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Abstract: Intervertebral disc degeneration (IVDD) is a major cause of low back pain and radicular pain, posing significant socio-
economic challenges. The intervertebral disc is traditionally viewed as immune-privileged. This privilege is maintained by physical
barriers and molecular factors such as Fas ligand. However, when these barriers are compromised, the nucleus pulposus (NP) can be
exposed to the immune system. Recent evidence underscores a critical role for immune cells, particularly macrophages, in IVDD
progression. This exposure can trigger an autoimmune response, leading to inflammation that aggravates dorsal root ganglion injury
and results in hyperalgesia and pain. This review aims to autoimmunity, adaptive immunity, and the origins of pain in I[VDD. We
conclude that understanding these immune mechanisms is crucial, as they reveal promising avenues for future targeted
immunotherapies.
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Introduction

Low back pain (LBP) is a pervasive global health issue and a leading cause of disability, imposing a substantial socio-
economic burden worldwide.! Intervertebral disc degeneration (IVDD) is one of the most common pathological drivers
of LBP, often leading to disc herniation, spinal stenosis, and radicular symptoms.” The management of LBP, including
cases stemming from IVDD, remains a significant clinical challenge, often requiring multifaceted approaches that include
physical therapy and rehabilitation.> IVDD is a prevalent degenerative condition that profoundly impacts patients’ quality
of life and functional capacity. Structurally, the intervertebral disc consists of the central nucleus pulposus, surrounded by
the annulus fibrosus, and capped by cartilage endplates on both superior and inferior surfaces.* The nucleus pulposus, as
the central component of the disc, is embedded within a gel-like matrix composed of type II collagen and proteoglycans,
playing an integral role in spinal function.

The annulus fibrosus, cartilage endplates, and ligamentous barriers protect the nucleus pulposus from immune
exposure.® Typically, these physical barriers prevent interactions between immune cells and the nucleus pulposus.
However, during intervertebral disc degeneration, damage to the superior and inferior cartilage endplates, rupture of
the annulus fibrosus, and exposure of the nucleus pulposus can trigger the autoimmune response.’ After nucleus pulposus
herniation, the immune exposure provokes a progressive infiltration of macrophages and other immune cells, initiating an
inflammatory cascade. The cartilage endplates, with no blood and lymphatic vessels, consist of a dense structure formed
by high concentrations of proteoglycans and resist cellular infiltration.* ' However, once damaged, these endplates
become the foci for immune cell chemotaxis and aggregation, leading to inflammation and disc degeneration, impacting
disease progression and prognosis.'!

Beyond the aforementioned blood-nucleus pulposus barrier, molecular immune barriers also play a pivotal role in the
immune privilege of the nucleus pulposus. The concept of a molecular immune barrier fundamentally involves the
exchange of substances and the relay of signals between the NP and external factors. The NP lacks vascular, lymphatic,

and neural components, yet these elements are prolific around the intervertebral disc’s outer regions, serving as the
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foundation for interactions between macrophages and the NP. Disruption in this communication can disturb the
equilibrium of the NP’s microenvironment, facilitating the attraction and invasion of macrophages. This process
indirectly fosters the development of vascular, lymphatic, and neural structures within the NP, culminating in the
compromise of its immune barrier.>'? Numerous factors influence the molecular immune barrier of the intervertebral
disc. The presence of immune exemption molecules, such as FasL, helps prevent immune cell infiltration.'>'*
Furthermore, systemic conditions like obesity, diabetes, and aging can compromise these immune barriers through
chronic, low-grade inflammation and metabolic dysregulation.'>2°

While the individual roles of inflammation and immune cells in IVDD are increasingly recognized,’*'*** a critical gap
remains in comprehensively integrating the crosstalk between innate and adaptive immunity, and linking these interac-
tions directly to the origins of discogenic pain. Current literature often treats macrophages, T cells, and neural
components in isolation, lacking a unified narrative. This review aims to fill this gap by synthesizing evidence into
a cohesive framework that delineates how the breakdown of immune privilege initiates a cascade involving macrophage
polarization and T helper cell responses, which collectively drive inflammation, matrix degradation, and neuro-immune
sensitization. By providing this integrated perspective, we seek to identify novel mechanistic insights and underscore the

translational potential of targeting specific immune pathways for the treatment of IVDD.

