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Abstract

Disc degeneration and vertebral endplate bone marrow lesions called Modic changes

are prevalent spinal pathologies found in chronic low back pain patients. Their patho-

mechanisms are complex and not fully understood. Recent studies have revealed that

complement system proteins and interactors are dysregulated in disc degeneration

and Modic changes. The complement system is part of the innate immune system

and plays a critical role in tissue homeostasis. However, its dysregulation has also

been associated with various pathological conditions such as rheumatoid arthritis and

osteoarthritis. Here, we review the evidence for the involvement of the complement

system in intervertebral disc degeneration and Modic changes. We found that only a

handful of studies reported on complement factors in Modic changes and disc degen-

eration. Therefore, the level of evidence for the involvement of the complement sys-

tem is currently low. Nevertheless, the complement system is tightly intertwined with

processes known to occur during disc degeneration and Modic changes, such as

increased cell death, autoantibody production, bacterial defense processes, neutrophil

activation, and osteoclast formation, indicating a contribution of the complement sys-

tem to these spinal pathologies. Based on these mechanisms, we propose a model

how the complement system could contribute to the vicious cycle of tissue damage

and chronic inflammation in disc degeneration and Modic changes. With this review,

we aim to highlight a currently understudied but potentially important inflammatory

pathomechanism of disc degeneration and Modic changes that may be a novel thera-

peutic target.

Abbreviations: AF, annulus fibrosus; BGN, biglycan; BM, bone marrow; C, complement component; C. acnes, Cutibacterium acnes; CD, cluster of differentiation; CEP, cartilage endplate; CFB,
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L; DAMP, damage-associated molecular pattern; DCN, decorin; DD, disc degeneration; FMOD, fibromodulin; HMGB1, high-mobility group box 1; IL-1β, interleukin 1β; KLK3, kalikrein 3; MASPs,

MBL-associated serine proteases; MBLs, mannose-binding lectins; MC, Modic changes; NETs, neutrophil extracellular traps; NP, nucleus pulposus; SAP, serum amyloid P-component; TCC,
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1 | INTRODUCTION

Peripheral nociception of chronic low back pain (CLBP) can be caused

by a variety of structural pathologies.1 Degenerated lumbar interver-

tebral discs are commonly found in CLBP patients and are a source of

pain.2–4 Pathomechanisms of disc degeneration (DD) are complex and

all three tissue structures of the disc are affected: the central nucleus

pulposus (NP), the surrounding annulus fibrosus (AF), and the cranial

and caudal cartilage endplates (CEPs).5,6 The process of DD involves

inflammatory, catabolic, neurotrophic, and pro-angiogenic processes

that are interrelated and with varying time-dependent and inter-

patient contributions to DD and pain sensitization.7 Ultimately, DD

leads to disc dehydration, disc resorption, and disc height reduction. It

has become clear that DD is not an isolated process of the disc but

that it strongly associates with the occurrence and progression of

pathologic changes of surrounding structures, for example, damages

of the bony endplates,8 Modic changes (MC) in the adjacent bone

marrow (BM),9,10 facet joint degeneration, paraspinal muscle atrophy,

myosteatosis,11,12 and with systemic immunometabolic changes.13

The porous vertebral endplates, consisting of the CEPs and the bony

endplates, are a main communication route of the disc with surround-

ing structures and tightly regulate the in- and efflux of substances to

and from the disc.14–16 Hence, endplate damages are detrimental for

disc health.9,15,17 Anatomically, the nearest communication partner of

the disc is the vertebrae and in particular the BM. Within the verte-

brae, the highly cellularized BM, with a myriad of different immune

and stromal cell types, provides ample possibilities to respond to fac-

tors released by the disc.17,18 The BM is vascularized and hence also

represents the gate for communication of the disc with the systemic

circulation.19 Consequently, serum biomarkers have been found to

associate with DD and MC,20,21 and vice versa, extra-discal factor can

affect DD.13,17

MC are a clinically relevant pathology that exemplifies the conse-

quences of endplate damage and of disrupted regulation on the disc-

BM crosstalk.22–27 Discs adjacent to MC release higher amounts of

pro-inflammatory cytokines, which participate in a pro-inflammatory

crosstalk with the MC BM, possibly by draining through damaged

endplates into the BM.24,28–31 Associations of endplate damage with

inflammatory cell infiltrates and fibrotic changes in the MC BM under-

score the detrimental consequences of endplate damage.32,33 While

endplate damage and DD are a prerequisite for the development of

MC, not all endplate damages and all degenerated discs trigger

MC.8,9,33–35 The precipitating factor for MC is suggested to be either

a low-virulent bacterial infection of the disc with Cutibacterium acnes

(C. acnes) or an autoimmune response of the BM against the

disc.23,36,37 In the bacterial MC etiology, intradiscal C. acnes produce

virulence factors,38,39 stimulated disc cells to release pro-

inflammatory and neurotrophic cytokines, leading to DD, endplate

resorption, and MC-like BM changes.40–42 The pro-inflammatory

cocktail of virulence factors and cytokines presumably drains through

damaged endplates into the adjacent BM and supports the occurrence

of MC. In the autoimmune etiology, endplate damage exposes the

normally immune-privileged disc to immune cells of the BM and trig-

gers an inflammatory non-self-reaction with proliferation of lympho-

cytes and production of auto-antibodies.18,43–47 The different

etiologies activate different immune mechanisms in the affected MC

BM.37 This highlights that the disc is not an isolated tissue but

strongly communicates with the BM and with systemic components,

in particular when the endplates are damaged, and the BM shows

reactive changes such as MC. In summary, it has become clear that

DD is not just a local biomechanical deterioration of the disc, but that

the disc is in a vivid crosstalk with the BM and with systemic

components.

The role of systemic components in DD and MC is still poorly

understood. Some evidence exist around adipokines and lipid metabo-

lism, yet a causal relationship has not been proven.13,48 Recent studies

identified the complement system as another systemic component

that plays a role in DD and MC. In this narrative review, we summa-

rize the current evidence for the involvement of the complement sys-

tem in DD and MC, and propose potential mechanisms how the

complement system might contribute to DD and MC. The aim of this

review is to elucidate a potential role of this important inflammatory

mechanism in DD and MC.

2 | THE COMPLEMENT SYSTEM

The complement system is part of the innate immune system.49 With

its more than 40 identified proteins, the complement system is part of

our body's first line of defense. It plays an important role in tissue

homeostasis, as well as in inflammatory processes.50 The complement

system can be activated through three main pathways: The classical

pathway, the lectin pathway, and the alternative pathway51 (Figure 1).

Immunoglobulins, immune complexes, matrix fragments, and pen-

traxins can trigger the classical complement system pathway by acti-

vation of the C1-complex.49,52 In contrast, the lectin pathway does

not involve C1-complex activation, but becomes activated by pattern

recognition molecules like mannose-binding lectins (MBLs) that recog-

nize carbohydrates on pathogens.53 The alternative pathway is contin-

uously activated as a result of spontaneous complement component

(C)3 hydrolysis.51 All three pathways converge at the formation of a

C3 convertase, which cleaves C3 into the anaphylatoxin C3a and C3b.

C3b forms together with the C3 convertase the C5 convertase, which

cleaves C5 into the anaphylatoxin C5a and C5b. While the
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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.54

TCC binds to cell membranes and forms a transmembrane pore.

As a result, target cell lysis can occur.55–57 TCC induced cell lysis

mainly appears in aged erythrocytes and certain Gram-negative bacte-

ria.58 Besides this, TCC binding to the cell surface at sub-lytic levels

can promote inflammation by activating pro-inflammatory cell signal-

ing pathways.59,60

Proteins like the C-reactive protein (CRP)61 or the TCC-inhibitory

glycoprotein cluster of differentiation (CD59)62 do not belong to the

complement system proteins themselves, but interact (activate or

inhibit) with complement proteins. Hence, we here refer to them as

complement interactors.

3 | EVIDENCE FOR COMPLEMENT SYSTEM
INVOLVEMENT IN DD AND MC

Only few studies investigated the involvement of the complement

system in DD and MC (Table 1, Figure 2). Dysregulated

complement components in degenerated discs and in MC BM are

indicative for an involvement of the complement system in these spi-

nal pathologies.

