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1. Introduction 

Low back pain is one of the most frequent and cost-intensive disorders. Also, it is 

known as one of leading causes of disability [55, 97]. It can be triggered by smoking 

or overweight, as well as tumor formation, osteoporosis, trauma. All these triggers 

lead to a specific pathological change: disc degeneration (DD). 

Although research activity to elucidate the pathomechanism of DD has increased 

the reason of low back pain still remains unclear, and mechanisms underlying DD 

are not yet clarified. Besides ageing and mechanical overloading, genetic factors 

are considered as the highest risk factors for DD. Also, injuries of the adjacent 

cartilaginous endplates can trigger post-traumatic degeneration of the adjacent 

discs [19, 76]. 

Understanding the pathomechanism of DD is the subject of several previous and 

recent studies there is a lack of knowledge regarding a possible contribution of the 

immune system. When DD happens, autoimmunity and inflammation can be 

detected [16, 17, 21] thereby suggesting that also the immune system plays a role 

in the DD. However, little is known about a possible involvement of the complement 

system in DD. Activation of the complement system is initiated by various triggers, 

which are known to be associated with DD.  Therefore, the hypothesis of this thesis 

is, that the complement system, especially the TCC, plays a relevant role in the 

development and/or progression of DD. 

In the following paragraphs, the anatomy and functions of the intervertebral disc 

(IVD), the mechanisms of DD and its interplay with the immune system will be 

reviewed. 

 Anatomy and physiology of the healthy intervertebral disc 

The IVD is located between two adjacent vertebral bodies (Figure 1) to provide 

structural support, flexibility and motion to the spine [84, 87]. The structure of the 

IVD consists of three main parts, nucleus pulposus (NP), surrounded by annulus 

fibrosus (AF), and the cover of a thin cartilage layer as endplate cartilage (EP).  

 

1.1.1 Nucleus pulposus 

The nucleus pulposus lies in the central part of the IVD.  Collagen network made up 

approximately 20% of the dry weight of nucleus. It is formed mostly of type I and 
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type II collagen fibrils. Aggrecan is the major proteoglycan of the disc. It is important 

for disc hydration and osmotic pressure [94]. The NP cells are chondrocyte-like cells 

and they can be found in the healthy IVD in a very low cell density (about 5000 

cells/cm2) [50]. 

 

1.1.2 Annulus fibrosus 

The annulus fibrosus (AF) is a collagen-rich tissue composed by 15 to 20 concentric 

lamellae rings. Within each lamella, the collagen fibers which are consisting 

predominantly of collagen type I are oriented in parallel within each fiber at 

approximately 60° to the vertical axis, with alternating orientation direction between 

adjacent lamellae thereby creating a cross-ply structure. The orthogonal collagen 

rich lamellae are separated from each other by a trans-lamellar bridging network 

(TLBN) which has a proteoglycan and elastic fiber-rich composition. Elastin fibers 

lie between the lamellae, providing flexibility to the disc during flexion, extension and 

lateral bending. This interlamellar matrix (ILM) also forms dense transverse bridges 

at intermittent locations, thereby connecting adjacent lamellae as elastin fibers pass 

radially from one lamella to the next [49]. The lamellae are interconnected by elastin 

fibers that are important to provide elasticity to the disc and to allow it to recover to 

the normal arrangement after bending [103]. The AF cells are fibroblast-like, with an 

elongated shape, and they can be found aligned parallel to the collagen fibers.  

1.1.3 Endplate cartilage 

The EP is a thin layer of hyaline cartilage (normally no more than 1 mm in thickness) 

interfacing the vertebral endplates and the AF and NP. Collagen fibers are arranged 

horizontally within the EP tissue, and some of fibers are prolonged into the disc [73]. 

In the EP, mostly chondrocytes can be found; however, niches of endplate derived 

stem cells have also been identified [44]. 
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Figure 1: Scheme of the intervertebral disc (IVD) anatomy [Ref. [37], page 19, Fig. 1].  The IVD 

consists of annulus fibrosus (AF), nucleus pulposus (NP) and endplate cartilage (EP). The stiff 

AF laminae hold compressive forces, whereas the NP allows an even distribution of pressure 

across the disc. The endplate cartilage connects the IVD to the vertebral bodies. Republished 

with kind permission of John Wiley and Sons. 

 Degeneration process of the IVD 

The extent of aging in the musculoskeletal system during the life course affects the 

quality and length of life. Loss of bone, degraded articular cartilage, narrowed IVDs 

are primary features of an ageing skeleton, and together they can contribute to pain 

and loss of mobility [24, 75]. One of the largest age-dependent chronic disorders is 

degeneration of the joints, resulting in enormous socioeconomic and health impacts 

[48]. DD and osteoarthritis (OA) are also common causes of chronic disability [90]. 

 

1.2.1 Structural changes in the DD progress 

During skeletal maturation, the boundaries between AF and NP become less 

obvious. The NP tissue becomes more fibrotic and less gel-like [14]. Moreover, 

clefts and fissures may also occur in the AF [95]. Furthermore, nerves and blood 

vessels can also be found in degenerative discs [74].  

 

1.2.2 Biochemical changes in the DD progress 

The most significant biochemical change in DD is loss of proteoglycan [47]. With 

proceeding degeneration, the major disc proteoglycan aggrecan becomes degraded 

A 

B 
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and the concentration of these macromolecules which are important for the water-

binding capacity of the disc tissue decreases. As a result of this change, disc 

hydration capacity is decreased thereby resulting in a reduced disc height – with 

consequences on disc mechanical properties during loading [2, 3]. The collagen of 

the disc also changes with progress of DD. The total quantity of collagen changes 

little, but the types and distribution of collagens changed during degeneration. 

Proportions of types of collagen fibers can be found increasing, and fibrillar 

collagens, such as collagen type II, became denatured because of enzymic activity 

[29]. But these changes are less obvious than changes of proteoglycan [3]. With the 

loss of proteoglycan, the discs are less able to maintain hydration. During axial 

loading discs tend to bulge and lose height because of dehydration [1]. Loading of 

degenerated disc tissue may lead to inappropriate matrix stress and cause 

discogenic pain [52]. Because of the dehydration in the disc, signal of degenerated 

discs in MRI would appear low, which lead to the “black discs” in the MRI images. 

According to those findings, Pfirrmann et al. [64] have developed a standardized 

grading system to judge the progress of lumbar DD. In clinical practice, Pfirrmann 

grading system has been proved to be useful for determination of seriousness of 

DD. In this system, changes of IVD are described in detail. Also, Modic et. al. [53] 

came up with another grading system to evaluate the endplate changes in 

degeneration progress of IVD. These two methods have become the main ways for 

diagnosis of DD. The principal of Pfirrmann grading is shown in Figure 2. 
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Figure 2: Grading system for the lumbar DD. [Ref. [64], page 3, Fig. 1] A) Grade 1: The structure 

of the disc is homogeneous, with a bright hyperintense white signal intensity and a normal disc 

height. B) Grade 2: The structure of the disc is inhomogeneous, with a hyperintense white signal. 

The distinction between nucleus and anulus is clear, and the disc height is normal, with or 

without horizontal grey bands. C) Grade 3: The structure of the disc is inhomogeneous, with an 

intermediate grey signal intensity. The distinction between nucleus and anulus is unclear, and 

the disc height is normal or slightly decreased. D) Grade 4: The structure of the disc is 

inhomogeneous, with an hypointense dark grey signal intensity. The distinction between nucleus 

and anulus is lost, and the disc height is normal or moderately decreased. E) Grade 5: The 

structure of the disc is inhomogeneous, with a hypointense black signal intensity. The distinction 

between nucleus and anulus is lost, and the disc space is collapsed. Republished with kind 

permission of Wolters Kluwer Health, Inc. 

