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Immunopathological mechanisms of Modic 
changes
A multidimensional analysis of inflammatory evolution and key 
signaling pathways
Yongjun Tonga, Xiangxi Kongb, Fengdong Zhaob,*

Abstract: Modic changes (MCs), characterized by magnetic resonance imaging signal alterations at vertebral 
endplates and adjacent bone marrow, are increasingly recognized as immune-driven lesions rather than mere structural 
degeneration. This review focuses on the pivotal roles of immune system and key immunological signaling in the 
initiation and progression of MCs. Within the Modic microenvironment, diverse immune cell populations—including 
monocytes, macrophages, mast cells, neutrophils, and lymphocytes—exhibit stage-specific infiltration patterns. In 
parallel, MCs are governed by a complex network of innate and adaptive immune signals. Endplate disruption and 
nucleus pulposus exposure break local immune privilege, activating inflammatory cascades that sustain cytokine and 
chemokine production, amplify immune cell recruitment, and promote chronic low-grade inflammation. Oxidative 
stress, metabolic disturbances, and potential microbial triggers such as Cutibacterium acnes further modulate 
these immune landscapes. The interplay of these mechanisms underscores MCs as dynamic immunoinflammatory 
processes, with distinct cellular and molecular profiles corresponding to their radiologic stages. Recognizing the 
immunological complexity of MCs underscores the need for future studies to delineate molecular signatures that 
could guide personalized treatment strategies and improve clinical outcomes.

Abbreviations: C. acnes = cutibacterium acnes, MCs = modic changes, MRI = magnetic resonance imaging, NP 
= nucleus pulposus.

Keywords: immunity, inflammation, intervertebral disc degeneration, lymphocytes, macrophages, Modic changes

1. Introduction

Modic changes (MCs) refer to signal abnormalities 
detected by magnetic resonance imaging (MRI) in the ver-
tebral endplates and adjacent bone marrow, typically cate-
gorized into 3 types: type I (inflammatory, hypointense on 
T1-weighted and hyperintense on T2-weighted images), 
type II (fatty, hyperintense on T1 and iso- to slightly hyper-
intense on T2), and type III (sclerotic, hypointense on both 

T1 and T2 sequences).[1–3] Initially described as morpho-
logical markers of vertebral degeneration, MCs have since 
been recognized as dynamic lesions associated with distinct 
clinical and biological characteristics. Epidemiological 
studies report that MCs are present in approximately 
18% to 58% of patients with chronic low back pain,[4] 
and their presence strongly correlate with increased pain 
intensity, neurological dysfunction,[5–7] and postoperative 
clinical outcomes and structural reconstruction.[8,9]

Pathologically, MCs represent a progressive remodel-
ing process at the bone–endplate–marrow interface, char-
acterized by endplate disruption, bone marrow edema, 
fatty infiltration, and eventual sclerosis.[10–12] These 
changes often coexist with intervertebral disc degenera-
tion and are believed to reflect failed endplate repair or 
chronic inflammatory responses to disc-derived stimuli.[11] 
Notably, MCs are not static entities but may undergo 
transformation between types, indicating a continuum of 
pathological evolution.[13,14]

Emerging evidence supports a central role of the immune 
system in MC pathogenesis.[15,16] Histological studies have 
demonstrated substantial infiltration of immune cells—
including monocytes, macrophages, neutrophils, mast cells, 
and lymphocytes—within Modic lesions.[15] Importantly, 
immune activation in MCs appears to be triggered by expo-
sure of normally immune-privileged nucleus pulposus (NP) 
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tissue to the bone marrow compartment, leading to the 
release of damage-associated molecular patterns (DAMPs), 
activation of Toll-like receptors (TLRs), and initiation of 
inflammatory cascades.[17] Moreover, microbial stimuli—
particularly Cutibacterium acnes—have been implicated in 
modulating this immune landscape through innate recep-
tors and complement activation.[18,19]

Despite increasing recognition of MCs as immune-
driven lesions, most existing reviews on MCs have primar-
ily focused on imaging characteristics, associations with 
pain, and alterations in biomechanical properties.[20,21]

The immunopathological mechanisms remain under-
explored, particularly those involving immune cell 
recruitment, polarization, and crosstalk between innate 
and adaptive immunity. Accordingly, this review aims 
to address this gap by providing a systematic overview 
of recent advances in the understanding of cellular and 
molecular immunology of MCs and highlighting key 
immune signaling pathways and their potential roles in 
the progression and phenotypic transformation of MCs.

2. Involvement of immune system in MCs

MCs are characterized by specific MRI signal alterations 
within the vertebral endplates and adjacent bone mar-
row and are now widely regarded as manifestations of 
an inflammation-driven microenvironmental shift.[22,23] 
Although MCs are radiologically classified into 3 sub-
types—type I (inflammatory), type II (fatty), and type 

III (sclerotic)—each type is accompanied by distinct pat-
terns of immune cell infiltration and local tissue remodel-
ing.[15,24] Furthermore, dynamic transitions between these 
subtypes have been documented, reflecting the progres-
sive nature of the underlying pathology.[11,25,26]

Modic lesions have been shown histologically to harbor 
significant infiltration of various immune cells,[15] includ-
ing bone marrow-derived monocytes,[27] macrophages,[28] 
T lymphocytes,[29] mast cells,[30] and neutrophils[31] (Fig. 1). 
Each Modic subtype exhibits unique immunological char-
acteristics: type I lesions are marked by high expression of 
inflammatory mediators, enrichment of proinflammatory 
M1 macrophages, and prominent monocyte recruitment; 
type II is associated with fatty degeneration and relative 
suppression of inflammation; and type III is dominated 
by bone sclerosis with minimal inflammatory activity.[15,21]

Collectively, these findings indicate that MCs represent 
a continuum of immune microenvironmental evolution, 
in which distinct immunological profiles and cellular 
compositions correspond to specific radiologic and his-
topathologic phenotypes. This lineage-specific immune 
landscape not only underpins the imaging and histologic 
classification of MCs but also provides potential biolog-
ical targets for future immunomodulatory interventions.