Degenerated discs, particularly stronger degenerated discs or

sequestered discs, have more TCC.63,64 CD59 expression increases

with amount of TCC, a potential protection mechanism from the lytic

effects of the TCC. The mechanisms leading to more TCC deposition

in degenerated discs are not known but could originate from the end-

plates themselves, since it was shown that soluble factors secreted

from degenerated endplates mediate direct C5 cleavage, which is

F IGURE 1 The complement system. The complement system can be activated via the classical (left)-, the lectin (middle)-, and alternative
(right) pathway. The classical pathway is induced for example by binding of antigen–antibody immune complexes (not shown) to C1q, leading to
the assembly and activation of the C1 complex (C1Q, C1S, C1r). The C1 complex cleaves C4 and C2 into C4a, C4b, C2a, and C2b fragments
which leads to the formation of the C3 convertase (C4b2a). The lectin pathway is activated by the binding of mannose-binding lectin (MBL)
(or other lectin proteins) to specific carbohydrates on pathogens. MBL-associated serine proteases (MASPs) are activated, leading to the cleavage
of C4 and C2 resulting in the C3 convertase like the classical pathway. The alternative pathway is constitutively active at low levels. C3
undergoes a slow spontaneous hydrolysis (C3(H2O)) which binds to complement factor B (CFB), followed by complement factor D (CFD)-
mediated cleavage of CFB to create the C3 convertase (C3bBb). At the convergence point, all three pathways lead to the formation of C3
convertases. These convertases cleave C3 into C3a and C3b fragments. C3b forms together with the C3 convertases the C5 convertases, which
cleaves C5 into C5a and C5b. C5b forms with C6–C9 the terminal complement complex (TCC), which promotes cell lysis or induces a pro-
inflammatory response. C3a and C5a both act as anaphylatoxins that promote inflammation.
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central for TCC formation.67 Besides this, increased TCC deposition

could also be mediated by cathepsin D (CTSD), a matrix degrading

lysosomal protease found to be increased in degenerated disc

tissue,65 as CTSD promotes TCC deposition in disc tissue culture.69

Increased TCC and CD59 deposition appears consistent in all

degenerated discs, regardless of adjacent MC.64 However, some

complement factors, particularly members of the classical pathway

such as C1-complex proteins (C1s, C1q, and C1r) are increased in

TABLE 1 Overview of studies that reported complement proteins and interactors in DD and MC.63,64

References Tissue Methods Main findings

Ariga et al.65 Human surgical disc tissue • Immunohistochemistry • CTSD and CTSL immunolocalized in disc cells

Grönblad et al.63 Human surgical disc tissue • Immunohistochemistry • Increased TCC formation in degenerated disc

tissue

Rajasekaran

et al.66
Human surgical disc tissue • Label-free proteomics • Increased in MC discs: C1s, C1q, C1r,

C8b, SAP

• Decreased in MC compared to non-MC

discs: C3, C9, CFH, BGN, VIM

Teixeira et al.64 Human surgical disc tissue • Immunohistochemistry • Positive correlation of TCC deposition and

its inhibitor CD59 with degree of DD

Teixeira et al.67 Human surgical disc tissue/disc

cells

• Disc tissue/cell culture

• Immunohisto/�cytochemistry

• IL-1β stimulation decreases TCC+ disc cells

• CTSD and zymosan increases TCC

deposition

• Complement interactors CD46, CD55, CD59

increased during culture

Dudli et al.68 Human surgical BM plasma • Enzyme-linked Immunosorbent Assay

(ELISA)

• Increased CRP levels in MC BM correlates

with blood CRP levels

Heggli et al.33 Human cadaveric bone marrow • Label-free proteomics • Increased in MC BM versus intra-patient

control: C1qb, C1qc, C5, C8a, C8b, C8g, C9,

CFB, CFH, FMOD, BGN, DCN

Kuhn et al.69 Human surgical disc cells • Disc cell culture

• Immunocytochemistry

• Anaphylatoxin generation

• Zymosan promotes anaphylatoxin generation

and TCC deposition

• CTSD cleaves C5

Mengis70 Human surgical disc tissue • TAILS

• LC–MS/MS

• Increased in MC versus non-MC: KLK3, CLU

• Decreased in MC versus non-MC: CLU (MC-

subtype specific differences)

Abbreviations: BGN, biglycan; C, complement component; CD, cluster of differentiation; CFB, complement factor B; CFH, complement factor H; CLU,

clusterin; CRP, C-reactive protein; CTSD, cathepsin D; CTSL, cathepsin L; DCN, decorin; FMOD, fibromodulin; IL-1β, interleukin 1β; KLK3, kalikrein 3; LC–
MS/MS, liquid chromatography tandem mass spectrometry; TAILS, N-terminal amine isotopic labeling of substrates (TAILS); TCC, terminal complement

complex; VIM, vimentin.

F IGURE 2 Simplified overview of

dysregulated complement proteins (black)
and complement interactors (yellow) in
degenerated discs (with and without
Modic changes (MCs)) (top, left),
degenerated MC discs (top, right), and MC
BM (bottom). C, complement component;
CRP, C-reactive protein; TCC, terminal
complement complex; KLK3, kallikrein 3;
CLU, clusterin; SAP, serum amyloid
P-component; BGN, biglycan; VIM,
vimentin.
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MC discs. Furthermore, lower C3 levels were detected, suggesting

increased cleavage into C3a and C3b fragments. Elevated TCC pro-

tein C8b and reduced C9 in MC discs may indicate activity in TCC

assembly/disassembly processes. MC discs also show decreased

complement factor H (CFH), an inhibitor of the alternative comple-

ment pathway. Additionally, higher levels of complement interactors

serum amyloid P-component (SAP) and Kalikrein 3 (KLK3), as well as

increased/decreased levels of clusterin (CLU) (MC-subtype specific

differences), were reported.70 SAP is a member of the pentraxin fam-

ily that activates the classical pathway.71 KLK3 is an enzyme that

activates the complement system via C3 cleavage.72 CLU is a glyco-

protein known to inhibit TCC formation.73,74 In MC discs, the com-

plement interactors biglycan (BGN) and vimentin (VIM) were

decreased.66 BGN is a proteoglycan able to bind to C1q and interact

with the classical complement pathway. VIM is an intermediate fila-

ment protein shown to inhibit TCC formation.49 In summary, degen-

erated discs with and without adjacent MC have multiple

dysregulated complement components, which gives evidence for

complement involvement in DD.

A proteomic study of human cadaveric spines assessed the

protein expression in endplate-near MC and control BM and cor-

related it with adjacent endplate degeneration.33 Proteomic analy-

sis of the BM revealed increased levels of complement proteins

C1qb, C1qc, C5, C8a, C8b, C8g, C9, CFB, and CFH in MC BM. This

indicates involvement of the classical and alternative complement

pathway and formation of TCC complex.75 Furthermore, the pro-

teoglycans and complement interactors fibromodulin (FMOD),

BGN, and decorin (DCN), which are all capable of binding to C1q

and activating/inhibiting the classical complement system path-

way, were found to be upregulated in MC BM. A further study

assessed MC BM aspirates from patients undergoing spinal fusion

surgery. They found that increased CRP levels in MC BM corre-

lated with blood CRP levels.76 This supports previous reports of

increased serum CRP in MC patients and pinpointed the MC

lesion as the relevant area for elevated CRP levels.77 CRP is an

acute-phase protein, like SAP, also belonging to the pentraxin

family of innate pattern recognition molecules. It is also involved

in complement system activation of the classical pathway through

binding to C1q.71

Endplate damages are always present in MC and facilitate a bio-

logical and physiochemical crosstalk between the disc and BM

MC.24,28 Hence, a complement factor exchange and potentially also a

disc-endplate-BM complement crosstalk is plausible. Positive correla-

tion of C1q and C8b proteins in MC BM with the severity of degener-

ation of the adjacent endplate support the notion of a complement

system crosstalk.33 Proteomic analysis can only indicate enriched or

depleted concentration of proteins and does not allow to draw con-

clusions about complement system activation or inhibition. Yet, dysre-

gulated complement components in DD and MC give evidence that

that the complement system might be involved in these spinal

pathologies.

4 | POTENTIAL MECHANISMS OF THE
COMPLEMENT SYSTEM IN DD AND MC

Tissue damage and chronic inflammation are hallmarks of DD and

MC.23 The vicious cycle of tissue damaging and chronic inflammation

can occur independently of the complement system and is not the

scope of this review. However, tissue damage and chronic inflamma-

tion are both strongly linked to non-homeostatic activities of the com-

plement system.78 Hence, involvement of the complement system in

DD and MC is likely. In this chapter, we discuss the potential mecha-

nisms by which the complement system contributes to the vicious

cycle of tissue damaging and chronic inflammation in

(MC) degenerated discs and BM and the possible consequences

(Figure 3).