Structure and Immune Privilege of Intervertebral Disc

In humans, there exist 23 intervertebral discs (IVDs) between adjacent vertebrae, serving as cushions to absorb axial spinal
pressures and maintain spinal height, with each section harboring nucleus pulposus cell. The nucleus pulposus cells can
synthesize and secrete extracellular matrix components, thereby preserving the homeostasis of discs.>* The nucleus pulposus
predominantly contains type II collagen and abundant hydration, enveloped by a gel rich in proteoglycans. The annulus
fibrosus consists of 15-25 concentric cartilaginous lamellae encircling the nucleus pulposus and conferring substantial tensile
resilience to the disc. The outermost annulus obtains nutrients and facilitates metabolite exchange through peripheral
vasculature and capillary buds related to the vertebral bodies.** In the early stages of human life, the nucleus is primarily
populated by vacuolated notochordal cells and chondrocytes. As the disc matures, the number of notochordal cells progres-
sively diminishes, and the tissue remains mainly composed of chondrocyte-like cells.?

Nevertheless, the axial transportation via vascular buds of the endplates remains a pivotal pathway to nourish the
nucleus pulposus and annulus fibrosus.”® Oxygen and nutrients, such as glucose, diffuse from vascular buds to the
cartilaginous endplates to sustain the physiological activities of the nucleus pulposus cells. This avascularity, while
conferring immune privilege by limiting immune cell access, also renders the disc vulnerable to degeneration. The poor
clearance of metabolic waste products and the resulting low oxygen tension (hypoxia) can accelerate cell death, decrease
matrix production, and exacerbate matrix degradation, thereby contributing to the initiation and progression of IVDD.?’
Except for the lack of blood vessels, there exist high concentrations of proteoglycans and elevated physical pressure in
the disc microenvironment.?® Both factors inhibit vascular growth, consequently limiting immune cell infiltration.

Recent studies have unveiled that multiple molecular mechanisms maintain the immune privilege property of disc. For
instance, FasL, predominantly expressed on activated T lymphocytes within immune-privileged sites, can induce the
apoptosis of T lymphocytes and macrophages expressing Fas. The expression of FasL has been noted in healthy nucleus
pulposus tissue, suggesting its crucial role in preserving the immune privilege property of IVD."**° Under typical conditions,
nucleus pulposus cells emit FasL, leading to the programmed cell death of immune (like macrophages and CD8+ T cells) and
vascular cells. This action curtails angiogenesis and immune cell infiltration.***° In the IDD rabbit model, following nucleus
pulposus damage (achieved through disc puncture), there was a shift in FasL function within these cells, leading to its co-
expression with Fas, which consequently triggered apoptosis in disc cells.*' Additional studies have discovered that within the
intervertebral disc, the expression of Fas can be inhibited by lactoferrin (LTF), thereby ameliorating the progression of
intervertebral disc degeneration.*” One of the characteristics of IDD is reduced FasL expression and FasL dysfunction, leading
to an imbalance in the interaction between NP cells and immune cells. Certain regulatory factors, such as miR-155, may play
a role in this process.>® However, as the microenvironment changes, HIF-1a interacts with the hypoxia response element of
GAL-3 in nucleus pulposus cells, elevating GAL-3 levels and diminishing the immune barrier effect by FasL.>*
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Destruction of the Blood-Nucleus Pulposus Barrier Leads to Immune

Exposure

The annulus fibrosus, cartilaginous endplate, and immunosuppressive molecular factors together form the blood-nucleus
pulposus barrier (BNB), effectively isolating the NP from the host immune system. Damage to the BNB triggers an
autoimmune response in the NP, leading to various downstream cascade reactions.® As intervertebral discs degenerate,
the distinction between the annulus fibrosus and nucleus pulposus tissues becomes challenging to discern. This evident
loss of demarcation worsens with age as nucleus pulposus cells lose their gel-like morphology, becoming more fibrotic,
as a common characteristic of degeneration.”*® Another significant biochemical change during disc degeneration is the
loss of proteoglycans, which are essential for maintaining osmotic resistance, withstanding compressive loads, and
retaining disc hydration.’’° These notable changes in disc behavior, such as loss of water content and disc height,
profoundly affect other spinal structures, potentially compromising the physiological functions of the spine.