2.1. Monocytes: initiators of inflammation

Monocytes play a pivotal role in the early phases of 
inflammation. Upon recruitment to the site of injury, 

Figure 1.  Involvement of immune system in MCs. MCs = modic changes.
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they differentiate into either proinflammatory or anti- 
inflammatory macrophages, secrete cytokines, and  
perform phagocytic functions, thereby amplifying and 
regulating the inflammatory response. In addition, mono-
cytes serve as antigen-presenting cells that bridge innate 
and adaptive immunity, making them essential initiators 
and modulators of immune responses.[32]

Upon recruitment to injury sites, they differentiate into 
macrophages and modulate the local immune environ-
ment. Cross-sectional studies have shown that patients 
with chronic low back pain and MCs exhibit signifi-
cantly elevated circulating monocyte counts compared 
with asymptomatic individuals, with a positive correla-
tion between monocyte levels and MC presence.[27] These 
findings suggest that monocytes not only reflect systemic 
inflammatory activity but may actively contribute to MC 
pathophysiology. Dudli et al. demonstrated that while NP 
cells alone do not elicit a strong inflammatory response 
from bone marrow-derived mononuclear cells (BMNCs), 
the presence of proinflammatory stimuli such as IL-1α 
or lipopolysaccharide induces significant upregulation of 
IL-1, IL-6, IL-10, and TrkA, alongside T cell infiltration 
and MC1-like MRI changes in vivo.[33] This suggests that 
NP exposure in an inflamed environment may trigger an 
autoimmune-like cascade, with monocytes playing a crit-
ical role in amplifying the response. Moreover, BMNCs 
exposed to conditioned medium from Cutibacterium acnes 
(C. acnes)–stimulated disc cells showed elevated IL-1, IL-6, 
IL-8, and CCL2 expression, indicating synergistic activa-
tion by microbial and disc-derived factors.[34] These data 
highlight the potential of monocytes as both biomarkers 
and mediators in the initiation and progression of MCs.

2.2. Macrophage lineage polarization: its role in 
Modic type progression

Macrophages are central players in the innate immune 
system, essential for host defense, inflammation regu-
lation, and tissue homeostasis maintenance.[35] Their 
polarization into proinflammatory (M1) or anti- 
inflammatory/reparative (M2) phenotypes is shaped by 
the local microenvironment,[36,37] and in MCs, this polar-
ization appears closely tied to disease progression. Type 
I MCs represent an active inflammatory phase, featuring 
endplate disruption, bone marrow edema, and elevated 
proinflammatory cytokines. In this stage, macrophages 
predominantly adopt the M1 phenotype. Li et al.[38] 
demonstrated that type I lesions show marked mac-
rophage infiltration and a proinflammatory cytokine 
profile—far exceeding that of non-MC or type II cases. 
These M1 macrophages produce TNF-α, IL-1β, and IL-6, 
which exacerbate nociception and tissue injury, con-
tributing to the pain experienced in MC1.[38,39] Further 
amplification occurs through the migration inhibitory 
factor (MIF)–CD74 axis, as Xiong et al.[40] reported 
elevated MIF expression in MC1 endplates, promoting 
IL-6, IL-8, and PGE2 production and sustaining M1 
activity. MIF was also elevated systemically in MC1/

MC2 patients, reinforcing its role in macrophage-driven 
inflammation.[41]

As MCs evolve, a shift toward tissue repair and anti- 
inflammatory signaling emerges. In type II lesions, upreg-
ulation of osteoclast-related genes (M-CSF1, RANKL, 
RUNX1/2) and reduction of OSCAR expression suggest 
a postresorptive microenvironment modulated by macro-
phage–osteoclast interactions.[42] Concurrently, M2 mac-
rophages become more prominent, secreting TGF-β and 
IL-10, which support bone repair and fibrosis, reflecting 
the reparative nature of MC2.[43–45] Djuric et al.[46] noted 
that macrophages infiltrating disc herniations—particu-
larly in patients with MCs—were largely M2 polarized 
(CD163⁺, CD209⁺) and the M1/M2 ratio remained sta-
ble despite higher total macrophage numbers, suggesting 
a phenotypic shift rather than expansion of inflammatory 
responses. Similarly, Li et al.[38] observed reduced inflam-
matory severity and lack of M1 dominance in MC2, fur-
ther indicating a transition from immune activation to 
resolution.

In late-stage Modic type III, sclerosis and subchondral 
bone thickening dominate. An in vivo model identified 
F4/80⁺ MAC-2⁻/low osteal macrophages (osteomacs) 
accumulating in sclerotic regions, where they promoted 
osteogenesis via oncostatin M (OSM)-induced STAT3/
YAP1 signaling.[28] This osteomac-driven bone formation 
highlights the final immunological phase of MCs, domi-
nated by repair and matrix consolidation. Altogether, the 
macrophage phenotype shifts sequentially from M1-driven 
inflammation in MC1, to M2-mediated repair in MC2, 
and osteomac-facilitated sclerosis in MC3. These lineage- 
specific macrophage roles not only mirror histological 
changes across MC stages but also present potential ther-
apeutic targets tailored to disease phase—ranging from 
anti-inflammatory to pro-repair and antisclerotic strategies.

Current evidence indicates that the polarization state 
of macrophages is intimately associated with the pheno-
typic subtype of MCs: type I is dominated by M1 macro-
phages, which drive inflammatory cytokine production, 
endplate disruption, and pain sensitization; type II is 
marked by an increase in M2 macrophages that medi-
ate anti-inflammatory responses, tissue repair, and fatty 
replacement; type III features osteomac-driven bone for-
mation contributing to sclerosis. These lineage-specific 
macrophage dynamics suggest a central role in the pro-
gression of Modic pathology and may serve as poten-
tial targets for tailored immunotherapies—ranging from 
anti-inflammatory strategies to pro-repair or antiscle-
rotic interventions—depending on the lesion type.