1.2.3 Cellular changes in the DD progress 

Cell death occurs in the progress of DD. Necrotic and apoptotic appearance can be 

seen in the degenerative disc tissue [93]. Cell senescence also play a harmful role 

and may contribute to the progress of DD. The accumulation of senescent disc cells 

decreases the number of functional cells in IVD. Moreover, the senescent disc cells 

accelerate the process of DD via inflammation factors and chemokines which 
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activate matrix degrading enzymes thereby enhancing matrix catabolism and 

inflammation in IVD [23].  

 

 

 

 

Figure 3: Schematic of major interdependent phases leading to DD and pain. [Ref.[72], page 

22, Fig. 4] Following initial insult/s, disc cells upregulate expression of inflammatory cytokines 

and chemokine. In the second phase of the disease, release of chemokines and cytokines from 

the degenerated disc enhances activation and infiltration of immunocytes into tissues further 

amplifying the inflammatory response. In the third phase of the disease, neurogenic factors 

produced by the herniated disc as well as the immunocytes induce expression of the pain 

associated cation channels. Republished with kind permission of Springer Nature. 

 

 Complement system and DD 

1.3.1 The complement cascades 

The complement system is part of the innate immune system. It can be activated 

through three main pathways: classical pathway, lectin pathway and alternative 

pathway [54], which can be differently activated by several triggers. In addition to 

these well-known pathways, it has been found that also non-specific adsorption of 

complement proteins can trigger activation of the complement system [6]. Several 

activators of the complement system are also known to play a role in the 

pathomechanism of DD such as immune complexes, specific matrix fragments and 

proteases such as cathepsin-D (CTSD) [31]. 

Also, immunoglobulins, which are known to play a role in complement activation 

have been detected in degenerated disc tissue. Pathogen-bind antibodies can 

trigger the classical pathway by activation of the C1-complex [85]. This occurs when 

C1q binds to IgM or IgG complexed with antigens. A single pentameric IgM can 
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initiate the pathway, while six IgGs are needed [45]. The lectin pathway is triggered 

by mannose-binding lectin (MBL) instead of C1q [60]. The alternative pathway is 

continuously activated as a result of spontaneous C3 hydrolysis [54]. The alternative 

pathway does not rely on pathogen-binding antibodies like the other pathways [46]. 

In all these three pathways, a C3 convertase is formed which cleaves C3 into the 

anaphylatoxin C3a and C3b, followed by C5 cleavage resulting in the two-key 

complement mediators C5a and C5b formation (see Figure 4). While the 

anaphylatoxins C5a and C3a act as pro-inflammatory mediators, C5b is an 

important subunit for the formation of terminal complement complex (TCC) which is 

formed by the subsequent assembly of the complement components C6, C7, C8 

and several C9 molecules [82].  

TCC binds to cell membranes and forms a transmembrane pore. As a result, 

damage and lysis of the target cell can occur [22, 68, 70]. TCC induced cell lysis 

mainly appears in aged erythrocytes and certain Gram-negative bacteria [71]. Also, 

cell lysis is not the only effector function of TCC. when it binds to the cell surface at 

sub-lytic levels, it also can promote inflammation by activating pro-inflammatory cell 

signaling [12, 32]. The outline of TCC activation is shown by Figure 4.   

TCC-inhibitory glycoprotein CD59, also known as protectin, can regulate TCC 

formation by inhibition of the assembly of the downstream components leading to 

TCC formation. CD59 can prevent C9 polymerization, thereby leading to failure of 

TCC formation. Wang et al. [98] showed that CD59 can directly bind to the cell 

membrane and inhibit the formation of TCC.  
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Figure 4. Activation of Complement System [Ref. [78], page 2, Fig. 1] There are three ways in 

which the complement system activates. First, it generates large numbers of activated 

complement proteins that bind covalently to pathogens, opsonizing them for engulfment by 

phagocytes bearing receptors for complement. Second, the small fragments of some 

complement proteins act as chemoattractant to recruit more phagocytes to the site of 

complement activation, and also to activate these phagocytes. Third, the terminal complement 

components damage certain cell by creating pores in the cellular membrane. Republished with 

kind permission of Sage Publishing 

 

1.3.2 Complement involvement in bone and cartilage disorders 

The complement system is known to be involved in several diseases  [57, 83, 104], 

such as OA. OA is a degenerative breakdown of articular cartilage, with 

inflammation playing a pivotal role in its pathogenesis. For example, alterations in 

Tumor growth factor-β (TGF-β) super-family and Wnt/β-catenin pathways have 

been shown to contribute to OA development and progression by inducing primarily 

catabolic responses [80, 101]. Such responses showed upregulation of 

inflammatory mediators. They lead to cartilage extracellular matrix degradation via 

increased expression of matrix metalloproteinases (MMPs) [43]. The inflammation 

in OA is different from that in rheumatoid arthritis and other autoimmune diseases, 
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where it is chronic and comparatively low-grade [48, 89]. Wang et. al [98] showed 

that in osteoarthritic mice, TCC is important in mediating complement-related 

cartilage damage. Also, TCC induced the expression of complement effectors. They 

showed in different mouse models, that deficiency of complement system 

components such as C5 and C6 can contribute to protection against cartilage 

degradation. 

Moreover, Grönblad et. al [28] investigated the TCC formation in disc tissue. Their 

study found TCC in human herniated IVD tissues. They also found that TCC were 

observed in disc herniations, particularly sequestrated discs, and in degenerated 

discs as shown by discography or MRI. Moreover, Immune complexes previously 

demonstrated in disc herniation may trigger the classic pathway of complement 

activation, with TCC as the final product. Additionally, TCC may be involved in the 

mechanisms of DH tissue–induced sciatica, and possibly also in DD. They 

hypothesized that the formation of immune complexes in disc herniation patients 

may trigger the classic pathway of complement activation, contributing to TCC 

production.   

Taking the limited findings, we consider that it is necessary to investigate the role of 

complement system activation, especially the TCC formation, in the IVD in 

homeostasis and disease. 

 Aim of the study 

The main objective of this thesis was to investigate the role of the complement 

system, specifically of TCC formation, in the development and progression of DD. 

This work was divided into three main parts to answer the following research 

questions: 

 

1. Can we identify the histological expression of TCC and its inhibitor CD59 in disc 

tissue samples of patients with different DD associated pathologies? 

To answer this question, identification and localization of TCC and its inhibitor 

CD59 by immunohistochemical staining in different regions of human disc 

tissues collected from different donor groups were to be done.   

 

2. Is it possible to correlate the occurrence of TCC and its inhibitor CD59 with 

ageing and degeneration? 
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For this question, evaluation of possible correlations between TCC formation and 

CD59 production with age, degree of DD, namely Pfirrmann grade and Modic 

changes, or detailed pathology of the disc tissue donors were supposed to do. 

 

3. Can TCC deposition be induced in vitro by known DD associated activators?  

To answer this question, we had to analyze of the potential of TCC deposition in 

isolated disc cells and tissue explant cultures after culture with human serum 

(HS, containing the components C5 to C9, necessary for TCC formation) and 

stimulation with: interleukin-1  (IL-1), CTSD or Zymosan (polysaccharide 

commonly used to activate the complement system through the alternative 

complement pathway) [86]. 
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2. Materials and Methods 

 Materials 

2.1.1 Reagents 

Table 1: Reagents 

Reagent Company 

0.5% trypsin/0.2% EDTA Biochorm 

2N sulfuric acid R&D Systems 

4% formalin Fischar 

Amphotericin B Gibco 

Avidin-biotin complex Biozol 

Bovine serum albumin (BSA) Sigma 

Brij-35 Serva 

Cathepsin-D (CTSD) R&D Systems 

Collagenase type II Sigma 

DAKO pen DAKO 

Distilled water Ampuwa 

DMEM Gibco 

Dulbecco’s PBS Gibco 

Ethanol Sigma 

Fetal bovine serum (FBS) Gibco 

Haematoxylin Waldeck 

Human fibronectin fragment R&D Systems 

Human serum (HS) Quidel 

Hyaluronidase Serva 

Hydrochloric acid  Sigma-Aldrich 

Methanol Sigma-Aldrich 

Non-essential amino acids (NEA) Biochorm 

Normal goat serum Jackson 

Paraformaldehyde Roth 

Penicillin-streptomycin Invitrogen 

Potassium chloride (KCl) AppliChem 
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Proteinase K Bioline 