Immune cell infiltration primarily occurs upon the rupture of the annulus fibrosus and anterior and posterior long-
itudinal ligaments. The nucleus pulposus is rich in proteoglycans and type II collagen, which counteract axial loads and
evenly distribute spinal pressures.*” When localized stress or shear forces exceed the load-bearing capacity of the disc,
the nucleus pulposus tissue impacts surrounding structures, causing injury at the weakest points.

Furthermore, the integrity of the blood-NP barrier is also compromised by systemic metabolic and age-related factors. For
instance, in obesity, adipose tissue perpetually generates pro-inflammatory cytokines (eg, leptin, TNF-a, ILs), creating
a systemic inflammatory state that primes immune cells and weakens the disc’s molecular defence.'>'® Similarly,
a hyperglycemic environment in diabetes can directly impair NP cell metabolism and disrupt the local immune barrier.'”'®
Aging, characterized by immunosenescence and cellular senescence, alters the immune microenvironment, rendering the
senescent NP highly vulnerable to vascular, neural, and lymphatic ingrowth, thereby breaching its immune privilege.'**°

Notably, the posterior aspect of the annulus fibrosus is the most vulnerable part.*'** Johnson et al discovered that
proteoglycans in the human intervertebral disc inhibit the migration of endothelial cells, partly through glycosaminoglycan
side chains on the aggrecan monomer.* Nakazawa and Yamamoto et al identified that the chronic inflammatory state of the
intervertebral disc affects macrophages or macrophage-like cells, evidenced by increased expression of multiple macrophage
markers associated with degeneration, especially in defective, unhealthy regions around the cartilage endplate.****> Given the

4647 the acute immune infiltration following injury often fails to resolve

limited self-repair capabilities of the annulus fibrosus,
and may instead evolve into a state of chronic inflammation. This persistent inflammatory response, characterized by
continued immune cell activity and pro-inflammatory mediator release, creates a deleterious cycle that promotes extracellular
matrix degradation and impedes tissue regeneration. Consequently, this self-sustaining inflammatory microenvironment is
increasingly recognized as one of the core mechanisms underlying the progressive nature of intervertebral disc
degeneration.*®* The disruption of the blood nucleus pulposus tissue barrier induces autoimmunity and adaptive immunity

and promotes the infiltration of immune cells, especially macrophages, into the intervertebral disc.”® >

The Role of Innate Immune Response in the Progression of IVDD

Innate immunity, or non-specific immunity, is the first line of defense against pathogens. It is a rapid response system that
recognizes pathogens without previous exposure.” The initial line of defense against infections consists of neutrophils,
NK cells, monocytes/macrophages, and other innate immune cells along with chemokines and cytokines including
interleukins and tumor necrosis factor.>* The adaptive immune response encompasses the entire process where T and
B-lymphocytes are activated in response to foreign substances, proliferate, differentiate into effector cells, and exert
various biological effects. Effector molecules of the adaptive immune system promote the response of innate immunity
through positive feedback. In turn, innate immune response is an essential prerequisite for activating adaptive
immunity.”>>® In the field of intervertebral disc degeneration research, Wang et al discovered certain immune cells
implicated in IVDD degeneration via gene expression analysis, revealing that the infiltration of immune cells, such as
Tregs and macrophages, plays a role across the spectrum of IVDD degeneration pathology.’ Ling et al conducted single-
cell RNA sequencing on NP cells from patients with different stages of disc herniation and their gene set functional

enrichment analysis indicated that macrophage polarization significantly influences cellular metabolism regulation.’®
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Research has indicated that macrophages are capable of being recruited to and infiltrating the closed nucleus pulposus
within regions of the IVDD that are degenerating or have herniated. This infiltration significantly contributes to the
worsening of IVDD,*”? suggesting a pivotal role of macrophage activity in the progression of this condition (Figure 1).