2.3. Mast cells: noncanonical immune activation and 
amplification loop

Mast cells are tissue-resident immune cells of hematopoi-
etic origin that mature in peripheral tissues and consti-
tute a critical component of the innate immune system.[47] 
While traditionally associated with allergic responses, 
mast cells have recently gained attention for their broader 
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roles in inflammation and tissue remodeling. Both the 
number and activation status of mast cells were signifi-
cantly elevated in degenerated intervertebral discs com-
pared with healthy controls, suggesting their involvement 
in disc degeneration.[48] However, their role in the patho-
physiology of MCs has long been underappreciated.

Recent evidence has revealed that mast cells are not 
only abundant within regions of disc degeneration but 
also exert crucial functions in the onset and progression 
of MCs through noncanonical activation pathways. Using 
both human tissue samples and murine models, Ji et al.[30] 
systematically demonstrated that mast cell activation in 
Modic lesions does not occur via the classical IgE–FcεRI 
signaling cascade. Instead, it is driven by the Mas-related 
G protein-coupled receptor B2 (Mrgprb2) in response to 
bacterial metabolites, particularly those from C. acnes. 
Activation through Mrgprb2 leads to the release of hista-
mine, tryptase, and various proinflammatory mediators.

This alternative activation route initiates multiple 
downstream inflammatory signaling cascades, including 
phosphoinositide 3-kinase–protein kinase B, mitogen- 
activated protein kinase, and c-Jun N-terminal kinase 
pathways. These molecular events promote degradation 
of the cartilage-endplate matrix, evidenced by increased 
expression of matrix metalloproteinase-13 (MMP13) and 
downregulation of cartilage-specific markers such as type 
II collagen (Col2) and SRY-box transcription factor 9 
(SOX9). The structural integrity of the endplate is thereby 
compromised, contributing to the disruption of osteo-
chondral continuity characteristic of Modic pathology.

Moreover, mast cells activated via the Mrgprb2 path-
way release chemotactic factors that facilitate the recruit-
ment of macrophages and skew their polarization toward 
the M1 phenotype. This enhances the production of 
potent proinflammatory cytokines such as TNF-α and 
IL-1β, reinforcing a self-perpetuating inflammatory loop: 
mast cell activation → cytokine release → M1 macro-
phage polarization → sustained inflammation. This loop 
represents a novel mechanism of immune amplification 
within the Modic microenvironment.

Functional experiments involving mast cell depletion 
and genetic knockout of Mrgprb2 further underscore 
the pathological role of mast cells in MCs. Both mast cell 
deficiency and Mrgprb2 deletion significantly attenuated 
Modic-associated tissue damage, whereas mast cell activa-
tion exacerbated vertebral endplate disruption and bone 
degradation. These findings highlight mast cells as crucial 
modulators of the immune microenvironment in MCs, act-
ing through a nonclassical pathway that complements and 
intensifies local inflammation and tissue remodeling.

2.4. Neutrophils: early responders and potential 
amplifiers of inflammation

Neutrophils, as early responders in innate immunity, 
have increasingly been implicated in the pathogenesis of 
MCs, particularly during the inflammatory phase of type 
I lesions (MC1). Proteomic analyses revealed enrichment 
of neutrophil degranulation-related proteins—including 

PLA2G2A, CHI3L1, and CLEC3A—in MC1 tissues, 
alongside activation of complement pathways, TLRs, 
and Fcγ receptor signaling.[49] These findings suggest that  
neutrophil-derived enzymes and antimicrobial peptides 
may contribute to matrix breakdown and pain sensitiza-
tion, amplifying chronic sterile inflammation. Mechanistic 
evidence from Heggli et al.[50] further demonstrated 
elevated neutrophil-related chemokines and cytokines  
(IL-8, epithelial-derived neutrophil-activating peptide-78) 
in bone marrow aspirates of MC1 patients with high C. 
acnes genomic load, highlighting microbial burden as a 
driver of neutrophil activation.

Neutrophil involvement appears closely linked to 
complement activation. C1q and C5a, elevated in MC 
tissues, are known to recruit neutrophils, promoting 
degranulation and formation of neutrophil extracellular 
traps, which in turn amplify complement signaling—a 
self-perpetuating “complement–neutrophil loop”.[16] 
This inflammatory microenvironment is supported by 
findings of increased CXCL5, GM-CSF, and IL-1β in 
MC disc tissues,[51] as well as histological confirmation 
of neutrophil infiltration and elevated IL-8 in C. acnes–
positive specimens.[31] A transcriptomic study by Vigeland 
et al.[52] noted a sex-specific immune profile, with female 
MC1 patients showing higher neutrophil-related gene 
expression (CXCL8, MMP9, IL1R2), in contrast to male 
patients with T cell–dominated responses.

However, systemic neutrophil involvement remains 
debated. Özcan-Ekşi et al.[27] found no significant differ-
ence in neutrophil-to-lymphocyte ratios (NLRs) between 
MC and non-MC groups, despite elevated NLR in general 
disc degeneration. Similarly, Rigal et al.,[53] using anterior 
sampling, reported minimal neutrophil infiltration and no 
bacterial growth in most MC1 cases, suggesting that cer-
tain Modic lesions may follow a noninfectious, localized 
inflammatory trajectory independent of systemic neutro-
phil activation. These findings underscore the context- 
dependent role of neutrophils, likely significant in  
microbially influenced or high-inflammatory MC1 sub-
types, but less prominent in sterile or late-phase lesions.

