
and NFkB for cells only inhibited but not treated with a stimulant. No Inhibition shows treatment with PGN, S. aureus and C. acnes without inhibitors and TLR2, NODin1 and Combined Inhibition show 
the treatment combined with the inhibition. Statistical analysis was performed using Kruskal Wallis multiple comparison against the control group of each treatment (p= 0.05)  
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3.3.7 CATABOLIC FACTORS WERE INCREASED BY PGN STIMULATION BUT DOWN REGULATED 

BY CO-CULTURE WITH BACTERIA  

Inhibition of TLR2 or NODin1 as well as the combined inhibition without treatment only showed an 

effect on CCL5 expression, as NOD inhibition led to a significant downregulation (p=0.0071) compared 

to non-inhibited control (Figure 3.10). Treatment without inhibition resulted in an increase in the PGN 

treated samples in two donors in TNF, IL-1α, IL-1Ra, and CCL5 (Figure 3.10). IL-1β was below the 

detection limit for the untreated control samples but was detected in the PGN stimulation control in 2 

out of 3 donors, demonstrating treatment induced production of IL-1β. Treatment of cells in monolayer 

with S. aureus (MOI 1:100) in the absence of inhibitors resulted in a significant decrease of IL-1Ra 

(p=0.0307), CCL5 (p=0.0160) and VEGF (p=0.0011), compared to the control (Figure 3.10, Figure 3.11). 

Exposure of the cells to C. acnes (MOI 1:100) in the absence of inhibitors showed a significant decrease 

in VEGF (p=0.0068) and CXCL10 (p=0.0144) compared to the non-inhibited untreated control. 

Inhibition of TLR2 in combination with PGN treatment still showed an increase in TNF, IL-1α, IL-1Ra 

and CCL5 in 2 out of the 3 donors (Figure 3.10). Treatment with S. aureus in combination with TLR2 

inhibition showed a significant decrease in IL-1α (p=0.0282), CCL5 (p=0.0352) and VEGF (p=0.0059) 

compared to the non-treated TLR2 inhibited control (Figure 3.10). C. acnes treatment combined with 

TLR2 inhibition showed a significant decrease in IL-1α (p=0.0301), CCL5 (p=0-0428), VEGF (p=0.0007) 

and ICAM (p=0.0435) compared to the control (Figure 3.10, Figure 3.11). Inhibition of NOD1 and NOD2 

in combination with PGN treatment resulted in an increase in CCL5 in 2 donors and a significant 

increase in TNF (p=0.0246) and IL-1Ra (p=0.0301) compared to the NODin1-inhibited untreated 

control. A significant decrease of VEGF was detected in NOD inhibited samples treated with S. aureus 

(p=0.0123) and C. acnes (p=0.0421) compared to the control (Figure 3.10). Furthermore, the inhibition 

of NOD in combination with C. acnes exposure led to a significant decrease in CXCL10 (p=0.0361) 

(Figure 3.11). Combination of TLR2, NOD1 and NOD2 inhibition in combination with PGN treatment 

resulted in an increase in IL-1Ra, CCL5 and VEGF, and a significant increase in TNF (p=0.0027) compared 

to the inhibited untreated control (Figure 3.10). The combined inhibition together with S. aureus 

treatment resulted in significant decreases in CCL5 (p=0.0209), VEGF (p=0.0427), IL-7 (p=0.0074) and 

CXCL10 (p=0.0279) compared to the control. C. acnes treatment combined with inhibition of TLR2, and 

NODs resulted in a significant decrease in IL-1α (p=0.0033), VEGF (p=0.0078), and CXCL10 (p=0.0315) 

compared to the control (Figure 3.10). No changes in any treatment conditions or inhibitors were 

detected in IL-4, IL-18 and CCL4 (Figure 3.11). Cytokine concentration of MMP-9 were below detection 

limits, whilst MMP-3 was above the limit of detection and thus could not be quantified.  
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Figure 3.10| Cytokine expression following treatment with PGN, S. aureus and C. acnes in combination with inhibitors 

Cells in monolayer were left to attach overnight in a low oxygen chamber before stimulating them with TLR2 inhibitor, 
NODin1 inhibitor and a combination of the inhibitors for 24 hours. Following the stimulation period cells were exposed to 50 
µg/ml PGN, S. aureus (MOI 1:100) or C. acnes (MOI 1:100, MOI 1:10) for 2 hours followed by a PBS wash and the addition of 
fresh media supplemented with the inhibitors. The secretome was collected and a Luminex assay was performed. 
Concentrations of each cytokine are shown normalised to the non-stimulated non-treated control. Statistical analysis was 
not performed for C. acnes at an MOI 1:10 as the experiment was only performed in biological duplicates. Kruskal Wallis 
multiple comparison test was used to compare the treatments with the stimulation control (p= 0.05). Different shades 
represent different donors (n=3) 
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Figure 3.11 | Cytokine expression following treatment with PGN, S. aureus and C. acnes in presence of inhibitors 

Cells in monolayer were left to attach overnight in a low oxygen chamber before stimulating them with TLR2 inhibitor, 
NODin1 inhibitor and a combination of the inhibitors for 24 hours. Following the stimulation period cells were exposed to 
50 µg/ml PGN, S. aureus (MOI 1:100) or C. acnes (MOI 1:100, MOI 1:10) for 2 hours followed by a PBS wash and the addition 
of fresh media supplemented with the inhibitors. The secretome was collected and a Luminex assay was performed. 
Concentrations of each cytokine are shown normalised to the non-stimulated non-treated control. Statistical analysis was 
not performed for C. acnes at an MOI 1:10 as the experiment was only performed in biological duplicates. Kruskal-Wallis 
multiple comparison test was used to compare the treatments with the stimulation control (p= 0.05). Different shades 
represent different donors (n=3) 
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3.4 DISCUSSION 

This study investigated the presence of bacteria within non-herniated human IVDs, aiming to 

distinguish between perioperative contamination and in vivo bacterial colonisation while also 

exploring the potential effect of bacteria on human disc cells and possible pathways upon bacterial 

exposure. By using immunohistochemical staining, C. acnes and S. aureus were not only detected 

within the tissue but could also be located intracellularly in human NP cells. After confirming bacterial 

presence, staining for catabolic factors, TLRs, and NOD2 revealed correlations between C. acnes and 

NOD2, as well as MMP-3 and GSDMD. Although the p-value for the correlation between C. acnes and 

IL-1β wasn’t significant a low p-value (p=0.069) indicates a potential correlation, but a higher sample 

number may be required. Bacterial survival and growth were observed under harsh disc-like conditions 

for anaerobic C. acnes and facultative aerobe S. aureus. Bacterial cell wall components induced a 

catabolic response in human NP cells, both in monolayer and 3D constructs in vitro. However, a low 

bacterial load with laboratory strains of bacteria, mimicking predicted physiological levels within non-

infected discs, did not affect catabolic cytokine expression. Additionally, inhibition of TLR2 and NOD 

did not fully suppress the catabolic response of NP cells to high doses of PGN exposure suggesting the 

involvement of alternative receptor mediated effects. 

3.4.1 DETECTION OF BACTERIA IN NON-HERNIATED HUMAN DISCS 

The topics of disc infection and the disc microbiome have sparked significant debate within the spine 

research community, challenging the longstanding paradigm that the IVD is sterile 128–130. C. acnes, an 

aerotolerant anaerobic bacterium, has garnered particular interest in this discussion 131–133,233–236. 

However, the two primary methods for bacterial detection, microbial culture and NGS, have faced 

criticism due to their inability to fully rule out perioperative contamination. To date, specific bacterial 

staining within the IVD has only been reported using fluorescence in situ hybridization (FISH), in a study 

focusing on biofilm presence in herniated human discs 236. Herniation was an exclusion criterion in the 

current study to focus on degenerated but contained discs only, using discs reported at surgery to have 

an intact annulus, termed here as an intact disc, minimising the risk of contamination from surrounding 

tissue and determining whether bacteria are of disc origin. The detection of C. acnes and S. aureus 

intracellularly in NP and AF cells provides strong evidence that these bacteria represent true in vivo 

disc bacteria. Furthermore, bovine NP cells have been found to phagocytose latex beads and apoptotic 

bodies, suggesting NP cells may play an immune defensive role within the IVD, behaving in a 

macrophage-like manner 237,238. The internalisation of S. aureus by human NP cells via phagolysosome 

formation was previously reported by Lin et al. 239. Additionally, C. acnes has been observed within 
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living human NP cells in an in vitro experiment 48 hours post-infection 240. The immunohistochemical 

detection of bacteria within the IVD further supports the existence of an intrinsic disc microbiome. 

Unlike microbial culture and NGS, immunohistochemistry enables the precise localisation of bacteria 

within disc cells, reducing the risk of contamination and offering more substantial evidence that the 

disc harbours its microbiome, with potential implications for disc health and pathology. By focusing 

exclusively on staining for S. aureus and C. acnes, despite recent evidence from 16S-Sequencing studies 

indicating that a variety of bacterial species can be present within IVDs, the bacterial scope may 

overlook the potential impact of other microbial species on disc pathology.  

3.4.2 POSSIBLE PATHWAYS UPON BACTERIAL EXPOSURE 

Bacterial components such as LPS and PGN are known to trigger a robust catabolic response in human 

NP cells, inducing the expression of the catabolic cytokine IL-1β, matrix-degrading enzymes MMP-13 

and ADAMTS-4, and neurotrophic factors like NGF and BDNF through the activation of the TLR2 

heterodimer and the TLR4 homodimer 226,241,242. Consistent with previous studies, our in vitro 

experiments showed a significant catabolic response, especially with PGN treatment, highlighting the 

potential effects of bacterial presence in the disc environment. 

Immunohistochemical staining revealed a positive correlation between C. acnes and MMP-3, as well 

as between C. acnes and GSDMD, a protein involved in pyroptosis 168. However, no correlation was 

found between bacterial presence and the positivity rate of TLRs, suggesting the involvement of other 

mechanisms in driving this catabolic response beyond TLR activation alone. Indeed, TLRs may not be 

the dominant driver in the catabolic response to bacteria, as bacteria were detected intracellularly.  

Mengis et al. reported elevated TLR2 expression in cells from patients with Modic changes type 1 and 

in catabolic conditions, highlighting their pro-inflammatory and pro-catabolic roles, which may 

contribute to disc degeneration and MCs 224. Similarly, Schmid et al. demonstrated in a study the 

involvement of the TLR2/4 pathways in inducing a catabolic response upon stimulation with C. acnes, 

but only in a subgroup of patients further supporting the involvement of other pathways 225.  

NOD2 is an intracellular patten recognition receptor sensing muramyl dipeptide, a component of 

bacterial PGN. It plays a role in inflammatory responses, particularly in epithelial cells and immune 

cells, where it activates NFkB and MAPK pathways leading to cytokine production 243,244. While NOD2 

has not been previously reported in human NP cells, our immunohistochemical analysis detected 

NOD2 and showed its presence in the disc, with a positive correlation between NOD2 positivity and C. 

acnes. This finding points to a potentially important role for NOD2 in the disc's response to bacterial 

presence, further supporting the notion that multiple receptors contribute to bacterial detection and 
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the ensuing catabolic activity in the disc. It furthermore suggests that NP cells play an active role in 

immune surveillance within the disc environment and act as immune-like responders.  

Despite these findings, the inhibition of TLR2 and NODs in the presence of PGN did not affect the 

phosphorylation of ERK, JNK, p38, or NFkB, nor did the inhibition alter the expression of cytokines such 

as TNF and IL-1α. This lack of inhibition suggests that either other signalling pathways may be 

compensating for the absence of TLR and NOD activation, or the inhibitors failed to inhibit the 

receptors fully. However, the concentration utilised for NODin1 inhibition was shown to be effective 

reducing IL-1β secretion in mice CD8 T cells upon infection 245. TLR2 inhibition has also been shown to 

decrease the release of pro-inflammatory factors in BV2 microglial cells in a concentration which was 

applied in our study 246. This points to the involvement of additional pathways, such as NLRP3 

inflammasomes, which are activated by microbial stimuli and have been implicated in NP cell 

pyroptosis 168. This aligns with our finding of a correlation between the positivity rate for GSDMD and 

C. acnes in immunohistochemistry samples. GSDMD is a key effector of pyroptosis, supporting the 

hypothesis that NLRP3-mediated inflammasome activation could contribute to the observed catabolic 

response. 

