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SUMMARY

The complexity of the human intervertebral disc (IVD) has hindered the elucida-
tion of the microenvironment and mechanisms underlying IVD degeneration
(IVDD). Here we determined the landscapes of nucleus pulposus (NP), annulus fi-
brosus (AF), and immunocytes in human IVD by scRNA-seq. Six NP subclusters
and sevenAF subclusters were identified, whose functional differences and distri-
bution during different stages of degeneration (Pfirrmann I-V) were investigated.
We foundMCAM+progenitor in AF, aswell as CD24+ progenitor andMKI67+ pro-
genitor in NP, forming a lineage trajectory from CD24+/MKI67+ progenitors to
EffectorNP_1/3 during IVDD. There is a significant increase in monocyte/macro-
phage (M4) in degenerated IVDs (p = 0.044), with M4-SPP1 exclusively found
in IVDD but not healthy IVDs. Further analyses of the intercellular crosstalk
network revealed interactions between major subpopulations and changes in
the microenvironment during IVDD. Our results elucidated the unique character-
istics of IVDD, thereby shedding light on therapeutic strategies.

INTRODUCTION

Intervertebral disc degeneration (IVDD) is considered the leading cause of neck and low back pain, which is

a major cause of disabling health conditions that cause a burden on global healthcare and a significant

impact on socio-economic development.1 The degeneration of the intervertebral disc (IVD) has been

observed as early as age 11, and IVD degenerative diseases are much more common in the aging adult

population.2 IVDD is believed to be caused by multiple factors, such as aging, obesity, environment/occu-

pation, and genetic inheritance.3 Even though IVDD is prevalent worldwide, the present clinical prevention

and therapeutic strategies, including both conservative therapies and surgical treatments, mainly focus on

symptomatic relief rather than re-establishing homeostasis and ameliorating the degeneration of the IVD.4

IVD is composed of the following three distinct components: the central gelatinous nucleus pulposus (NP),

circumjacent annulus fibrosus (AF), and cartilaginous endplate (CEP). IVD constitutes the fundamental

building block of the spine, mainly transmits and absorbs mechanical loadings onto the spine, and helps

to maintain a motional segment that allows flexion, extension, bending, and rotation.5 A healthy NP is a

highly hydrated tissue that is rich in proteoglycans. It distributes tensions and pressure evenly on the

AF.6 A healthy AF, including the inner AF and outer AF, is a highly organized fibrous structure consisting

of nearly 20 concentric lamellae of collagen fibers.6,7 IVDD is a complicated process that is driven by the

loss of viable disc NP and AF cells, activation of matrix-degrading enzymes, disorders of catabolism and

anabolism, and increase of inflammation.5,8 Early development of disc degeneration typically occurs in

NP.9 Degenerative NP is characterized by the apoptosis of NP cells, decrease in proteoglycan and collagen

II in the extracellular matrix (ECM), and gradual loss of its normal physiological ability to transmit pressure

and maintain the disc height of the spine.10 Degenerative AF shows AF cells degeneration and the content

change of collagen-I, collagen-II, and aggrecan, which results in highly disorganized lamellae fibers with

rim lesions, de-lamination, and radial fissures.11 With the progression of IVDD, vascular in-growth of the

disc increases the inflammatory cells infiltration and cytokines secretion.12

Recently, studies have reported the heterogeneity of IVD cells. Comparative microarray and bulk RNA-

sequencing (RNA-seq) have shown novel marker genes and phenotypes of NP and AF cells.13 Minogue
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BM et al. characterized the NP and IVD transcriptional profiles to differentiate between NP, AF, and artic-

ular cartilage cells.14 The NP cells are believed to be derived from the notochord cells, which are assumed

to be the precursors of all NP cells.15,16 Nucleus pulposus progenitor cells (NPPCs) were found to exist in

IVD because of the expression of stemness-related markers such as Sox2, Oct3/4, Nanog, and CD133.17

Besides, during the degenerated IVDs, infiltrated immune cells such as CD68+ macrophages (M4), neutro-

phils, and T lymphocytes (CD4+, CD8+) are present.18 Infiltrating immunocytes and inflammatory cytokines

play important roles in different grades of IVDD.5 However, the exact cell lineages in IVD and intercellular

interaction mechanisms underlying the progression of IVDD have not been completely elucidated.

Given the complexity and poor understanding of human IVDD, in the present study, we performed single-

cell RNA-sequencing (scRNA-seq) to identify various cell types and presented the landscapes of IVD during

the degeneration process. Through the high-precision and unbiased resolution for distinguishing cell pop-

ulations of scRNA-seq, we determined the heterogeneity of IVD and identified different cell subsets of NP

cells, AF cells, immunocytes, and their corresponding marker genes. We analyzed the various cell popula-

tions and their distribution in different degeneration grades. Importantly, we identified CD24+ progenitor

andMKI67+ progenitor in NP andMCAM+ progenitor in AF. Our results revealed cell lineage trajectories of

NP subpopulations during IVDD progression grades: stemming fromCD24+ progenitor or MKI67+ progen-

itor to EffectorNP_1 or EffectorNP_3. Furthermore, a total of nine macrophage subclusters were identified.

M4-SPP1 was not found in the healthy IVDs; however, it was increased in degenerated IVDs. Results sug-

gested important functions of M4-SPP1 in the tissue self-repair and inflammatory reactions during IVDD.

Finally, the Intercellular-crosstalk mechanism between major subpopulations and microenvironment

changes during the degeneration process was elucidated. Our results revealed a comprehensive land-

scape of NP cells, AF cells, and immunocytes in human IVD and laid a foundation for elucidating the bio-

logical mechanisms underlying IVDD. The present study provides potential diagnostic and therapeutic

markers and options for human IVD degenerative diseases.
RESULTS

Single-cell RNA-sequencing revealed cellular heterogeneous landscape in human

intervertebral disc

To define cell subtypes of human IVDs and determine genome-wide gene expression patterns, we initially

obtained 14 IVD tissues (Table S1), which included two healthy human IVDs (Pfirrmann I named D1) and 12

degenerated human IVDs (Pfirrmann II-V named D2-D5, respectively) for scRNA-seq on 10x Genomics

Chromium System (Figure 1A). We sequenced a total of 91145 individual IVD cells and retained 73562

IVD cells for subsequent analysis after extensive filtration.