2.5. T and B lymphocytes: mediators of chronic 
inflammatory responses

MCs, particularly type I, involve not only innate but also 
adaptive immune responses, with accumulating evidence 
implicating T and B lymphocytes in their initiation and 
progression. Experimental models have demonstrated 
that NP exposure to the bone marrow triggers a com-
plex antigen-specific immune reaction. In a rabbit model, 
subendplate implantation of autologous NP resulted in 
MC-like lesions with T cell infiltration and increased 
IL-4, IL-17, and IFN-γ expression, indicating Th1, Th2, 
and Th17 involvement.[54] Geiss et al.[29] further showed 
that NP-reactive CD4⁺ T cells predominantly secreted 
IL-4, suggesting a skewing toward a Th2-polarized, 
chronic inflammatory state. In vitro, NP cells were shown 
to possess immunogenicity and induce lymphocyte prolif-
eration, but only in the presence of inflammatory stimuli 
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such as IL-1α did this lead to activation of cytokines (IL-
1, IL-6, IL-10) and neurotrophic factors like TrkA, pro-
moting T cell recruitment and local inflammation.[33]

In human studies, Heggli et al.[50] observed that MC1 
patients with low C. acnes burden exhibited significant 
upregulation of T and B cell–associated genes, particu-
larly IL-13, alongside enrichment of pathways related to 
Th1/Th2/Th17 differentiation and B cell activation. Zhu 
et al.[15] proposed that CXCL12 signaling in the bone mar-
row may promote B cell activation in this context, with 
C-X-C motif chemokine 12-positive (CXCL12⁺) leptin 
receptor-postive bone marrow stromal cells potentially 
sustaining chronic inflammation through interaction 
with T/B cells. These mechanisms suggest an autoimmune 
component in MC1 pathogenesis, independent of bacte-
rial load.

Moreover, adaptive immunity may contribute to chro-
nicity or tissue remodeling. Vigeland et al.[55] reported 
that patients with high-shrt tau inversion recovery MC1 
exhibited peripheral blood enrichment in interferon and B 
cell activation pathways, indicating that adaptive immune 
responses persist even in radiologically active lesions and 
may influence the fibrotic or reparative trajectory of MCs.

2.6. The complement system: a bridge and amplifier 
of inflammation in MCs

The complement system is a critical component of 
innate immune defense, consisting of 3 main activation 
pathways—classical, alternative, and lectin—as well as 
a network of regulatory proteins. Upon activation, the 
system initiates cleavage of C3 and C5, generating the 
potent chemoattractants C3a and C5a and culminating 
in the assembly of the membrane attack complex (MAC 
or terminal complement complex [TCC], C5b–9), which 
induces lysis of target cells.[56] While complement plays an 
essential role in maintaining immune homeostasis, micro-
bial defense, and clearance of apoptotic cells, dysregulated 
or excessive activation has been implicated in chronic 
inflammation, tissue destruction, and immune-mediated 
disorders.[57]

Recent studies have proposed that the complement sys-
tem may serve as both a driver and a maintainer of inflam-
mation in MCs, particularly at the interface of vertebral 
endplates and bone marrow. According to Heggli et al.[16] 
and Zhu et al.,[15] multiple triggers—including endplate 
disruption, cell death, C. acnes infection, and immune 
complex formation—can initiate complement activa-
tion. The anaphylatoxins C3a and C5a further promote 
fibrosis, vascular and neural remodeling, and nociceptive 
sensitization through the induction of VEGF, TGF-β, and 
IL-1β. In parallel, sublytic levels of TCCs may exacerbate 
cytokine release, contributing to endplate degradation 
and marrow remodeling.

Proteomic profiling revealed significant upregulation 
of complement components—including C1S, C1QB, C3, 
C4B, C6, C8B, and C9—in MC tissues, but not in non-MC 
controls.[49] These findings point to active engagement of 

both the classical and terminal complement cascades as 
hallmarks of the MC microenvironment. Furthermore, 
their analysis uncovered interaction networks linking 
complement activation to neutrophil degranulation, 
immunoglobulin complexes, and glutamate metabolism, 
implicating complement as a key mediator in both inflam-
mation and pain amplification.

These observations were subsequently validated in a 
cadaveric study by Heggli et al.,[23] who reported accu-
mulation of C1QC, C5, C8A, C8B, C9, and complement 
factor B (CFB) in MC2 bone marrow. Expression levels 
were positively correlated with the degree of endplate 
structural damage. Combined with immunohistochem-
ical analysis and endplate scoring, they proposed that 
fragmentation of the cartilaginous and bony endplates 
exposes extracellular matrix (ECM) proteins (e.g., 
FMOD, BGN, DCN), which can act as C1q ligands to 
trigger the classical complement pathway. This local acti-
vation may in turn lead to C3a/C5a-mediated angiogen-
esis, fibroblast activation, and inflammatory crosstalk 
between the endplate and bone marrow. An increased 
presence of TCC (C5b–9)-positive cells in both NP and 
endplate regions of degenerated discs,with their propor-
tion positively correlated with the Pfirrmann grade of 
degeneration.[58] The proportion of TCC-positive cells 
correlated with Pfirrmann grade. Notably, despite upreg-
ulation of the complement inhibitor CD59, TCC for-
mation was not suppressed, indicating a failure of local 
regulatory mechanisms. The authors speculated that 
sublytic TCCs may contribute to sustained low-grade 
inflammation through mechanisms such as cell stress or 
activation of the NLRP3 inflammasome—creating a per-
missive milieu for the development of MCs.

An alternative perspective was provided by Djuric et 
al.,[22] who identified a potential “dysfunctional activa-
tion” phenotype in MC tissue. They observed downregu-
lation of CFB and C3 and upregulation of the complement 
inhibitor clustering, suggesting a possible breakdown in 
the activation cascade or an immunosuppressive response. 
Such a state may reflect “immune exhaustion” or a repar-
ative anti-inflammatory phase, potentially explaining the 
fluctuating pain severity and variable response to immu-
nomodulatory therapies in certain MC patients.

Nonetheless, not all evidence supports a significant 
role for complement in MC pathogenesis. A large-scale 
serum proteomics study by S Rajasekaran et al.[49] found 
no differential expression of complement proteins such 
as C3, C4, or C5 in the peripheral blood of MC patients. 
This suggests that complement activation in MC may be 
highly localized to the vertebral endplate–bone marrow 
interface and not associated with systemic inflammatory 
responses.