Another potential pathway might involve C-type lectin receptors (CLRs), a family of pattern recognition 

receptors (PRRs) that detect specific carbohydrate structures commonly found on pathogens, including 

bacteria. CLRs recognise glycans such as mannose, fucose, and N-acetylglucosamine, which are 

components of bacterial peptidoglycan 170. Notable CLRs include DC-SIGN, Dectin-1, and the mannose 

receptor, primarily expressed on antigen-presenting cells like macrophages and dendritic cells. Upon 

activation, CLRs initiate signalling cascades that lead to cytokine production and immune cell 

recruitment to fight infections 247–250. However, it remains unknown whether CLRs are expressed within 

the IVD, representing an avenue for further investigation. 

3.4.3 LOW BACTERIAL LOAD DOES NOT TRIGGER A CATABOLIC RESPONSE IN NP CELLS  

Growth of facultative anaerobe S. aureus was not significantly affected by the harsh disc environment, 

suggesting its resilience under these conditions. In contrast, aerotolerant anaerobe C. acnes exhibited 

slower growth when exposed to 5% O2 and disc culture media, compared to its growth in standard 

anaerobic conditions with Mueller-Hinton broth. This difference in growth rate highlights the unique 

adaptations of C. acnes to varying oxygen levels and/or nutrient requirements, which could impact its 

ability to persist in the disc.  

  



CHAPTER 3 | BACTERIA IN NON-HERNIATED HUMAN IVDs: POTENTIAL SIGNALLING PATHWAYS 

75 
 

Co-culture of NP cells with a low bacterial load (MOI 1:100, bacteria to NP cells) which was predicted 

to mimic physiological levels showed no significant activation of these pathways, aligning with the 

notion that a higher bacterial load may be required to induce a stronger response. Interestingly, we 

observed a strong downregulation of IL-1Ra, CCL5 and VEGF protein expression in cells stimulated with 

a low load of S. aureus. Furthermore, VEGF was strongly downregulated upon stimulation with a low 

load of C. acnes. The degenerated NP cells used for this experiment already have a higher catabolic 

cytokine expression than healthy cells 251 and, therefore, might also express VEGF at a higher level. 

Even when treated with PGN, one donor showed a decrease in CCL5 and IL-1Ra compared to the non-

treated control, indicating donor variability. Notably, also the other two donors did not show an 

increase in VEGF, implying that the VEGF upregulation may occur later as a downstream effect of the 

rise in catabolic cytokines 65.  

The observed cytokine expression levels might also be a consequence of the study design. First, we did 

not capture cytokine release during the initial 2-hour infection period, which may have resulted in 

missing early catabolic responses triggered by bacterial internalisation. Furthermore, the 

internalisation rate of bacteria by NP cells remains unknown, leading to uncertainty in determining the 

precise MOI specific to intracellular bacteria.  Previous studies with higher MOI (100:1) reported robust 

activation of ERK, JNK, p38, and NFkB in human NP cells derived from patients with degenerate discs 

after C. acnes infection for different culturing periods peaking at 4 hours 252. Elevated IL-6 and IL-8 

levels in NP cells of IVDs from degenerate patient samples have also been associated with higher 

bacterial loads (MOI 100:1) after 24 hours in-vitro stimulation 226, suggesting that bacterial load and 

duration of exposure may play critical roles in modulating NP cell responses. It is important to note 

that bacteria multiply more rapidly than human cells, meaning the MOI will shift over time as bacterial 

populations grow. Additionally, culture conditions play a significant role in experimental outcomes. 

While previous studies utilised HG F12 DMEM media supplemented with 10-15% FCS at 37°C, 5% CO₂ 

and 21% O2, the current study was conducted in a low-oxygen (5%) glovebox with LG DMEM media 

supplemented with 1% ITS-X, which more closely replicates the disc environment. However, using in 

vitro monolayer cultures, while useful for controlled experimentation, did not fully capture the 

complexity of the 3D architecture and microenvironment in the human IVD disc. This simplification 

could limit the applicability of the findings to in vivo conditions. 
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3.4.4 DIFFERENCES IN BACTERIAL PHYLOTYPES 

Another important factor to consider is the bacterial strains used in experimental designs or detected 

in studies. Over the past decade, biochemical, transcriptomic, and proteomic analyses have shown 

that different phylotypes of C. acnes vary in their inflammatory potential and expression of putative 

virulence factors 135. For instance, C. acnes is the most prevalent bacterium in the human skin 

microbiome, with no significant difference in load between healthy skin and acne-affected skin. 

However, inflammatory acne is believed to be triggered by an imbalance in the skin microbiota, 

specifically due to the selection of certain C. acnes phylotypes 253. Additionally, different C. acnes types 

have been identified at different body sites. While phylotype IA was mostly identified in severe acne, 

infections in foreign material and soft tissues have been linked to phylotypes IB and II, types IB and IC 

have been associated with colonisation of the prostate, urinary tract, and orthopaedic equipment 253–

256. A study examining the phylotypes of C. acnes detected in IVDs reported that 18 out of 60 analysed 

samples were positive for C. acnes microbial cultures. Among these 18 strains, 39% belonged to 

phylotype II, 33% to type IA1, 6% to type IB1, and 22% to phylotype III. The study further observed 

that rabbits injected with C. acnes type IB or II strains exhibited significantly decreased T1-weighted 

imaging (T1WI) and increased T2-weighted imaging (T2WI) signals at eight weeks, whereas those 

injected with strain III showed hypointense signals on both T1WI and T2WI, highlighting differences 

between the phylotypes 257. Schmid et al. used a clinical C. acnes isolate from spinal infection and ATCC 

purchased strain isolated from facial acne to treat human NP cells in vitro. They reported higher gene 

expression levels of IL-1β, IL-6 and IL-8 for the ATCC strains as well as higher protein levels in the 

secretome for IL-6 and IL-8 (IL-1β was not reported). Cytokine expression however was not significantly 

upregulated upon treatment with either C. acnes strain due to high fluctuations between their 4 

donors 225. Indicating again donor variability and the possibility of responders and non-responders.    

Similarly, to C. acnes, S. aureus is a normal component of the skin microbiome, can cause a wide range 

of diseases depending on the virulence factors it carries, from mild skin infections to life-threatening 

conditions such as pneumonia and sepsis 258. In this study, laboratory strains of bacteria were used: C. 

acnes isolated from acne-affected skin and S. aureus from the conjunctiva. It is important to note that 

the virulence factors of these laboratory strains may differ from strains isolated directly from infection 

sites. 
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3.4.5 CONCLUSION 

This study provides compelling evidence of bacterial presence within non-herniated human 

intervertebral discs, specifically C. acnes and S. aureus. Immunohistochemical detection not only 

localises bacteria within NP cells but also reveals significant correlations between C. acnes and 

catabolic markers such as MMP-3, GSDMD, and NOD2. This suggests that NP cells may actively 

participate in immune surveillance. The involvement of NOD2 points to previously unrecognised 

intracellular pathways contributing to bacterial detection and subsequent inflammatory responses. 

Our findings suggest that TLRs may not be the dominant receptors in this process, indicating the role 

of other mechanisms, such as the NLRP3 inflammasome or potentially CLRs, which could drive the 

catabolic response, although this requires further investigation. While low bacterial loads did not 

trigger significant activation of the MAPK or NF-kB pathways, previous studies with higher bacterial 

loads highlight the importance of infection intensity and duration in modulating NP cell responses. 

These results underscore the complex interplay of multiple receptors and pathways in the disc's 

immune response to bacteria and pave the way for further exploration of targeted therapeutic 

interventions for disc-related pathologies. 
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ABSTRACT 

This study aimed to explore the presence of bacteria in intervertebral discs (IVDs) from healthy bovine 

donors to determine whether these discs naturally harbour bacteria. Immunohistochemical staining 

was performed to detect Cutibacterium acnes and Staphylococcus aureus in non-cultured, directly 

isolated bovine IVDs. A subset of bovine explants was subjected to spiking with Staphylococci before 

their loading and culturing, to assess whether bacteria can invade intact discs. Additionally, the study 

examined the correlation between bacterial presence and matrix-degrading enzymes or catabolic 

factors, along with 16S rRNA sequencing of microbes in the collected media to identify potential 

bacterial sources. The results demonstrated the presence of C. acnes and S. aureus in intact bovine 

IVDs, with a higher positivity rate for C. acnes observed in the inner annulus fibrosus compared to the 

outer annulus. Both positive and negative correlations were found between bacterial presence and 

catabolic factors, suggesting complex interactions between bacteria and disc cell biology. These 

findings support the notion of a microbiome existing within IVDs and emphasise the necessity for 

further research into the roles of various bacterial phylotypes and their impact on disc health and 

degeneration. Moreover, the identification of environmental and gut-related bacteria highlights the 

significance of considering external sources of bacterial presence in studies of the IVD microbiome.  
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4.1 INTRODUCTION 

The question of whether the intervertebral disc (IVD) harbours its own microbiome has become a 

prominent topic in disc research. Bacterial colonisation and dysbiosis have been proposed as potential 

causes for Modic changes, which are vertebral bone marrow lesions visible on MRI scans, as well as 

for disc degeneration 138,147. To date, most studies have focused on detecting bacteria in herniated discs 

or IVDs with endplate defects 233. Rajasekaran et al. investigated the presence of bacteria in MRI-

normal IVDs from organ donors using next-generation sequencing and found differences in the 

microbiome composition compared to degenerate and herniate discs 147. 

It has been suggested that bacteria found in human discs may reach structurally compromised IVDs 

via haematogenous spread from distant infections or enter the bloodstream through minor injuries, 

migrating from the skin or other epithelial surfaces 259,260. The detection of bacteria within MRI-normal 
147 and non-herniated IVDs (Chapter 3) raises the possibility that bacteria can penetrate intact discs. 

Animal models investigating bacteria within IVDs often involve the injection of C. acnes, an anaerobic 

bacterium found in human IVDs, directly into the disc  143,261. Inoculating C. acnes into caudal IVDs has 

been shown to induce disc degeneration in rats 143,144 and rabbits 145,146. However, these studies focused 

on the effects of C. acnes on the disc without addressing whether it was already present in intact discs 

or if it could naturally invade healthy IVDs. The presence of in-vivo disc bacteria within species other 

than human has not been investigated to date.  

This study aimed to determine whether IVDs from healthy bovine donor’s harbour bacteria such as C. 

acnes and S. aureus. Additionally, exploring whether bacteria could invade intact discs, and whether 

the application of mechanical load affected this migration. Furthermore, the expression of catabolic 

factors associated with disc degeneration were investigated to enable potential associations with 

bacteria to be unravelled.   
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4.2 METHODS 

4.2.1 STUDY DESIGN 

This study addressed three key questions (Figure 4.1). The first aimed to determine whether IVDs from 

healthy bovine tails naturally harbour microbes, such as C. acnes and S. aureus. To investigate this, 

control discs were immediately fixed in formalin for immunohistochemical analysis to detect bacterial 

presence. Furthermore, media of samples was collected, whether from discs showing visible bacterial 

growth and those without, and media utilised to perform 16S rRNA sequencing and identify the 

microbes and their potential heritage. The second question examined whether bacteria could invade 

an intact bovine IVD under in vitro conditions and whether loading has an influence in the invasion. 

Following a free-swelling period, the samples were subjected to either static or dynamic loading as 

well as control or infected, where the culture media was spiked with a mixture of Staphylococci species. 

The third question examined the correlation between bacterial presence and catabolic factors, as well 

as toll-like receptors (TLRs).  

  

Figure 4.1 | Study overview 

The aim of this study was to determine whether bacteria can invade an intact intervertebral disc and explore potential 
pathways of invasion. As a model for intact discs, whole organ samples were isolated from bovine tails. Control discs, used 
to assess the presence of bacteria in uncultured bovine intervertebral discs (IVDs), were immediately fixed and processed 
after isolation. The remaining discs were isolated and left to freely swell in media for 48 hours. Some discs showed signs of 
contamination, and both the discs and the surrounding media were collected to identify the bacteria present. Discs without 
contamination were either used as additional controls or exposed to media spiked with Staph species under static or dynamic 
loading conditions, to determine if S. aureus could subsequently be detected within the intact discs. 
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4.2.2 TISSUE PROCESSING 

Bovine tails were obtained from a slaughterhouse in Interlaken, Bern, Switzerland. The tails were 

collected immediately after the animal's death and were transported in two freshly opened plastic 

bags during a one-hour train journey. The whole tail was washed in a 1% Betadine solution for 5 

minutes before further steps were performed under sterile conditions in a laminar flow hood (Figure 

4.2, A,B). The muscle was partially removed, and unnecessary parts, such as the tail end, were 

removed. For further sterilisation, the tail was quickly washed in 70% ethanol (Figure 4.2, C). 