A total of 4944 differentially expressed genes (DEGs) were found that identified human IVD cell populations

(Table S3). Eight putative cell clusters were identified in IVD samples (Figure 1B), including NP cells, AF

cells, immune cells, endothelial progenitor, erythrocytes, and three progenitor clusters of MKI67+ progen-

itor, MCAM+ progenitor, and CD24+ progenitor. The proportion and distribution of these cell clusters in

different degenerated grades of IVDs were shown in Figure 1C. Results showed that the proportion of

NP cells decreased and AF cells increased in D5 IVDs compared with those of D1-D4 IVDs (Figure 1C).

The immune cells were significantly increased in D5 IVDs (Figure 1C).

NP cells highly expressed chondrocyte-specific genes of COL2A1, ACAN, and ECM genes of COMP and

FMOD (Figure 1D and Table S3). AF cells highly expressed cartilage extracellular genes, namely

COL1A1, CRTAC1, ASPN, and matrix metalloproteinase (MMP) 2 (Figure 1D and Table S3). Immune cells

were identified in all degenerated grades by the markers of CD74, SRGN, LAPTM5, and HLA-DRA (Fig-

ure 1D and Table S3). The endothelial progenitor was also found in IVDs (Figure 1B), which was consistent

with previous studies.19 Endothelial progenitor highly expressed genes of PECAM1,CDH5,CD34, and KDR

(Figure 1D and Table S3). Erythrocytes were identified by genes ofHBA1 andHBB (Figure 1D and Table S3).

Additionally, we found three progenitor clusters. CD24+ progenitor and MKI67+ progenitor highly ex-

pressed the NP cell-associated genes of COL2A1, ACAN, COMP, and FMOD (Table S3), and were specu-

lated as NP cell progenitors. CD24+ progenitor highly expressed the signature markers of CD24 and

KRT19, and MKI67+ progenitor highly expressed MKI67 and CENPF (Figure 1D). The MCAM+ progenitor

highly expressed MCAM (Figure 1D) and AF cell-associated genes of COL1A1 and THY1 (Table S3).

Thus, it was speculated to be the progenitor of AF cells. The expression of some widely reported marker
2 iScience 26, 106692, May 19, 2023



Figure 1. Single-cell RNA sequencing analysis of human IVD cells

(A) Schematic workflow of the experimental strategy to isolate cells from human NP and AF for subsequent single-cell

RNA sequencing.

(B) Uni-form Mani-fold Approximation and Projection (UMAP) showing the single-cell transcriptomic landscape of human

IVD cells. Eight clusters were visualized.

(C) Distribution of cell clusters (defined in B) in human D1-D5 (Pfirrmann grade I-V) IVDs.

(D) The Signature gene expression of representative marker genes for cell clusters defined in B.
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genes of IVD cells was also detected (Table S3). Taken together, these results showed the overall pattern of

cell cluster landscape and transcriptome status of human IVDs at a single-cell level.

Identification of nucleus pulposus subpopulations and cell lineage trajectories during the

intervertebral disc degeneration process

To determine the heterogeneity of NP and functions of NP subpopulations during IVDD progression, we

performed PCA to cluster NP cells (Figure S1). The NP cells were divided into four parts (part 1-part 4) along

the axes of PC1 and PC2 according to Gene Ontology (GO) functions of ECM organization, notochord

development, inflammation, regulation of cell-cell adhesion, ossification, regulation of myeloid cell differ-

entiation and hemopoiesis (Figure S1A). Therefore, the part 1 cells were enriched in inflammation, part 2

cells were enriched in inflammation and ossification, part 3 cells were enriched in notochord development

and myeloid cell differentiation, and part 4 cells were enriched in ECM organization and notochord devel-

opment. The distribution of four parts in different degenerated grades of IVDs is shown in Figure S1B. The

proportion of cells in part 3 and part 4 decreased with IVDD progression. However, the proportion of cells

in part 1 and part 2 increased in the higher degeneration grade of IVD.
iScience 26, 106692, May 19, 2023 3



Figure 2. Identification of NP subpopulations and their distribution in different degeneration grades of human

IVD

(A) UMAP plot showing the single-cell transcriptomic landscape of human NP cells. Six subpopulations were identified.

(B) GO (gene ontology) functions of six NP subpopulations defined in A.

(C) Distribution of six NP subpopulations (defined in A) in human D1-D5 IVDs.

(D) Representative immunohistochemistry staining of signature markers of the indicated cell clusters in the NP from

human D1-D5 IVD tissues. Scale bar, 10 mm.

(E) Signature gene expression level of marker genes is shown for the six NP subpopulations defined in A.

(F) RNA velocity-based pseudotime analysis inferred from UMAP embedding of NP subclusters.

(G) Two cell lineage trajectories from CD24+/MKI67+ progenitor to HTNP based on slingshot pseudotime analysis.
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We further performed runUMAP no linear dimension reduction analysis to distinguish these four parts of

NP cells, which resulted in a total of six putative cell clusters (Figure 2A) of effector NP cells

(EffectorNP), homeostasis NP cells (HomNP), hypertrophic NP cells (HTNP), NPPC, and two progenitors

(CD24+/MKI67+ progenitor) mentioned previously. A total of 983 DEGs were found among the six NP sub-

clusters (Table S4 and Figure 2). The expression of representative markers for these cell clusters and heat-

map of the DEGs were shown in Figure S2. EffectorNP was enriched in ECM organization and cartilage

development (Figure 2B). HomNP focused on stress response to metal ion, unfolded protein, and detox-

ification of inorganic compound (Figure 2B). HTNP had the capacity of cellular response to external stim-

ulus and inflammatory reaction (Figure 2B). NPPC was enriched in chondrocyte differentiation, extracellular

structure organization, ossification, and some intracellular regulatory responses (Figure 2B). CD24+ pro-

genitors were enriched in protein synthesis, cellular pluripotency, and ECM metabolism (Figure 2B).
4 iScience 26, 106692, May 19, 2023
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Compared with CD24+ progenitors, MKI67+ progenitors were much more enriched in cell division and

multiplication, epithelial-mesenchymal transition (EMT), and inflammatory response (Figures 2B and S3).

The functional comparison and DEGs of CD24+ progenitor and MKI67+ progenitor were shown in

Figure S3.