4.1 | Tissue damage activates the complement
system

MC occur adjacent to degenerated discs at locations where endplates

are damaged and endplate damage is a risk factor for MC develop-

ment.8,9,23,34,35,68,79–81 Endplate damage has several consequences

that can lead to complement activation in MC: (1) it results in necrotic

cell death at the bone-disc junction and (2) it promotes commingling

of normally immune privileged disc materials with BM, which

(i) exposes degenerated disc fragments to BM leukocytes, (ii) allows

bacterial infiltration, and (iii) enables the formation of immune com-

plexes (Figure 3, Nr. 1).

4.1.1 | Cell death

Endplate damage leads to necrotic cell death and necrosis in MC BM is

evident by increased LDH.68,76,82 CRP, which is increased in MC BM,

might bind to exposed phosphocholine on damaged cell membranes of

necrotic cells and potentially activates the complement system via

C1q.71 Necrotic cells also release intracellular components that can act

as damage-associated molecular patterns (DAMPs) like high-mobility

group box 1 (HMGB1), which could also initiate classical complement

system activation in MC83,84 Necrosis as a potential complement sys-

tem activator in MC is supported by findings from osteoarthritis, a

degenerative joint disease characterized by excessive breakdown of

articular cartilage and increased chondrocyte death, where chondrocyte

necrosis leads to complement activation.85 While under physiological

conditions tissue damage-mediated complement system activation

helps to clear dying cells and remove immune complexes /pathogens,

persistent and accumulating cell damage can exceed homeostatic acti-

vation and amplify rather than suppress pro-inflammatory processes.86

Taken together, increased concentrations of LDH, CRP, and C1q in MC

BM suggest that cell necrosis is a potential complement system activa-

tion mechanism in MC (Figure 3, Nr. 1.1).
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4.1.2 | Matrix breakdown

Damaged cartilage in osteoarthritis releases matrix degradation com-

ponents including fibronectin, FMOD, collagen type II and matrix frag-

ments generated by overactivated proteases (DAMPs) that activate

the complement.62,87 During DD, extracellular matrix is also degraded

and fragmented by overexpressed matrix proteases suggesting a

potential complement activation mechanism in DD and MC. The fact

that the degradome of MC discs appears to be more complex com-

pared to that of degenerated discs without adjacent MC suggests a

potential role for degraded matrix and matrix fragments (DAMPs) in

complement system activation in MC.70 Matrix-mediated complement

activation may occur within the degenerated disc or, due to the

hydraulic and biological coupling of the MC disc with the BM resulting

from endplate damage,24,28 matrix components are likely to leak into

the adjacent BM, potentially triggering complement activation. MC

BM contains higher levels of the proteoglycans FMOD, BGN, and

DCN.33 FMOD directly binds to C1q and activates the classical com-

plement system pathway.52,88,89 On the other hand, BGN and DCN

also bind to C1q but do not activate the classical pathway,89 but

rather inhibit it.90 In summary, stronger fragmentation of the MC disc

matrix and increased matrix proteins in MC marrow give indications

for a disc matrix dependent complement activation mechanism in MC

(Figure 3, Nr. 1.2).

4.1.3 | Infiltration of bacteria

Bacteria/bacterial components can activate the complement system.

Endplate damage disrupts the fine mesh of collagens and

F IGURE 3 Potential mechanisms how the complement system could be involved in the MC pathomechanisms. Tissue damage leads to cell
death (1.1), matrix breakdown (1.2), and enables the entry of bacteria (1.3). Matrix fragments and bacteria (bacterial components) might induce an
adaptive immune response leading to the formation of immune complexes (1.4). All these consequences resulting from tissue damage can activate

the complement system (1). Complement activation can lead to terminal complement complex (TCC) formation and embedding into nucleated
cells, which further promotes cell necrosis, thereby directly contributing to tissue damage after directly contributing to tissue damage (2). TCC
deposition into nucleated cells can also lead to increased pro-inflammatory cytokine production (3.1), contributing to chronic inflammatory
processes (3). Complement activation can directly promote tissue fibrosis, angio-and neurogenesis (3.2). Furthermore, complement activation can
lead to osteoclast and neutrophil activation, and triggers an adaptive immune response characterized by plasma cell produced immunoglobulin
production (3.3). Neutrophil extracellular traps released by activated neutrophils and immunoglobulins produced by plasma cells can in turn
promote further complement activation (4). Activated neutrophils and osteoclasts promote further tissue damage that indirectly activates the
complement system again (5). Increased secretion of immunoglobulins against for example matrix fragments lead to the formation of immune
complexes and hence, also to an indirect activation of the complement system.
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proteoglycans of the CEP, which normally prevents the in- and efflux

of larger molecules and cells into the disc.14,16,28,91,92 Disc herniations

in most cases also disrupt the CEP because most herniations occur as

avulsion type between the CEPs and bony endplate.91,92 Conse-

quently, endplate damage and herniations are seen as gate for bacte-

rial entry to the disc (i.e., C. acnes),93,94 which might lead to

complement activation via the classical and alternative pathway in the

disc95 C. acnes are found in disc tissue, specifically in MC discs, but

not in the BM.37,96 Hence, it remains to be elucidated if (i) the comple-

ment system can be locally activated in disc, (ii) which complement

factors are present in disc tissue, either through local production by

disc cells or through influx from the BM, and (iii) if and how bacterial-

mediated complement activation in the disc also affects the MC mar-

row (Figure 3, Nr. 1.3).

4.2 | Production of complement factors by disc
and endplate cells

Articular chondrocytes derived from osteoarthritic cartilage synthe-

size complement components, and stimulation of chondrocytes with

the bacterial cell wall component LPS or proinflammatory cytokines

results in the production of complement factors.97–101 The source of

complement factors in DD and MC is unknown and needs to be inves-

tigated in future studies. Complement factors are mainly synthesized

in the liver, but are also produced locally in inflamed tissue.102 This

data suggests that increased matrix components, DAMPs and bacteria

in MC and DD could stimulate disc cells to produce complement fac-

tors via TLRs, similar to what has been shown in chondrocytes.99

However, previous work showed that, in vitro, human disc cells are

not able to produce soluble TCC components in presence of IL-1β or

CTSD.67 Additionally, while the presence of TLRs has been shown in

disc cells, it remains to be investigated whether CEP cells also express

TLRs and whether this results in local complement factor produc-

tion.103–107

4.2.1 | Immune complexes

In RA, the formation of immune complexes consisting of autoanti-

bodies against cartilage proteins like collagen II, cartilage oligomeric

protein (COMP), FMOD fragments, or aggrecan was shown to lead to

the activation of the complement system.78,108–114 Similarly, cartilage-

matrix-immunoglobulin immune complexes induce complement acti-

vation in osteoarthritis.115 Endplate damage compromises the immune

privilege of the disc, leading to the exposure of disc cells and matrix to

BM leukocytes, which can trigger a non-self reaction in lymphocytes

with immunoglobulin.18,43,44 Infiltration of lymphocytes and plasma

cells has been found in MC lesions,32,82 infiltration of T-cells has been

reported in experimental models of MC,42,43 and auto-antibodies

against type I, II, IV collagen, and aggrecan have been found in

degenerated discs.46 Immunoglobulins and immune complexes can

activate the classical pathway of the complement system by binding

to C1q and ultimately leading to TCC formation.52,116 Bacterial-

immunoglobulin immune complexes in MC BM could also have

formed as a response to bacterial components that have drained

through damaged endplates into the MC BM, which induced an adap-

tive immune response characterized by immunoglobulin production

against bacterial compounds. Thus, complement activation through

immune complexes in DD and MC is a plausible mechanism

(Figure 3, Nr. 1.4).

CRP, DAMPs, bacteria, and immune complexes induce several

pro-inflammatory mechanisms. Complement activation is one mecha-

nism, yet other pro-inflammatory mechanisms of these compounds

can contribute to chronic inflammation in DD and MC independent of

complement activation. Hence, the complement system represents a

further mechanism that may act in concert with other pro-

inflammatory mechanisms to maintain homeostasis or to intensify an

inflammatory response.