Remaining muscle and tendons around the IVDs were removed, and the IVD-vertebrae connection 

point was located by gently moving the tail (Figure 4.2, D,E). The cleaving side was positioned 1-2 mm 

away from the IVD in the direction of the vertebrae. The growth plate located between the bony 

endplate of the IVD, and the vertebrae was removed as thoroughly as possible (Figure 4.2, G). After 

cleavage, the isolated IVD was wrapped with sterile gauze moistened with 0.9% sodium chloride 

containing 55mM sodium citrate. 

Figure 4.2 | Workflow of isolating whole bovine IVD 

A Tail washing in 1% Betadine for 5 min B Removal of soft tissue C Additional washing step in 70% Industrial Spirit D Working 
under laminar flow hood with fresh sterile material E Removal of muscle and cleaning of disc tissue F Isolation of bovine 
whole organ model. Hammering of Guillotine through growth plate (GP) to separate the intervertebral disc (IVD) from the 
bone G GP shown, left side towards vertebrae, right side toward the IVD. Removal of as much cartilage from GP towards the 
bony endplate H Washing of IVD in 1% Betahdine and washing with Jetlevage to remove blood clots I Wash in 10% P/S and 
AmpB for 2x10 min before overnight free swelling in HG DMEM containing 5% FBS. 
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To remove coagulated blood from the bone, a pulsavac jet-lavage system was used. Before using the 

jet lavage system, the explant was dipped in Betadine (Figure 4.2, H). The gun was then applied at an 

angle of 30-60°, directed at the endplate surface for approximately 30 seconds on each side. To 

eliminate any microbes, the explant was washed twice in 10% Penicillin Streptomycin (P/S) for 10 

minutes before being left to free swell overnight in high-glucose (4.5 g/L) Dulbercco’s Modified Eagle 

Medium  (HG-DMEM, #52100-039;Gibco, Life Technologies, Zug, Switzerland) supplemented with 1% 

P/S , 5% foetal bovine serum (FBS, #F7524, Sigma-Aldrich), 0.22% sodium hydrogen carbonate 

(#31437-500G-R, Sigma-Aldrich), 1mM sodium pyruvate (#11360-039, Thermo Fisher Scientific, Basel, 

Switzerland) and 10 mM HEPES buffer solution (#15630-056, Thermo Fisher Scientific). The following 

day, the media was changed every 1.5 hours using P/S fee media for a total of five times to remove any 

excess P/S. The explants were then left to free swell overnight in P/S free media 262,263. 

4.2.3 BACTERIAL STRAINS 

A mixture of Staphylococci strains was used in this study, which was first thought to be a pure S. aureus 

culture. However, 16-S sequencing reviled a mixture of S. aureus, S. auricularis, S. caprae, S. 

condimenti, S. croceilyticus, S. felis, S. pasteuri, S. psicifermentans, S. schleiferi and S. werneri.   Bacterial 

cultures were grown overnight at 37°C in 21% O2 on Mueller Hinton agar (70191, Merck, Dorset, UK) 

plates. Liquid cultures were prepared by adding one colony-forming unit (CFU) to 4 ml of complete 

media and incubated overnight. 
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4.2.4 TREATMENT GROUPS 

Control samples were preserved in 10% (w/v) 

formalin (Leica, Milton Keynes, UK) immediately 

after isolation (Figure 4.2 F) and subsequently 

used for immunohistochemical staining 

(Appendix 4). Samples showing visible signs of 

bacterial growth during the free swelling period 

were also fixed in 10% formalin for one week to 

allow immunohistochemical analysis. Media from 

these samples was collected and stored at -80°C 

for later DNA extraction and 16S sequencing. 

Samples without visible bacterial growth were 

assigned either to the culture control group or 

the infection group, with further division based 

on static or dynamic loading conditions. Culture 

media was collected prior and after loading (Appendix 4). Media from the infection group samples was 

spiked with 100 µl of an overnight Staphylococci culture (OD600=0.1, approximately 5.0 x 106 CFUs). 

Static loading involved applying a 0.1 MPa load for 24 hours in an incubator at 37°C with 5% CO2 and 

20% O2. Dynamic loading, performed in a custom-made two degrees-of-freedom bioreactor, consisted 

of a diurnal load that included a passive and active phase. The passive phase lasted 16 hours and 

consisted of a 0.1 MPa static load. The active phase lasted 8 hours and consisted of cyclic compression 

ranging from 0.3 MPa to 0.5 MPa at 0.1 Hz, combined with a 2° torsional load at 0.05 Hz, at 37°C with 

5% CO2 and O2 for 24 hours 263,264. 

4.2.5 IMMUNOHISTOCHEMICAL STAINING 

The bovine IVD explants were preserved in 10% (w/v) formalin (Leica, Milton Kynes, UK) for one week 

and subsequently decalcified in 12.5% ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, 

Merck 03685, St. Louis US) for three months, with solution replacement occurring twice weekly. 

Decalcification was visually checked with µCT until clear. The samples were then processed and 

embedded in paraffin wax. Sections were cut to a 4 µm thickness using a microtome and mounted on 

positively charged Superfrost Plus slides (Epredia, Runcorn UK). Immunohistochemical staining 

followed previously established protocols 229. After deparaffinisation and rehydration, endogenous 

peroxidases were blocked for 60 minutes in a 100% industrial methylated spirit (IMS) solution 

Figure 4.3 | Groups within the experiment 

Overview of groups included in the experiment, from the 
directly isolated control samples to the contaminated 
samples collected during the free swelling period and the 
loaded samples divided into culture control and Staph. spiked 
infected samples. 
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containing 3% (v/v) hydrogen peroxide (Sigma Aldrich) and 0.06% (v/v) concentrated HCl. Antigen 

retrieval varied depending on the antibody used (Table 4.1) and included either no retrieval, enzymatic 

retrieval [0.1% (w/v) α-chymotrypsin (Sigma Aldrich, Poole, UK) in tris-buffer saline (20 mmol/L Tris, 

150 mmol/L NaCl, pH 7.5) containing 0.1% (w/v) CaCl2 for 30 minutes at 37°C], or heat retrieval [0.05M 

Tris, pH 9.5, preheated to 60°C before 5 minutes in a rice steamer]. After antigen retrieval, sections 

were rinsed in tris-buffered saline (TBS, (20 mmol/L Tris, 150 mmol/L NaCl pH7.5)) and blocked for 1 

hour at room temperature with 1% (w/v) bovine serum albumin (BSA) solution containing 25% (v/v) 

normal serum in TBS to prevent nonspecific antibody binding. Primary antibodies were incubated 

overnight at 4°C in TBS with 1% (w/v) BSA. Simultaneous IgG control experiments were performed 

using the same protein concentrations to evaluate nonspecific isotype binding. After incubation, 

sections were rinsed in TBS three times, followed by the addition of secondary antibodies at room 

temperature for 30 minutes. After three more TBS washes, Elite® ABC reagent (Vector Laboratories, 

Peterborough, UK) was applied for 30 minutes. This was followed by an additional three TBS washes 

before the addition of 0.65 mg/mL 3,3’-diaminobenzidine tetrahydrochloride (DAB, Sigma-Aldrich) 

with 0.08% (v/v) hydrogen peroxide in TBS for 20 minutes, followed by 5 minutes of running tap water 

rinses. The nuclei were counterstained with Gill’s Haematoxylin (GHS232, Sigma, Dorset, UK) for 20 

seconds and blued under running water for 3 minutes. After dehydration in graded ethanol and 

clearing in xylene, the slides were mounted with Pertex®. Slides were scanned at 20x and 40x 

magnification using a PANNORAMIC® 250 Flash II DX slide scanner (3DHistech), and representative 

images captured to illustrate immunohistochemical staining. Image analysis was conducted following 

the protocol as described in chapter 2 distinguishing between the different regions CEP, NP, iAF and 

oAF calculating the positivity rate (Figure 4.4).  

Table 4.1 | Target antibodies used for immunohistochemical staining 

 

Primary Antibody Clonality
Stock conc. 

[mg/ml]
Dilution

Antigen 
Retrieval 

Secondary Antibody
Normal 
Serum

S. aureus (AB_1087481) mouse monoclonal 2 1:100 enzyme Rabbit anti mouse (ab6727) Rabbit

C. acnes (D371-3) mouse monoclonal 1 1:100 enzyme Rabbit anti mouse (ab6727) Rabbit

TLR2 (ab226913) rabbit polyclonal 1 1:500 enzyme Goat anti rabbit (ab6720) Goat

TLR4 (ab22048) mouse monoclonal 1 1:100 heat Rabbit anti mouse (ab6727) Rabbit

NOD1 (ab189409) rabbit polyclonal 1 1:250 heat Goat anti rabbit (ab6720) Goat

NOD2 (ab31488) mouse monoclonal 1 1:600 heat Rabbit anti mouse (ab6727) Rabbit

IL1b (KP1109B-100) rabbit polyclonal 1 1:600 enzyme Goat anti rabbit (ab6720) Goat

IL6 (KP1898B-100) rabbit polyclonal 1 1:600 enzyme Goat anti rabbit (ab6720) Goat

ADAMTS4 (ab185722) rabbit polyclonal 3.2 1:200 none Goat anti rabbit (ab6720) Goat

MMP3 (ab53015) rabbit polyclonal 1 1:400 enzyme Goat anti rabbit (ab6720) Goat

GSDMD (2100700) rabbit monoclonal 0.78 1:100 heat Goat anti rabbit (ab6720) Goat

NLRP3 (ab263899) rabbit monoclonal 0.58 1:100 none Goat anti rabbit (ab6720) Goat
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4.2.6 DNA ISOLATION 

DNA was isolated using the DNeasy® Blood and Tissue Kit (69504, Qiagen, Manchester, UK) following 

the manufacturer's protocol. Briefly, the collected media, control media, and an overnight bacterial 

culture were centrifuged at 5’000 g for 10 minutes to pellet the bacteria. The supernatant was 

discarded, and the pellet resuspended in 180 µl of enzymatic lysis buffer, followed by incubation at 

37°C for 30 minutes. Afterward, 25 µl of Proteinase K and 200 µl of Buffer AL were added, and the 

sample was incubated at 56°C for 30 minutes. Subsequently, 200 µl of ethanol was added, and the 

mixture was vortexed briefly to ensure homogeneity. The lysate was transferred to a DNeasy mini spin 

column and centrifuged at 6’000 g for 1 minute. The flow-through was discarded, and the column was 

placed in a clean 2 ml collection tube. Then, 500 µl of Buffer AW1 was added, followed by 

centrifugation at 6’000 g for 1 minute. After discarding the flow-through, the spin column was 

transferred to a fresh collection tube, and 500 µl of Buffer AW2 was added. A final centrifugation at 

20’000 g for 3 minutes ensured the drying of the DNeasy membrane. The spin column was placed in a 

1.5 ml Eppendorf tube, and 200 µl of Buffer AE was applied to elute the DNA. After a 1-minute 

incubation at room temperature, the sample was centrifuged for 1 minute at 6’000 g. The eluted DNA 

was quantified using the Agilent High Sensitivity DNA Kit (Agilent Technologies, Santa Clara, Ca, USA) 

Figure 4.4| Analysis in QuPath 

A Examples of manually selected regions are highlighted in different colours: the cartilaginous endplates (CEP) in purple, the 
nucleus pulposus (NP) in yellow, the inner annulus fibrosus (iAF) in light green, and the outer AF (oAF) in dark green. B A 
zoomed-in view of the regional selection demonstrates the CEP, NP with tissue folds excluded, oAF with blood vessels 
excluded, and iAF with staining artefacts excluded, scale bars as indicated. 
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following the manufacturer’s instructions (Agilent High Sensitivity DNA Kit Quick Start Guide, 

Document No, G2938-90322) by SITRAN (University of Sheffield). The DNA samples were prepared by 

loading onto the Agilent 2100 Bioanalyzer for assessment enabling the precise measurement of low-

concentration DNA samples providing high-resolution analysis.   