2.7. Biomechanical disruption: a trigger for immune 
activation

While MCs have historically been attributed to mechanical 
factors such as abnormal loading, endplate microfractures, 
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and vertebral instability, accumulating evidence suggests 
that these biomechanical insults serve as upstream trig-
gers for downstream immunological cascades. Structural 
failure of the cartilaginous or bony endplate facilitates the 
leakage of NP material into the adjacent bone marrow, 
thereby breaching its immune-privileged status.[32] This 
exposure initiates a local immune response, character-
ized by activation of pattern recognition receptors such 
as TLRs, release of DAMPs, and subsequent recruitment 
of innate immune cells.[17,33,59]

Experimental studies have demonstrated that mechani-
cal endplate injury alone is sufficient to upregulate proin-
flammatory mediators such as TNF-α, IL-1β, and IL-6 
within the bone–disc interface.[60,61] In animal models, 
annular puncture leads to endplate remodeling, bone 
marrow edema, and infiltration of macrophages and neu-
trophils—hallmarks of early-stage MC1.[60,61] Moreover, 
breakdown products of ECM components, such as bigly-
can and fibromodulin, may serve as endogenous ligands 
for complement components and TLRs, thereby amplify-
ing inflammatory cascades.[16,17,23]

Thus, biomechanical stress and immune activation are 
tightly intertwined in the pathogenesis of MCs.[11,33] The 
mechanical damage acts not only as an initiator of struc-
tural degeneration but also as a potent stimulator of innate 
and adaptive immune responses.[16] This biomechani-
cal–immunological coupling explains the chronicity and 
phenotypic progression of MCs and highlights the neces-
sity of integrative treatment strategies that address both 
mechanical stabilization and immune modulation.[11,16,33]

3. Key immunological signaling pathways

3.1. Innate immunity and proinflammatory activation

MCs, particularly type I, are increasingly recognized as 
a manifestation of innate immune dysregulation in dis-
cogenic chronic low back pain. The initiating event is 
thought to be the disruption of the vertebral endplate, 
which exposes the normally immune-privileged NP to 
the systemic immune system. This triggers the release of 
DAMPs (Fig. 2), such as HMGB1 and fragmented hyal-
uronic acid, which activate TLRs, especially TLR2 and 
TLR4. These receptors engage MyD88/TRIF signaling 
pathways, leading to nuclear factor kappa B (NF-κB) acti-
vation and the production of proinflammatory cytokines, 
including IL-6, IL-1β, and TNF-α.[17,33,59,62–64] Degenerative 
NP cells themselves can amplify inflammation by releasing 
cytokines like IL-8 and CCL2, establishing MC lesions as 
self-sustaining inflammatory foci.[34] Inflammasome sig-
naling also plays a critical role: NLRP3, caspase-1, and 
IL-1β are upregulated in MC1 endplates, contributing to 
matrix degradation via ADAMTS-5 and suppression of 
Col II and SOX9.[65,66] TNF-α and IL-1β create a feedback 
loop that enhances MMP and ADAMTS expression, rein-
forcing tissue destruction.[67]

Bone marrow edema, a hallmark of MC1, reflects this 
acute inflammatory phase. Animal studies have shown 
that TNF-α knockout reduces T2-weighted hyperintensity 

on MRI, implicating TNF-α in early disease stages.[60] 
MC1 tissues exhibit high levels of TNF-positive cells and 
nerve sprouting, with PGP9.5-positive nerve fibers more 
abundant in MC1 than in MC2 or controls.[68] Clinically, 
MC1 often presents with inflammatory pain features 
and shows transient responsiveness to corticosteroids.[69] 
Macrophage MIF is also upregulated in MC1 endplates 
and blood. Through CD74 signaling, MIF induces IL-6, 
IL-8, and PGE2 production, which can be inhibited by 
ISO-1.[40,41] This pathway may be shared between infec-
tious and noninfectious MCs, as MIF is similarly elevated 
in C. acnes–induced models.[70] Complement activation 
further contributes to inflammation. Elevated levels of 
C1q, C3, C5, and TCCs have been observed in MC1/2, 
driving neutrophil infiltration, osteoclastogenesis, and 
angiogenesis via TGF-β and VEGF signaling.[16,49]

The role of infection—particularly C. acnes—in MC1 
remains controversial. Injection of the bacterium into ver-
tebrae in animal models induces Modic-like MRI changes 
and upregulates TNF-α, IL-1β, and IFN-γ.[71] Human 
MC1 discs positive for C. acnes exhibit higher levels of 
IL-8, MIP-1α, MCP-1, and neutrophil infiltration, sug-
gesting a chemokine-driven innate immune response.[31] 
Transcriptomic studies have distinguished bacterial and 
nonbacterial MC1 subtypes: the former characterized 
by neutrophil degranulation and elevated IL-8/MIP-1β, 
the latter by T/B cell–dominated responses.[50] Systemic 
immune activation has also been observed. Patients with 
MC-related back pain display elevated monocyte/baso-
phil counts and erythrocyte sedimentation rate, as well as 
proteomic enrichment of immunoglobulins, complement, 
and NF-κB-related proteins in disc tissue.[27,49]

Emerging mechanisms add further complexity to MC 
pathophysiology. Galectin-3, which regulates endplate 
homeostasis, declines progressively from MC I to III, and 
correlates with aggrecan and CCL3 expression. Its inhi-
bition reduces endplate cell survival, suggesting a pro-
tective role.[72] TRP ion channels (e.g., TRPV4, TRPC6) 
correlate with IL-6/IL-15 and may link inflammation to 
pain via cellular mechanosensing.[73] Oxidative stress, 
indicated by elevated 8-iso-prostaglandin F2α and 
Raftlin levels, may amplify membrane-bound immune 
signaling.[74] HIF-1α/Notch1 signaling has also been 
implicated in endplate remodeling and inflammatory 
activation in early MC1/2 lesions.[75] Despite these 
insights, clinical translation remains challenging. A 
multicenter randomized controlled trial showed no 
benefit of infliximab in MC1 patients, suggesting that 
TNF-α–driven inflammation may be secondary rather 
than causal.[76,77] Moreover, peripheral cytokine pro-
files failed to predict response to antibiotics, high-
lighting the focal and heterogeneous nature of Modic 
inflammation.[78]