The proportion and distribution of NP subclusters in different degenerated grades of IVDs were shown in

Figure 2C. No significant variation in the percentage of HomNP was found between different degeneration

grades (Figure 2C). However, the percentage of HTNP increased, but NPPC and EffectorNP decreased pro-

gressively as the IVDD grade increased, indicating that the inflammatory reaction increased, and ECM

metabolism and NP cell differentiation decreased in the degenerated IVDs. These results suggested

that HTNP plays an important role in the progression of NP degeneration. However, NPPC and

EffectorNP can regulate the NP-associated functions to inhibit the degeneration. Furthermore, we per-

formed immunohistochemistry assay of tissue sections from five patients (Pfirrmann grade D1-D5), and

confirmed the distribution tendency of NPPC and HTNP during IVDD (Figures 2D and 2E). Interestingly,

the two NP progenitors showed different trends during IVDD. The proportion of CD24+ progenitors was

considerably higher in D1 than in D2-5 (Figure 2C). However, the MKI67+ progenitor was significantly lower

in D1 than in D2-5 (Figure 2C). The immunohistochemical assay also confirmed these results (Figures 2D

and 2E). We further performed RNA velocity and Slingshot analysis to determine the relationship and

cell lineage trajectories of NP subclusters. As expected, results showed two trajectories from two progen-

itor clusters of CD24+/MKI67+ progenitor to HTNP (Figures 2F and 2G).

To further distinguish the differentiation pathways and how the lineage trajectories going from CD24+/

MKI67+ progenitor to HTNP, we divided NPPC into NPPC_1-3 subclusters, and EffectorNP into

EffectorNP_1-3 subclusters (Figure 3A). The GO functions and heatmap of DEGs of NPPC_1-3 and

EffectorNP_1-3 were shown in Figure S4. NPPC_1 cluster was enriched in ECM organization, chondrocyte

differentiation, and cartilage development. NPPC_2 cluster was enriched in protein/RNA synthesis and

ATP biosynthetic process. NPPC_3 cluster mainly focused on cell division and protein/RNA synthesis. Ef-

fectorNP_1 cluster was enriched in ECM organization, glycosaminoglycan biosynthetic process, and chon-

drocyte differentiation. EffectorNP_2 cluster regulated hemostasis and cell adhesion. EffectorNP_3 cluster

focused on aging, osteoblast differentiation, and bone mineralization. Furthermore, we performed Sling-

shot to find lineage by fitting minimum spanning trees based on NP clusters. We found four cell lineage

trajectories of NP subclusters: stemming from CD24+/MKI67+ progenitor to NPPC_2 and then to Effec-

torNP_1 or EffectorNP_3 (Figures 3B and 3C). As previously described, the proportion of CD24+ progenitor

was high in D1 and decreased progressively in D2-D5 (Figure 3D). The proportion of MKI67+ progenitors

was low in D1 and high in D2-D5 (Figure 3D). Through the gene set enrichment analysis, we found that

comparing with EffectorNP_3 cluster, the EffectorNP_1 cluster hadmore function of cartilage development

and glycosaminoglycan biosynthetic process (Figures 3E and 3F). These results predicted distinct differen-

tiation pathways from NP progenitors to EffectorNP clusters. In normal IVDs, CD24+ progenitors play

important roles. But in degenerated IVDs, MKI67+ progenitors can play important roles. The differentiation

pathways from progenitors can develop to EffectorNP_1 which had glycosaminoglycan biosynthesis and

cartilage development, or EffectorNP_3 which had more function of bone mineralization and aging. We

further compared the enrichment of different pathways in normal (D1), mild (D2-D3), and severe (D4-D5)

degenerated IVDs through pseudotime analysis. Consistent with the above results, the trajectories from

CD24+/MKI67+ progenitor to EffectorNP_1 was much more enriched in normal and mild degenerated

IVDs (Figures 3G and 3H). The trajectories to EffectorNP_3 were much more enriched in severe degener-

ated IVDs (Figures 3G and 3H).
Identification of annulus fibrosus subpopulations and cell lineage trajectories during the

intervertebral disc degeneration process

AF subpopulations were identified to determine the heterogeneity of AF and functions of AF subpopula-

tions in IVDD. A total of seven putative AF cell clusters (Figure 4A) were identified, including three empir-

ically defined populations of homeostasis AF (HomAF), InnerAF andOuterAF, and three other populations,

namely hypertrophic AF (HTAF), regulatory AF (RegAF), proinflammatory AF (proAF), andMCAM+ progen-

itor. A total of 2965 DEGs were found among the seven AF subclusters (Table S5). The heatmap of DEGs

was shown in Figure 4B. HomAF was enriched in collagen fibril metabolism and organization, response to

the metal ion, and maintenance of protein location (Figure 4C). HTAF preferentially responded to

decreased oxygen levels, hypoxia and tumor necrosis factor (TNF), and intrinsic apoptotic signaling
iScience 26, 106692, May 19, 2023 5



Figure 3. The trajectories of NP subclusters during the degeneration process of human IVD

(A) UMAP plot showing the subclusters of NP progenitors, NPPC and EffectorNP.

(B) Slingshot-based pseudotime trajectories inferred from UMAP embedding of NP sub-celltypes.

(C) Four possible trajectories from CD24+ progenitor or MKI67+ progenitor to EffectorNP_1 or EffectorNP_3 cluster

based on slingshot pseudotime analysis.

(D) Relative frequencies of CD24+ progenitor and MKI67+ progenitor in D1-D5 IVDs.

(E) GSEA showing enrichment of pathways between EffectorNP_1 and EffectorNP_3 cluster.

(F) Boxplot showing the expression levels of representative marker genes of EffectorNP_1 and EffectorNP_3 cluster

(p < 0.001, Wilcoxon test).

(G) The cell density distribution of pseudotime along trajectories from CD24+/MKI67+ progenitor to EffectorNP_1 or

EffectorNP_3 in normal (D1), mild (D2-3) and severe (D4-5) degenerated IVDs. (H) Boxplot showing the distribution of

differentiation trajectories in normal, mild, and severe degenerated IVDs (p < 0.001, Kolmogorov-Smirnov test).
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pathway (Figure 4C). RegAF was enriched in extracellular response and chondrocyte differentiation, and

proAF preferred signaling pathways of collagen metabolic process, ossification, and regulation of cell

adhesion (Figure 4C). The MCAM+ progenitor had the capacity for stem cell development and cell growth

and was defined as the progenitor of AF cells (Figure 4C). Consistent with previous reports on the spatiality

and morphology of AF,20 the InnerAF, highly expressing COL2A1 and ACAN, mainly focused on cartilage

development and collagen fibril organization (Figures 4C–4E). The OuterAF, highly expressing COL1A1

and MMP2, was enriched in ossification and bone development (Figures 4C–4E).