4.2.7 16S RRNA SEQUENCING  

Amplification of the 16S rRNA gene from extracted gDNA was performed using the 16S barcoding Kit 

24 V14 (SQK-16S114.24, Oxford Nanopore Technologies, Oxford, UK). To ensure optimal sequencing 

results, a flow cell check was initially performed according to the MinKNOW protocol prior to library 

preparation. A 96-well plate containing 16S barcodes provided by the Kit were used, from which a set 

of barcodes (1-24) were separated and thawed at room temperature. After brief centrifugation, the 

barcodes were placed on ice. Genomic DNA samples were prepared by transferring 10 ng of DNA into 

0.2 ml thin-walled PCR tubes and adjusting the volume to 15 μl with nuclease-free water. The samples 

were thoroughly mixed, spun down, and combined with LongAmp Hot Start Taq 2X Master Mix to a 

final reaction volume of 40 μl. Barcode addition involved carefully piercing the foil covering each 

barcode and transferring 10 μl of the desired barcodes into the sample tubes, followed by mixing and 

centrifugation. PCR amplification was performed using the following thermal cycling conditions: initial 

denaturation at 95°C for 1 minute, followed by 25 cycles of denaturation at 95°C for 20 seconds, 

annealing at 55°C for 30 seconds, and extension at 65°C for 2 minutes, with a final extension at 65°C 

for 5 minutes. Following amplification, 4 μl of EDTA was added to stop the reaction, and the barcoded 

samples were quantified using a Qubit fluorometer. Equimolar ratios of the barcoded samples were 

pooled, followed by a bead-based cleanup using AMPure XP Beads at a 0.6X volume ratio. The bead-

bound DNA was washed with 80% ethanol, eluted in 15 μl of Elution Buffer, and quantified again using 

the Qubit fluorometer. Prior to loading the prepared library into the R10.4.1 flow cell (Flow-Min114, 

Oxford Nanopore Technologies) on the GridION instrument, the flow cell was primed according to 

manufactures instruction. Identification of the original single read was performed with epi2me-labs 

wf-metagenomics classifier Kraken 2 with a minimal read length of 1450 bp and a maximum of 1600.  
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4.2.8 STATISTICAL ANALYSIS 

Statistical analysis for IHC positivity rates was performed using GraphPad Prism (Version 10.3.1 509). 

Group or regional comparisons for each antibody were evaluated using the Kruskal-Wallis test followed 

by Dunn’s multiple comparison. A p-value of ≤ 0.05 was considered statistically significant.  

For the 16S rRNA sequencing analysis, R (R Core Team, 2020) and RStudio (Version 4.4.1, RStudio Team, 

2020) were used for both statistical analysis and data visualisation. Samples with a read count below 

800 were excluded from further analysis, and species representing less than 3% of the total reads 

within a sample were also excluded. The analysis utilised several R packages: readxl for data import, 

dplyr and tidyr for data manipulation, and ggplot2 for visualisation. Custom colour palettes for species 

and genera were generated using the Polychrome package. 

4.3 RESULTS 

4.3.1 C. ACNES AND S. AUREUS ARE PRESENT IN BOVINE DISCS  

Immunohistochemical staining for C. acnes (detected with an antibody against C. acnes lysate) and S. 

aureus revealed their presence within uncultured, directly fixed bovine IVDs (Figure 4.5, Appendix 5). 

While C. acnes was detected intracellularly in all control discs (n=8) and across all regions with high 

positivity rates (Positivity Rates; CEP=93.54 ± 4.9, NP=91.34 ± 7.61, iAF=98.33 ± 1.72, oAF=72.47 ± 

20.47). S. aureus staining was positive in only 7 of the 8 samples, and its overall positivity rates were 

lower (CEP=27.73 ± 29.63, NP=2.98 ± 4.43, iAF=3.18 ± 4.58, oAF=11.97 ± 18.11) (Figure 4.9). However, 

for S. aureus more in tissue staining was observed then for C. acnes (Figure 4.5).  

Regional comparison showed a significantly higher positivity rate of C. acnes in the iAF compared to 

the oAF in the control group (p=0.0003) (Figure 4.9). Although the positivity rate of S. aureus was 

highest in the CEP, no significant differences were found between regions (p>0.05) (Figure 4.9). Within 

samples where visible bacterial growth was identified, regional comparisons for C. acnes showed a 

significantly higher positivity rate in the iAF than in the oAF (p=0.0116). S. aureus displayed a 

significantly higher positivity rate in the culture control group in the CEP compared to the NP 

(p=0.0173) and iAF (p=0.0374), as well as in the oAF compared to the NP (p=0.0478). In the infection 

group, the positivity rate of the CEP was significantly higher than in the NP (p=0.0027) and iAF 

(p=0.0042). Samples where visible bacteria were observed without addition demonstrated 

significantly higher positivity rates in the CEP and oAF compared to the NP (p<0.001, p<0.001) and iAF 

(p<0.0001, p=0.0007) (Figure 4.9). 
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Comparing the different treatment groups (control, culture control, infection, and visible bacteria at 

baseline), the control group exhibited a significantly lower C. acnes positivity rate in the oAF compared 

to the infected group (p=0.0243) (Figure 4.9). For S. aureus, there were no significant differences across 

regions between groups, although the infected group showed the highest positivity rate with the 

lowest standard deviation in the CEP (Figure 4.9). No difference was observed in static versus dynamic 

loading (Figure 4.9). 
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Figure 4.5 | C. acnes and S. aureus detection within non-cultured control discs 

Presence of C. acnes lysate (left) and S. aureus (right) within non cultured control discs. Brown indicated the detection of the target antibody. Nuclei are counterstained with haematoxylin 
shown in blue. The regions on the sides show from top to bottom, the cartilaginous endplate, the nucleus pulposus, the inner annulus fibrosus and the outer annulus fibrosus.  Scalebars have 
a length of 100 µm. 
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4.3.2 CATABOLIC FACTORS  

Immunohistochemical staining was performed for the catabolic factors IL-1β, IL-6 (Figure 4.6, Appendix 

5), MMP3, and ADAMTS4 (Figure 4.7, Appendix 5), all of which were expressed within bovine IVDs. 

Regional comparison in the control group showed no significant differences in the expression of IL-1β, 

IL-6, or MMP3. However, ADAMTS4 exhibited a significantly higher positivity rate in the CEP and oAF 

compared to the iAF (p=0.0039, p=0.0083) (Figure 4.9). In the culture control group, ADAMTS4 also 

showed a significantly higher positivity rate in the oAF compared to the iAF (p=0.0478). 

Infected samples demonstrated a significantly higher MMP3 positivity rate in the CEP compared to the 

iAF (p=0.034) and oAF (p=0.0016), along with a significantly higher ADAMTS4 positivity rate in the oAF 

compared to the NP (p=0.0078) and iAF (p=0.0168) (Figure 4.9). In the samples with visible bacterial 

growth, regional comparison revealed a significant increase in IL-1β in the oAF compared to the NP 

(p=0.0293). IL-6 expression was significantly higher in the CEP compared to the NP (p=0.003) and iAF 

(p=0.0004). MMP3 showed a significantly higher positivity rate in the CEP compared to the iAF 

(p=0.0005) and oAF (p<0.0001), and also a significantly higher positivity rate in the NP compared to 

the oAF (p=0.0042) (Figure 4.9). ADAMTS4 expression was significantly higher in the CEP and oAF 

compared to the NP (p=0.0208, p<0.001) and iAF (p=0.0135, p<0.001) (Figure 4.9). 

Comparison of the different treatment groups (control, culture control, infection, and visible bacterial 

growth) showed no significant differences in any region for IL-1β, IL-6, and MMP3. However, ADAMTS4 

displayed a significantly higher positivity rate in the visible bacterial growth group compared to the 

infection group in the CEP (p=0.0170) and NP (p=0.0250) (Figure 4.9). 
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4.3.3 TOLL LIKE RECEPTORS WITHIN BOVINE SAMPLES  

Staining for TLR-2 and TLR-4 confirmed their presence within bovine tissue (Figure 4.8). Whilst TLR-2 

was expressed within all the regions (Positivity Rates; CEP=68.21±20.06, NP=37.89±24.67, 

iAF=34.73±27.95, oAF=27.9±22.26). TLR-4 showed a very low positivity rate throughout the regions 

(Positivity Rates; CEP=4.93±2.89, NP=0.28±0.10, iAF=0.088±0.036, oAF=0.312±0.278) and was not 

detected in all samples (Figure 4.9).  

Regional comparison in the control group showed no differences for TLR-2 whilst the positivity rate of 

TLR-4 was significantly higher in the CEP then in the iAF and oAF (Figure 4.9). The culture control group 

showed no regional differences for TLR-2 or TLR-4. Within the infection group TLR-2 was significantly 

higher in the CEP then in the oAF (p=0.0463). Regional comparison within the visible bacterial growth 

group significantly higher positivity rate for TLR-2 in the CEP compared to the oAF (p=0.0224) as well 

as a significantly higher positivity rate for TLR-4 in the CEP compared to the NP (p<0.001), iAF (p<0.001) 

and oAF (p<0.001) (Figure 4.9).  

  



CHAPTER 4 | PRESENCE AND IMPACT OF BACTERIA IN BOVINE INTERVERTEBRAL DISCs 

94 
 

Figure 4.6 | Immunohistochemical staining for IL-1 and IL-6 

Presence of IL-1β (left) and IL-6 (right) within non cultured control discs. Brown indicated the detection of the target antibody. Nuclei are counterstained with haematoxylin shown in blue. The 
regions on the sides show from top to bottom, the cartilaginous endplate, the nucleus pulposus, the inner annulus fibrosus and the outer annulus fibrosus. Scalebars have a length of 100 µm. 
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Figure 4.7 | Immunohistochemical staining for ADAMTS4 and MMP3 

Presence of ADAMTS4 (left) and MMP3 (right) within non cultured control discs. Brown indicated the detection of the target antibody. Nuclei are counterstained with haematoxylin shown in 
blue. The regions on the sides show from top to bottom, the cartilaginous endplate, the nucleus pulposus, the inner annulus fibrosus and the outer annulus fibrosus. Scalebars have a length 
of 100 µm. 
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Figure 4.8 | Immunohistochemical staining for TLR-2 and TLR-4 

Presence of TLR-2 (right) and TLR-4 (left) within non cultured control discs. Brown indicated the detection of the target antibody. Nuclei are counterstained with haematoxylin shown in blue. 
The regions on the sides show from top to bottom, the cartilaginous endplate, the nucleus pulposus, the inner annulus fibrosus and the outer annulus fibrosus. Scalebars have a length of 100 
µm. 
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Figure 4.9 | Positivity rates from immunohistochemical staining analysis for each antibody sorted into regions and 
treatments 

The first column represents data from the control group, sorted into the different regions. The other columns 
represent different regions of the IVD from left to right; cartilaginous endplate (CEP), nucleus pulposus (NP), inner 
annulus fibrosus (iAF) and outer AF (oAF). Within the regions the samples are shown within the treatment groups. 
Rows show the different target antibodies. The different colours represent different bovine donors, and the 
different shapes static loading (square), dynamic loading (triangle) and no loading (round). Statistical analysis was 
performed using Kruskall-Wallis Dunns multiple comparison (p ≤ 0.05)  
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4.3.4 SPEARMAN CORRELATION BETWEEN THE FACTORS 

Spearman correlation analyses were conducted to compare the presence of C. acnes and S. aureus 

with various stained factors within each region and experimental group (Figure 4.10). In the control 

group, a strong negative correlation was observed between the positivity rate of C. acnes and IL-1 in 

the outer annulus fibrosus (oAF) (p=0.048, r=-0.79) (Figure 4.10A, Figure 4.11). Additionally, S. aureus 

showed a strong positive correlation with ADAMTS4 in the inner annulus fibrosus (iAF) (p=0.007, 

r=0.93) (Figure 4.10B, Figure 4.11). In the culture control group, a significant positive correlation 

between C. acnes and TLR2 was identified exclusively in the nucleus pulposus (NP) (p=0.017, r=1) 

(Figure 4.10C, Figure 4.11). Within the infection group, a strong correlation was found between S. 

aureus and IL-1 (p=0.003, r=1), as well as TLR2 (p=0.017, r=0.094), both in the iAF (Figure 4.10D,E, 

Figure 4.11). Lastly, in the visible bacterial growth samples, C. acnes demonstrated a negative 

correlation with IL-1 (p=0.012, r=-0.54) and TLR4 (p=0.032, r=-0.49) in the oAF, while showing a positive 

correlation with ADAMTS4 (Figure 4.10F-H, Figure 4.11). 