4.3 | Activated complement system promotes
further tissue damage

Complement system activation leads to higher levels of pro-

inflammatory anaphylatoxins C3a and C5a and increased TCC forma-

tion. This could lead to complement-mediated tissue damage in MC

and DD. Degenerated osteoarthritis cartilage shows increased TCC

deposition in chondrocytes, which correlates with increased necropto-

tic markers.117 The critical role of the TCC in osteoarthritis was shown

in mice deficient for the TCC component C6. These mice were pro-

tected against osteoarthritis,62 yet they had lower bone mass and

impaired fracture healing, mainly because of increased osteoclast

activity.118 Similar mechanisms are plausible in DD and MC: Since

increased TCC deposition was shown in disc cells, it is possible that

complement activation with TCC formation could promote further

(necrotic) cell death that in turn again amplifies complement system

activation and defines a vicious cycle (Figure 3, Nr. 2).

4.4 | The complement system contributes to
chronic inflammatory processes

Chronic inflammation is characterized by concomitant inflammation

and tissue repair processes. Inflammatory infiltrates, BM stromal cell-

mediated fibrosis, and increased angio�/neurogenesis in MC BM are

signs of chronic inflammation.23,32,119,120 Chronic inflammation in

degenerated (MC) discs is, among others, characterized by increased

expression of pro-inflammatory mediators such as interleukin 1β (IL-

1β), tumor necrosis factor α (TNF-α). Here, we show how the acti-

vated complement system might contribute to chronic inflammatory

processes (Figure 3, Nr. 3).
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4.4.1 | Sub lytic TCC effects on nucleated cells

Even though TCC formation is well known to induce pathogen lysis,

TCC can also be deposited into nucleated cells which resist TCC-

mediated cytolysis by expression of inhibitors such as CD59.121 In this

case, TCC may induce intracellular signaling which initiates the pro-

duction of pro-inflammatory cytokines such as IL-1β.59,60,69 Hence,

complement activation with TCC formation and deposition on disc

cells and potentially also on MC BM immune cells might contribute to

inflammation with increased production of pro-inflammatory cyto-

kines (Figure 3, Nr. 3.1).

4.4.2 | Complement system contribution to fibrosis,
angio-, and neurogenesis

Complement system activation may further contribute to fibrosis and

angiogenesis/neurogenesis in MC. Complement activation promotes

fibrosis in various organs by for example, inducing

epithelial-to-mesenchymal transition or increasing the production of

transforming growth factor β1 (TGF-β1). Importantly, targeting com-

plement factors was found to ameliorate fibrosis.122,123

Complement activation in MC might further promote neovascu-

larization by increasing the production of the pro-angiogenic vascular

endothelial growth factor (VEGF).124 In osteoarthritis, normally avas-

cular cartilage becomes vascularized,125,126 which appears to be medi-

ated by VEGF.127 The production of VEGF is stimulated by C3a and

C5a.128 Therefore, neovascularization in MC may result from comple-

ment activation. In addition, the complement system also regulates

neurogenesis.129 This could stimulate nerve fiber ingrowth into the

CEP and contribute to increased sensory nerve fiber density in MC

endplates.80,130 Together, there is biological plausibility that the acti-

vated complement system could be involved in fibrotic-, angio-, and

neurogenic processes, however, to date there is no evidence that sup-

ports direct involvement of the complement system in these MC pro-

cesses (Figure 3, Nr. 3.2).

4.4.3 | Potential role of the complement system on
inflammatory pathomechanisms

Anaphylatoxins C3a and C5a, produced during complement activation,

bind to receptors on various immune cells. C5a is a potent chemoat-

tractant and activator of neutrophils, while C3a attracts and activates

eosinophils and neutrophils.131 Binding of C3a or C5a to dendritic

cells can lead to the loss of immune tolerance as a first step to induce

autoimmunity,132 and anaphylatoxin receptor activation on B-cells

controls the production of autoantibodies.132 C5a can also activate

osteoclasts or stimulate osteoblasts to produce osteoclastogenic fac-

tors.51,59,133,134 C3 and C5 have been found in higher concentrations

in MC discs or BM, and neutrophils, plasma cells, dendritic cells, and

osteoclasts are more frequent or activated in MC BM.30,32,82,135,136

Hence, it is plausible that anaphylatoxins which play a role in immune

cell and osteoclast recruitment might also be involved in MC

(Figure 3, Nr. 3.3).

4.5 | Complement activation by activated
immune cells

Neutrophil activation, marked by the excessive formation of neutro-

phil extracellular traps (NETs), is a distinctive feature in diseases like

rheumatoid arthritis, where the complement system plays a pathome-

chanistic role.137–139 There is evidence that MC BM neutrophils are

activated, and that NET formation is increased.130 Since NETs were

shown to activate the complement system, this could further exacer-

bate complement system activation in MC.140,141 In addition, inflam-

matory infiltrates in MC also consist of immunoglobulin producing

plasma cells.32 Immunoglobulins can activate the complement system,

indicating that increased plasma cell infiltrates contribute to a vicious

cycle of complement activation and inflammatory processes in MC

(Figure 3, Nr. 4).

Activated neutrophils are very tissue destructive. Hence, neutro-

phil activation could also indirectly activate the complement system in

MC by damaging tissue and cells, which in turn again fuels comple-

ment activation (Figure 3, Nr. 5). Similarly, osteoclasts are also

destructive and probably also indirectly promote complement system

activation in MC.

In summary, there is evidence for dysregulated complement fac-

tors and interactors in degenerated discs and MC BM. Here, we show

how the complement system could be involved in MC and that it is a

yet unexplored inflammatory pathomechanisms that potentially con-

tributes to the vicious cycle of complement activation and tissue

damage.

5 | CONCLUDING REMARKS AND FUTURE
RESEARCH

Only few studies investigated the role of the complement system in

DD and MC, yet these studies suggest an involvement in their patho-

genesis. The reason for the dysregulated concentrations, the activa-

tion mechanisms, as well as the consequences of it remain unclear.

For example, in MC, enhanced tissue damage, CRP concentration, and

complement factors need to be causally linked with complement acti-

vation and radiologic MC progression. Functional studies are required

to clarify if the complement system has a pathologic role in DD and

MC. Since mice deficient in C6 are protected from development of

osteoarthritis,62 similar in vivo studies could be informative about the

role of the complement system in DD and MC. The cascade structure

of the complement system requires presence of multiple complement

factors in the same tissue. Hence, it further needs to be clarified if all

essential complement factors are present in the disc and the BM. The

disc, the endplate, and the BM are a unit in the segmental degenera-

tive processes, in particular in the presence of structural disc damage

such as endplate damages and disc herniation. Hence, complement
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components can be exchanged between the compartments and can

contribute to the assembly of the factors required for the complement

cascade. Furthermore, the consequences of the activation of the com-

plement system needs to be clarified to understand its pathomecha-

nistic role and to understand potential consequences and possibilities

of therapeutic interference in DD and MC. Lastly, it is essential to

clarify the potential for therapeutic intervention in the complement

system to modify disease progression.

In conclusion, only few studies reported on complement factors

in DD and MC. The complement system is tightly intertwined with

processes known to occur during DD and in MC, like increased cell

death, auto-antibody production, bacterial defense processes, neutro-

phil activation, and osteoclast formation. Yet, mechanistic studies are

missing that clarify the role of the complement system in DD and MC,

which ultimately would offer the possibility for novel therapeutic

approaches.

AUTHOR CONTRIBUTIONS

This study was conceived and written by Irina Heggli, Stefan Dudli,

Graciosa Q. Teixeira, and Cornelia Neidlinger-Wilke. James C. Iatridis

critically revised the manuscript. All authors approved the final

version.

ACKNOWLEDGMENTS

This work was supported by the Clinical Research Priority Program

“Pain” of the University of Zurich, the Gebauer foundation, the Swiss

National Science Foundation (207989), and the German Spine

Foundation.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

ORCID

Irina Heggli https://orcid.org/0000-0002-3064-8364

Graciosa Q. Teixeira https://orcid.org/0000-0003-4206-6326

James C. Iatridis https://orcid.org/0000-0002-2186-0590

Cornelia Neidlinger-Wilke https://orcid.org/0000-0001-9742-1335

Stefan Dudli https://orcid.org/0000-0001-7351-713X

REFERENCES

1. Urits I, Burshtein A, Sharma M, et al. Low back pain, a comprehen-

sive review: pathophysiology, diagnosis, and treatment. Curr Pain

Headache Rep. 2019;23:23.

2. DePalma MJ, Ketchum JM, Saullo T. What is the source of chronic

low back pain and does age play a role? Pain Med. 2011;12:224-233.