The distribution of AF subclusters in D1-D5 degenerated IVDs was shown in Figure 4F. No significant vari-

ation was found about HomAF, RegAF, and OuterAF. However, the percentage of HTAF and proAF was
6 iScience 26, 106692, May 19, 2023
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Figure 4. Identification of AF subpopulations and their distribution in different degeneration grades of human IVD

(A) UMAP plot showing the single-cell transcriptomic landscape of human AF cells. Seven subpopulations were identified.

(B) Heatmap showing the scaled expression of differentially expressed genes of AF subpopulations defined in A.

(C) GO (gene ontology) functions of seven AF subpopulations defined in A.

(D) Diagrammatic sketch of InnerAF and OuterAF.

(E) The expression level of curated feature genes for InnerAF and OuterAF on the UMAP map.

(F) Distribution of seven AF subpopulations (defined in A) in mild and severe degenerated human IVDs.

(G) Representative immunohistochemistry staining of signature markers of the indicated AF clusters in the mild (D2-3) and severe (D3-4) degenerated human

IVD tissues. Scale bar 10 mm.

(H) Boxplot of relative gene expression level of the indicated marker genes for the AF subpopulations defined in A.

(I) RNA velocity-based pseudotime analysis inferred from UMAP embedding of AF subclusters.

(J) Three cell lineage trajectories from MCAM+ progenitor to HTAF, proAF, or inner AF based on slingshot pseudotime analysis.

(K) The cell density distribution of pseudotime along trajectories from MCAM + progenitor to HTAF, proAF, or inner AF in normal, mild, and severe

degenerated IVDs.

(L) Boxplot showing the distribution of differentiation trajectories in normal, mild, and severe degenerated IVDs (p < 0.001, Kolmogorov-Smirnov test).
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increased, and the percentage of InnerAF was decreased gradually with IVDD progression (Figure 4F). We

then performed an immunohistochemistry assay to validate the distribution of major cell types in mild and

severe degenerated AF (Figure 4G). Results confirmed the existence of MCAM+ progenitor in AF

(Figures 4G and 4H). Compared with mild degenerated AF, InnerAF cells significantly decreased, and

HTAF increased in severe degenerated AF (Figures 4G and 4H). Our results suggested that ECM organi-

zation and cartilage development decreased, whereas ossification, immune response, and response to

extracellular environment increased in the degenerated AF.

We further investigated the relationship and cell lineage trajectories of AF subclusters through RNA veloc-

ity and Slingshot analysis. Three cell lineage trajectories of AF subclusters were found: stemming from

MCAM+ progenitor to HTAF, innerAF, or proAF (Figures 4I and 4J), indicating distinct differential pathways

of AF cells. As shown in Figures 4K and 4L, the trajectories fromMCAM+ progenitor to HTAF or proAF were

much more enriched in mild and severe degenerated IVDs, which inclined to hypoxia, apoptosis, ossifica-

tion, and inflammation. Consistent with the above results, the trajectory from MCAM+ progenitor to in-

nerAF was much more enriched in normal and mild degenerated IVDs (Figures 4K and 4L).

Taken together, the results of NP and AF subpopulations landscape and their distribution analysis revealed

a set of markers that can be used in combination to classify NP and AF cell phenotypes, and reconstruct the

cell-type lineage that recapitulates factors contributing to IVDD progression.

Identification of immunocyte subpopulations and functional definition during intervertebral

disc degeneration progression

Althoughpotential resident stem/progenitor cells,macrophages, T lymphocytes, andmast cells are associated

with the injury and healing environment of degenerated IVDs,20 the functions of immunocytes in human IVDs

have not been thoroughly studied. Here, immunocyte composition, functional states, developmental trajec-

tory, and intercellular interactions of immune cells in human IVDDwere explored and compared systematically.

We identified B cells (including plasma B cells, marginal zone B cells, translational B cells, andmemory B cells),

CD8 T cells (including memory CD8+ T cells, effector CD8+ T cells, and naive CD8+ T cells), neutrophils

(includingHAPLN1+progenitor,CMTM2+neutrophils, CAMP+neutrophils, andgraulocyte-monocyte progen-

itor), mast cells, plasmacytoid dendritic cells, and monocytes/macrophages were present in the IVDs (Fig-

ure 5A). A total of 3719 DEGs were found (Table S6). The proportion and distribution of the aforementioned

cells were significantly different in the degeneratedD2-D5 IVDs comparedwith the normal D1 IVDs (Figure 5B).

Mature normal IVD tissues are avascular and aneural.2 Vascularization in children consists of vessels across the

CEP into the AF; in adults, these vessels disappear, but a rich anastomotic network of vessels remains in the

periphery of the disc.21 The vascular network adjacent to CEP and outer AF provide exchanges of nutrients

andmetabolites for IVD.22As thediscbegins todegenerate, the cells synthesizeand release neurogenic factors

of NGF and BDNF that promote neural and vascular ingrowths into the disc tissues.23 These would explain the

obvious difference in immunocyte distribution between D1 and D2-D5 IVDs.

Remarkably, the percentage of monocytes/macrophages was significantly increased in degenerated IVDs

(p = 0.044, Figure 5B). Therefore, monocyte/macrophage subpopulations were further investigated and
8 iScience 26, 106692, May 19, 2023



Figure 5. Landscape of immune cells in human IVD and their distribution in different degeneration grades of IVD

(A) UMAP plot showing the single-cell transcriptomic landscape of immune cells. Six mian clusters were identified.

(B) Distribution of cell clusters (defined in A) in human D1-D5 (Pfirrmann grade I-V) IVDs.

(C) UMAP plot showing the nine subclusters of Monocyte/Macrophage.

(D) Distribution of subclusters (defined in C) in human D1-D5 IVDs.

(E) The relative frequencies of M4-SPP1 in human D1-D5 IVDs.

(F) Gene enrichment for subclusters (defined in C) in comparisons with the classical cell type M1 and M2 macrophage.