  

  

Figure 4.10 | Spearman correlation plotting individual correlations 

Spearman correlations detected between the positivity rates of various immunohistochemically stained factors in the 
uncultured control group (A, B, n=8), the culture control group (C, n=6), the staphylococci-spiked group (D, E, n=7), and the 
group showing visible bacterial growth (F, G, H, n=22). Different coloured data points represent IVDs from different bovine 
donors. 
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Figure 4.11 | Spearman correlation plotting the p-values 

Spearman correlation between the C. acnes and S. aureus and the different factor within the different components of the 
IVD for the separate groups (control, culture control, infection, and visible bacterial growth) of the study. The different 
components of the IVD are shown in distinct colours (CEP=purple, NP=blue, iAF=yellow, oAF= red) darker colours indicate a 
lower p- value (p=0.05).   
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4.3.5 DNA MEASURED IN COLLECTED MEDIA  

To ensure detection of any bacteria in the media, samples were collected regardless of visible signs of 

contamination. For samples without visible contamination, media was collected both before and after 

the 24-hour loading period, regardless of Staphylococci spiking. For samples with visible contamination 

during the free swelling period, as indicated by media discoloration, the media was collected upon 

signs of bacterial growth. DNA was then isolated from the media, and quantification revealed 

variations among samples. Those with a DNA concentration below 1000 pg/µL were excluded from 

further analysis (Figure 4.12). DNA concentration was measured using Qubit after initial PCR 

amplification following the 16S rRNA sequencing protocol. 

Figure 4.12 | DNA concentration measured isolated from media of cultured IVDs 

A Showing the DNA concentration of samples showing visible bacterial growth during the free swelling period, indicated by 
the colour of the media. B DNA concentration of the loaded samples before (square) and after loading (round) grouped in 
cultured control (blue) or infected samples (green) spiked with Staphylococci. 
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4.3.6 VISIBLE BACTERIAL GROWTH IN BOVINE IVDS 

While samples displayed visible signs of bacterial growth, not all collected samples contained sufficient 

DNA concentrations for 16S rRNA sequencing (17 out of 22, Figure 4.12A). Additionally, four samples 

yielded inadequate DNA levels following the initial PCR step. Media from IVDs isolated from the same 

donor tail exhibited similar bacterial rRNA profiles. Three donors showed the presence of Citrobacter 

koseri and Pseudocitrobacter faecalis (Figure 4.13). Furthermore, two of these nine IVDs contained 

Escherichia marmotae rRNA in the media, while one sample revealed Bacillus anthracis, Bacillus 

cytotoxicus, and Bacillus mycoides. Another donor demonstrated the presence of Enterococcus faecalis 

rRNA, with one of its IVDs also showing Delftia tsuruhatensis and Empedobacter brevis (Figure 4.13). 

  

Figure 4.13 | Bacteria detected in media of samples showing visible bacterial growth 

Bar charts displaying bacterial abundance detected via 16S rRNA sequencing, presented at both genus (top) and 
species(bottom) levels. Media was collected during the initial 48 hours of free swelling period of the explant. A 3% abundance 
cutoff was applied for data visualisation.  
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4.3.7 BACTERIAL PATTERNS IN BOVINE IVDS LACKING VISIBLE BACTERIAL GROWTH 

Not all collected samples had a sufficient DNA concentration for 16S rRNA sequencing. In the pre-

loading group, 9 out of 12 samples showed no visible growth but contained DNA (Figure 4.12). In the 

post-loading group, 5 out of 6 culture control samples showed no visible growth but contained DNA, 

while 6 out of 8 spiked samples indicated media colour change (Figure 4.12). Some samples did not 

reach the required DNA concentration (pre-loading 3/9, post-loading; control 3/5; spiked 4/6) 

following PCR amplification and were thus excluded from sequencing analysis.  

Interestingly, samples with no visible bacterial growth, as indicated by the tissue culture media colour, 

were found to contain bacteria upon 16S rRNA sequencing (Figure 4.14). Detected bacterial rRNA 

included Herbaspirillum huttiense, Stenotrophomonas cyclobalanopsidis, and Stenotrophomonas 

maltophilia (Figure 4.13). Following the loading period, one culture control sample also revealed the 

presence of Lactococcus garvieae rRNA in the media. All samples spiked with a Staphylococci mix 

confirmed the presence of Staphylococci in the media, although it was not consistently the dominant 

species (Figure 4.14). 

  

Figure 4.14 | Detected bacteria within the culture control and infection group media 

Bar charts displaying the bacterial abundance detected via 16S rRNA sequencing, presented at both the genus (left) and 
species (right) levels. The upper panels show bacteria detected in the media after the free swelling period, prior to loading, 
while the lower panels represent the samples collected post-loading. Samples outlined in red were spiked with a mix of 
Staphylococci prior to loading, while those without red outlines represent culture control samples. A 3% abundance cutoff 
was applied for data visualisation. 
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4.4 DISCUSSION 

This study aimed to investigate the presence of bacteria, particularly C. acnes and S. aureus in healthy 

bovine IVDs isolated from the tail, assessing whether these discs naturally harbour bacteria. 

Additionally, we explored whether bacteria could invade intact IVDs using a whole organ co-culture 

model. Immunohistochemical staining allowed us not only to detect the presence of bacteria but also 

to pinpoint differences across the IVD structures and identify potential entry sites upon co-culture. 

Furthermore, this study examined the culture media from IVD samples, regardless of visible bacterial 

growth, conducting 16S rRNA sequencing to identify microbes present. The detection of both 

environmental and gut-related bacteria within the media suggests that bacteria may not have 

originated from laboratory processing and contamination, but rather from the tissue itself or its 

surrounding environment. 

This study has been performed using IVDs isolated from Swiss cattle. In Switzerland, the regulation of 

antibiotics in livestock is stringent, prioritising both animal health and food safety. Antibiotics are 

permitted only for treating sick animals, and there are strict guidelines to minimise their use, 

particularly prohibiting their use for growth promotion 265. Similarly, the UK enforces regulations that 

aim to lower overall antibiotic usage while still allowing treatment for ill animals to combat antibiotic 

resistance 266. In the United States, the use of antibiotics for treating sick animals is allowed, but the 

practice of using them for growth enhancement is being phased out 267. While all three countries have 

regulations governing antibiotic use in livestock, Switzerland and the UK implement more rigorous 

measures to reduce overall consumption, especially concerning antibiotics that are vital for human 

health. The use of antibiotics in livestock, not only impacts antibiotics resistance, but also the 

composition of the gut microbiome, and may impact that within the disc.  

4.4.1 INTRACELLULAR DETECTION OF C. ACNES AND S. AUREUS IN INTACT HEALTHY BOVINE 

IVDS 

C. acnes is primarily recognised as a commensal bacterium associated with human skin, but its role in 

livestock, such as sheep or cows, is much less documented. It has been isolated as a pathogen in rare 

cases, such as a report of placentitis and abortion in a cow 268. However, there is limited evidence 

linking C. acnes to significant diseases in cattle. Its potential presence as a commensal organism in 

livestock, including the bovine gastrointestinal tract or skin, has not been thoroughly explored. In 

contrast, S. aureus is a well-known bacterium in both human and veterinary medicine. It is notably 

associated with bovine mastitis, which leads to abnormalities in milk and udder swelling 269. The 
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bacteria can spread between cows during milking 270 and may cause foodborne illness in humans 271. 

However, its role as a commensal organism in livestock has not been extensively studied. 

The intracellular detection of C. acnes and S. aureus in intact healthy bovine IVD tissue, which was 

fixed immediately after isolation, suggests that these bacteria are present in vivo within the disc. This 

aligns with findings in human IVD tissue, where C. acnes show a higher positivity rate than S. aureus 

(Chapter 3). Comparing positivity rates in different regions of the IVD revealed higher C. acnes 

detection in the iAF than the oAF. Since the IVD contains blood vessels only in the CEP and oAF, the 

oxygen concentration is lower in the iAF and NP. As an aerotolerant anaerobe, C. acnes likely prefers 

these low-oxygen environments, possibly migrating towards the centre. Conversely, S. aureus, a 

facultative aerobe, showed slightly higher detection in the CEP and oAF. 

Interestingly, the positivity rate of C. acnes displayed a negative correlation with IL-1β in both healthy, 

uncultured bovine IVDs and those exhibiting visible bacterial growth in the oAF. Conversely, a positive 

correlation was found with ADAMTS4 in the IVD samples that showed visible bacterial growth. In the 

study involving human tissue (Chapter 3), no correlation was observed between C. acnes and either 

IL-1 or ADAMTS4, although a correlation with MMP-3 was noted. Similarly, Zheng et al. reported a 

downregulation of aggrecan and collagen type II, along with an upregulation of MMP1, in human tissue 

where C. acnes was identified through 16S rDNA sequencing, compared to C. acnes-negative controls, 

which is consistent with our findings. They also observed a similar pattern, with a downregulation of 

TIMP-1 and an upregulation of MMP1 in rats inoculated with C. acnes versus non-inoculated controls 
272. However, the limited sample size in this study highlights the need for further research involving 

additional donors, as well as the identification of strains and other bacterial species present. 

A strong correlation was observed between the positivity rate of S. aureus and TLR2, as well as IL-1 in 

the iAF of discs infected with Staphylococcus species. These findings suggest that the phylotype used 

for infection may possess a higher pathogenic potential compared to those detected in healthy 

intervertebral discs, as this correlation was only evident in the infected samples 253. However, specific 

staining for S. aureus alone, which was initially thought to have been used for the infection, was 

insufficient, as the spiking was carried out with a mixture of staphylococci, as subsequently identified 

with 16s rRNA sequencing. Therefore, IHC staining will need to be performed for Staphylococcus in 

general. 
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4.4.2 ENVIRONMENTAL AND GUT-RELATED BACTERIA GROWTH IN MEDIA OF DISC SAMPLES 

In samples showing bacterial growth in the media, bacterial rRNA detected included Citrobacter koseri, 

Pseudocitrobacter faecalis, Escherichia marmotae, Bacillus anthracis, Bacillus cytotoxicus, and Bacillus 

mycoides. The Bacillus genus is abundant in soil and plays a role in plant health and nutrition 273. 

Species of Bacillus are commonly detected in plant roots and can be transmitted to grasing animals via 

contaminated soil. Similarly, Citrobacter species are widespread in water, soil, and food, and can 

occasionally colonise the gastrointestinal tracts of humans and animals 274,275. Pseudocitrobacter 

faecalis is another gut microbiome species, and both C. koseri and P. faecalis have been isolated from 

untreated cow milk 276. Escherichia marmotae, a bacterium with relatively low pathogenicity, has been 

isolated from fecal samples of wild marmots, boars, farm cows, and healthy farm hens 277–279. 

Bacterial rRNA detected in the media of non-visibly bacterial growth samples primarily included the 

genera Herbaspirillum and Stenotrophomonas, both commonly associated with environmental 

sources. Herbaspirillum species, are Gram-negative nitrogen-fixing bacilli from the class 

Betaproteobacteria, are typically found in plants, soil, groundwater, and drinking water systems 280. 

Notably, Herbaspirillum huttiense, an aerobic strain, has been isolated from water sources 281 and is 

considered an emerging human pathogen, with documented cases of pneumonia, septicemia, and 

bacteremia 282–284. Likewise, Stenotrophomonas, a highly adaptable environmental genus, is frequently 

isolated from plants and soil. While infections caused by Stenotrophomonas cyclobalanopsidis are not 

well-documented in humans, its close relative Stenotrophomonas maltophilia is recognised as an 

opportunistic pathogen, associated with severe infections such as pneumonia, bacteremia, and wound 

infections, particularly in immunocompromised patients 285–287. 

The presence of this combination of environmental and gut-related bacteria suggests that the bacteria 

detected in the media of the samples may not stem from the processing procedures but rather from 

the sample tissue or its surrounding environment. One possible explanation for these findings could 

be bacterial translocation, the migration of indigenous gut bacteria across the intestinal mucosa into 

normally sterile tissues 288. Recent studies, such as that by Rajasekaran et al., have proposed that gut 

dysbiosis, coupled with changes in gut inflammatory status, erosion of the mucosal barrier, and a 

reduction in beneficial short-chain fatty acids, can increase the circulation of bacteria, pathobionts, 

bacterial products, and inflammatory metabolites. These factors may induce disc endplate changes 

and facilitate bacterial invasion into the IVD 289.  

As the bacterial DNA was extracted solely from the culture media rather than directly from the IVD 

tissue, this detection method may not accurately reflect the true bacterial presence within the disc. 

Although bacteria may have migrated out of the discs during the culturing process, the collection of 
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media and subsequent sequencing could preferentially identify those bacteria that thrived under the 

specific culture conditions established. For instance, C. acnes was detected via immunohistochemical 

staining within the tissue, but not in the media. Since C. acnes is an anaerobic bacterium, its growth in 

media with 21% oxygen would have posed significant challenges. 