Recombinant human IL-1/IL-1F2 R&D Systems 

Sodium chloride (NaCl) Honeywell 

Sodium hydroxide (NaOH) Sigma-Aldrich 

Tris-HCL Roth 

Tween-20 Sigma-Aldrich 

Vitro-Clud R. Langenbrinck 

Xylol Fisher Scientific 

Zymosan Sigma-Aldrich 

 

2.1.2 Consumable Supplies 

Table 2: Consumable supplies 

Consumable supplies Company 

Biopsy punches Stiefel 

Cell culture flasks Nunc 

Cell culture plates CellStar 

Cell strainer Corning 

Cryotube vials Corning 

Dark 96-well plates Nunc 

Filter for liquid Corning 

Pipette tips Eppendorf 

Pipettes Eppendorf 

Surgical scalpels Braun 

Syringe filters GE 

  

 

 

 

 

2.1.3 Solutions 

Table 3: Solutions 

Solution Composition 
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TBS-T 2 mM Tris, 15 mM NaCl, 0.1% Tween 20 in dH2O, 

pH 7.6  

Blocking Buffer 50 mg/mL BSA in PBS 

Citrate Buffer 0.1M citrate buffer in dH2O, pH 8.0 

NaCl/KCl solution 5 M NaCl, 0.4 M KCl in dH2O, pH 7.4 

PBS-B 50 mg/mL Brij-35 in PBS 

Proteinase K solution 0.5 mg/mL Proteinase K in 30 mM Tris-HCl, pH 

8.0 

TNE Buffer 1.72 mg/mL Tris, 0.52 mg/mL EDTA, 8 mg/mL 

NaCl in dH2O, pH 7.4 

Tissue digestion solution 0.8 mg/mL collagenase type II in DMEM 

 

2.1.4 Antibodies 

Table 4: Antibodies 

Antibody Produced in Target 

species 

Specificity Company 

Anti-human C5b-9 

Antibody 

Mouse Human C5b-9 Quidel 

Anti-human C5b-9 

Antibody 

Rabbit Human C5b-9 Abcam 

Anti-mouse Antibody Goat Mouse IgG Invitrogen 

Anti-rabbit antibody Goat Rabbit IgG Invitrogen 

 

 

 

 

 

2.1.5 Media 

Table 5: Media 

Medium Composition  

CTSD stimulation medium 0.5 µg/mL CTSD in 5% human serum IVD 

medium 
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Human serum IVD medium 1%, or 2%, or 5%, or 10% human serum in 

serum-free IVD medium 

IL-1 stimulation medium 10 ng/mL IL-1β in 5% human serum IVD 

medium 

IVD culture medium Serum-free IVD medium supplemented with 

5% heat inactivated FBS 

IVD transport medium 1% NEA, 10% penicillin-streptomycin, 5% 

amphotericin B and 1.5% NaCl/KCl in DMEM 

Serum-free IVD medium 1% NEA, 1% penicillin-streptomycin, 0.5% 

amphotericin B and 1.5% NaCl/KCl in DMEM 

Zymosan stimulation medium 100 µg/mL Zymosan in 5% human serum IVD 

medium 

 

 

2.1.6 Kits 

Table 6: Kits 

Kit Company 

Quant-iT™ PicoGreen™ dsDNA Assay Kit Invitrogen 

VECTASTAIN® Avidin Biotin Complex Kit Vector 

VECTOR® NovaRED™ Peroxidase Substrate Kit Vector 

 

 

 

 

2.1.7 Equipment 

Table 7: Equipment 

Equipment Type Company 

Camera DFC420C Leica 

Cell counting chamber Neubauer, double Jordan Gamma 

Centrifuge Biofuge 13 Heraeus 

Image processing software Fiji ImageJ 

Incubator HeraCell 420 Heraeus 



Materials and Methods 15 

 

 

Laminar flow hood Heraeus LaminAIR Heraeus 

Microscope Camedia C-5060 Wide Zoom Olympus 

Spectrophotometer Spark Tecan 

Statistical analysis software Graphpad 8.0 Prism Graphpad 

Water bath  GFL 

 

 Clinical samples collection  

This research has obtained the ethical approval with the certification number: 208/15. 

IVD biopsies were collected from adolescent idiopathic scoliosis patients (AIS, n=10, 

age 16±2) and DD patients (n=39, age 65±12, Pfirrmann grade 3-5) undergoing 

surgery. Post-mortem tissue samples were collected from age-matched heathy 

donors: Young (n=11, age 7±7) and Elder (n=10, age 67±14). All IVD tissue samples 

were collected with ethical approval and informed consent. Donors’ information is 

summarized in Table 8, 9 and 10. 

The information of the healthy donors is shown in Tables 8 and 9. The tissues were 

collected post-mortem and were used as healthy control groups. The samples were 

analyzed separately considering 2 different donor age groups: Young (5 women/6 

men, age = 7±7 years old) and Elder (4 women/4 men, age 67±14 years old). The 

discs did not display obvious signs of degeneration or morphological changes. 

 

Table 8: Young Healthy donors’ information    

Donors’ code Gender Age(y/o) 

1 Female 0.008 (3 days) 

2 Female 2 

3 Male 0.089 (1 month) 

4 Female 0.167 (3 months) 

5 Female 7 

6 Male 18 

7 Male 0.008 (3 days) 

8 Female 16 

9 Female 16 

10 Male 10 



Materials and Methods 16 

 

 

11 Male 13 

 

Table 9: Elder Healthy donors’ information       

Donors’ code Gender Age(y/o) 

61 Female 51 

62 Male 63 

63 Female 71 

64 Male 77 

65 Male 83 

66 Female 81 

67 Female 57 

68 Female 48 

69 Male 80 

70 Male 43 

 

A total of 10 patients were diagnosed with adolescent idiopathic scoliosis (AIS), but 

no signs of disc degeneration (8 women/2 men, age = 16±2 years old). Detailed 

patient information is depicted in Table 10. 

 

Table 10: AIS patients’ information 

Donors’ code Gender Age(y/o) Pathologic Detail 

40 Female 16 Idiopathic scoliosis to right, Lenke 1C 

41 Female 21 Thoracic scoliosis to right 

42 Female 25 “S” shaped idiopathic scoliosis 

43 Female 15 “S” shaped idiopathic scoliosis 

44 Female 16 Idiopathic scoliosis to right 

45 Female 13 Thoracolumbar scoliosis 

46 Male 15 Idiopathic scoliosis 

47 Male 16 “S” shaped idiopathic scoliosis 

48 Female 14 Idiopathic scoliosis to right 

49 Female 18 Right thoracic lumbar scoliosis, Lenke 5A 
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Disc tissues from a total of 39 patients diagnosed with DD pathologies was included 

in this study (22 women/17 men, age = 64±12 years old). Detailed patient 

information is shown in Table 11. 