Bubble size represents the proportion of upregulated and downregulated genes of clusters based on the gene signature

on the x axis. The color of the circle represents the directional FDR. Red, enrichment of upregulated genes in the specific

cell subsets; blue, depletion of downregulated genes.

(G) Expression level of related genes for the classical M1 and M2 macrophage on the UMAP map. The color of the plots

represents the M1/M2 score. Redder color represents higher score.

(H) Multicolor immunofluorescence staining to validate the macrophage and M4-SPP1 in normal and degenerated IVD

tissues. Red represents CD68 staining of macrophage. Green represents SPP1 staining. Scale bar 20 mm.
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distinguished into nine subclusters (Figure 5C), namely M4-SPP1, M4-CCL3, M4-IL1B, M4-ERGE,

M4-NR4A2, M4-C1QA, Mono-HLA, Mono-CTSK, and Mono-CSTA. A total of 8064 DEGs was found

(Table S7). Further, we analyzed the percentage and distribution of these macrophage subclusters in

different degenerated IVDs. The D2-D5 IVDs showed increased percentages of M4-SPP1, M4-CCL3,

M4-NR4A2, and M4-C1QA (Figure 5D). Interestingly, M4-SPP1 was not present in the normal D1 IVDs,

whereas increased in D2-D3 IVDs and decreased in D4-D5 IVDs (Figures 5D and 5E). This indicated that

M4-SPP1 might play crucial roles in the mild degeneration grade. The enrichment of classical M1/M2

macrophage subsets showed that these macrophage subclusters simultaneously resembled the signatures

for M1 and M2 macrophages (Figures 5F and 5G). M4-SPP1 and M4-NR4A2 showed more anti-inflamma-

tion and tissue repair functions of M2 macrophages (Figures 5F and 5G), whereas M4-CCL3 showed

more pro-inflammation function of M1 macrophages (Figures 5F and 5G). We further performed an
iScience 26, 106692, May 19, 2023 9



Figure 6. RNA velocity analysis of Monocyte/Macrophage subclusters

(A) RNA velocities of Monocyte/Macrophage subclusters are visualized on the UMAP. The black circles were amplified showing the directional flow from

M4-SPP1 toward M4-CCL3 and M4-NR4A2.

(B) RNA velocities are visualized on the diffusion map projection of the continuous connection of M4-SPP1, M4-NR4A2, and M4-CCL3.

(C) GSEA showing enrichment of pathwaysdifference between M4-SPP1, M4-NR4A2, and M4-CCL3.

(D) Relative expression level of representative marker genes of M4-CCL3.

(E) The expression level of representative marker genes for M4-SPP1, M4-NR4A2, and M4-CCL3 visualized on the diffusion map.
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immunofluorescence assay to validate the distribution of macrophages and M4-SPP1 subcluster (Fig-

ure 5H). Results revealed that no macrophages were found in D1 IVD (Figure 5H). However, macrophages

and the M4-SPP1 subcluster infiltrated into degenerated IVD (Figure 5H).

RNA velocity analysis showed that M4-SPP1 exhibited a strong directional flow toward M4-CCL3 and

M4-NR4A2 (Figure 6A). A diffusion map of their global transcriptomes showed that M4-SPP1,

M4-NR4A2, and M4-CCL3 formed a continuum with distinct expression features (Figures 6B-6E). A clear

directional flow from M4-SPP1 toward M4-NR4A2 and then toward M4-CCL3 was observed (Figure 6B).

Comparing their expression gene set enrichment, high levels of the inflammatory factors of TNF-a and

interleukin 1-b were presented in M4-CCL3, and exhibited high inflammatory responses (Figures 6C-6E).

These results suggested that macrophages were inclined to play anti-inflammatory roles and tissue repair

functions in the mild degenerated IVDs, but then played more proinflammatory roles with IVDD

progression.

The cell-crosstalk reveals mechanisms of cellular interactions during intervertebral disc

degeneration progression

To further investigate the intercellular interactions between NP, AF, progenitors, and immune cells in hu-

man IVDD, we analyzed a cell-cell communication network using the CellChat R package on the basis of the

ligand-receptor interactions. For the comparative analysis, the degeneration grades of IVD were divided

into three groups: normal (D1), mild (D2, D3), and severe (D4, D5). The DEGs regulated by ligands in the

different subclusters of IVDD grades are listed in Table S8. Compared with D1, the results of bidirectional
10 iScience 26, 106692, May 19, 2023



Figure 7. Overview of the intercellular crosstalk networks among NP cells, AF cells, progenitors, and immune cells in the degeneration process of

human IVD

(A) Overview of the intercellular crosstalk networks among NP, AF, progenitors, and immune cells in normal (D1), mild (D2-3), and severe (D4-5) degenerated

IVDs. Dots indicate cell clusters. The thickness of the directed line indicates the relative quantity of significant ligand-receptor pairs between any two pairs of

cell clusters. Red represents the interaction amounts increased. Blue represents the interaction amounts decreased.

(B) Diagrammatic sketch showing the crosstalk interactions of major cell clusters and microenvironment changes in different degeneration grades of IVDs.
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signaling interactions and the ligand-receptor interaction strength in mild and severe degenerated IVDs

revealed the presence of much more regulated cellular communications (Figure 7A and Figure S5). These

results suggested that the intercellular interactions became more frequent, and the microenvironment in

the IVD became more complex with the increasing IVDD grades. To explore changes in the microenviron-

ment during IVD degradation, we focused on the intercellular interactions between major cell clusters that

are mentioned above. The GO functions regulated by other subcluster ligands in different IVDD grades are

shown in Figure S6. Taking together our previous results, the crosstalk interactions of major cell clusters

and microenvironment changes in different degenerated grades of IVDs are shown in Figure 7B.

In the normal IVD, NP cells were enriched in ECM organization, chondrocyte differentiation, and cartilage

development, whereas AF cells were enriched in ECM organization, cartilage development (Figure S6). The

NP and AF cells showed the homeostasis of aging and renewal (Figure 7B). Simultaneously, CD24+ progen-

itor was enriched in ECM organization and cell homeostasis, MKI67+ progenitor responded to the environ-

ment and hemopoiesis, and MCAM+ progenitor was associated with cell stemness (Figures 7B and S6).

Considering that the healthy adult IVD is almost entirely avascular, the microenvironment of NP and AF

in the IVD was in homeostasis.