After intervertebral disc degeneration, innate immune cells, especially macrophages, release inflammatory
cytokines.®® Studies have revealed that patients with disc degeneration had significantly higher amounts of basophils,
eosinophils, and monocytes/macrophages in their peripheral blood.®' Notably, monocytes serve as critical markers for
disease onset, progression, and resolution. They possess various pattern recognition receptors, activating pro-
inflammatory factors. These cells participate directly in phagocytosis, cytokinesis, or receptor-mediated cytokinesis,
and antigen presentation to T cells.> Moreover, in the degenerated intervertebral discs, monocytes gradually differentiate
into macrophages, intensifying the T-cell-mediated inflammatory response.

Macrophage Migration and Intervertebral Disc Degeneration

Macrophages exert their functional roles by migrating into the enclosed nucleus pulposus. Studies have shown that nucleus
pulposus, annulus fibrosus, and endplate cells constitutively express TLR4. The expression of TLR4 is modulated by its
ligands, such as LPS. Ligands binding to TLR4 initiate a cascade of signaling events upregulating pro-inflammatory
mediators, including TNF-a, IL-1p, IL-6, and migration inhibitory factor (MIF), which in turn suppresses the production of
extracellular matrix.®>%*

MIF is a highly-conserved cytokine with multifunctional properties involved in the recruitment and migration of
macrophages, leukocytes, and synovial fibroblasts. Several factors, such as TNF-qa, interferons, transforming growth
factors, and LPS can stimulate MIF expression by modulating TLR4 signaling.®*®* In addition to MIF, nucleus pulposus
cells secrete other key chemokines that facilitate macrophage migration. For instance, TNF-a and IL-1B can induce the
production of CCL3 via MAPK, NF-kB, and CCAAT-enhancer-binding protein pathways.** CCL3 binds to its receptor

CCRI1, promoting macrophage migration and subsequent inflammation.®> Similarly, CCL4 is significantly upregulated in

Nucleus pulposus (NP)

| < = \ —;)7 Annulus fibrosus (AF)
k & %Q,_ Blood vessels
/ S \T
Raal
U

Dorsal root ganglion (DRG)

End plate (EP) IL-4,IL-10
NP d'ehydratlon / IL-1B,TNF-a
AF fissures & = IFN-y.IL-12.1L-6.1L-13.IL-17
/ =Y,lL-12,1L-0,1L-15,1L-
o - 4? — ®
A oo ' f "
°® ® ®
& MI macrophage & M2 macrophage Tlymphocyte A Chemokines

Figure | The intervertebral disc and its surrounding tissues are invaded and grown into by nerves and blood vessels, the nucleus pulposus protrudes from the damaged
annulus fibrosus, and chemokines attract macrophages from the peripheral blood and tissue into the IVDD. M| polarized macrophages have the ability to secrete pro-
inflammatory molecules like TNF-o and IL- 1, which worsen IVDD. On the other hand, M2 polarized macrophages can secrete anti-inflammatory factors like IL-10 and IL-4.
Intervertebral disc degeneration is caused by a vicious cycle of persistent inflammation in IVDD, which increases ECM degradation and encourages macrophages to polarize
to M1 and produce additional pro-inflammatory chemicals (The MRI images of intervertebral disc degeneration are sourced from our research group’s laboratory).
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degenerated NP. Studies have shown that factors like Resistin, combined with TLR4 activation, can promote CCL4
expression via the p38-MAPK and NF-kB pathways, thereby enhancing macrophage migration.®®

Macrophage Polarization During Intervertebral Disc Degeneration

Macrophages, pivotal components of the innate immune response, extensively participate in pro-inflammatory and anti-
inflammatory processes and tissue remodeling through phenotypic transitions.®> In disc herniation, on the one hand,
macrophages are associated with a more robust inflammatory response and more severe disc degeneration. They are also
associated with the spontaneous regression of lumbar disc herniation. The high plasticity of macrophages can explain
these conflicting outcomes, as they exhibit a spectrum of functional phenotypes in response to varying environmental
stimuli.®®®” In response to acute injuries, macrophages swiftly shift from a pro-inflammatory phenotype (M1 type) to an
anti-inflammatory phenotype (M2 type).®® The functional plasticity of macrophages is central to their role in IVDD. They
can adopt a spectrum of activation states, broadly categorized into the pro-inflammatory M1 phenotype and the anti-
inflammatory or pro-reparative M2 phenotype, in response to local microenvironmental cues. The balance between these
phenotypes significantly influences the trajectory of disc degeneration.*'