 

Table 11: DD patients’ information 

Donors’ code Gender Age(y/o) Pathologic Detail 

01 Female 82 L4 Compressive fracture 

02 Female 68 Fall back surgery syndrome 

03 Female 27 L5/S1 osteochondrosis 

04 Male 50 L4/5 osteochondrosis 

05 Female 31 L4/5 disc herniation 

06 Female 48 L3/4 disc herniation 

07 Male 70 Spondylolisthesis grade II 

08 Female 57 Degenerative scoliosis 

09 Male 70 Chronic low back pain 

10 Male 82 Degenerative scoliosis 

11 Female 56 Spinal canal stenosis 

12 Male 50 Degenerative scoliosis 

13 Female 58 Spondylolisthesis on L4/5 

14 Female 65 Spondylolisthesis on L4/5 

15 Female 61 Pseudospondylolisthesis grade I 

16 Female 68 Degenerative spinal canal stenosis 

17 Male 78 Spondylolisthesis 

18 Male 58 L3/4 disc herniation 

19 Female 62 Radiculopathy and disc herniation 

20 Female 71 L4/5 spinal canal stenosis 

21 Male 64 Continuous degeneration 

22 Female 59 L2/3 Spondylolisthesis 

23 Male 75 L2/3 intervertebral disc herniation 

24 Female 72 L4/5 intervertebral disc herniation 

25 Female 72 Decompressive spondylolisthesis 

26 Female 60 Foraminal spinal canal stenosis 

27 Female 67 Multi-segment Spinal stenosis 

28 Female 74 Chronic low back pain 
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29 Female 68 Chronic low back pain 

30 Male 74 Chronic low back pain 

31 Male 71 Chronic low back pain 

32 Female 70 Chronic low back pain 

33 Male 56 Chronic low back pain 

34 Male 44 Chronic low back pain 

35 Male 53 Chronic low back pain 

36 Female 63 Chronic low back pain 

37 Female 61 Chronic low back pain 

38 Male 64 L5/S1 disc herniation 

39 Female 79 L3/4 disc herniation 

 

AIS and DD biopsies were collected in IVD transport medium and delivered to the 

lab. The different tissues – nucleus pulposus (NP), annulus fibrosus (AF) and 

cartilaginous endplate (EP) – were macroscopically separated and collected for 

histology/immunohistochemistry (IHC) and, if possible, for cell isolation and tissue 

cultures, as shown in Figure 5.  

 

Figure 5: Experimental outline. A) The tissue samples were collected for immunohistochemistry 

(IHC), cell isolation and tissue culture. B) Magnetic resonance image (MRI) images from disc 

degeneration (DD) patients, acquired up to 15 months before surgery, were used for 

determination of Pfirrmann grading and Modic changes by an independent evaluator and using 

a grading software. Picture was taken by the author. MRI image was acquired from clinic, 

modified by the author. 
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Magnetic resonance images (MRI) of the DD patients were recorded prior to surgery. 

The Pfirrmann grading system was used to evaluate the level of DD. The principal 

of Pfirrmann grading is shown in the figure below (Figure 6). 

Images were analyzed by two independent people who are experienced in the 

evaluation of MRI pictures, as well as by using an automated evaluation system. 

The latter tool was based on a deep artificial neural network able to classify the 

midsagittal section of the MRI stack into the five Pfirrmann’s grades of degeneration. 

The artificial neural network was trained and validated exploiting a large database 

of MRI images from more than 2500 patients suffering from low back pain, together 

the relative Pfirrmann grading, which was collected in a previous project. The deep 

learning model demonstrated superhuman performance, with an agreement of 99% 

with respect to the ground truth in an independent testing set [62].  
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Figure 6: Representative T2 weighted Magnetic resonance image (MRI) of a patient suffering 

from disc degeneration (DD) displaying discs with different Pfirrmann grades. A) Lumbar spine 

image with red arrows indicating Pfirrmann grades 3, 4, and 5. B) Disc with a dark gray 

appearance, corresponding to a Pfirrmann grade 3. C) Completely black disc, but still with a 

normal intervertebral space, which corresponds to Pfirrmann grade 4. D) Completely black disc 

with narrowed intervertebral space, corresponding to Pfirrmann grade 5. This image was 

acquired from clinic, modified by the author. 

 

Modic changes were also evaluated according to the grading standard established 

by Modic et al [53]. This standard focuses on endplate changes and bone marrow 

changes of the vertebral bodies, as shown in Figure 7. 
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Figure 7: Representative T2 weighted Magnetic resonance image (MRI) images of a patient 

suffering from disc degeneration (DD) displaying discs with different Modic changes. A) Lumbar 

spine image with red arrows indicating Modic changes types 1, 2, and 3. B) Disc with endplate 

cartilage containing its integrity, corresponding to Modic changes type 1. C) Disc with endplate 

cartilage displaying high signal, but an incomplete structure, typical sign of Modic changes type 

2. D) Endplate with lower signal, with incomplete cartilage tissue and rough edges, characteristic 

of Modic changes type 3. This image was acquired from clinic, modified by the author. 

 Cell isolation and primary cell culture 

The macroscopically isolated tissues were washed with PBS to remove blood and 

bone remains and cut into small fragments of about 1 mm3. The fragments were 

then digested with 0.8 mg/mL collagenase type II in serum-free IVD medium at 37°C 

for 3-5 hours. The duration of digestion depended on the size of the tissue. After 

complete digestion, the solution was filtered through a 10 µm filter and centrifuged 

at 500g for 10 minutes. The cell pellet was resuspended in IVD culture medium and 

the cells were seeded in cell culture T-flasks. The medium was exchanged for the 
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first time after 5 days. Then, the medium exchange was performed ever 2-3 days. 

Cells underwent trypsinization when reaching 70-80% confluency. 

Before trypsinization, the cells were washed with PBS to remove FBS residues. 

Then, incubated with 0.2% trypsin for 5 minutes at 37°C. After cell detachment, 

equal volume of IVD medium as trypsin was added to inactivate the trypsin. The cell 

suspension was collected and centrifuged at 500g for 10 minutes. Then, the 

supernatant was removed and fresh IVD medium was added. The cell number was 

determined using the Neubauer chamber. The cells were seeded in cell culture 

flasks at a density of 3000 cells/cm2 and expanded up to passages 2-5. The cells 

that were not used for experiments were stored in liquid nitrogen. 

 In vitro stimulation of TCC formation 

 AF, NP or EP cells from randomly selected Sc and DD donors were seeded in 96-

well plates at a density of 5000 cells/well and left with complete IVD medium for 24h 

for adhesion. Then, the adherent cells were washed with PBS and stimulated for 30 

minutes with different stimulation factors. The serum-free IVD medium was 

supplemented as following (experiments were performed in triplicate): 

- 5% human serum (HS group) 

- 5% human serum and 10 ng/mL IL-1 (HS+IL-1) 

- 5% human serum with CTSD (HS+CTSD) 

- 5% human serum with Zymosan (HS+Zymosan) 

IL-1 is one of the key pro-inflammatory cytokine to play a role in DD [35], whereas 

CTSD has great proteoglycan-digesting activity and is an important player in OA 

[79], but poorly described in DD. Zymosan is polysaccharide commonly used to 

activate the complement system through the alternative complement pathway [86]. 

Cells kept in serum-free IVD medium were used as control (SF group). After 30 

minutes of stimulation, the cells were fixed with 1% Paraformaldehyde (PFA), wash 

3 times with PBS and kept in PBS at 4ºC for further analysis.  

 

 Cellular TCC and DNA quantification 

The cellular TCC deposition was quantified using a cell-based enzyme-linked 

immunosorbent assay (ELISA) [34]. Briefly, the fixed cells were incubated 5% BSA 

in PBS at 37°C for 1 hour. After the blocking step, IVD cells were incubated at 37°C, 
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for 2 hours, with anti-human C5b-9 antibody (1:4000 dilution). Afterwards, the cells 

were washed with TBS-T solution, incubated with goat anti rabbit secondary 

antibody (1:10000 dilution) at room temperature for 1 hour in the dark, and washed 

again with TBS-T. Then, 100 L TMB-Substrate was added to every well. After 20 

minutes, 50 µL of the solution were transferred to a new transparent 96-well plate 

and 50 µL of 2N Sulfuric Acid were added to stop the reaction. Absorption was 

measured at 450 nm in a microplate spectrophotometer.  

The fixed cells were then washed with PBS and lysed with 0.5 mg/mL Proteinase K 

solution overnight, at 55ºC in a wet chamber to avoid evaporation of the solution. 

The supernatants were transferred to Eppendorf tubes and centrifuged at 3000g for 

5 minutes to complete cell lysis. Deoxyribonucleic acid (DNA) quantification was 

performed using the Quant-iT PicoGreen dsDNA assay kit according to the 

manufacturer’s instructions. The DNA fluorescence was quantified using a 

microplate spectrophotometer. The excitation was set at 356 nm and emission at 

465 nm. 