The bacterial rRNA detected in samples exhibiting visible bacterial growth was attributed to 

Citrobacter koseri, Pseudocitrobacter faecalis, Escherichia marmotae, and various Bacillus species, all 

of which are capable of thriving under aerobic conditions with rapid growth rates 290–292. In contrast, 

the bacterial rRNA detected in samples that showed no signs of contamination included Herbaspirillum 

and Stenotrophomonas, which are facultative anaerobes known to thrive in aerobic environments, 

albeit at slower growth rates 293. Additionally, the detected bacteria may have originated from 

surrounding tissues. 

Given the sterilisation of tissue surfaces with a high concentration of antibiotics before culturing, the 

detected bacteria are likely either antibiotic-resistant strains, insensitive to the antibiotics used, or may 

have migrated from the tissue during the culturing period. Additionally, spore-forming bacteria like 

Bacillus are notably resilient under adverse conditions, including exposure to antibiotics 294. The 

impermeable structure of spores restricts antibiotic entry, while their minimal metabolic activity 

renders many antibiotics, including P/S used in this study, ineffective since they primarily target actively 

dividing cells 295. This observation raises an important question: are these bacteria naturally embedded 

within the disc tissue and able to withstand the harsh disc environment, or are they external 

contaminants that persisted despite sterilisation efforts? 

To address this question, a combination of next-generation sequencing for tissue samples and 

immunohistochemical staining should be employed. This approach would not only detect bacteria but 

also allow for their localisation and the investigation of regional differences. Furthermore, the 

metabolic activity of the bacterial cells should be investigated, which could be achieved by performing 

qPCR to detect dormancy-related genes 296,297. Ultimately, combining these molecular and imaging 

techniques will provide a comprehensive understanding of bacterial presence, localisation, and 

metabolic state within tissue, shedding light on whether these bacteria are resident within the tissue 

or introduced as contaminants. 

  



CHAPTER 4 | PRESENCE AND IMPACT OF BACTERIA IN BOVINE INTERVERTEBRAL DISCs 

107 
 

4.4.3 BACTERIA CAN INVADE INTACT IVDS 

It has been suggested that bacteria detected in human discs may reach structurally damaged discs via 

haematogenous spread from distant infections, or from the skin or other epithelial surfaces through 

the bloodstream after minor injuries 259,260. However, bacteria have been identified in non-herniated 

human discs (Chapter 3), normal discs from organ donors 147, as well as in intact bovine discs within 

this chapter, indicating that bacteria can invade undamaged IVDs. In our bovine model, the detection 

rate of S. aureus was higher and showed a smaller standard deviation in the infected group compared 

to the non-culture control group, particularly in the CEP and outer AF. This supports the hypothesis 

that bacteria can penetrate an intact disc and leads to the assumption that the primary entry point 

may be through the CEP and outer AF, the only vascularised structures of the IVD 298. However, initially, 

the infection protocol was thought to be of a pure S. aureus culture, and therefore 

immunohistochemical staining was conducted exclusively for S. aureus. However, following 16s 

sequencing it was shown that a considerable proportion of other Staphylococci species, 

unintentionally introduced into the media for the bovine explants, these species may have gone 

undetected during the IHC analysis due to the targeted staining approach and thus it would be 

beneficial to complete IHC for a broad-spectrum Staph antibody.  

4.4.4 CONCLUSION 

This study adds further evidence to the hypothesis that IVDs may harbour their own microbiome. The 

immunohistochemical detection of C. acnes and S. aureus within non-cultured, directly isolated bovine 

IVDs strongly supports the presence of bacteria in intact discs. The higher immunopositivity staining 

for S. aureus observed in the CEP and outer AF of cultured discs spiked with Staph. species, compared 

to control discs, suggests that bacterial invasion of the IVD may occur via blood circulation. 

Correlations, both positive and negative, between bacterial presence and matrix-degrading enzymes 

or catabolic factors highlight the need for further research to fully understand the impact bacteria can 

have on disc cells. Moreover, the influence of bacterial phylotypes should be investigated, as different 

strains and species may elicit varied cellular responses. 

Lastly, 16S rRNA sequencing identified environmental and gut-related bacteria in the media, indicating 

that bacterial growth may not stem from laboratory processing, but rather from the tissue itself or its 

surrounding environment. This finding underscores the importance of considering potential external 

sources of bacterial abundance when studying the IVD microbiome.  
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GENERAL DISCUSSION AND FUTURE DIRECTIONS 

5.1 SUMMARY OF RESULTS 

This thesis aimed to explore the presence and role of bacteria in IVD tissue, distinguishing between 

perioperative contamination and true in vivo bacterial colonisation. A particular focus was placed on 

the correlations between bacterial presence and catabolic factors, as well as the potential signalling 

pathways activated upon bacterial exposure. Chapter one as an introduction summarised existing 

studies suggesting the presence of a microbiome within the IVD, highlighting the need for further 

investigation into bacterial colonisation in discs. Chapter 2 introduced a semi-automatic quantification 

method for analysing immunohistochemically stained slides of low-cellularity tissues to improve 

accuracy and consistency. This chapter also evaluated inter-rater reliability by comparing results from 

multiple groups performing immunohistochemistry and benchmarking these results against manual 

counting. In Chapter 3, immunohistochemical evidence of in vivo presence of C. acnes and S. aureus in 

IVD tissue was presented. Additionally, C. acnes presence correlated with the positivity rate of NOD2, 

MMP3, and GSDMD, with NOD2 not previously shown to be expressed in the disc. Utilisation of a co-

culture experiment, where inhibition of NOD2 and TLRs was deployed, suggested that TLRs may not 

be the sole receptors in bacterial recognition within the IVD. Instead, other PRRs, such as NLRP3, may 

play a crucial role although these other receptors require investigation. These results underscore the 

complex interplay of multiple receptors and pathways in the disc’s response to bacterial presence, 

providing a foundation for further research. In Chapter 4, we demonstrated that not only human IVDs 

but also healthy bovine discs harbour bacteria, with regional differences in bacterial distribution 

observed within the IVD. Evidence was also presented supporting the hypothesis that bacterial 

invasion of the IVD may occur through the endplates and annulus fibrosus. Collectively, these findings 

support the hypothesis that the IVD harbours a microbiome and provide valuable insights into bacterial 

presence and its influence on IVD tissue. They also highlight the need for further investigation into the 

underlying mechanisms of bacterial action within the disc, and particularly investigation into what 

bacteria may represent normal flora and which may be involved in the pathogenesis of disc 

degeneration and Modic change.  
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5.2 FUTURE DIRECTIONS 

5.2.1 THEORETICAL PATHWAYS OF BACTERIAL ENTRY INTO THE INTERVERTEBRAL DISC 

There are two theoretical possibilities for how bacteria might enter the IVD; either they are present 

from birth, inherited from the mother, or they infiltrate the disc later in life. In the case of the gut 

microbiome, for example, an initial microbiome is formed in utero 299. Upon birth, additional bacteria 

are acquired from the mother's vaginal or skin microbiome, depending on the type of delivery 300,301 

as well as via mothers’ milk 302. Throughout life, environmental factors, such as diet and antibiotic use, 

play a greater role in shaping the gut microbiome than host genetics 303. However, unlike the gut, 

vaginal, and other epithelial microbiomes, the disc lies behind the body’s epithelial barriers, suggesting 

that the mechanism of microbiome development in the disc may differ. 

The second possibility is that bacteria invade the disc later in life. Bacteria may translocate from the 

gut across the epithelial barrier into the bloodstream and subsequently into other tissues. This 

translocation has been linked to gut dysbiosis, which can lead to a "leaky gut" and has been implicated 

in various non-infectious diseases, including osteoarthritis 304 and multiple sclerosis 305. A gut-disc axis 

has been proposed 306, and comparative metagenomic analyses of the disc, skin, and gut microbiomes 

show a significant overlap of bacterial species between the disc and gut, but only a small overlap with 

the skin. This further supports the idea of crosstalk between the disc and the gut 147.  

Findings from Chapters 3 and 4 indicate the presence of bacteria within intact IVDs, but it remains 

unclear whether these bacteria have been present since birth or colonised the discs later in life. The 

detection of gut-related bacteria in the media of bovine samples raises the possibility of bacterial 

translocation from the gut. Further research is needed to explore the origins and pathways of these 

bacteria within the IVD. Animal models, including studies on foetuses, could help determine bacterial 

presence before birth, while models with altered gut microbiomes or diets could examine how specific 

gut compositions influence the disc microbiome. The effect of mechanical loading also warrants 

further study. Although the positivity rate of S. aureus did not differ between statically loaded and 

physiologically dynamically loaded discs, this may not fully capture the situation, as a mixture of 

Staphylococci was used, as noted in Chapter 4. The precise role of loading in bacterial invasion remains 

unclear and requires further investigation. 
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5.2.2 POTENTIAL ROLE OF MICROBIOME WITHIN THE PATHOGENESIS OF MODIC CHANGE 

AND DISC DEGENERATION 

MC and IVD degeneration are strongly associated with LBP 307–310; however, their pathogenesis remains 

poorly understood. As outlined in Chapter 1, the mechanisms behind disc degeneration are complex, 

involving inflammatory, catabolic, neurotrophic, and pro-angiogenic processes that contribute to both 

disc degeneration and pain 10,65,79. Inoculation of C. acnes into caudal IVDs has been shown to induce 

disc degeneration in both rats 143,144 and rabbits 145,146. However, these studies primarily examined the 

effects of C. acnes on disc degeneration, without exploring whether the bacteria were already present 

in intact discs or if they could naturally invade healthy IVDs. The aetiology of MC1 is thought to involve 

bacterial and autoimmune components 132,311–313. Notably, discs adjacent to MC1 have been found to 

contain higher levels of C. acnes 314,315 compared to degenerated discs without MC, suggesting that C. 

acnes in the disc space may contribute to MC1 development. 

The varying bacterial abundance observed across non-degenerate, degenerate, herniated, and MC-

associated discs points to disc dysbiosis as a potential factor in both disc degeneration and MC 

development 138,147. While our studies focused on staining for specific bacteria, leaving the broader 

disc microbiome unaddressed, the emerging concept of a disc microbiome and its alterations raises 

critical questions about which bacteria are commensal, and which are pathogenic. As discussed briefly 

in Chapter 3, the bacterial phylotype is also important, as different strains may elicit varied responses 

from disc cells upon stimulation and should be considered in future study designs. 

Future research should employ NGS to analyse IVD microbiomes across donor cohorts, including 

healthy, degenerated, and MC-associated discs. A study comparing NGS results from Swiss and Indian 

IVD donors revealed discrepancies in the detected microbes 138, highlighting the need for standardised 

protocols in sample preparation and bioinformatic analysis. These findings also suggest the possibility 

of biological and environmental differences, underscoring the importance of reporting donors’ 

geographical location, lifestyle, and diet in future studies. 

Results from our bovine study, discussed in Chapter 4, revealed regional differences in the positivity 

rate of C. acnes, suggesting that the microbiome composition within the IVD may vary slightly by 

region. These differences could be attributed to variations in oxygen concentration and nutrient supply 

across the disc. This should be considered in future studies, as samples from different regions may 

yield distinct results. 
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5.2.3 IMMUNE SURVEILLANCE IN THE IVD 

The IVD is traditionally viewed as an immune-privileged organ, meaning it generally lacks immune cells. 

However, native NP cells have been shown to take on immune-like functions, such as phagocytosis. 

Jones et al. (2008) demonstrated that bovine NP cells are capable of efficiently ingesting latex beads 

and apoptotic cells, a task typically performed by phagocytic cells 111. In Chapters 3 and 4, 

immunohistochemical staining revealed that bacteria were primarily detected within cells. 

Additionally, in Chapter 3, we showed that after just one hour of co-culturing NP cells with S. aureus, 

the bacteria could be detected intracellularly. This observation aligns with previous studies where C. 

acnes was co-cultured with disc cells in vitro, leading to an inflammatory response, the release of 

neurotrophic factors, and bacterial internalisation 316. The exact mechanism behind this internalisation 

process is not yet fully understood and warrants further investigation through controlled in vitro 

experiments. 

As discussed in Chapter 1, PRRs have primarily been studied in dendritic cells, macrophages, epithelial 

cells, endothelial cells, and fibroblasts 317. However, the downstream signalling pathways of PRRs in 

disc cells are not yet fully understood. Within IVD cells, only TLRs and NLRP3 have been identified and 

studied in more detail to date 151,318. 

In Chapter 3, we reported the expression of NOD2 in human IVD tissue and demonstrated its 

correlation with the presence of C. acnes. Additionally, we found a link between C. acnes positivity and 

the pyroptosis marker GSDMD, which is associated with NLRP3 activation. These findings suggest that 

TLRs may not be the dominant receptors in response to bacterial stimulation. Furthermore, inhibiting 

TLR2 and NOD2 did not significantly reduce the catabolic response upon bacterial stimulation, 

indicating that multiple receptors may be involved. 