3. Schwarzer AC, Aprill CN, Derby R, et al. The prevalence and clinical

features of internal disc disruption in patients with chronic low back

pain. Spine 20. 1995;17(20):1878‐1883.
4. Van Tulder MW, Assendelft WJJ, Koes BW, Bouter LM. Spinal radio-

graphic findings and nonspecific low back pain. A systematic review

of observational studies. Spine (Phila. Pa. 1976). 1997;22:427-434.

5. Martini FH, Timmons MJ, Anatomie RBT. Human Anatomy. Pearson

Deutschland GMBH; 2012.

6. Raj PP. Intervertebral disc: anatomy-physiology-pathophysiology-

treatment. Pain Pract. 2008;8:18-44.

7. Risbud MV, Shapiro IM. Role of cytokines in intervertebral disc

degeneration: pain and disc content. Nat Rev Rheumatol. 2014;10:

44-56.

8. Zehra U, Cheung JPY, Bow C, Lu W, Samartzis D. Multidimensional

vertebral endplate defects are associated with disc degeneration,

Modic changes, facet joint abnormalities, and pain. J Orthop Res.

2019;37:1080-1089.

9. Farshad-Amacker NA, Hughes A, Herzog RJ, Seifert B, Farshad M.

The intervertebral disc, the endplates and the vertebral bone marrow

as a unit in the process of degeneration. Eur Radiol. 2017;27:2507-

2520.

10. Rajasekaran S, Bt P, Murugan C, et al. The disc-endplate-bone-

marrow complex classification: progress in our understanding of

Modic vertebral endplate changes and their clinical relevance. Spine

J. 2023;24:34-45. doi:10.1016/j.spinee.2023.09.002

11. Huang Y, Wang L, Luo B, et al. Associations of lumber disc degener-

ation with paraspinal muscles myosteatosis in discogenic low back

pain. Front Endocrinol (Lausanne). 2022;13:891088.

12. Teichtahl AJ, Urquhart DM, Wang Y, et al. Lumbar disc degeneration

is associated with Modic change and high paraspinal fat content—a

3.0T magnetic resonance imaging study. BMC Musculoskelet Disord.

2016;17:439.

13. Francisco Vera, Jesús Pino, Miguel Ángel González‐Gay, et al. A new

immunometabolic perspective. 0123456789.

14. Fields AJ, Ballatori A, Liebenberg EC, Lotz JC. Contribution of the

endplates to disc degeneration. Curr Mol Biol Rep. 2018;4:151-160.

15. Wong J, Sampson SL, Bell-Briones H, et al. Nutrient supply and

nucleus pulposus cell function: effects of the transport properties of

the cartilage endplate and potential implications for intradiscal bio-

logic therapy. Osteoarthr Cartil. 2019;27:956-964.

16. Crump KB, Alminnawi A, Bermudez-Lekerika P, et al. Cartilaginous

endplates : a comprehensive review on a neglected structure in

intervertebral disc research. JOR Spine. 2023;6(4):e129. doi:10.

1002/jsp2.1294

17. Dudli S, Boffa D, Ferguson SJ, Haschtmann D. Leukocytes enhance

inflammatory and catabolic degenerative changes in the interverteb-

ral disc after endplate fracture in vitro without infiltrating the disc.

Spine (Phila. Pa. 1976). 2015;40:1799-1806.

18. Gertzbein SD, Tait JH, Devlin SR. The stimulation of lymphocytes by

nucleus pulposus in patients with degenerative disk disease of the

lumbar spine. Clin Orthop Relat Res. 1976;123:149-154.

19. Bailey JF, Liebenberg E, Degmetich S, Lotz JC. Innervation patterns

of PGP 9.5-positive nerve fibers within the human lumbar vertebra.

J Anat. 2011;218:263-270. doi:10.1111/j.1469-7580.2010.01332.x

20. Khan AN, Jacobsen HE, Khan J, et al. Inflammatory biomarkers of

low back pain and disc degeneration: a review. Ann N Y Acad Sci.

2017;1410:68-84.

21. Dudli S, Ballatori A, Bay-Jensen AC, et al. Serum biomarkers for con-

nective tissue and basement membrane remodeling are associated

with vertebral endplate bone marrow lesions as seen on MRI (Modic

changes). Int J Mol Sci. 2020;21:3791.

22. Herlin C, Kjaer P, Espeland A, et al. Modic changes—their associa-

tions with low back pain and activity limitation: a systematic litera-

ture review and meta-analysis. PLoS One. 2018;13:e0200677. doi:

10.1371/journal.pone.0200677

23. Dudli S, Fields AJ, Samartzis D, Karppinen J, Lotz JC. Pathobiology

of Modic changes. Eur Spine J. 2016;25:3723-3734.

24. Dudli S, Sing DC, Hu SS, et al. ISSLS PRIZE IN BASIC SCIENCE

2017: intervertebral disc/bone marrow cross-talk with Modic

changes. Eur Spine J. 2017;26:1362-1373.

25. Modic MT, Steinberg PM, Ross JS, Masaryk TJ, Carter JR. Degenera-

tive disk disease: assessment of changes in vertebral body marrow

with MR imaging. Radiology. 1988;66:193-199.

26. Wang D, Lai A, Gansau J, et al. Lumbar endplate microfracture injury

induces Modic-like changes, intervertebral disc degeneration and

HEGGLI ET AL. 9 of 12

https://orcid.org/0000-0002-3064-8364
https://orcid.org/0000-0002-3064-8364
https://orcid.org/0000-0003-4206-6326
https://orcid.org/0000-0003-4206-6326
https://orcid.org/0000-0002-2186-0590
https://orcid.org/0000-0002-2186-0590
https://orcid.org/0000-0001-9742-1335
https://orcid.org/0000-0001-9742-1335
https://orcid.org/0000-0001-7351-713X
https://orcid.org/0000-0001-7351-713X
info:doi/10.1016/j.spinee.2023.09.002
info:doi/10.1002/jsp2.1294
info:doi/10.1002/jsp2.1294
info:doi/10.1111/j.1469-7580.2010.01332.x
info:doi/10.1371/journal.pone.0200677


spinal cord sensitization—an in vivo rat model. Spine J. 2023;23:

1375-1388.

27. Saukkonen J, Määttä J, Oura P, et al. Association between Modic

changes and low back pain in middle age: a northern Finland birth

cohort study. Spine. 2020;(45):1360‐1367.
28. Rajasekaran S, Naresh Babu J, Arun R, et al. ISSLS prize winner: a

study of diffusion in human lumbar discs: a serial magnetic reso-

nance imaging study documenting the influence of the endplate on

diffusion in normal and degenerate discs. Spine. 2004;(29):2654‐
2667.

29. Schroeder GD, Markova DZ, Koerner JD, et al. Are Modic changes

associated with intervertebral disc cytokine profiles? Spine J. 2017;

17:129-134. doi:10.1016/j.spinee.2016.08.006

30. Torkki M, Majuri ML, Wolff H, et al. Osteoclast activators are ele-

vated in intervertebral disks with Modic changes among patients

operated for herniated nucleus pulposus. Eur Spine J. 2016;25:

207-216.

31. Burke J, Watson RWG, McCormack D, et al. Modic changes are

associated with increased disc inflammatory mediator production.

Spine. 2002;2:3‐4.
32. Dudli S, Karol A, Giudici L, et al. CD90-positive stromal cells associ-

ate with inflammatory and fibrotic changes in Modic changes.

Osteoarthr Cartil Open. 2022;4:100287.

33. Heggli I, Laux CJ, Mengis T, et al. Modic type 2 changes are fibro

inflammatory changes with complement system involvement adjacent

to degenerated vertebral endplates. 2022;1-16. doi:10.1002/jsp2.1237

34. Määttä JH, Rade M, Freidin MB, Airaksinen O, Karppinen J,

Williams FMK. Strong association between vertebral endplate defect

and Modic change in the general population. Sci Rep. 2018;8:1-8.

35. Lotz JC, Fields AJ, Liebenberg EC. The role of the vertebral end plate

in low back pain. Glob Spine J. 2013;3:153-163. doi:10.1055/s-

0033-1347298

36. Albert HB, Kjaer P, Jensen TS, et al. Modic changes, possible causes

and relation to low back pain. Med Hypotheses. 2008;70(2):361‐368.
doi:10.1016/j.mehy.2007.05.014

37. Heggli I, Mengis T, Laux CJ, et al. Low back pain patients with Modic

type 1 changes exhibit distinct bacterial and non-bacterial subtypes.