In the mild-degenerated IVDs, the NP cells were preferably involved in intercellular interactions of vasculo-

genesis and macrophage activation, but less involved in collagen fibril organization and chondrocyte dif-

ferentiation (Figure S6). The AF cells were preferably involved in vasculogenesis and ECM disassembly, but
iScience 26, 106692, May 19, 2023 11
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less involved in bone morphogenesis and cartilage development (Figure S6). These revealed that inflam-

matory responses were increased, and cell self-renewal was decreased in the mild degenerated NP and

AF (Figure 7B). As mentioned earlier, macrophages infiltrated into IVD tissues, and M4-SPP1 emergence

exhibited tissue repair functions in the microenvironment of the IVD; CD24+/MKI67+ progenitors were en-

riched in cartilage development and ossification; MCAM+ progenitor was enriched in endochondral ossi-

fication, and response to transforming growth factor b (Figures 7B and S6).

In the severe-degenerated IVDs, the cellular communications between NP cells, AF cells, immune cells, and

progenitors were significantly increased (Figure 7A). The regulated GO functions revealed that ECM orga-

nization in the NP cells was decreased, and chondrocyte differentiation disappeared (Figure S6). NP cells

were involved in the extrinsic apoptotic signaling pathway and response to biotic stimulus, and AF cells

were involved in the regulation of the apoptotic signaling pathway and the regulation of angiogenesis (Fig-

ure S6). CD24+ progenitor was associated with the positive regulation of leukocyte migration and bone

mineralization; MKI67+ progenitor was associated with the positive regulation of lymphocyte activation,

response to TNF, and EMT; MCAM+ progenitor was enriched in ossification, the regulation of vasculature

development, and response to TNF (Figure S6). The immune system was further activated by increased in-

flammatory reactions and M4 response to TNF (Figure 7B).
DISCUSSION

As degenerative IVD disease (DDD) prevalence is common, finding effective and innovative treatment for

preventing or reversing IVDD and improving the clinical outcomes for patients is important.24 An in-depth

understanding of the biological basis and pathophysiological process of IVDD is needed to explore new

treatment strategies.25 However, the homeostasis and microenvironment of IVD have not been completely

elucidated because of its complex multifactorial process and cellular heterogeneity. In the present study,

we investigated the NP and AF of IVD at different Pfirrmann grades at a single-cell resolution on the basis of

comprehensive IVD samples. We identified cell markers and signatures for verifying each hypothesized

subcluster of NP and AF. We identified subclusters of NP and AF and presented their distribution in

different IVD grades. Notably, we found CD24+/MKI67+ progenitor in NP and MCAM+ progenitor in AF,

forming a lineage trajectory from CD24+/MKI67+ progenitor to EffectorNP_1/3 during IVDD. We revealed

distinct subpopulations of immune responders in different grades of IVD. Interestingly, we found a signif-

icant increase in monocyte/macrophage (M4) in degenerated IVDs, with M4-SPP1 exclusively found in

IVDD but not healthy IVDs. RNA velocity revealed a clear directional flow from M4-SPP1 toward

M4-NR4A2 and M4-CCL3. These results suggested an important role of M4-SPP1 in tissue self-repair

and inflammatory reactions during IVDD. Finally, the intercellular crosstalk network revealed interactions

between major subpopulations and changes in the microenvironment during IVDD. Our study extends

the findings of distinguishing molecular and cellular features of IVD and further extends the in-depth un-

derstanding of cellular heterogeneity and microenvironment interactions during IVDD, shedding light

on therapeutic strategies for human DDD.

Recently, several studies have reported the cellular composition and heterogeneity of NP and AF at the

single-cell level.26–28 However, due to the complex IVD structure, the precise description of cell popula-

tions and microenvironment interactions based on unbiased samples during human IVDD progression is

yet to be studied. In the present study, apart from NP and AF cells, immune cells and endothelial progen-

itor cells were also found in the IVDs. Besides, the proportion of immune cells was increased in the severe

degenerated IVDs. Mature disc tissues are normally avascular and aneural.29,30 As the disc begins to

degenerate, changes in tissue integrity allow for increased vascularity and neural in-growth into the disc

during IVDD progression, which becomes a source of inflammatory reactions and peripheral neuropathy

producing pain, weakness, and numbness.29 Our findings suggested that inflammation and neural in-

growths play important roles in IVDD and pathophysiological progression. Immune cells and endothelial

progenitor cells were also found in D1 IVDs, because that the D1 samples were obtained from two

6-and 7-year-old children (Table S1), and the vascular channels were present in the AF of children and grad-

ually disappeared after adulthood.30

The healthy NP is a gelatinous and highly hydrated structure consisting of NP cells and ECM.2 NP cells are

chondrocyte-like cells that are derived from embryonic notochordal cells.3 ECM mainly consists of proteo-

glycans, collagens, and aggrecan. During degeneration, NP cells transit to nuclear chondrocytes with a

decrease in proteoglycan synthesis and an increase in inflammatory cytokines expression, and ECM transit
12 iScience 26, 106692, May 19, 2023
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from proteoglycans and collagen type II to a more fibrous tissue primarily consisting of collagen type I.31

Although studies have reported the single-cell transcriptome profiling of NP, the distribution of NP sub-

clusters and cell lineage development during IVDD progression remains undefined.32,33 In the present

study, six NP subclusters were identified. We found two major clusters of HomoNP and EffectorNP, playing

NP-subjective functions of ECM organization and cartilage development. NPPC had capacities similar to

notochordal cells and showed a high proportion in the D1 IVDs and gradually decreased with IVDD.

HTNP, enriching for response to inflammation, presented a gradual increase from D1 to D5 IVDs, which co-

incides with the inflammation in IVDD. Interestingly, we found two NP progenitors, CD24+ progenitor that

has been reported in previous studies,3 and a cluster of MKI67+ progenitor that was remarkably capable of

cell division. Consistent with previous studies, the percentage of CD24+ progenitor decreased significantly

with IVDD progression.34 MKI67+ progenitor showedmore characterization of EMT, G2/M checkpoint, and

inflammatory responses. EMT is involved in tissue damage repair and the development of tissue fibrosis.35

Thus, MKI67+ progenitor was hypothesized as a subcluster contributing to the self-repair of inflammation-

related NP tissues. The functional characteristics and mechanism of MKI67+ progenitor and EMT in IVDD

need further investigation. Importantly, we found four cell lineage trajectories originating from CD24+ or

MKI67+ progenitor to EffectorNP_1/3. The trajectories from CD24+/MKI67+ progenitor to EffectorNP_1

were much more enriched in normal IVDs, and the trajectories to EffectorNP_3 were much more enriched

in severe degenerated IVDs. Our data suggested that NP subclusters were inclined toward ossification dif-

ferentiation and inflammatory responses with the severity of IVDD. These results suggested potential tar-

geted pathways of prevention and intervention therapy for DDD.