To gain a deeper understanding of PRRs in the disc, further research is necessary. Immuno-

histochemical staining should be employed to investigate the presence and distribution of PRRs in disc 

cells as well as their correlation to bacterial presence within the tissue, while in vitro studies combining 

receptor stimulation and inhibition could help clarify the roles of different receptors in disc cell 

responses to bacterial exposure.  
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5.2.4 ANTIBIOTICS TREATMENT 

Several clinical trials examining the impact of oral antibiotic treatment in patients with MC1 have 

yielded inconsistent results. Some studies found no significant advantages of antibiotic treatment over 

placebo 141,142, while others reported notable benefits when compared to the placebo group 139,140,319. 

However, antibiotic therapy can negatively impact gut microbiota diversity, disrupting host-microbe 

interactions, immune system balance, and colonisation resistance against new pathogens 320. In fact, 

antibiotic treatments can exacerbate conditions like inflammatory bowel disease by interfering with 

TLR signalling, leading to changes in gut microbiome diversity that have been linked to long-term 

health issues, such as obesity and diabetes 321–323. 

Administering antibiotics to all patients with LBP and signs of MC without a clear understanding of 

which pathological disc changes to target, which bacteria to treat, and how the treatment affects both 

the gut and disc microbiomes is imprudent. While there may be potential benefits, antibiotic 

treatment could also eliminate beneficial disc bacteria and increase the risk of antibiotic resistance. 

Therefore, further investigation into the disc microbiome and a more targeted approach to treatment 

are essential before considering the widespread use of oral antibiotics in these patients. 
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5.3 CONCLUSION STATEMENT 

In conclusion, this thesis provides strong evidence for the presence of C. acnes and S. aureus within 

non-herniated human and bovine IVDs, supporting the hypothesis that discs harbour their own 

microbiome. The immunohistochemical detection of bacteria within NP cells, along with correlations 

between C. acnes and catabolic markers like MMP-3, GSDMD, and NOD2, suggests an active immune 

role for NP cells in bacterial surveillance. Notably, the expression of NOD2 by native disc cells highlights 

previously unrecognised intracellular mechanisms of bacterial detection and inflammation. Although 

low bacterial loads did not induce significant MAPK or NFkB pathway activation, prior studies indicate 

that higher bacterial burdens may elicit stronger cellular responses, emphasising the importance of 

bacterial load and exposure time in disc pathology. Furthermore, different bacterial strains might 

induce different cellular responses. In bovine IVDs, the increased presence of S. aureus in the CEP and 

outer AF of spiked cultured and loaded discs supports the notion of bacterial invasion through blood 

circulation. Furthermore, the identification of environmental and gut-related bacteria through 16S 

rRNA sequencing points to potential non-laboratory sources of bacterial contamination, underscoring 

the complexity of the disc microbiome. The observed correlations between bacterial presence and 

matrix-degrading enzymes and other catabolic factors suggest a multifaceted interaction between 

bacteria and disc cells, opening avenues for future research on how different bacterial strains influence 

disc health.
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APPENDIX 

Appendix 1 | Survey 

P1 

What institution are you from? 

University of Bern 

University of Sheffield 

Icahn School of Medicine at Mount Sinai 

University of Sheffield  

University of Arizona College of Medicine 

The University of Sheffield  
 

P2 

What is your highest degree? 

Postgraduate degree 

Doctoral degree 

Undergraduate degree 

Doctoral degree 

Undergraduate degree 

Doctoral degree 
 

P3 

What is your role in the institution? 

PhD Student 

Professor/PI 

Other please state: 

PostDoc 

Other please state: 

PostDoc 
 

P4 

How familiar are you with immunohistochemical analysis? 

Moderately familiar 

Extremely familiar 

Slightly familiar 

Moderately familiar 

Slightly familiar 

Extremely familiar 
 

  



APPENDIX 1 | SEMI-AUTOMATIC QUANTIFICATION GUIDE FOR IMMUNOHISTOCHEMICAL STAINING 

146 
 

 

P5 

Have you ever used QuPath previously? 

Never 

Never 

Never 

Sometimes 

Never 

Never 

 
 
GB1_4 

Please rate your experience with the QuPath H-DAB tutorial provided. - I frequently use QuPath and know the platform 

9 

5 

9 

4 
 

GB1_1 

Please rate your experience with the QuPath H-DAB tutorial provided. - The installation process of QuPath was clear 

10 

9 

7 

8 

10 

9 
 

GB1_2 

Please rate your experience with the QuPath H-DAB tutorial provided. - The QuPath tutorial was clear and easy to follow. 

10 

9 

8 

10 

8 

7 
 

GB1_3 

Please rate your experience with the QuPath H-DAB tutorial provided. - No additional QuPath instruction was necessary 

8 

7 

3 

10 

6 

8 
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GB1.1 

What was unclear about the installation? 

Some steps were difficult to translate from windows to mac.  
 

GB1.3 

What else would have been needed? 

Mac-specific instructions would have been great! 

Maybe instructions for mac vs. PC 
 

GB2_1 

Please rate your experience with the QuPath H-DAB script - It was clear how to open the Script editor 

10 

10 

9 

10 

10 

8 
 

GB2_2 

Please rate your experience with the QuPath H-DAB script - The downloading and copying of the script was clear 

10 

9 

8 

10 

10 

7 
 

GB2_3 

Please rate your experience with the QuPath H-DAB script - It was clear which lines in the script needed replacing 

10 

9 

9 

10 

10 

7 
 

GB2.2 

What was unclear? 

How to change some of the scripts and how to use them 
 

GB2.3 

What else would you have needed? 

Clearer instructions on how to use them 
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GB3_5 

Please rate your experience with GitBash and Python - I frequently use python and GitBash and know the platform 

5 

1 

1 

1 

2 
 

GB3_1 

Please rate your experience with GitBash and Python - Installation of GitBash was clear 

10 

10 

3 

3 

7 

10 
 

GB3_2 

Please rate your experience with GitBash and Python - Installation of Python was clear 

7 

10 

3 

10 

3 

10 
 

GB3_3 

Please rate your experience with GitBash and Python - The information given was sufficiant to run the provided code 

10 

10 

7 

10 

8 

7 
 

GB3_4 

Please rate your experience with GitBash and Python - I did not have any issues running the code 

8 

8 

7 

8 

6 

6 
 



APPENDIX 1 | SEMI-AUTOMATIC QUANTIFICATION GUIDE FOR IMMUNOHISTOCHEMICAL STAINING 

149 
 

 

GB3.1.2 

What was unclear? 

1)During Cell Classifier step it took me a bit to realise how to choose NoCell/PositiveCell/NegativeCell option while I was classifying  

2) I missed the info of installing certain Python packages  

Like previous steps, mac-specific instructions would have been great.  
 

GB3.4 

What was the error message? 

Most issues were regarding the installation process, not running the script within QuPath 
 

E1 

What kind of tissue did you use for the analysis? 

Human IVD tissue 

IVD & Cartilage 

Rat spine 

Osteochondral tissue  

IVD 

Intervertebral disc 
 

Q35 

How many slides have you analysed 

20-30 

50+ 

20-30 
 

20-30 

20-30 
 

E3 

How satisfied were you with the detection and classification of the script? 

Extremely satisfied 

Extremely satisfied 

Extremely satisfied 

Extremely satisfied 

Extremely satisfied 

Somewhat satisfied 
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Batch Y N 

Did you perform the analysis on the provided training batch? 

Yes 

Yes 

No 

Yes 

Yes 

No 
 

E3.1 

Does anything need to be improved regarding the detection and classification of the script? 

No :) 

no 

No  
 

E4 

Will you use the QuPath script and analysis package in the future? 

Definitely yes 

Definitely yes 

Probably yes 

Definitely yes 

Definitely yes 

Probably yes 
 

E5 

Will you recommend the QuPath script and analysis package to a friend or colleague? 

Definitely yes 

Definitely yes 

Definitely yes 

Definitely yes 

Definitely yes 

Definitely yes 
 

Q36 

Do you have any furhter suggestions or comments? 

Further is spelt incorrectly on this question.  

None, thank you! 

No 

No, thank you! 

Make instructions slightly clearer for each step and how to put the correct codes into Git Bash  
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Appendix 2 | Donors used for immunohistochemical staining 

HD Age Sex Deg.   
Score 

MC Diagnosis Disc 
Level 

Reason for 
surgery 

Operation 
Title 

Previous    
Surgery 

Intact 

2 42 Female 5.5 
  

L5/S1 Root Pain 
  

Attenuated Annulus
 but Intact 

4 50 Female 5 0 Disc Protrusion L4/L5 Root Pain 
  

Annular Bulge 

5 33 Female 7 2 Disc Prolapse L5/S1 Root Pain 
  

Attenuated Annulus
 but Intact 

8 70 Female 7 1 Disc Protrusion L4/L5 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

9 32 Male 
  

Radiculopathy L5/S1 Root Pain Right S1 Nerve root  
decompression and 

  

12 40 Female 
 

0 Disc Protrusion L5/S1 Root Pain Microdisectomy Yes Annular Bulge 

15 34 Female 5 2 Disc Protrusion L4/L5 Root Pain Disc Protrustion Yes Annular Bulge 

21 25 Female 
 

2 Disc Protrusion L4/L5 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

22 23 Male 
 

0 Disc Prolapse L4/L5 Root Pain Microdisectomy 
 

Annular Bulge 

29 37 Male 
 

1 
 

L4/L5 Root Pain L4/L5 Decompression and    
Discectomy 

Yes Annular Bulge 

36 33 Female 
 

2 Disc Protrusion L5/S1 Cauda Equina 
Symptoms 

Microdisectomy 
 

Attenuated Annulus
 but Intact 

37 
 

Female 
  

Post Mortem L5/S1 other 
  

Intact Post Morten 
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38 
 

Female 9 
 

Post Mortem L4/5 other 
  

Intact Post Morten 

39 
 

Female 5.5 
 

Post Mortem L3/4 other 
  

Intact Post Morten 

40 
 

Female 5 
 

Post Mortem L2/3 other 
  

Intact Post Morten 

41 
 

Female 3 
 

Post Mortem L1/2 other 
  

Intact Post Morten 

44 41 Male 4 
 

Disc Protrusion L5/S1 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

45 35 Female 5 1 Disc Protrusion L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

51 52 Female 5 1 Disc Protrusion L4/L5 Root Pain Microdisectomy Yes Annular Bulge 

54 28 Female 2 1 Disc Protrusion L4/L5 Root Pain Microdisectomy 
 

Annular Bulge 

57 43 Female 4.5 0 Disc Protrusion L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

59 36 Male 4.5 0 Disc Protrusion L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

60 38 Female 6 2 Disc Protrusion L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

64 47 Male 
 

0 L5/S1 Disc L5/S1 Root Pain Microdisectomy 
  

66 63 Male 
 

2 Disc Prolapse L3/L4 Myelopathy Anterior Cervical Discectomy
 and Fusion 

 
Annular Bulge 

128 44 Male 
  

Disc Prolapse C5/C6 Root and Spin
al Pain 

Anterior Cervical Discectomy
and Fusion 

Yes 
 

166 33 Male 
 

2 Disc Prolapse L4/L5 Root and Spin
al Pain 

Microdisectomy 
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173 30 Male 
 

0 Disc Prolapse L4/L5 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

175 37 Female 6 2 Radicular Pain L5/S1 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

177 51 Male 7 2 Disc Prolapse L4/L5 Root and Spin
al Pain 

Microdisectomy Yes 
 

178 56 Male 5.5 
 

Radicularpathy C6/C7 Root Pain Anterior Cervical Discectomy
and Fusion 

  

184 49 Female 4 1 Disc Protrusion L4/L5 Root Pain Microdisectomy Yes 
 

193 46 Male 
 

0 Disc prolapse L4/L5 Root and Spin
al Pain 

Microdisectomy 
 

Attenuated Annulus
 but Intact 

196 26 Male 3 
 

Disc Prolapse C5/6 Root Pain Anterior Cervical Discectomy
 and Fusion 

 
Attenuated Annulus
 but Intact 

200 59 Female 
 

2 Disc Protrusion L5/S1 Root Pain Disc Protrustion Injection Attenuated Annulus
 but Intact 

203 45 Male 
 

2 Radicular Pain L5/S1 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

346 46 Male 
  

radiculopathy an
d myelopathy 

C5/6 other Anterior Cervical Discectomy
and Fusion 

 
Attenuated Annulus
 but Intact 

349 17 Female 
 

0 
 

L5/S1 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

370 50 Male 5 
 

Disc Protrusion L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

371 53 Female 
 

1 Spinal Stenosis L3/L4 Root and Spin
al Pain 

Transforaminal lumbar           
Interbody Fusion 

 
Attenuated Annulus
 but Intact 

376 18 Female 
 

0 Disc Protrusion L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

382 48 Male 3.5 2 Disc Protrusion L5/S1 Root Pain Microdisectomy Yes 
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386 77 Male 
        