Osteoarthritis and Cartilage Open. 2024;100434. doi:10.1016/j.

ocarto.2024.100434

38. McDowell A, Barnard E, Nagy I, et al. An expanded multilocus

sequence typing scheme for propionibacterium acnes: investigation

of ‘pathogenic’, ‘commensal’ and antibiotic resistant strains. PloS

One. 2012;7:e41480.

39. McDowell A, Perry AL, Lambert PA, Patrick S. A new phylogenetic

group of propionibacterium acnes. J Med Microbiol. 2008;57:

218-224.

40. Capoor MN, Konieczna A, McDowell A, et al. Pro-inflammatory and

neurotrophic factor responses of cells derived from degenerative

human intervertebral discs to the opportunistic pathogen Cutibacter-

ium acnes. Int J Mol Sci. 2021;22(5):2347. doi:10.3390/ijms22052347

41. Dudli S, Miller S, Demir-Deviren S, Lotz JC. Inflammatory response

of disc cells against Propionibacterium acnes depends on the pres-

ence of lumbar Modic changes. Eur Spine J. 2017;27:1013-1020.

42. Dudli S, Liebenberg E, Magnitsky S, Miller S, Demir-Deviren S,

Lotz JC. Propionibacterium acnes infected intervertebral discs cause

vertebral bone marrow lesions consistent with Modic changes.

J Orthop Res. 2016;34:1447-1455. doi:10.1002/jor.23265

43. Dudli S, Liebenberg E, Magnitsky S, Lu B, Lauricella M, Lotz JC.

Modic type 1 change is an autoimmune response that requires a

proinflammatory milieu provided by the ‘Modic disc’. Spine J. 2018;

18:831-844.

44. Kaneyama S, Nishida K, Takada T, et al. Fas ligand expression on

human nucleus pulposus cells decreases with disc degeneration pro-

cesses. J Orthop Sci. 2008;13:130-135.

45. Sun Z, Liu B, Luo ZJ. The immune privilege of the intervertebral disc:

implications for intervertebral disc degeneration treatment. Int J

Med Sci. 2020;17:685-692.

46. Capossela S, Schlafli P, Bertolo A, et al. Degenerated human inter-

vertebral discs contain autoantibodies against extracellular matrix

proteins. Eur Cell Mater. 2014;27:251‐263.
47. Geiss A, Larsson K, Junevik K, Rydevik B, Olmarker K. Autologous

nucleus pulposus primes T cells to develop into interleukin-

4-producing effector cells: an experimental study on the autoim-

mune properties of nucleus pulposus. J Orthop Res. 2009;27:97-103.

48. Li Y, Karppinen J, Cheah KSE, Chan D, Sham PC, Samartzis D. Inte-

grative analysis of metabolomic, genomic, and imaging-based pheno-

types identify very-low-density lipoprotein as a potential risk factor

for lumbar Modic changes. Eur Spine J. 2022;31:735-745.

49. Sarma JV, Ward PA. The complement system. Cell Tissue Res. 2011;

343:227-235.

50. Merle NS, Noe R, Halbwachs‐Mecarelli L, et al. Complement system

part II: role in immunity. Front Immunol. 2015;6:257. doi:10.3389/

fimmu.2015.00257

51. Mödinger Y, Löffler B, Huber-Lang M, Ignatius A. Complement

involvement in bone homeostasis and bone disorders. Semin Immu-

nol. 2018;37:53-65.

52. Sjöberg A, Önnerfjord P, Mörgelin M, Heinegård D, Blom AM. The

extracellular matrix and inflammation: fibromodulin activates

the classical pathway of complement by directly binding C1q. J Biol

Chem. 2005;280:32301-32308.

53. Héja D, Kocsis A, Dobó J, et al. Revised mechanism of complement

lectin‐pathway activation revealing the role of serine protease

MASP‐1 as the exclusive activator of MASP‐2. Proc Natl Acad Sci U

S A. 2012;109:10498‐10503.
54. Serna M, Giles JL, Morgan BP, Bubeck D. Structural basis of comple-

ment membrane attack complex formation. Nat Commun. 2016;7:

10587. doi:10.1038/ncomms10587

55. Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key

system for immune surveillance and homeostasis. Nat Immunol.

2010;11:785-797.

56. Ehrnthaller C, Ignatius A, Gebhard F, Huber-Lang M. New insights of

an old defense system: structure, function, and clinical relevance

of the complement system. Mol Med. 2011;17:317-329.

57. Quadros AU, Cunha TM. C5a and pain development: an old mole-

cule, a new target. Pharmacol Res. 2016;112:58-67.

58. Ricklin D, Reis ES, Lambris JD. Complement in disease: a defence

system turning offensive. Nat Rev Nephrol. 2016;12:383-401.

59. Ignatius A, Schoengraf P, Kreja L, et al. Complement C3a and C5a

modulate osteoclast formation and inflammatory response of osteo-

blasts in synergism with IL-1β. J Cell Biochem. 2011;112:2594-2605.

60. Bohana-Kashtan O, Ziporen L, Donin N, Kraus S, Fishelson Z. Cell

signals transduced by complement. Mol Immunol. 2004;41:583-597.

61. Ma YJ, Garred P. Pentraxins in complement activation and regula-

tion. Front Immunol. 2018;9:3046.

62. Wang Q, Rozelle AL, Lepus CM, et al. Identification of a central role

for complement in osteoarthritis. Nat Med. 2011;17:1674-1679.

63. Grönblad M, Habtemariam A, Virri J, et al. Complement membrane

attack complexes in pathologic disc tissues. Spine. 2003(28):

114‐118.
64. Teixeira GQ, Yong Z, Goncalves RM, et al. Terminal complement

complex formation is associated with intervertebral disc degenera-

tion. Eur Spine J. 2021;30:217-226.

65. Ariga K, Yonenobu K, Nakase T, et al. Localization of cathepsins D,

K, and L in degenerated human intervertebral discs. Spine. 2001;26:

2666‐2672.
66. Rajasekaran S, Chand Raja D, Miracle Nayagam S, et al. Modic

changes are associated with activation of intense inflammatory and

host defense response pathways—molecular insights from proteomic

10 of 12 HEGGLI ET AL.

info:doi/10.1016/j.spinee.2016.08.006
info:doi/10.1002/jsp2.1237
info:doi/10.1055/s-0033-1347298
info:doi/10.1055/s-0033-1347298
info:doi/10.1016/j.mehy.2007.05.014
info:doi/10.1016/j.ocarto.2024.100434
info:doi/10.1016/j.ocarto.2024.100434
info:doi/10.3390/ijms22052347
info:doi/10.1002/jor.23265
info:doi/10.3389/fimmu.2015.00257
info:doi/10.3389/fimmu.2015.00257
info:doi/10.1038/ncomms10587


analysis of human intervertebral discs. Spine J. 2022;22(1):19-38.

doi:10.1016/j.spinee.2021.07.003.

67. Teixeira GQ, Yong Z, Kuhn A, et al. Interleukin-1β and cathepsin D

modulate formation of the terminal complement complex in cultured

human disc tissue. Eur Spine J. 2021;30:2247-2256.

68. Dudli S, Ferguson SJ, Haschtmann D. Severity and pattern of post-

traumatic intervertebral disc degeneration depend on the type of

injury. Spine J. 2014;14:1256-1264.

69. Kuhn A, Riegger J, Teixeira GQ, et al. Terminal complement activa-

tion is induced by factors released from endplate tissue of disc

degeneration patients and stimulates expression of catabolic

enzymes in annulus fibrosus cells. Cells. 2023;12(6):887. doi:10.

3390/cells12060887

70. Mengis T, Heggli I, Herger N, et al. POS0416 distinct degeneration

mechanisms in intervertebral discs adjacent to Modic changes. Ann

Rheum Dis. 2023a;82:463‐464.
71. Haapasalo K, Meri S. Regulation of the complement system by pen-

traxins. Front Immunol. 2019;10:1750.

72. Irmscher S, Döring N, Halder LD, et al. Kallikrein cleaves C3 and acti-

vates complement. J Innate Immun. 2018;10:94-105.

73. McDonald JF, Nelsestuen GL. Potent inhibition of terminal comple-

ment assembly by clusterin: characterization of its impact on C9

polymerization. Biochemistry. 1997;36:7464-7473.

74. Chauhan AK, Moore TL. Presence of plasma complement regulatory

proteins clusterin (apo J) and vitronectin (S40) on circulating immune

complexes (CIC). Clin Exp Immunol. 2006;145:398-406.