3.2. Adaptive immunity (T/B cell crosstalk)

The adaptive immune system is increasingly implicated 
in the pathogenesis of MCs, particularly type I lesions. 
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Under normal conditions, the NP of intervertebral discs 
is immune-privileged; however, endplate disruption 
exposes NP components to the bone marrow, where they 
may be misrecognized as neo-antigens. This can initiate 
a T cell–mediated autoimmune response, contributing to 
bone marrow edema and pain. In animal models, subend-
plate implantation of autologous NP tissue induced MRI 
changes resembling MC1, with concurrent elevation of 
IL-4, IL-17, and IFN-γ, and histological features of NP- 
and chondrocyte-like cell proliferation, reflecting activa-
tion of adaptive immunity.[54,62] Notably, porcine studies 
revealed that chronic NP exposure skews CD4⁺ T cells 
toward a Th2 phenotype, marked by IL-4 production and 
negligible IFN-γ, suggesting an atypical immune profile 
resembling allergic responses.[29] This Th2 bias may be 
linked to IgE-mediated mechanisms observed in some 
patients with recurrent disc herniation, potentially con-
tributing to chronic pain sensitization.

Experimental models further support this immune- 
activating potential of NP tissue. Co-culture systems 
showed that NP cells prolong BMNC survival and 
enhance cytokine production under inflammatory condi-
tions, particularly following IL-1α stimulation. In vivo, 

implantation of lipopolysaccharide-preconditioned NP 
tissue triggered MC1-like MRI signals, endplate damage, 
and CD3⁺ T cell infiltration—consistent with a role for NP 
as an immune-activating foci via TLR2/4–MyD88–NF-κB 
pathways[33] (Fig. 2). Complementing this, systemic immu-
nologic changes have also been reported. Transcriptomic 
profiling of peripheral blood in MC1 patients identified 
37 differentially expressed genes enriched in interferon 
response and mitochondrial metabolism, including IFI27, 
RSAD2, and RAVER2—markers of immune activation.[55] 
Downregulation of genes linked to pain resolution, such 
as GLYATL2, further supports the systemic immune com-
ponent of MC-related symptoms.

While T cell mechanisms dominate current research, 
there is emerging evidence that B cells may also contribute. 
The MIF–CD74 axis, known to activate monocytes and 
support antigen presentation, is upregulated in MC1 end-
plates. CD74, as a key chaperone of MHC-II molecules, 
likely promotes T–B cell interactions and facilitates adap-
tive immune activation. Additionally, this axis drives IL-6 
and PGE2 production, linking innate signals to humoral 
responses.[40] Although direct evidence of B cell activation 
within MC lesions remains limited, these findings suggest 

Figure 2.  Key signaling pathways in immune regulation. MC = Modic change.
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that humoral immunity may be an under-recognized fac-
tor in MC1 pathophysiology.

3.3. Immunosuppression and tissue repair

As MCs evolve chronically, there is a notable immuno-
logical shift from proinflammatory destruction toward 
immune suppression and tissue repair. This transition is 
characterized by a downregulation of proinflammatory 
mediators, a phenotypic shift in immune cells toward tol-
erance or reparative activity, and concurrent tissue-level 
adaptations such as fibrosis, ECM remodeling, and lim-
ited neurovascular regeneration. Compared with the 
acute inflammatory phase of type I MC, intermediate 
and late stages—particularly in types I and II—exhibit a 
low-grade, reparative phenotype shaped by macrophage 
polarization, stem cell activity, and upregulated anti- 
inflammatory cytokines.[79,80] Macrophages play a central 
role in this process. Immunohistochemical studies reveal 
that although CD68⁺ macrophages are more abundant 
in MC-positive (MC⁺) endplates, the expression of M2 
markers (e.g., CD163, CD209) dominates, while proin-
flammatory M1 markers are comparatively limited, indi-
cating a primary role in tissue remodeling and debris 
clearance rather than immune activation.[39] Supporting 
this, macrophage density has been associated with spon-
taneous disc resorption, even in type II MC patients, 
implying active participation of M2-like macrophages in 
remodeling via IL-10–mediated effects.[46]

Anti-inflammatory and angiostatic cytokine patterns 
further underscore this reparative shift. Serum profiling 
studies demonstrate that declining trends in TNF-α, IL-8, 
MIP-1α, and IL-15 in MC patients, along with significant 
upregulation of immunosuppressive mediators such as 
IL-1sRII and hepatocyte growth factor (HGF). IL-1sRII, 
in particular, may serve as a biomarker for MC-related 
immunosuppression.[79] Concomitantly, downregula-
tion of angiogenic factors including VEGF-C, Tie2, and 
VCAM-1 suggests a metabolically quiescent or “silent” 
immune environment. At the tissue level, programmed cell 
death mechanisms also contribute to structural remodel-
ing. Increased Fas receptor (FasR) expression and termi-
nal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL)-positive apoptosis in MC I/II endplates impli-
cate the Fas–FasL axis in cell turnover, independent of 
disc degeneration severity, hinting at its role in age-related 
rather than acutely inflammatory changes.[81] Bone mar-
row mesenchymal stem cells further support tissue recon-
struction. CD90⁺ bone marrow mesenchymal stem cells 
are enriched in MC I/II marrow and strongly correlate 
with fibrotic markers (FN1, α-SMA, COL1), suggesting 
that these cells actively guide the transition from edema 
to fibrosis.[80]

Late-stage MC, particularly type II, is increasingly rec-
ognized as a fibrosing inflammatory condition. Cadaveric 
analysis revealed dense accumulation of complement 
proteins (C1Q, C5, C9), matrix components (FN1, BGN, 
DCN), and neurovascular regulators (VEGFR1, SEM3A, 