AF comprises outer AF and inner AF and functions to contain NP and maintain NP pressurization under

compressive loads.36 The outer AF contains fibroblast-like, thin, and elongated cells, whereas the inner

AF cells are spherical and appear similar to articular chondrocytes.36 During IVDD, cell type, matrix compo-

sition, and the microstructure of outer AF and inner AF exhibit serial changes, accompanied by cracks and

fissures in the AF, innervation, and vascularization.37 However, the heterogeneity and changes in AF cells

during degeneration are barely well-documented. In the present study, we identified six subclusters and

described changes in them during IVDD. The proportion of inner AF subclusters was high in the D1 IVDs

and progressively declined with IVDD. HTAF and proAF, mainly enriched in inflammation response and

vasculature development regulation, were remarkably low in D1 IVDs and gradually increased with

IVDD. These results were consistent with previous studies about the inflammatory response and fibrocar-

tilaginous metaplasia of AF during IVDD.23 MCAM is regarded as a classical surface marker of mesen-

chymal stem cells. Notably, MCAM+ progenitor, highly expressing MCAM, ACTA2, MYL9, and TAGLN,

was identified in AF. The trajectory fromMCAM+ progenitor to innerAF was much more enriched in normal

and mild degenerated IVDs. Whereas, trajectories from MCAM+ progenitor to HTAF or proAF were much

more enriched in mild and severe degenerated IVDs. MCAM+ progenitor was capable of cell differentia-

tion, proliferation, and stem cell characteristics, providing a potential treatment strategy against AF injury

and IVDD.

Several studies have highlighted the important roles of proinflammatory mediators and inflammation re-

sponses during IVDD.23,38 Upon degeneration, NP and AF become inflamed, and this inflammatory milieu

is associated with a cascade of degenerative events that may eventually result in discogenic pain in pa-

tients.23,38 However, the landscape of immune cells and their relationship in the development of IVDD

have not been completely understood. Here we presented a comprehensive landscape of immunocytes

in IVD, where B cells, CD8 T cells, mast cells, monocytes/macrophages, neutrophils, and plasmacytoid den-

dritic cells were identified. The percentage of macrophages in D1 was low but remarkably increased in the

degenerated IVDs, which caught our attention. Macrophages exist around the degenerated endplate, the

outside area of the AF, and in the inner AF and NP.39,40 We distributed macrophages into nine subclusters.

The proportions of M4-CCL3, M4-NR4A2, and M4-SPP1 were significantly increased in the degenerated

IVD. Interestingly, M4-SPP1 was exclusively found in IVDD but not healthy IVDs. RNA velocity confirmed

the directional flow from M4-SPP1 to M4-CCL3 and M4-NR4A2, indicating M4-SPP1 as an inflammatory

regulator during IVDD and tissue self-repair. Yang et al. reported that infiltrating macrophages interacted

with native disc cells leading to increasingly inflammatory conditions and promoting catabolism.41 The

spontaneous resorption of herniated IVD has been discovered in clinical cases.42,43 Based on the capacity

of proinflammatory response and phagocytosis, macrophages are involved in the resorption of herniated

disc tissues.44 The polarization capacity of M4-SPP1 to M4-CCL3 and M4-NR4A2 indicates its potential

functions in spontaneous hernia resorption.
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The healthy and degenerated IVDmicroenvironment are distinct, which affect both the viability and biolog-

ical activity of resident disc cells and exogenous cells.45 In particular, studies have highlighted the major

role of numerous proinflammatory mediators and immune cells not only in inflammation but also in

IVDD development in general.37,46 However, biological interactions between native disc cells and IVD

microenvironment, and how they affect IVDD progression are still less well-documented. Therefore, we

further explored cell communication between NP cells, AF cells, progenitors, and inflammatory cells

both under the healthy and degenerated disc microenvironment. Interestingly, the intercellular communi-

cations between these cells were progressively increased and inclined toward inflammatory responses and

ossification with IVDD progression. Based on our results, together with previous studies, we proposed a

degenerated model of IVD. In a healthy IVD, NP cells, AF cells, and progenitors are in a circulation state

of spontaneous aging and renewing with the immune microenvironment in balance. The IVD is in a homeo-

stasis state. In the onset or mild degeneration of IVD, the immune system gets activated, and the cellular

interaction between native disc cells and the microenvironment increases. The NP and AF cells are in a re-

newing and inflammatory response state. In the severe degenerated IVD, the immune microenvironment

significantly worsens, leading to an imbalanced microenvironment, and the cellular interaction between

native disc cells and the immune system further increases. The cellular interactions are enriched in inflam-

matory responses, bone mineralization, ossification, and apoptosis. The IVD reaches an imbalanced state.

This model can be used to improve the knowledge of cell communications and mechanisms that correlate

IVD microenvironment and degeneration, providing possible ideas for DDD treatment. However, the

cellular interactions and mechanisms need to be further confirmed and elucidated in future studies.

To conclude, our study not only presented the landscape and heterogenicity of IVD at a single-cell resolu-

tion but also presented the changes and development in the major subclusters in both healthy and degen-

erated IVDs. Moreover, we revealed distinct subpopulations of immune responders in different degener-

ation grades of IVD and investigated cell communications between the NP, AF, and microenvironment

during IVDD. Our findings expand our knowledge of the biological basis and pathophysiological process

of IVDD, opening possibilities for re-establishing IVD homeostasis to prevent degeneration. These findings

will help develop improved diagnostic and treatment strategies against DDD.
Limitations of the study

Due to its special structure and physiological function, the degeneration of IVD has been found to be closely

related to spatial structure and biomechanics. Spatial chondrocyte organization was found to be a strong indi-

cator for local tissue degeneration in the IVD.47 The different biomechanical distribution in IVD forming a me-

chanical environment of cells, which is important for cell biological functions.6 Although our study found the

intercellular communications between cell subpopulations and biological microenvironment variations during

the IVDD progression, the distribution of subclusters and cellular biological functions at different spatial loca-

tionwithin IVDhavenotbeenelucidated. Integratingspatialwhole-transcriptomic andsingle-cell transcriptom-

ics analysis of human IVD during the degeneration need to be further explored in future studies.
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9. Vadalà, G., Russo, F., Battisti, S., Stellato, L.,
Martina, F., Del Vescovo, R., Giacalone, A.,
Borthakur, A., Zobel, B.B., and Denaro, V.
(2014). Early intervertebral disc degeneration
changes in asymptomatic weightlifters
assessed by t1rho-magnetic resonance
imaging. Spine 39, 1881–1886. https://doi.
org/10.1097/BRS.0000000000000554.