The TCC quantification results are presented as fold change DNA concentration and 

to the serum free group.  

 

 Stimulation of TCC formation in tissue punches cultures 

Tissue punches cultures were performed to investigate whether the different 

stimulation factors influence the cell response differently once the cells are kept in 

the tissue, closer to their native microenvironment than when cultured in 2D. Fir the 

tissue cultures, after separation of the disc samples into AF, NP and EP, tissue 

punches with 6 mm diameter were collected and cultured in 24-well plates with 

serum-free IVD medium. After 24 hours, the medium was exchange for media with 

different stimulation factors. The serum-free IVD medium was supplemented as 

following: 

- 5% human serum (HS group) 

- 5% human serum and 10 ng/mL IL-1 (HS+IL-1) 

- 5% human serum with CTSD (HS+CTSD) 

- 5% human serum with Zymosan (HS+Zymosan) 
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Punches kept in serum-free IVD medium were used as control (SF group). After 6 

hours of stimulation, the tissue samples were weighed, fixed in 4% formalin for 2 

days, and processed for histological analysis. 

 

 Histological and immunohistochemical analysis of human IVD 

tissues 

Fixed tissues from fresh samples and punches cultures were embedded in paraffin 

and sections with 4 µm thickness were collected. Tissue fragments containing bone 

were decalcified in EDTA-glycerol solution before embedding. Samples were 

deparaffinized in xylene solution, rehydrated through a graded series of ethanol 

(90%, 80%, 70% and 50% ethanol). Safranin-O/fast green staining was performed 

to identify proteoglycans and collagen tissue distribution. Safranin-O stains 

proteoglycans and type II collagen in varying shades of red, whereas Fast Green 

counterstains the non-collagen sites [15]. 

Fir the immunohistochemical staining of TCC and CD59, antigen retrieval was 

performed by incubating the sections with 2 mg/mL hyaluronidase in citrate buffer, 

pH 8.0, for 30 minutes at 37°C. Afterwards, the blocking was done with 5% goat 

serum for 1 hour and then the sections were incubated overnight at 4°C with the 

following primary antibodies dissolved in PBS in 1% goat serum: mouse anti-human 

C5b-9 (1:250 dilution) and mouse anti-human CD59 (1:125 dilution). In the second 

day, slides were washed with PBS and PBS-Band incubated with goat anti-mouse 

IgG (H+L), Biotinylated secondary antibody (1:200 dilution). The samples were then 

incubated with Avidin-Biotin-Complex for 30 minutes, with Nova Red reagent for 4 

minutes and with Hematoxylin for 15 seconds, all at room temperature and with 

washing steps in between. Then, the samples were dehydrated and mounted in 

Vitro-Clud. The stained sections were imaged with light microscopy (Axiophot, Zeiss) 

and about 3-5 were acquired from random areas of each slide with 200 times 

magnification. The images were analyzed using Fiji software. Positive cells for TCC 

formation (TCC+) and CD59 production (CD59+) were manually counted within 

different regions of interest (AF, NP or EP) and normalized by the total cell number 

within the same region. Results were presented as percentage of positive cells for 

the total IVD tissue analyzed and discriminated by region. 
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 Statistical analysis 

Results are presented in dot plots with median ± interquartile range. Statistical 

analysis was performed with non-parametric Kruskal-Wallis test. Correlations were 

performed using the Spearman’s correlation method. One-way analysis of variance 

(ANOVA) was also used with Graphpad 8.0 Prism. Statistical significance was 

considered for p < 0.05 (*), p<0.01 (**), p<0.001(***), p<0.0001 (****). 
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3. Results 

This work focused on the deposition of TCC in AF, NP and EP AIS and DD patients, 

and healthy donors (Young and Elder). The results were divided into three parts. In 

the first part, it was investigated TCC deposition and CD59 production in the disc 

tissues collected from the different donor groups. In the second part, it was 

evaluated the correlation between TCC/CD59 deposition and age, Pfirrmann 

grading, Modic changes and refined diagnosis. In the last part, in vitro experiments 

were performed to stimulate TCC formation in disc cells and tissue punches. 

 Donors distribution and disc evaluation 

In this research, donors were separated into 4 groups according to the diagnosis. 

DD group is the patients’ group of our research interest. In this group, patients 

underwent discectomy surgery. And they were all suffering from disc degenerative 

disease. The second group included 10 patients who were diagnosed as AIS. 

Furthermore, the post-mortem healthy donors were analyzed as two separate 

groups: Young and Elder. The donors  ́age distribution is shown in Figure 8. 

 

Figure 8: Age distribution of the disc tissue donors. Donors were separated into Young, Elder, 

Adolescent idiopathic scoliosis (AIS), and disc degeneration (DD) groups. Mean age of donors 

is 6.93±7.13 years old for Young, 65.4±14.21 years old for Elder, 6.9±3.41 years old for AIS, 

and 58.5±18.42 years old for DD. 

 

A possible correlation between the age of DD patients and the Pfirrmann grade or 

Modic changes of the collected discs was evaluated (Figure 9). However, no 

correlation was found between DD patients’ age and Pfirrmann grade (R=-0.1607, 

P=0.3421) or Modic changes (R=-0.2626, P=0.1857). 
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Figure 9: Correlation analysis between A) Age of disc degeneration (DD) patients and Pfirrmann 

grade of the respective discs collected and B) Age of DD patients and Modic changes of the 

respective discs collected. 

 Immunohistochemical evaluation  

3.2.1 TCC formation in human IVD tissue 

As shown in Figure 10A, TCC formation was detected by IHC, positive cells were 

stained red, and negative cells are depicted in blue. The number of TCC positive 

cells was quantified and the results are presented as the percentage of TCC+ cells 

for each donor group in the total disc tissue analyzed, and in the different IVD 

regions (Figure 10B). Moreover, the different IVD regions analyzed within the same 

patient group were also compared (Figure 10C). 

In the TCC evaluation for total tissue, Young healthy control group shows relevantly 

big variety. Also, there is also a quite big variety of TCC deposition can be seen in 

degenerative group for total tissue. However, there are no significant changes 

among 4 types of donors. In AF, TCC deposition did not show much significant 

difference also. In NP, the percentage of TCC+ cells in Young, Elder and AIS is 

relatively low, but in the DD group, the percentage of TCC+ cells presented high 

variability. TCC deposition in the disc tissues from the DD group was significantly 

higher than in AIS (p<0.05) and Elder donors (p<0.05). Although there is no 

significance for TCC deposition seen between Young and DD donors, the p value 

is quite close to significance (p=0.0502). In EP, TCC deposition in tissues collected 

from Young donors is significantly higher than in Elder donors (p<0.001) and AIS 

patients (p<0.05). Moreover, TCC deposition in the DD group is significantly higher 

than in the Elder group (p<0.05). 
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In Young donors, TCC deposition in the EP was significantly higher than in the NP 

(Figure 9F, p<0.05). However, no significant differences were found between the 

different tissue regions in Elder donors, AIS or DD patients. 
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Figure 10: Quantification of terminal complement complex (TCC) in tissue. Scale bar 50 m, 

200x magnification. A) Positive cells were stained red and the negative cells were stained as 

blue. B-I) Percentage (%) of TCC+ cells. The number of cells was counted under the microscope. 

Scale bar, 50 µm. 

 



Results 30 

 

 

3.2.2 CD59 production 

CD59 production was also detected by IHC, positive cells were stained red, and 

negative cells blue (Figure 11A). The number of CD59 positive cells was counted 

and the results are presented as the percentage of CD59+ cells for each donor 

group in the total disc tissue analyzed, and in the different IVD regions (Figure 11B). 

Moreover, the different IVD regions analyzed within the same patient group were 

also compared (Figure 11C). 