POSTN) at sites of endplate disruption, establishing MC 
II as a complement-mediated fibrotic state rather than 
mere fatty replacement.[23] Animal studies corroborate 
these findings: rabbit models of MC show long-term 
coexistence of inflammatory and reparative markers 
(IL-4, IL-17, IFN-γ), chondrocyte-like proliferation, and 
matrix remodeling 12–20 weeks postinjury.[54] Similarly, 
NP-exposed T cells display IL-4–driven Th2 polariza-
tion, reinforcing the concept of adaptive immune devia-
tion toward anti-inflammatory states during chronic MC 
progression.[29]

3.4. Cell migration and the chemokine signaling 
network

Chemokines are integral to the pathogenesis of MCs, 
orchestrating immune cell recruitment, inflammatory 
amplification, and structural remodeling at the vertebral 
endplate. In type I MCs, a cytokine-rich microenviron-
ment characterized by elevated CCL2, IL-8, and CXCL10 
promotes monocyte and neutrophil infiltration through 
sustained proinflammatory cascades.[60] Early-stage ani-
mal models identified TNF-α as a central initiator of 
bone marrow edema, with TNFR1/2 knockout suppress-
ing MRI hyperintensity, whereas anti-TNF agents had a 
limited effect in later stages, suggesting a temporal role 
in inflammation priming.[60] Human disc samples from 
MC patients show elevated GM-CSF, ENA-78, and IL-1β 
expression, with trends toward increased TNF-α, indicat-
ing persistent immune activation even in the fatty degen-
eration phenotype of Modic type II.[51]

Microbial stimuli, particularly C. acnes, act as potent 
inducers of chemokine expression. Disc and marrow cells 
exposed to C. acnes exhibit increased IL-1β, IL-6, CCL2, 
and IL-8 expression, triggering inflammatory signaling 
in bone marrow mononuclear cells and enhancing neu-
trophil infiltration.[31,34] This bacteria–chemokine axis is 
thought to disrupt local immune tolerance, facilitating a 
chronic inflammatory milieu. Mechanistically, chemokine 
signaling is reinforced by lipid raft scaffolding proteins 
such as Raftlin, which, along with oxidative stress marker 
8-iso-PGF2α, is elevated in MC serum. These factors 
enhance NF-κB activity and stabilize receptor clustering 
at the membrane, amplifying immune responses.[74]

Recent studies have revealed dynamic shifts in chemo-
kine profiles in response to microbial modulation. 
Longitudinal data from the AIM study demonstrated 
reductions in CXCL10, CXCL11, and CXCL13 with con-
current increases in GM-CSF and therapy-related declines 
in IL-6, suggesting chemokine plasticity during disease 
course and treatment.[82] Functional analysis showed 
CXCL9–11 operating in either proinflammatory or 
anti-inflammatory modules depending on TNF or IL-10 
dominance, respectively.[82] Additionally, C. acnes acti-
vates mast cells through Mrgprb2-dependent pathways, 
inducing MMP13, inhibiting cartilage matrix markers, 
and promoting M1 macrophage polarization while sup-
pressing M2 responses—a pathway distinct from classical 
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allergic inflammation.[30] These insights have driven ther-
apeutic innovations, such as nitric oxide (NO)-releasing 
nanoplatforms targeting chemotactic and inflammatory 
signaling, which demonstrated efficacy in delaying disc 
degeneration and preserving endplate integrity in preclin-
ical models.[70]

Clinically, the expression of chemokines such as 
CXCL13, CCL19, and CCL27 correlates with pain 
improvement, indicating their utility as biomarkers for 
monitoring disease activity and therapeutic response.[82] 
Together, these findings underscore that chemokine- 
mediated immune migration in MC is not merely a pas-
sive byproduct of degeneration, but a dynamic, targetable 
driver of disease progression.

3.5. Osteoimmunological coupling and structural 
remodeling

The concept of osteoimmunological coupling—denoting 
the reciprocal interaction between immune activity and 
skeletal remodeling—has become central to understand-
ing the pathophysiology of MCs. Mounting evidence 
suggests that the vertebral endplate and adjacent marrow 
operate as a functional unit where inflammation, apopto-
sis, matrix degradation, and bone turnover intersect. This 
immuno-skeletal interface governs the transition from the 
edematous phenotype of type I MC to fatty degeneration 
in type II, and ultimately to the sclerotic transformation 
characteristic of type III.

At the cellular level, bone marrow stromal cells within 
MC1 lesions exhibit a fibrogenic phenotype marked 
by elevated COL1A1, FN1, and ACTA2 expression, 
alongside increased fibronectin adhesion. This program 
appears reversible by fibroblast growth factor 2 (FGF2), 
which raises concerns about the masking effect of FGF2-
containing media in ex vivo studies of native MC1 
cells.[83] Concomitantly, structural degradation occurs via 
apoptosis and matrix catabolism. Upregulation of the 
Fas–FasL axis and terminal deoxynucleotidyl transferase 
dUTP nick end labeling-positive cells in MC I/II endplates 
implicates programmed cell death in cartilage-endplate 
breakdown.[81] This is exacerbated by matrix metallopro-
teinases such as ADAMTS-5, -7, and -12, which suppress 
chondrogenic markers (Col II, Sox9) and accelerate aggre-
can degradation under TNF-α/NF-κB stimulation.[66,84]

Histomorphological analyses confirm subtype-specific 
remodeling patterns. Type I MCs exhibit increased oste-
oid surface/bone surface, indicative of active remodeling, 
while type II shows reduced osteogenesis, and type III 
features trabecular thickening and elevated bone mineral 
density.[24] These observations are genetically supported 
by associations of IL1A and MMP3 polymorphisms with 
type II MC, and VDR and MMP20 variants with broader 
MC phenotypes.[85,86]

Immune cells contribute directly to structural trans-
formation. Osteal macrophages in MC II/III regions 
express high levels of OSM, which activates STAT3/
YAP1 signaling and promotes osteogenic differentiation 
(Runx2, ALP). OSM neutralization attenuates sclerosis, 

underscoring its role in immune-driven ossification.[28] 
Similarly, NLRP3 inflammasome activation in MC I/II 
endplates drives IL-1β production and enhances matrix 
degradation, while circulating collagen breakdown prod-
ucts (e.g., PRO-C3, C4M) may serve as fibrosis-linked 
biomarkers.[65,87]