75. Zewde N, Mohan RR, Morikis D. Immunophysical evaluation of the

initiating step in the formation of the membrane attack complex.

Front Phys. 2018;6. doi:10.3389/fphy.2018.00130

76. Dudli S, Heggli I, Laux CJ, et al. Role of C-reactive protein in the

bone marrow of Modic type 1 changes. J Orthop Res. 2022;41:1115-

1122. doi:10.1002/jor.25437

77. Rannou F, Ouanes W, Boutron I, et al. High-sensitivity C-reactive

protein in chronic low back pain with vertebral end-plate Modic sig-

nal changes. Arthritis Rheum. 2007;57:1311-1315.

78. Trouw LA, Pickering MC, Blom AM. The complement system as a

potential therapeutic target in rheumatic disease. Nat Rev Rheumatol.

2017;13:538-547.

79. Feng Z, Liu Y, Yang G, Battié MC, Wang Y. Lumbar vertebral end-

plate defects on magnetic resonance images: classification, distribu-

tion patterns, and associations with Modic changes and disc

degeneration. Spine (Phila. Pa. 1976). 2018;43:919-927.

80. Fields AJ, Liebenberg EC, Lotz JC. Innervation of pathologies in the

lumbar vertebral end plate and intervertebral disc. Spine J. 2014;14:

513-521.

81. Kerttula L, Luoma K, Vehmas T, Grönblad M, Kääpä E. Modic type i

change may predict rapid progressive, deforming disc degeneration:

a prospective 1-year follow-up study. Eur Spine J. 2012;21:1135-

1142.

82. Assheuer J, Lenz G, Lenz W, Gottschlich KW, Schulitz KP. Fat/water

separation in the NMR tomogram. The imaging of bone marrow

reactions in degenerative intervertebral disk changes. Rofo. 1987;

147:58-63.

83. Piccinini AM, Midwood KS. DAMPening inflammation by modulating

TLR signalling. Mediat Inflamm. 2010;2010:672395. doi:10.1155/

2010/672395

84. Kim SY, Son M, Lee SE, et al. High-mobility group box 1-induced

complement activation causes sterile inflammation. Front Immunol.

2018;9:347885.

85. Komori T. Cell death in chondrocytes, osteoblasts, and osteocytes.

Int J Mol Sci. 2016;17(12):2045. doi: 10.3390/ijms17122045

86. Gaboriaud C, Lorvellec M, Rossi V, Dumestre-Pérard C,

Thielens NM. Complement system and alarmin HMGB1 crosstalk:

for better or worse. Front Immunol. 2022;13:869720.

87. Silawal S, Triebel J, Bertsch T, Schulze-Tanzil G. Osteoarthritis and

the complement cascade. Clin Med Insights Arthritis Musculoskelet

Disord. 2018;11:117954411775143.

88. Mo M, Patrik O, Heinegård D, Blom AM. The extracellular matrix

and inflammation: fibromodulin activates the classical pathway of

complement by directly binding C1q. 2005;280:32301-32308.

89. Sjöberg AP, Manderson GA, Mörgelin M, Day AJ, Heinegård D,

Blom AM. Short leucine-rich glycoproteins of the extracellular matrix

display diverse patterns of complement interaction and activation.

Mol Immunol. 2009;46:830-839.

90. Groeneveld TWL, Oroszlán M, Owens RT, et al. Interactions of the

extracellular matrix proteoglycans decorin and biglycan with C1q

and collectins. J Immunol. 2005;175:4715-4723.

91. Berg-Johansen B, Fields AJ, Liebenberg EC, Li A, Lotz JC. Structure-

function relationships at the human spinal disc-vertebra interface.

J Orthop Res. 2017;36:192-201. doi:10.1002/jor.23627

92. Rajasekaran S, Bajaj N, Tubaki V, Kanna RM, Shetty AP. ISSLS prize

winner: the anatomy of failure in lumbar disc herniation: an in vivo,

multimodal, prospective study of 181 subjects. Spine (Phila.

Pa. 1976). 2013;38:1491-1500.

93. Shanmuganathan R, Tangavel C, Sri Vijay Anand KS, et al. Compara-

tive metagenomic analysis of human intervertebral disc nucleus pul-

posus and cartilaginous end plates. Front Cardiovasc Med. 2022;9:

927652.

94. Albert HB, Lambert P, Rollason J, et al. Does nuclear tissue infected

with bacteria following disc herniations lead to Modic changes in the

adjacent vertebrae? Eur Spine J. 2013;22:690-696.

95. Webster GF, Leyden JJ, Nilsson UR. Complement activation in acne

vulgaris: consumption of complement by comedones. Infect Immun.

1979;26:183-186.

96. Wedderkopp N, Thomsen K, Manniche C, Kolmos HJ, Secher

Jensen T, Leboeuf Yde C. No evidence for presence of bacteria in

Modic type I changes. Acta Radiol. 2009;50:65-70.

97. Assirelli E, Pulsatelli L, Dolzani P, et al. Complement expression and

activation in osteoarthritis joint compartments. Front Immunol. 2020;

11:1-10.

98. Lubbers R, van Schaarenburg RA, Kwekkeboom JC, et al. Comple-

ment component C1q is produced by isolated articular chondro-

cytes. Osteoarthr Cartil. 2020;28:675-684.

99. Haglund L, Bernier SM, Önnerfjord P, Recklies AD. Proteomic analy-

sis of the LPS-induced stress response in rat chondrocytes reveals

induction of innate immune response components in articular carti-

lage. Matrix Biol. 2008;27:107-118.

100. Happonen KE, Heinegård D, Saxne T, Blom AM. Interactions of the

complement system with molecules of extracellular matrix: rele-

vance for joint diseases. Immunobiology. 2012;217:1088-1096.

101. Bradley K, North J, Saunders D, et al. Synthesis of classical pathway

complement components by chondrocytes. Immunology. 1996;88:

648‐656.
102. Moffat GJ, Lappin D, Birnie GD, Whaley K. Complement biosynthe-

sis in human synovial tissue. Clin Exp Immunol. 1989;78:54-60.

103. Klawitter M, Hakozaki M, Kobayashi H. Expression and regulation of

toll-like receptors (TLRs) in human intervertebral disc cells. Eur Spine

J. 2014;23:1878-1891.

104. Mannarino M, Cherif H, Li L, et al. Toll-like receptor 2 induced

senescence in intervertebral disc cells of patients with back pain can

be attenuated by o-vanillin. Arthritis Res Ther. 2021;23:117.

105. Krock E, Rosenzweig DH, Currie JB, Bisson DG, Ouellet JA,

Haglund L. Toll-like receptor activation induces degeneration of

human intervertebral discs. Sci Rep. 2017;7:1-12.

106. Jacobsen TD, Hernandez PA, Chahine NO. Inhibition of toll-like

receptor 4 protects against inflammation-induced mechanobiologi-

cal alterations to intervertebral disc cells. Eur Cell Mater. 2021;41:

576-591.

HEGGLI ET AL. 11 of 12

info:doi/10.1016/j.spinee.2021.07.003
info:doi/10.3390/cells12060887
info:doi/10.3390/cells12060887
info:doi/10.3389/fphy.2018.00130
info:doi/10.1002/jor.25437
info:doi/10.1155/2010/672395
info:doi/10.1155/2010/672395
info:doi/10.3390/ijms17122045
info:doi/10.1002/jor.23627


107. Krock E, Currie JB, Weber MH, et al. Nerve growth factor is regu-

lated by toll-like receptor 2 in human intervertebral discs. J Biol

Chem. 2016;291:3541-3551.

108. Beard HK, Ryvar R, Skingle J, Greenbury CL. Anti-collagen anti-

bodies in sera from rheumatoid arthritis patients. J Clin Pathol. 1980;

33:1077-1081.

109. Klimiuk PS, Clague RB, Grennan DM, Dyer PA, Smeaton I, Harris R.

Autoimmunity to native type II collagen—a distinct genetic subset of

rheumatoid arthritis. J Rheumatol. 1985;12(5):865-870.

110. Pereira R, Black C, Duance V, Lancet VJ-T. Disappearing collagen

antibodies in rheumatoid arthritis. Lancet. 1985;2(8453):501-502.

doi: 10.1016/s0140-6736(85)90436-2

111. Happonen KE, Saxne T, Aspberg A, Mörgelin M, Heinegård D,

Blom AM. Regulation of complement by cartilage oligomeric matrix

protein allows for a novel molecular diagnostic principle in rheuma-

toid arthritis. Arthritis Rheum. 2010;62:3574-3583.