In the total tissue evaluation, the percentage of CD59+ cells in the tissues from 

Young healthy donors was significantly lower than in AIS (p<0.05) and DD (p<0.05) 

groups. CD59 production in Elder donors also seemed to be lower in the DD group 

(0.0784). In AF and NP, CD59 deposition did not show significant difference. In the 

EP region, the percentage of CD59+ cells was significantly lower in Young donors, 

when compared to DD patients (p<0.01).  

CD59 production was also analyzed in Young, Elder, AIS and DD groups (Figure 

11A). In the DD group, TCC deposition in the EP was significantly lower than in the 

NP (p<0.05). However, no significant differences were found in Young and Elder 

donors, nor in AIS patients. 
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Figure 11: IHC staining of cluster of differentiation 59 (CD59) in human IVD cells. A) Cells in 

annlus fibrosus (AF), nucleus pulposus (NP) and endplate cartilage (EP) in Young, Elder, 

adolescent idiopathic scoliosis (AIS) and disc degeneration (DD) donors. B-I) Percentage (%) 

of CD59+ cells. The number of cells was counted under the microscope. Scale bar, 50 µm. 

 

In order to investigate the relevance of TCC and CD59 deposition with the difference 

of pathology in the degenerative donors, these donors were separated into different 
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groups: disc herniation, spondylolisthesis, osteochondrosis and others. Figure 12 

depicted the TCC and CD59 deposition in these different groups. TCC and CD59 

deposition was evaluated in AF, NP, EP and total tissue group, but there is no 

significance found in these categories. 

 

Figure 12: Terminal complement complex (TCC) and cluster of differentiation (CD59) 

quantification according to different pathologies in DD donors. The donors were divided into disc 

herniation, spondylolisthesis, osteochondrosis, and others. The percentage of TCC+ cells was 

determined in the A) total tissue, B) Annulus fibrosus (AF), C) Nucleus pulposus (NP) and D) 

Endplate cartilage (EP). The percentage of CD59+ cells was determined in the A) total tissue, 

B) AF, C) NP and D) EP. 

 

3.2.3 Correlation between TCC formation and and CD59 

production with age of the IVD tissue donors and degree of 

degeneration of the discs 

Correlations between age and TCC deposition were shown below in Figure 13. The 

TCC deposition on EP of young healthy donors is positively correlated to donors’ 

age (p=0.0489, Figure 13C). And TCC deposition on AF tissue on AIS patients is 

positively correlated to donors’ age. Other correlations did not show much 

significance. 
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Figure 13: Correlation between terminal complement complex (TCC) formation and the age of 

the donors. The X axis corresponds to the age of the donors, and the Y axis corresponds to the 

percentage of TCC+ cells. TCC formation versus age was analysed separately in Young, Elder, 

Adolescent idiopathic scoliosis (AIS) and disc degeneration (DD) groups, for A) Annulus fibrosus 

(AF), B) Nucleus pulposus (NP) and C) Endplate cartilage (EP) tissues. 

 

Correlation between CD59 and age are shown in Figure 14. In the donors with DD, 

the CD59 deposition on AF and EP tissue is negatively correlated to donors’ age 

(p=0.0075, p=0.0082). In other groups, there are no significant correlation. 

Young DD AIS Elder 
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Figure 14: Correlation between cluster of differentiation (CD59) production and the age of the 

donors. The X axis corresponds to the age of the donors, and the Y axis corresponds to the 

percentage of CD59+ cells. CD59 production versus age was analysed separately in Young, 

Elder, adolescent idiopathic scoliosis (AIS) and disc degeneration (DD) groups, for A) Annulus 

fibrosus (AF), B) Nucleus pulposus (NP) and C) Endplate cartilage (EP) tissues. 

 

Possible correlations between TCC formation or CD59 production and the Pfirrmann 

grade of the tissues were investigated (Figure 15). A positive correlation between 

the percentage of TCC+ cells and the Pfirrmann grade was found in the total IVD 

tissue (p=0.02) and in the AF (p=0.02).  

Young DD AIS Elder 
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Figure 15: A) Correlation between the percentage of terminal complement complex positive 

(TCC+) cells identified in disc tissues from DD patients and Pfirrmann grade B) Correlation 

between the percentage of cluster of differentiation 59 positive (CD59+) cells identified in disc 

tissues from disc degeneration (DD) patients and Pfirrmann grade.  

 

Moreover, possible correlations between TCC formation or CD59 production and 

Modic changes were also investigated, but no correlations were observed (Figure 

16). 
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Figure 16: A) Correlation between the percentage of terminal complement complex positive 

(TCC+) cells identified in disc tissues from DD patients and Modic changes B) Correlation 

between the percentage of cluster of differentiation 59 positive (CD59+) cells identified in disc 

tissues from DD patients and Modic changes.  

 

3.2.4 Stimulation of TCC formation in cell cultures 

After detecting the formation of TCC in AF, NP, and EP cells, there is no difference 

to the TCC formation under stimulation (Figure 17). 

 

Figure 17: Cell Based terminal complement complex (TCC) Enzyme-linked immunosorbent 

assay (ELISA) analysis. Intervertebral disc (IVD) cells were cultured in 96 well plates and were 

stimulated by serum free medium (SF), 5% human serum (HS), 5% human serum with 

interleukin-1 (IL-1), 5% human serum with cathepsin D (CTSD), 5% human serum with 

Zymosan. The TCC formation on cells was normalized by serum free medium (Y axis). 
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3.2.5 Stimulation of TCC formation in tissue punches cultures 

IHC test was also performed on tissue punches to evaluate the positive rate for TCC 

deposition (Figure 18. A). TCC formation in AF, NP and EP tissue with 5% human 

serum supplement are all significantly higher comparing to serum free stimulation 

(p<0.05). In AF tissue, TCC formation with IL-1 supplementation is significantly 

lower than 5% human serum stimulated AF (p<0.05). In NP tissue, comparing to 

human serum stimulation, TCC deposition is significantly higher with CTSD 

supplement (p<0.05). In EP tissue, TCC formation is significantly higher with CTSD 

and Zymosan supplement (p<0.05). 
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Figure 18: A) Terminal complement complex (TCC) immunostaining analysis in intervertebral 

disc (IVD) tissue punches (scale bar, 50 m). In the immunohistochemistry (IHC) pictures, the 

TCC positive cells are stained red and the negative cells are blue (haematoxylin stained cell 

nuclei blue). The tissues were stimulated with i) serum-free IVD medium, ii) IVD medium with 

5% human serum, and supplemented with iii) Interleukin-1 (IL-1), iv) Cathepsin D (CTSD) or 

v) Zymosan. The percentage (%) of positive cells was determined for the different explant 

cultures of B) Annulus fibrosus (AF), C) Nucleus pulposus (NP) and D) Endplate cartilage (EP) 

tissue 

 

 

l 
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CD59 deposition on cell membrane of the tissue punches has also been tested 

(Figure 19). In AF tissue, CD59 deposition is relevantly low with all stimulations. 

Also, there are no significant changes between each kind of stimulation. In NP tissue, 

CD59 deposition after CTSD supplement is significantly higher than 5% human 

serum supplement alone (p<0.05). In EP tissue, CD59 expression on EP tissue is 

significantly higher after 5% human serum supplement comparing to serum free 

medium, human serum with IL-1, CTSD and Zymosan (p<0.01). 
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Figure 19: A) Cluster of differentiation (CD59) immunohistochemistry (IHC) staining analysis in 

Intervertebral disc (IVD) tissue punches (scale bar, 50 m). In the IHC pictures, the CD59 

positive cells are stained red and the negative cells are blue (haematoxylin stained cell nuclei 

blue). The tissues were stimulated with i) serum-free IVD medium, ii) IVD medium with 5% 

human serum, and supplemented with iii) Interleukin-1 (IL-1), iv) Cathepsin D (CTSD) or v) 

Zymosan. The percentage (%) of positive cells was determined for the different explant cultures 

of B) Annulus fibrosus (AF), C) Nucleus pulposus (NP) and D) Endplate cartilage (EP) tissue. 
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4. Discussion 

The main objective of this thesis was to investigate the role of the complement 

system, especially TCC formation, in the development and progression of DD. TCC 

is the final active product of the complement system and belongs to the innate 

immunity. It can be activated in cartilage diseases, such as OA or rheumatoid 

arthritis [72], and they are first hints in the literature that it may also play a role in 

DD. The present study aimed to investigate possible associations of TCC deposition 

with DD and to analyze if TCC can be activated in human disc tissue – and possibly 

serve as a new therapeutic target which should be addressed in the treatment of 

DD. 