Importantly, these osteoadaptive responses appear early 
in disease evolution. Annular puncture in animal mod-
els induces endplate thickening, trabecular hypertrophy, 
osteophyte formation, and matrix mineralization even 
before MCs become radiographically evident.[61] Clinical 
imaging also reveals that type II lesions can present with 
significant sclerosis, challenging the view of this subtype 
as purely fatty.[88]

Additional contributors include loss of lubricin and dys-
regulated lipid metabolism. Lubricin deficiency, worsened 
by C. acnes infection, potentiates TLR2–NF-κB signaling 
and matrix breakdown,[89] while lipid accumulation cor-
relates with increased MMP-1, ADAMTS-5, and reduced 
aggrecan expression.[90] Furthermore, mechanical disrup-
tion of endplates induces BMP-2 expression, suggesting 
that biomechanical stress alone can trigger ossification 
pathways and promote late-stage sclerosis.[91]

3.6. Metabolic dysregulation and microbiota-
mediated mechanisms

Beyond mechanical stress and inflammation, MCs—par-
ticularly type I and II—are increasingly understood within 
a broader pathophysiological framework involving oxi-
dative stress, metabolic dysregulation, and microbial sig-
naling. In MC1, redox imbalance plays a central role, with 
elevated systemic levels of oxidative/nitrosative mark-
ers such as malondialdehyde, NO, and 3-nitrotyrosine, 
coupled with decreased antioxidant enzymes like super-
oxide dismutase and catalase, suggesting that persistent 
oxidative stress contributes to marrow hyperemia and 
endplate damage.[92] In MC2 lesions, adipokine signaling 
from hypertrophic yellow marrow, including leptin and 
TNF superfamily members, has been proposed to sustain 
low-grade paracrine inflammation across the disc–end-
plate interface.[93] Lubricin deficiency further exacerbates 
this process; its loss in MC1 is associated with IL-1β–
driven upregulation of MMP-1 and ADAMTS-5, activat-
ing TLR2–NF-κB signaling and promoting early matrix 
degradation.[89]

Microbial factors, particularly C. acnes, have also been 
implicated in MC pathogenesis. In vitro and animal stud-
ies show that C. acnes induce Modic-like changes only in 
an inflamed milieu, supporting a dual-hit hypothesis.[33,34] 
Clinical reports confirm frequent C. acnes detection in 
MC1 tissues using polymerase chain reaction and culture 
methods,[94,95] and endplate injection of the bacterium 
has successfully reproduced MC2-like MRI changes in 
animal models.[71] However, conflicting evidence sug-
gests possible contamination during surgical sampling.[96] 
Recent microbiome analyses have expanded this perspec-
tive, revealing endplate microbial dysbiosis and altered 
fatty acid and tricarboxylic acid cycle metabolites in 
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MC patients.[97] Parallel gut microbiome studies show 
decreased short-chain fatty acid-producing bacteria and 
increased C‑reactive protein  and FABP5, implying a gut–
endplate–marrow axis linking systemic inflammation to 
MC development.[98]

Metabolic byproducts also impact structural integrity. 
Advanced glycation end products may alter collagen prop-
erties in the endplate via hydrogen bonding and biome-
chanical remodeling.[99] Systemically, a “hyporesponsive” 
inflammatory phenotype with suppressed TNF-α and IL-8 
but elevated IL-1sRII and HGF has been observed in MC 
patients, indicating adaptive immune modulation rather 
than persistent high-grade inflammation.[79] Moreover, an 
association between MC2 and vascular calcification sug-
gests that compromised nutrient supply may link systemic 
metabolic imbalance to local degenerative changes.[100]

4. Conclusions

MCs, a distinct radiographic phenotype within degen-
erative spinal disorders, represent a dynamic immu-
nopathological process that transcends the traditional 
“mechanical degeneration–structural failure” para-
digm. This review characterizes MCs as a progressive, 
phase-specific disorder of the bone–endplate–mar-
row interface, shaped by the interplay of innate and 
adaptive immune responses, fluctuating inflammatory 
states, and converging molecular pathways—includ-
ing complement activation, DAMP–TLR signaling, 
lipid raft–mediated cascades, and chemokine-driven 
recruitment.

In the initial inflammatory phase, endplate disruption 
and NP exposure break immune privilege and activate 
DAMP–TLR–NF-κB pathways, inducing infiltration by 
macrophages, neutrophils, and mast cells. This results 
in robust secretion of proinflammatory cytokines such 
as IL-1β, TNF-α, and IL-6—hallmarks of type I MC. 
Complement activation, particularly via C3a, C5a, and 
MAC, amplifies matrix degradation and nociceptive sen-
sitization. As inflammation evolves, reparative mecha-
nisms emerge. Type II MC reflects an immunosuppressive 
and fibrotic shift marked by M2 macrophages, Th2 cells, 
CD90⁺ MSCs, and increased IL-10, HGF, and IL-1sRII. 
In type III MC, vertebral sclerosis and endplate ossifica-
tion are driven by bone-resident macrophages and osteo-
genic mediators such as OSM and BMP-2.

Throughout this continuum, chemokines like IL-8, 
MCP-1, and CXCL10 coordinate immune cell migration 
and may serve as biomarkers of disease activity and ther-
apeutic response. Additional modulators—Raftlin, oxi-
dative stress metabolites, and Notch/HIF signaling—link 
MCs to broader metabolic dysfunction. In a subset of 
patients, low-virulence pathogens like C. acnes may con-
tribute to an “infectious-type Modic,” potentially respon-
sive to targeted antimicrobial therapy.

MCs should thus be redefined as a multiphase immuno- 
metabolic disorder. Future studies must clarify the molec-
ular and immunological signatures of MC subtypes to 

support the development of personalized, mechanism- 
based interventions beyond descriptive imaging.
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