112. Melin Fürst C, Mörgelin M, Vadstrup K, Heinegård D, Aspberg A,

Blom AM. The C-type lectin of the aggrecan G3 domain activates

complement. PloS One. 2013;8:e61407.

113. Ballanti E, Perricone C, Greco E, et al. Complement and autoimmu-

nity. Immunol Res. 2013;56:477-491.

114. Ballanti E, Perricone C, di Muzio G, et al. Role of the complement

system in rheumatoid arthritis and psoriatic arthritis: relationship

with anti-TNF inhibitors. Autoimmun Rev. 2011;10:617-623.

115. Koobkokkruad T, Kadotani T, Hutamekalin P, Mizutani N, Yoshino S.

Arthrogenicity of type II collagen monoclonal antibodies associated

with complement activation and antigen affinity. J Inflamm. 2011;8:31.

116. Noris M, Remuzzi G. Overview of complement activation and regu-

lation. Semin Nephrol. 2013;33:479-492.

117. Riegger J, Huber-Lang M, Brenner RE. Crucial role of the terminal

complement complex in chondrocyte death and hypertrophy after

cartilage trauma. Osteoarthr Cartil. 2020;28:685-697.

118. Mödinger Y, Rapp AE, Vikman A, et al. Reduced terminal comple-

ment complex formation in mice manifests in low bone mass and

impaired fracture healing. Am J Pathol. 2019;189:147-161.

119. Heggli I, Epprecht S, Juengel A, et al. Pro‐fibrotic phenotype of bone

marrow stromal cells in MODIC type 1 changes. Eur Cell Mater.

2021;41:648‐667.
120. Mengis T, Herger N, Heggli I, et al. Stromal cells in Modic type 1

change bone marrow promote neurite outgrowth. Ann Rheum Dis.

2023b;82:1928.2-1928.1928.

121. Xie CB, Jane-Wit D, Pober JS. Complement membrane attack com-

plex: new roles, mechanisms of action, and therapeutic targets.

Am J Pathol. 2020;190:1138-1150.

122. Addis-lieser E. Evaluating the ameliorative potential of quercetin

against the bleomycin-induced pulmonary fibrosis in Wistar rats.

Pulm Med. 2013;1:1-10.

123. Llorián-Salvador M, Byrne EM, Szczepan M, Little K, Chen M, Xu H.

Complement activation contributes to subretinal fibrosis through

the induction of epithelial-to-mesenchymal transition (EMT) in reti-

nal pigment epithelial cells. J Neuroinflammation. 2022;19:1-17.

124. Markiewski MM, Daugherity E, Karbowniczek M, Reese B. The role

of complement in angiogenesis. Antibodies. 2020;9:1-14.

125. Mapp PI, Walsh DA. Mechanisms and targets of angiogenesis and

nerve growth in osteoarthritis. Nat Rev Rheumatol. 2012;8:390-398.

126. Ashraf S, Walsh DA. Angiogenesis in osteoarthritis. Curr Opin Rheu-

matol. 2008;20:573-580.

127. Murata M, Yudoh K, Masuko K. The potential role of vascular endo-

thelial growth factor (VEGF) in cartilage: how the angiogenic factor

could be involved in the pathogenesis of osteoarthritis? Osteoarthr

Cartil. 2008;16:279-286.

128. Nozaki M, Raisler BJ, Sakurai E, et al. Drusen complement compo-

nents C3a and C5a promote choroidal neovascularization. Proc Natl

Acad Sci U S A. 2006;103:2328-2333.

129. Fatoba O, Itokazu T, Yamashita T. Complement cascade functions

during brain development and neurodegeneration. FEBS J. 2022;

289:2085-2109.

130. Ohtori S, Inoue G, Ito T, et al. Tumor necrosis factor‐immunoreac-

tive cells and PGP 9.5‐immunoreactive nerve fibers in vertebral end-

plates of patients with discogenic low back Pain and Modic Type 1

or Type 2 changes on MRI. Spine. 2006;31(9):1026‐1031.
131. Ehrengruber MU, Geiser T, Deranleau DA. Activation of human neu-

trophils by C3a and C5A. Comparison of the effects on shape

changes, chemotaxis, secretion, and respiratory burst. FEBS Lett.

1994;346:181-184.

132. Schanzenbacher J, Köhl J, Karsten CM. Anaphylatoxins spark the

flame in early autoimmunity. Front Immunol. 2022;13:958392.

133. Bülow JM, Renz N, Haffner-Luntzer M, et al. Complement receptor

C5aR1 on osteoblasts regulates osteoclastogenesis in experimental

postmenopausal osteoporosis. Front Endocrinol (Lausanne). 2022;13:

1-12.

134. Munenaga S, Ouhara K, Hamamoto Y, et al. The involvement of C5a

in the progression of experimental arthritis with Porphyromonas

gingivalis infection in SKG mice. Arthritis Res Ther. 2018;20:1-12.

135. Heggli I, Habib M, Scheer J, et al. Activated neutrophils degrade

human cartilage endplates. Annual Meeting of the Orthopaedic

Research Society. Vol 89; 2023.

136. Perilli E, Parkinson IH, Truong LH, Chong KC, Fazzalari NL, Osti OL.

Modic (endplate) changes in the lumbar spine: bone micro-

architecture and remodelling. Eur Spine J. 2015;24:1926-1934. doi:

10.1007/s00586-014-3455-z

137. Mayadas TN, Cullere X, Lowell CA. The multifaceted functions of

neutrophils. Annu Rev Pathol Mech Dis. 2014;9:181-218. doi:10.

1146/annurev-pathol-020712-164023

138. Carmona-Rivera C, Carlucci PM, Goel RR, James E, Brooks SR,

Rims C, Hoffmann V, Fox DA, Buckner JH, Kaplan

MJ. Neutrophil extracellular traps mediate articular cartilage

damage and enhance cartilage component immunogenicity in

rheumatoid arthritis. JCI Insight. 2020;5:e139388. doi:10.1172/

jci.insight.139388

139. Apel F, Zychlinsky A, Kenny EF. The role of neutrophil extracellular

traps in rheumatic diseases. Nat Rev Rheumatol. 2018;14:467-475.

doi:10.1038/s41584-018-0039-z

140. Wang H, Wang C, Zhao M-H, Chen M. Neutrophil extracellular traps

can activate alternative complement pathways. Clin Exp Immunol.

2015;181:518-527.

141. Yuen J, Pluthero FG, Douda DN, et al. NETosing neutrophils activate

complement both on their own NETs and bacteria via alternative

and non-alternative pathways. Front Immunol. 2016;7:183640.

How to cite this article: Heggli I, Teixeira GQ, Iatridis JC,

Neidlinger-Wilke C, Dudli S. The role of the complement

system in disc degeneration and Modic changes. JOR Spine.

2024;7(1):e1312. doi:10.1002/jsp2.1312

12 of 12 HEGGLI ET AL.

info:doi/10.1016/s0140-6736(85)90436-2
info:doi/10.1007/s00586-014-3455-z
info:doi/10.1146/annurev-pathol-020712-164023
info:doi/10.1146/annurev-pathol-020712-164023
info:doi/10.1172/jci.insight.139388
info:doi/10.1172/jci.insight.139388
info:doi/10.1038/s41584-018-0039-z
info:doi/10.1002/jsp2.1312

	The role of the complement system in disc degeneration and Modic changes
	1  INTRODUCTION
	2  THE COMPLEMENT SYSTEM
	3  EVIDENCE FOR COMPLEMENT SYSTEM INVOLVEMENT IN DD AND MC
	4  POTENTIAL MECHANISMS OF THE COMPLEMENT SYSTEM IN DD AND MC
	4.1  Tissue damage activates the complement system
	4.1.1  Cell death
	4.1.2  Matrix breakdown
	4.1.3  Infiltration of bacteria

	4.2  Production of complement factors by disc and endplate cells
	4.2.1  Immune complexes

	4.3  Activated complement system promotes further tissue damage
	4.4  The complement system contributes to chronic inflammatory processes
	4.4.1  Sub lytic TCC effects on nucleated cells
	4.4.2  Complement system contribution to fibrosis, angio-, and neurogenesis
	4.4.3  Potential role of the complement system on inflammatory pathomechanisms

	4.5  Complement activation by activated immune cells

	5  CONCLUDING REMARKS AND FUTURE RESEARCH
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