391 44 Female 5 1 Radiculopathy C5/6 C
6/7 

Root Pain Anterior Cervical Discectomy
and Fusion 

 
Attenuated Annulus
 but Intact 

393 
 

Female 4 
 

Myelopathy C4/5 other 
   

394 44 Female 6 0 Disc Protrusion C6/7 Root Pain Anterior Cervical Discectomy
and Fusion 

Yes 
 

398 73 Female 4 1 Scoliosis L2/3 Root Pain Anterior release L2/3 Yes 
 

399 56 Male 4 0 Stenosis L3/4 Root and Spin
al Pain 

Transforaminal lumbar           
Interbody Fusion 

Yes 
 

400 52 Male 4.5 0 Radiculopathy C6/7 Root Pain Anterior Cervical Discectomy
and Fusion 

  

402 53 Female 4 1,2 Root Stenosis C4/5 C
5/6 

Root Pain Anterior Cervical Discectomy 
and Fusion 

Yes 
 

404 49 Female 
 

2 Radiculopathy L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

405 17 Female 4 0 Scoliosis T11/12
-, L2/3 

other Anterior Scoliosis Correction 
  

409 40 Female 6 
 

Radicular pain L4/5 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

414 48 Female 
 

1,2 Cervical Radiculo
pathy 

C5/6 C
6/7 

Root Pain Anterior Cervical Discectomy
and Fusion 

 
Attenuated Annulus
 but Intact 

423 22 Female 6.5 0 Scoliosis T11/12
 - L2/3 

other Anterior Scoliosis Correction 
  

426 
 

Male 5 1,2 Radiculopathy C5/6 C
6/7 

Root Pain Anterior Cervical Discectomy
and Fusion 

 
Attenuated Annulus
 but Intact 

435 53 Female 4 0 Radiculopathy C6/7 Root Pain Anterior Cervical Discectomy
and Fusion 
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440 
 

Female 4.5 2 Myelopathy C4/5 other Anterior Cervical Discectomy
and Fusion 

 
Attenuated Annulus
 but Intact 

441 51 Female 8 0 Fusion L4/5 Root and Spin
al Pain 

Transforaminal lumbar           
Interbody Fusion 

Yes Attenuated Annulus
 but Intact 

444 73 Male 3 
 

Spondylolisthesis L2/3 L
3/4 L4/
5 

Spinal Pain Transforaminal lumbar           
Interbody Fusion 

 
Attenuated Annulus
 but Intact 

445 35 Female 7 2 Disc Prolapse L5/S1 Root and Spin
al Pain 

Microdisectomy 
  

448 60 Male 
   

C5/6 C
6/7 

Root Pain Anterior Cervical Discectomy
and Fusion 

  

455 53 Female 8 
 

Disc Prolapse L5/S1 Root and Spin
al Pain 

Microdisectomy 
  

461 50 Female 
  

Disc Prolapse L5/S1 Root and Spin
al Pain 

Microdisectomy Yes 
 

462 34 Male 7 
 

Disc Prolapse L5/S1 Root and Spin
al Pain 

Microdisectomy Yes Attenuated Annulus
 but Intact 

463 43 Male 4 2 Disc Prolapse L4/5 Root and Spin
al Pain 

Microdisectomy 
 

Attenuated Annulus
 but Intact 

465 44 Male 5 2 Disc Prolapse L5/S1 Spinal Pain Microdisectomy 
 

Annular Bulge 

468 25 Male 6 
 

Leg Pain L5/S1 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

469 42 Female 4 2 Radicular Pain L5/S1 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

470 43 Male 
 

2 
 

L4/L5 Root Pain Microdisectomy 
  

472 25 Female 6 0 Cauda Equina Co
mpression 

L4/L5 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 
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473 44 Female 
 

0 Right S1 Root Pai
n 

L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

475 52 Male 5 2 Disc Prolapse L4/5 Root Pain Nerve Root Decompression 
  

477 51 Female 4 2 Cervical Radiculo
pathy 

C6/7 Root Pain Anterior Cervical Discectomy
  
and Fusion 

 
Annular Bulge 

482 43 Female 4 2 Radicular Pain L5/S1 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

534 29 Male 
  

Radicular Pain L5/S1 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

536 66 Female 4 0 Stenosis L4/5 Root and Spin
al Pain 

Posterior decompression 
  

551 29 Female 4 2 Disc Protrusion L4/5 Root and Spin
al Pain 

Microdisectomy 
 

Annular Bulge 

575 32 Male 
 

0 Pain L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

576 49 Male 
  

Pain L5/S1 Root Pain Microdisectomy 
 

Annular Bulge 

577 72 Female 4 1 
 

L3/4 Root Pain Direct Lateral Interbody        
Fusion 

Yes 
 

588 49 Male 6 2 Disc Prolapse L5/S1 Root Pain Microdisectomy Yes Attenuated Annulus
 but Intact 

593 47 Female 
  

Radicular Pain L4/5 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

594 39 Female 5 
 

Disc Prolapse L5/S1 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 

597 54 Female 8 
 

Radiculopathy L4/5 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 
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601 52 Male 9 
 

Radiculopathy C6/7 Root Pain Anterior Cervical Discectomy
and Fusion 

 
Attenuated Annulus
 but Intact 

615 44 Female 9 
 

Disc Protrusion L4/5 Root Pain Microdisectomy 
 

Attenuated Annulus
 but Intact 
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Appendix 3 | Donors for in vitro experiments 

ID Sex Age Diagnosis Surgery Disc Level Nucleus intact/extrusion Experiment 

612 F 23 R S1 Pain Microdisectomy L5/S1 Attenuated annulus but intact 2D PGN/LPS 

627 F 
  

Microdisectomy 
 

Extrusion of nucleus material from the annulus 2D PGN/LPS 

636 F 77 Radiculopathy Microdisectomy L4/L5 Extrusion of nucleus material from the annulus 2D PGN/LPS 

D645 F 40 Radiculopathy Microdisectomy L5/S1 Attenuated annulus but intact 3D PGN/LPS 

648 M 49 Radiculopathy Microdisectomy 
 

Extrusion of nucleus material from the annulus 3D PGN/LPS 

659 M 
 

Cauda Equina 

Syndrome 

Microdisectomy L3/4 Extrusion of nucleus material from the annulus 3D PGN/LPS 

735 M 29  Eadicular pain Microdisectomy L5/S1 Attenuated annulus but intact Inhibition 

743 M 49 Left L5 pain Microdisectomy L4/5 Extrusion of nucleus material from the annulus Inhibition 

746 F 48 Radiculopathy Microdisectomy L5/S1 Extrusion of nucleus material from the annulus Inhibition 
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Appendix 4 | Bovine donor list 

ID_Sample Processing date Collection Date 
Days of 

Culture 

Height 

[mm] 

Diameter 

[mm] 
A [mm^2] 

Mass 

[kg] 
Treatment 

Media 

collected  

BD322_1 24/07/2023 27/07/2023 3 9.755 15.945 199.58 2.03 static infected x 

BD322_2 24/07/2023 27/07/2023 3 11.82 18.28 262.31 2.67 static infected x 

BD322_3 24/07/2023 27/07/2023 3 13.755 21.69 369.31 3.76 static infected   

BD322_4 24/07/2023 27/07/2023 3 13.035 23.305 426.35 4.35 static infected   

BD323_1 07/08/2023 10/08/2023 3 13.76 20.355 325.25 3.32 static control x 

BD323_2 07/08/2023 08/08/2023 1 13.15 19.26 291.19 2.97 visible bacterial growth x 

BD323_3 07/08/2023 09/08/2023 2 12.735 17.25 233.59 2.38 visible bacterial growth x 

BD323_4 07/08/2023 10/08/2023 3 12.035 16.765 220.64 2.25 dynamic control x 

BD323_5 07/08/2023 10/08/2023 3 11.315 14.82 172.41 1.76 dynamic infected x 

BD323_6 07/08/2023 10/08/2023 3 10.435 14.12 156.51 1.60 static infected x 

BD326_1 14/08/2023 15/08/2023 1 11.8 14.2 158.29 1.61 visible bacterial growth x 

BD326_2 14/08/2023 15/08/2023 1 14.72 14.755 170.90 1.74 visible bacterial growth x 

BD326_3 14/08/2023 15/08/2023 1 13.34 15.785 195.60 1.99 visible bacterial growth x 

BD326_4 14/08/2023 15/08/2023 1 14.07 17.53 241.23 2.46 visible bacterial growth x 

BD326_5 14/08/2023 15/08/2023 1 15.2 17.8 248.72 2.54 visible bacterial growth x 

BD326_6 14/08/2023 15/08/2023 1 16.465 18.265 261.88 2.67 visible bacterial growth x 

BD326_7 14/08/2023 14/08/2023 0     
  

control   

BD328_1 21/08/2023 23/08/2023 2 10.43 13.69 147.12 1.50 visible bacterial growth x 

BD328_2 21/08/2023 23/08/2023 2 13.685 15.095 178.87 1.82 visible bacterial growth x 

BD328_3 21/08/2023 23/08/2023 2 14.34 17.81 249.00 2.54 visible bacterial growth x 

BD328_4 21/08/2023 23/08/2023 2 15.81 19.06 285.18 2.91 visible bacterial growth x 

BD328_5 21/08/2023 23/08/2023 2 16.465 21.47 361.85 3.69 visible bacterial growth x 
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BD328_6 21/08/2023 21/08/2023 0         control   

BD328_7 21/08/2023 21/08/2023 0         control   

BD329_1 28/08/2023 31/08/2023 3 10.85 14.575 166.76 1.70 dynamic control x 

BD329_2 28/08/2023 31/08/2023 3 10.14 16.165 205.13 2.09 dynamic infected x 

BD329_3 28/08/2023 31/08/2023 3 12.05 18.17 259.17 2.64 static infected x 

BD329_4 28/08/2023 30/08/2023 2 12.415 17.92 252.08 2.57 visible bacterial growth x 

BD329_5 28/08/2023 31/08/2023 3 11.725 19.15 287.88 2.93 static control x 

BD329_6 28/08/2023 30/08/2023 2 13.075 20.43 327.65 3.34 visible bacterial growth  x 

BD329_7 28/08/2023 28/08/2023 0     
  

control   

BD330_1 04/09/2023 07/09/2023 3 10.253 14.53  128.92 1.31  Static infected x 

BD330_2 04/09/2023 05/09/2023 1 11.135 15.88 197.96 2.02 visible bacterial growth  x 

BD330_3 04/09/2023 06/09/2023 2 12.725 15.765 195.10 1.99 visible bacterial growth x 

BD330_4 04/09/2023 07/09/2023 3 13.255 18.95 281.90 2.87 dynamic control x 

BD330_5 04/09/2023 07/09/2023 3 14.63 17.735 246.91 2.52 dynamic infected x 

BD330_6 04/09/2023 07/09/2023 3 15.28 22.33 391.42 3.99 static control x 

BD330_7 04/09/2023 04/09/2023 0         control   

BD330_8 04/09/2023 04/09/2023 0         control   

BD331_1 04/09/2023 05/09/2023 1 11.12 12.995 132.56 1.35 visible bacterial growth x 

BD331_2 04/09/2023 05/09/2023 1 14.47 16.61 216.58 2.21 visible bacterial growth x 

BD331_3 04/09/2023 05/09/2023 1 15.14 18.885 279.96 2.85 visible bacterial growth x 

BD331_4 04/09/2023 05/09/2023 1 16.945 19.16 288.18 2.94 visible bacterial growth x 

BD331_5 04/09/2023 05/09/2023 1 15.72 19.27 291.50 2.97 visible bacterial growth x 

BD331_6 04/09/2023 05/09/2023 1 16.42 20.475 329.09 3.35 visible bacterial growth x 

BD331_7 04/09/2023 04/09/2023 0         control   
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Appendix 5| IgG controls for immunohistochemical staining 

IgG controls used to test unspecific binding do not show any brown staining, indicating specificity of the antibody to its target. 
Scalebars are 500 µm in the wide range pictures and 200 µm in the zoomed in squares.  
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