M1 macrophages release various pro-inflammatory mediators, including TNF-a and IL-1.° TNF-a plays a central
role in several intracellular processes that lead to cell death.”” TNF-a released by M1 macrophages stimulates nucleus
pulposus cells to produce chemokines like CCL2 and CCL3. These chemokines, in turn, spurs IL-8 secretion. Both CCL2
and CCL3 can provoke CCR1+ and CCR2+ M1 macrophages, expediting their migration.”' The pro-inflammatory effects
of TNF-o and IL-1p are largely mediated through the activation of canonical signaling pathways, most notably NF-xB
and MAPK, which collectively lead to the expression of various mediators, including CCL4, and further amplify the
inflammatory cascade.’>”® IL-1p, a notable pro-inflammatory agent, is predominantly produced by M1 macrophages. In
M1 macrophages co-cultured with nucleus pulposus cells, HMGB1/MyD88/NFkB axis and NLRP3 pathway were
activated and induced IL-1B secretion.”* Zhang et al discovered that in activated M1 macrophages, there is an
upregulation of heat shock protein 90 and a downregulation of heat shock protein 70, which in turn activates the JAK2-
STAT3 pathway, along with the NF-kB and MAPK pathways, leading to a series of inflammatory responses.”” In
intervertebral disc degradation, the presence of M1 macrophages signifies a shift in the cellular milieu. Yang et al
highlighted that in intervertebral disc degeneration, the o, , and 6 isoforms of p38 MAPK are mainly expressed. NP cells
expressing p38 affect macrophage polarization by producing GM-CSF and IFNy. Of these, either P38a or p38b provokes
GM-CSF and IFNG secretion, shifting macrophages toward M1 polarization.”

M2 macrophages, known for their anti-inflammatory properties, functionally counteract M1 macrophages. M2
macrophages can phagocytose and remove tissue debris and apoptotic cells and they can suppress the apoptosis and
aging of nucleus pulposus cells induced by TNF-a.”””® IL-4 and IL-13 can prompt macrophages to polarize toward the
M2 type.”' M2 macrophages participate in Th2 response, mitigate inflammatory reactions and promote tissue remodeling
and repair, angiogenesis, and tumorigenesis.”” Li et al investigated the effects of conditioned medium from M2
macrophages on nucleus pulposus cells, identifying 975 upregulated genes and 930 downregulated genes. Among
these, the most significant KEGG pathway was the cell cycle, which mitigated the progression of intervertebral disc
degeneration.®® Liu et al demonstrated in vitro the promotive effect of M2c macrophages on the anabolic metabolism of
nucleus pulposus cells and found that M2c-derived exosomes improved ECM metabolic imbalance in IVDD through the
miR-124/CILP/TGF-B regulatory axis.®' Yang et al found that following DNMT1 silencing or overexpression of SIRTG6,
there was an overexpression of M2 macrophage-specific markers CD163, Arg-1, and MR, which provided protective
effects on the nucleus pulposus.”? Long et al used siRNA to inhibit the transcription of CHI3L1, confirming that the
CHI3L1 protein mediates the effects of M2a macrophages on NP cells.** Collectively, these functional attributes suggest
that the M2 phenotype plays a protective and reparative role in [IVDD. Consequently, we interpret these findings as
a strong rationale for exploring therapeutic strategies that promote M2 polarization. When macrophages are stimulated by
Th2-derived cytokines IL-4 and IL-13, they activate cell membrane surface receptor IL-4 receptor alpha (IL-4Ra) and
downstream JAK/STAT6 and PI3K/Akt signals, leading to M2 macrophage polarization.*® Besides IL-4 and IL-13,
several cytokines, such as IL-10, participate in M2 polarization by activating IL-10R/STAT3 pathway.** In addition, IL-
33, which is produced by Th2 cells, can also induce M2 polarization.®>*® Furthermore, JAK/STAT is a crucial regulatory
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pathway inducing macrophage polarization toward M1 and M2.®” STAT6 and STAT1 counteract each other. STAT1 and
Thl-mediated immune responses are associated with M1 polarization, whereas STAT6 and Th2 cell-mediated immune
responses are related to M2 polarization.®® STAT6 plays a crucial role in mediating the effects of IL-4 and IL-13 in the
M2 polarization of macrophages. IL-4 and IL-13 activate JAK1 and JAK3 through IL-4 receptor alpha (IL-4Ra),
resulting in the activation and translocation of STAT6, subsequently polarizing macrophages to the M2 type.*
A summary of the key characteristics and roles of M1 and M2 macrophages in IVDD, with supporting references, is
provided in Table 1.