In the present discussion subchapters, our findings regarding these research 

questions are explained in the context of the recent literature. 

 Is it possible to correlate TCC formation in IVD tissue with 

pathology, tissue location and donor’s age? 

Firstly, this research work focused on the identification and quantification of TCC 

and its inhibitor CD59 at protein level in histological samples of disc tissues from 

patients with different groups. Furthermore, possible correlations between TCC 

formation or CD59 production and the age of the donors or the progress of disc 

disease were also evaluated. 

To answer the research questions, we have included IVD tissue from different 

patient groups into our study which varied regarding age and pathology. As it is 

difficult to get access to age-related normal disc tissue, the control groups used for 

our histological examinations were from Young (age range, 0–18 years) or Elder 

autopsy donors, with an age range that could be better compared with the two 

patient groups AIS (range, 13–25 years) and DD (range, 27–82 years). The impact 

of age distribution in the findings of the present study will be discussed regarding 

specific investigations in the next paragraphs.  

 

4.1.1 TCC formation in patient samples and controls   

DD is commonly associated with low back pain, and therefore has high clinical 

relevance. The immune system is known to play a role in DD, but there is limited 

knowledge regarding a possible involvement of the complement system activation 
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and especially TCC formation in the pathomechanism of DD. TCC has been 

identified to play a role in articular cartilage disorders, such as OA [28, 78, 98] and 

it has been detected in disc samples from patients with DD [27]. Activation of the 

complement in rheumatoid and acute arthritis was shown to be associated with a 

decreased protection of synovial cells against cellular effects and TCC-mediated 

lysis [11]. In a mouse model of experimentally induced OA by meniscectomy, it was 

shown that animals deficient for the complement components C5 and C6, and 

therefore unable to form TCC, showed less degenerative changes of the joint 

cartilage and lower expression of inflammatory and degradative molecules 

compared to wild type animals [98]. Given the similarities between articular cartilage 

and the IVD, we investigated in the present work if TCC might also play a role in DD, 

thereby being a possible new therapeutic target. For that, we have analyzed discs 

tissues from different donor groups, including DD patients with different disease 

phenotypes (disc herniation, spondylolisthesis and osteochondrosis, among others). 

In our experiment, we identified the TCC deposition on disc tissues from all donor 

groups. However, our results showed that TCC deposition was significantly higher 

in DD than in Elder controls and AIS patients. We also found that TCC deposition in 

DD patients was positively correlated with Pfirrmann grade. Grönblad and 

colleagues reported TCC deposition in disc cells from 36.2% (21/58) of the patients 

diagnosed with disc herniation and from 36.4% (4/11) with DD [28]. Although local 

comparisons of TCC deposition in different IVD regions was not performed, the 

authors found most TCC deposition in DD discs in the AF region [28]. Moreover, 

Grönblad et al. included in their study mostly patients diagnosed with cauda equina 

syndrome, spinal stenosis or disc herniations [28]. Except the work from Grönblad 

and colleagues, no further studies have investigated, so far, the relevance of TCC 

formation in disc tissue from patients with different disc degenerative diseases. 

These findings provide further support for a possible role of TCC in DD.   

Interestingly, no TCC deposition was observed in the control tissues from organ 

donors (9 discs, mean age, 51 years; range, 39–79 years) from the work of Grönblad 

et al. [28], whereas in our work, significantly high TCC formation was observed in 

very young patients (under one year old), particularly in the EP tissue, which was 

negatively correlated with the age of the donors, so the younger the donors were, 

the more TCC was found in their disc tissue. This finding may correlate with the fact 

that in the earlier stage of life, the endplate cartilage is not yet fully developed, a 
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network of microscopic blood vessels infiltrates the endplates during development 

of the growing spine, principally to provide nutrition for the disc, before disappearing 

around the time of skeletal maturity [56, 91]. With the progress of organic growing, 

endplate cartilage becomes avascular and less exposed to the immune system [39]. 

In AIS patients, similarly to Elder controls, low percentage of TCC+ cells was found 

in the different tissues; nonetheless, a positive correlation between TCC deposition 

in AF and the age of the patients was found. This might indicate that, although strong 

TCC deposition may be a degeneration-associated event, cells in non-degenerated 

disc tissue are not completely protected towards TCC formation at sublytic 

concentrations. 

In conclusion, our findings indicate that the complement system, and specifically 

TCC activation might play a role not only in DD, but also in the disc developmental 

processes.  

Also, the question of a possible correlation between Modic changes and TCC 

deposition was addressed in the present work for the first time. In NP tissue, we 

found a high variability of TCC deposition in patients depicting different types of 

Modic changes. However, higher TCC deposition was found in DD patients with 

Modic change type 1. The Modic changes grading system does not correspond to 

a consecutive progress of degeneration, but it characterizes different groups of 

degenerative changes. While Modic change type 1 is associated with inflammation 

and vascularization of the vertebral body, Modic change type 2 is characterized by 

fatty tissue replacement [26, 61, 77].The risk to develop Modic changes in the disc 

has been described to most likely depend on the inflammatory potential of the disc 

and the capacity of the bone marrow to respond to it [20]. According to the research 

of Dudli et al., the Modic change type 1 is associated with an autoimmune response 

caused by a degenerative milieu in the disc [21]. The findings of the present study 

provide first hints that complement associated processes might also play a role in 

Modic type 1 changes in disc degeneration. 

 

4.1.2 CD59 production in disc tissue samples 

Additionally, CD59, a known inhibitor/regulator of TCC deposition, was also 

analyzed in this research. The CD59 deposition shared a similar pattern to the TCC 

deposition on the disc tissues. Higher percentage of CD59+ cells was found in the 
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DD group compared to healthy controls, particularly in the EP. And overall, in AIS 

patients, the percentage of CD59+ cells was also higher than in young donors. CD59 

is one of the representative inhibitors of the complement system, it can bind to the 

C5678 and to prevent the formation of TCC [30]. Moreover, the CD59 can also 

regulate the bone density and mineral apposition rate [38]. Therefore, CD59 

production also plays a role in OA, RA and the psoriatic arthritis [36, 65, 92]. For 

instance, mice lacking CD59 displayed aggravated experimental OA, whereas in 

mice lacking C6, an essential component of TCC, experimental OA was eliminated 

[78]. Furthermore, with absence of CD59, TCC production and deposition can 

increase in several kinds of disease [7, 59]. These studies together with our present 

results indicate that CD59 can also be a part of the immune activity in the auto 

immune response in the IVD. Our research firstly showed the correlation between 

CD59 production and DD.  

In DD donors, there are negative correlations observed between CD59 formation 

and donors’ age. This means that with increasing age, CD59 formation on AF and 

EP tissue is decreasing. According to Bloom et al.’s [11] research, CD59 formation 

decreases when age is increasing in a mouse model. Therefore, aging might 

contribute to the decrease of CD59 in disc degenerative donors.  This could mean 

that though also disc tissue from DD patients show some immunopositivity for CD59, 

this protective mechanism towards TCC formation is less effective with increasing 

age of the patient. Findings in the literature indicate that complement activation can 

increase the production of CD59 in other diseases like membranous 

glomerulonephritis, colorectal cancer and several other degenerative diseases [40, 

99]. These results suggest that there is a balance between the TCC and CD59 

deposition, and that CD59 formation follows TCC deposition – to protect the cells 

towards the lytic activity of TCC. This could explain that with proceeding 

degeneration (which correlates with increasing of the Pfirrmann grade) both higher 

TCC and CD59 deposition was found in the tissue.  

 Complement system activation with different stimulations 

In this part of our study, we wanted to understand if known contributors to DD can 

act as possible activators of TCC deposition. To investigate whether TCC formation 

can be activated in vitro and to identify possible triggers, macroscopically separated 

NP, AF and EP tissues were digested for cell isolation. Isolated cells and tissue 
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explants were analyzed for TCC deposition and CD59 production after stimulation 

with medium containing human serum alone (HS group), or supplemented with IL-

1, CTSD or Zymosan. Medium supplementation with human serum was important 

to provide the components (C5 to C9) for the TCC formation, after activation of the 

complement system [33]. IL-1 is a proinflammatory factor know as a key molecule 

in DD, inflammation and OA [13, 25], and in the complement activation pathway [63]. 

In the process of complement activation, C5a production is known to be able to 

induce the synthesis of IL-1 by monocytes and macrophages [81]. CTSD is a matrix 

degrading enzyme that increases during catabolic activity, being recognized as an 

inducer of OA, and a key factor for complement activation [31]. On the other hand, 

zymosan, a glycan derived from yeast cell walls, has been shown to activate the 

complement system through the alternative pathway [86] and to cause  inflammation 

in different tissues [41, 51, 69, 88]. Therefore, it was used in our experiments as a 

positive control. 

When disc cells were stimulated in 2D, no differences were observed between the 

groups, which might indicate that one of the limitations of cell cultures is that the 

cells are not kept in the tissue native microenvironment. Von der Mark et al. [96] has 

previously described that chondrocytes cultured in 2D lose their cartilage phenotype 

with cell passage. In our study, to overcome the limitations of 2D cultures, tissue 

punches were collected from DD samples and stimulated similarly to the cell 

cultures. In all disc punches, TCC deposition was observed; however, it was 

significantly higher with human serum supplementation, when compared to the TCC 

identified in the punches cultured in serum-free medium. This result is in agreement 

with the literature [10, 70], since the human serum contains the proteins that 

contribute to the TCC formation.  

Interestingly, in our work, TCC deposition on AF, NP and EP tissues was 

significantly decreased with the stimulation of IL-1, which was not in agreement 

with our hypothesis. IL-1 can be produced by IVD cells during DD [35], being a key 

molecule responsible to promote the activation of immune cells, such as 

macrophages [102, 105], and the expression of matrix degrading enzyme, such as 

MMP3 [58]. IL-1  is a mediator of the inflammatory response involved in a variety 

of cellular activities, including cell proliferation, differentiation, and apoptosis [42].  

The activation of the complement system has been shown to promote the production 
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of proinflammatory factors such as IL-1 [9, 100]. For instance, C3a activation is 

known to increase IL-1 secretion in human monocytes and regulate the 

inflammasome activation [5]. However, whether the production of pro-inflammatory 

molecules contributes to the TCC formation has not yet been investigated. A 

possible explanation could be that the other pathways of the complement cascade 

are more relevant in a pro-inflammatory environment and, therefore, TCC 

depositions is less pronounced in presence of IL-1. Hence, further mechanistic 

studies will be important to understand the interplay between the production of pro-

inflammatory molecules and the activation of TCC formation.  

On NP tissue, with CTSD stimulation, TCC formation was significantly higher than 

in presence of human serum alone, whereas in AF and EP, TCC formation did not 

show significant differences in presence of CTSD. This endo-protease, ubiquitously 

distributed in lysosomes, is responsible for the activation of precursors of bioactive 

proteins in pre-lysosomal compartments and contributes to the cleavage of 

cartilaginous matrix components, such as proteoglycans [8, 18]. CTSD has been 

shown to play a role in the development of cartilage pathological conditions [66, 67]. 

Poole et al. [78] showed that in cultured rabbit ear cartilage, CTSD was detected 

around chondroblasts and some peripherally situated chondrocytes. It has also 

been previously identified in degenerated disc tissues, at the site of degeneration, 

and it was colocalized with cells from the cleft between the cartilaginous EP and 

vertebral body, indicating an association of CTSD with endplate separation and AF 

disorganization [4]. However, other factors, such as vascularization, biomechanical 

changes can also affect the TCC deposition on disc tissue and, therefore, more 

investigations are necessary.  

In the tissue punches experiments we have also investigated whether in vitro 

activation of TCC deposition is influenced by protection mechanisms via CD59. 

Although we could observe, in NP tissue, a significant increase in CD59 production 

under CTSD stimulation, compared to human serum alone, relatively lower 

production of CD59 was observed in the disc tissue punches under the different 

stimulations. Therefore, it could be hypothesized that other regulator/inhibitory 

mechanisms may take place.  

In conclusion, the 3D microenvironment and environmental cues, such as 

stimulation with proinflammatory stimulators seemed to decrease TCC formation 

and deposition on degenerated human IVD tissues, whereas matrix degradation 
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with CTSD seemed to further trigger TCC formation. Additionally, based on the 

previously discussed findings of Wang et al. [98], inhibition of TCC formation is an 

interesting therapeutic target for the treatment of DD, which may contribute to a 

decrease in low back pain. Nonetheless, further studies are important to understand 

the mechanisms behind these results.   
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5. Summary and Conclusion 

Disc degeneration (DD) can be noticed in most patients with low back pain, and 

therefore has high clinical relevance. Inflammation is known to contribute to DD, but 

there is limited knowledge regarding a possible involvement of the innate immune 

system, namely of the complement system. The formation of terminal complement 

complex (TCC), an activation product of the complement system, was previously 

identified in human herniated discs; however, there is limited knowledge regarding 

the involvement of complement activation and TCC formation in the patho 

mechanism of DD. Taken this, this work focused three major topics. First, it was 

performed a comprehensive study on the identification and localization of TCC and 

its inhibitor CD59 in different regions of human disc tissues collected from different 

donor groups: adolescent idiopathic scoliosis (AIS) and DD patients, and age-

matched Young and Elder heathy donors, with ethical approval and informed 

consent. In the second part, possible correlations between TCC and CD59 positivity 

with donor age, detailed pathology and degree of DD (Modic changes, Pfirrmann 

grade) were also evaluated. The third part of this work focused on investigation how 

the stimulation of TCC deposition can be influenced by different molecules known 

to play a role in DD. 

In order to investigate the profile of TCC deposition and CD59 production on human 

disc tissues, macroscopically separated nucleus pulposus (NP), annulus fibrosus 

(AF) and endplate (EP) tissues were prepared for histology and, if possible, cell 

isolation. TCC deposition and CD59 production were investigated by IHC. Isolated 

cells and tissue explants were also analyzed for TCC deposition and CD59 

production after stimulation with medium containing human serum alone (HS), or 

supplemented with IL-1, cathepsin-D (CTSD) or Zymosan.  

This research suggests that complement system activation and TCC formation can 

be detected in disc tissue of not only DD patients, but in healthy disc tissue as well. 

While the high positivity for TCC and CD59 in DD patients seems to correlate with 

the degree of degeneration, whereas in the EP of Young healthy donors a negative 

correlation was found between TCC deposition and the age of the donors, which 

may be explained by developmental processes that are commonly very active in 

young children and then decrease with age, similarly to what was previously shown 

for endochondral bone development. Interestingly, CD59 positivity in both DD group 

and AIS also showed a negative correlation with the age of the patients. 
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Moreover, although no differences were found between AF, NP or EP cells from AIS 

and DD patients, the in vitro data suggested that the TCC formation can be induced 

in presence of human serum, especially if the cells are kept in their native tissue. 

Interestingly, the presence of a pro-inflammatory environment (IL-1 stimulation) 

contributed to less TCC formation in AF and EP, but not in NP cells. Moreover, TCC 

formation was shown to be further triggered by CTSD, an important player in OA, 

but poorly described in DD. Overall, these findings indicate a possible functional 

relevance of IL-1 and CTSD in the modulation of TCC formation. Further studies 

are needed to support the therapeutic potential for targeting the complement system, 

namely TCC formation, to prevent further IVD cell death and tissue degeneration. 
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