Collectively, these studies suggest that the dynamic balance between M1 and M2 macrophage polarization is a critical
determinant in IVDD progression. M1 macrophages drive inflammation and tissue catabolism, while M2 macrophages
promote resolution of inflammation and tissue repair. The prevailing polarization state is regulated by a complex network
of cytokines and signaling pathways, notably the JAK/STAT axis. Therefore, understanding and therapeutically modulat-
ing this balance represents a promising strategy for mitigating IVDD. However, there are still many aspects of the
molecular mechanisms of macrophage polarization that need to be explored. Particularly, the effects of different subtypes
of Akt and various signaling pathways in macrophage polarization deserve further studies.

The Role of Adaptive Immune Response in the Progression of IVDD

The adaptive immune response, mediated by T and B lymphocytes, is activated upon exposure to NP antigens and plays
a decisive role in chronic inflammation and IVDD progression. The interplay between different T helper (Th) cell subsets
and their cytokine networks is critical. An imbalance skewed towards pro-inflammatory responses exacerbates disc
degeneration, while regulatory or anti-inflammatory responses may confer protection.>’:*?

After activation by NP tissue, T lymphocytes differentiate into subgroups, such as Thl, Th2, and Th17, each with
unique interactions and cytokine secretion.”® Thl and Th2 cells represent counterbalancing forces in IVDD immunity.
Th1 cells typically produce pro-inflammatory cytokines (eg, IFN-y, IL-2, IL-12) that activate macrophages and promote
cell-mediated immunity.lo’%*gs In contrast, Th2 cells secrete cytokines like IL-4, IL-5, IL-10, and IL-13, which stimulate
humoral immunity and generally suppress cellular inflammation.’®'° Critically, in IVDD, this balance is disrupted. The
interaction with macrophages surrounding a protruded disc amplifies the Th1 response while inhibiting the Th2 response,
leading to a net pro-inflammatory state that fuels degeneration and pain. This Thl-skewed response is further mediated
by immunoglobulin antibodies produced by plasma cells, which activate complement pathways and accumulate inflam-

matory cells at the site of injury.'”’

Th17 cells are the major source of pro-inflammatory cytokines, including IL-17A, TNF-q, IL-22, and IL-26.'%'% In
particular, increased IL-17A levels have been noted in degenerated and herniated IVD tissues. Activated by IL-23, Th17
lymphocytes primarily generate IL-17, which exacerbates inflammation through various pathways. Some of the aforemen-
tioned pathways are influenced by products such as IFN-y.' This interaction stimulates the production of other cytokines,
proteases, nitric oxide (NO), and prostaglandin E2 (PGE2).'% IL-17A upregulates nitric oxide synthase and cyclooxygenase-
2, enhances NO, PGE2, and IL-6 production.'® Significant populations of CD4" IL-17A" and CD4" CCR6" cells have been

found in IVD. Pene et al have suggested that CD4"~ CCR6" might be a characteristic cellular marker of IL-17-secreting

Table | Summary of Macrophage Phenotypes in Intervertebral Disc Degeneration

Feature MI Macrophages M2 Macrophages
Polarizing Signals IFN-y, LPS, GM-CSF”® IL-4, IL-13, IL-10, IL-332"83°85

Key Surface/Secreted Markers | CD86, iNOS, TNF-a, IL-1p, IL-6°*7* CD206, CD163, Arg-1, IL-10, TGF-$"*%°
Major Signaling Pathways NF-kB, JAK/STAT |, p38 MAPK’%73.7587 JAK/STAT6, PI3K/Akt, IL-10R/STAT 3838487
Primary Functions in IVDD ® Promote inflammation and ECM degradation®”’3 | ® Phagocytose debris and apoptotic cells”’

® Secrete catabolic factors (MMPs, ADAMTS)®° ® Suppress inflammation’®%°

70,78

® Induce NP cell apoptosis and senescence ® Promote tissue repair and ECM anabolism®'

® Enhance neuro-immune sensitization’>”'

Net Effect on IVDD Drive disease progression Promote resolution and repair
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cells.'® As disc degeneration progresses, substantial amounts of CCL20 are produced, attracting peripheral blood Th17 cells
expressing CCR6.'"7 After chemotactic migration to the lesion site, Th17 cells secrete multiple inflammatory cytokines,
forming an inflammatory milieu.'® IL-17A can also activate the JAK/STAT and PI3K/AKT pathways.'®*'% IL-17A
upregulates VEGF expression in NPs via the JAK/STAT pathway, promoting angiogenesis in disc lesions and mediating
immune and inflammatory responses.''® Conversely, IL-17A inhibits autophagy in NP cells through PI3K activation.
Autophagy is a protective mechanism in IVDD; thus, activating IL-17A/PI3K/AKT pathway, which inhibits autophagy,
might exacerbate disc degeneration.''" The key features and functions of the major T helper cell subsets discussed in this

section, with supporting references, are summarized in Table 2.

The Role of Neural-lmmune Interactions in the Pain-Producing Process
Inflammation, immune reactions, mechanical stress, and hypoxia trigger low back and leg pain by damaging spinal
tissues. And surgical procedures, such as discectomy or spinal fusion, inevitably cause tissue trauma, which can instigate
a pronounced adjacent inflammatory response.'**'*! This exposure triggers a robust local immune response, character-
ized by the infiltration and activation of macrophages and T cells, which in turn release a cascade of pro-inflammatory
cytokines such as TNF-o, IL-1p, IL-6, and IL-17.90:12%123

These cytokines play a dual role in the genesis of pain. First, they directly and indirectly sensitize sensory neurons
within the dorsal root ganglia (DRG), leading to hyperalgesia.”®! Second, they create a chemotactic and permissive
microenvironment that promotes the ingrowth of sensory nerve fibers from the DRG into the normally aneural regions of
the annulus fibrosus and even the nucleus pulposus.'** Key factors in this neurotrophic process include nerve growth
factor (NGF) and brain-derived neurotrophic factor (BDNF), whose levels are elevated in degeneration.lzs*127

Consequently, the initially immune-privileged disc is transformed into a pain generator. The confluence of persistent
inflammation (from immune cells), neuronal sensitization (in the DRG), and aberrant innervation (within the disc)
establishes a self-sustaining cycle of neuro-immune interaction that underlies chronic discogenic pain.”®'?%!1%°

This neuro-immune cascade is further amplified at the systemic level. Following nerve root injury or compression,
activated macrophages and T lymphocytes migrate to the affected DRG.'**'*! Here, macrophage-derived TNF-a
augments neurogenesis and intensifies DRG damage, leading to spinal pain hypersensitivity.'>* Similarly, products
from autoimmune lymphocytes, such as IFN-y and IL-17, enhance the production of inflammatory mediators like nitric
oxide (NO) and prostaglandin E2 (PGE,) in the disc, further fueling the inflammatory milieu.'?*'**'>* Beyond the
intrinsic pathophysiology of IVDD, iatrogenic factors can significantly modulate the local immune environment. Surgical
procedures, such as discectomy or spinal fusion, inevitably cause tissue trauma, which can instigate a pronounced
adjacent inflammatory response.'?"'*>'*® This postsurgical inflammation involves the release of pro-inflammatory
cytokines and chemokines, which can further sensitize dorsal root ganglia, promote neurite sprouting, and potentially
contribute to persistent postoperative pain. This underscores that the neuro-immune axis described herein can be
activated not only by degenerative processes but also by therapeutic interventions, highlighting the need for perioperative
anti-inflammatory strategies. An overview of these processes, highlighting the key interactions and pathways involved in

disc-related pain, is depicted in Figure 2.

Table 2 Summary of T Helper Cell Subsets in Intervertebral Disc Degeneration

Feature Thi Cells Th2 Cells Thi7 Cells

Polarizing Signals IL-12, IFN-y*3 IL-477 IL-6, TGF-B, IL-1, IL-23%'2

Key Effector Cytokines IFN-y, TNF-q, IL-2"'>'"3 IL-4, IL-5, IL-10, IL-13'0"!14 IL-17A, IL-17F |L-22'0"193

Primary Functions in IVDD | ® Activate macrophages ® Promote antibody production ® Drive potent neutrophilic and pro-
® Enhance cell-mediated immunity ® Typically suppress cellular immunity'®'"'' inflammatory responses''""'"”
® Assist B cell antibody production''>''® ® Inhibit NP cell autophagy'®

Major Signaling Pathways JAK/STAT I, STAT4%7!15 JAK/STAT6, GATA3®77 JAK/STAT3, RORyt!'8!1?

Net Effect on IVDD Pro-degenerative Anti-inflammatory/Protective (but maybe Pro-degenerative and Pro-nociceptive

insufficient)
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Figure 2 The figure illustrates how intervertebral disc-related pain is produced by the immune cascade. Upon breaching the immune barrier and being identified by the
immune system, the projecting nucleus pulposus triggers the activation and release of immune cells (CCL2/CCL3) into the bloodstream, which are then gathered at the NP
and DRG. Immune cells in NP and DRG tissues were stimulated concurrently by the release of inflammatory mediators (TNF-a, IFN-y, IL-1/6, etc) and inhibitory mediators
(TGF-B, IL-4/10, etc). Ultimately, inflammatory cytokines (IL-1/6, TNF-a, IFN-y, etc) are concurrently released by two distinct types of immune cells, activate sensory
neurons, and cause pain.

Conclusion

The rising prevalence of IVDD necessitates a shift from viewing it as a passive mechanical process to recognizing it as an
active, immune-mediated disorder. We propose that IVDD pathogenesis and discogenic pain are driven by a sustained
dysregulation between innate and adaptive immunity, characterized by an imbalance in M1/M2 macrophage polarization
and a skewed T-cell response favoring Th1/Th17 activity. This review identifies key therapeutic targets across this
immune network, spanning chemokine axes (eg, CCL3/CCR1), signaling hubs (eg, JAK/STAT, NF-kB), and effector
cytokines (eg, IL-17A, TNF-a). Consequently, the most promising therapeutic strategy appears to be the precise
recalibration of this immune response, rather than broad immunosuppression. It is important to acknowledge the
limitations of the current evidence. Our understanding relies heavily on data from animal models, and key mechanistic
insights await validation in human systems. The scarcity of clinical data directly linking these immune profiles to patient
outcomes remains a significant gap. However, future efforts aimed at therapeutically targeting this defined immune
circuitry may hold the key to achieving the dual goals of halting degeneration and alleviating pain.

Literature Search Strategy

A comprehensive literature search was conducted to identify relevant articles for this narrative review. Electronic databases
including PubMed and Web of Science were queried for publications from January 2000 to September 2025. The search
utilized a combination of the following key terms and their variants: (“intervertebral disc degeneration” OR “IVDD”) AND
(“immune response” OR “inflammation” OR “macrophage” OR “T cell” OR “autoimmunity”’) AND (“pain” OR “neuroin-
flammation” OR “dorsal root ganglion”) AND (“immunotherapy” OR “treatment”). The selection prioritized original research
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articles and high-impact reviews in English, encompassing both human and animal studies to provide a comprehensive

mechanistic overview.
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