10. Xi, Y., Ma, J., and Chen, Y. (2020). PTEN
promotes intervertebral disc degeneration
by regulating nucleus pulposus cell
behaviors. Cell Biol. Int. 44, 583–592. https://
doi.org/10.1002/cbin.11258.

11. Chu, G., Shi, C., Lin, J., Wang, S., Wang, H.,
Liu, T., Yang, H., and Li, B. (2018).
Biomechanics in annulus fibrosus
degeneration and regeneration. Adv. Exp.
Med. Biol. 1078, 409–420. https://doi.org/10.
1007/978-981-13-0950-2_21.

12. Cunha, C., Silva, A.J., Pereira, P., Vaz, R.,
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw scRNA-seq data of IVDD samples This paper. GSA: PRJCA014236

Antibodies

Antibodies of immunohistochemistry assay see Table S2 This paper. N/A

Software and algorithms

cellranger 10x Genomic https://support.10xgenomics.com/single-cell-gene-expression/

software/pipelines/latest/installation

STAR Dobin et al.48 https://github.com/alexdobin/STAR

Seurat Hao et al.49 https://satijalab.org/seurat

DoubletFinder McGinnis et al.50 https://github.com/chris-mcginnis-ucsf/DoubletFinder

Harmony Korsunsky et al.51 https://github.com/immunogenomics/harmony

clusterprofiler Wu et al.52 https://github.com/YuLab-SMU/clusterProfiler

slingshot Street et al.53 https://github.com/kstreet13/slingshot

velocyto La Manno et al.54 http://velocyto.org

Velocyto.R La Manno et al.54 https://github.com/velocyto-team/velocyto.R

CellChat Jin et al.55 https://github.com/sqjin/CellChat

nichenetR Browaeys et al.56 https://github.com/saeyslab/nichenetr
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dandan Wang, E-mail: ddwang@sdfmu.edu.cn.
Materials availability

This study did not generate new unique reagents.

Data and code availability

d Raw scRNA-seq data of all samples were uploaded to the Genome Sequence Archive (GSA) of the Na-

tional Genomics Data Center (PRJCA014236), which are publicly accessible at https://ngdc.cncb.ac.cn/

gsa-human.

d Scripts for data analyses in this study have been uploaded to Github (https://github.com/Mpaperlee/

IVDD_ana).

d Any additional information required to analysis data reported in this paper is available from the lead con-

tact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human IVD tissue specimens

A total of 14 surgical specimens of human NP and AF tissues were obtained from patients who required

discectomy for scoliosis (n = 2, Pfirrmann grade I), lumbar disc herniation and spondylolysis (n = 12, Pfirr-

mann grade II–V). The cases of all included participants were confirmed with magnetic resonance imaging

(MRI) according to the Pfirrmann grading system before surgery.57 The clinical characteristics of the pa-

tients are listed in Table S1. All specimens were immersed in tissue storage solution (Miltenyi Biotec) imme-

diately and were then sent to Berry Genomics Co. Ltd. for subsequent scRNA-seq. Tissue samples used for
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immunohistochemistry and immunofluorescence were obtained from five other patients who required

percutaneous endoscopic discectomy for lumbar disc herniation (Pfirrmann grade I–V). This study was

approved by the Ethics Committee of Shandong First Medical University and Shandong Academy of Med-

ical Sciences (ethical approval document number R202204290100). Informed consent was obtained from all

participants included in the study.
METHOD DETAILS

Single-cell RNA sequencing

Human IVD scRNA-seq libraries were prepared using the Chromium Single Cell 3ʹ Reagent Kits v3 (10x Ge-

nomics) according to the manufacturer’s protocols. Briefly, the cells were washed with 0.04% bovine serum

albumin (BSA) Dulbecco’s phosphate-buffered saline (PBS) three times and then resuscitated to a concen-

tration of 700–1200 cells/mL (viability R85%). A single-cell gel bead in the emulsion was generated by

combining barcoded Single Cell 3ʹ v3 Gel Beads, a Master Mix containing cells, and partitioning oil onto

chromium chip B. The gel beads were dissolved immediately, and cell lysate was mixed with the primer

that contains an Illumina TruSeq Read 1 (Read 1 sequencing primer), 16 nucleotide (nt) 103 Barcode,

12 nt unique molecular identifiers (UMI), 30 nt poly (dT) and reverse transcription reagents. Barcoded,

full-length complementary DNA (cDNA) was amplified by a polymerase chain reaction to generate suffi-

cient mass for library construction. For gene expression library construction, 50 ng of amplified cDNA

was fragmented and end-repaired, and double-size was selected with SPRIselect beads. After quality con-

trol, the libraries were sequenced on an Illumina NovaSeq 6000 platform to generate 150-bp paired-end

reads, according to the manufacturer’s protocols (Berry Genomics).
Immunohistochemistry and immunofluorescence assay

The tissue sections were deparaffinized with dimethyl benzene and rehydrated with gradient ethanol

accordingly. The slides were boiled in antigen retrieval buffer containing 0.01 M sodium citrate-hydrochlo-

ric acid (pH = 6.0) for 15 min. After rinsing with PBS, the slides were rinsed in 3% peroxidase quenching so-

lution (Invitrogen), and then 3% BSA (Servicebio, China) to block endogenous peroxidase. After washing

with PBS, the slides were incubated with primary antibody (Table S2) at 4�C overnight. After washing,

the slides were incubated with a biotinylated secondary antibody (Zhongshan Golden Bridge Biotech, Bei-

jing, China) at room temperature for 30 min. The visualization signal was developed using 3, 30-diamino-

benzidine (DAB) solution. All slides were then counterstained with hematoxylin for 15 min. The slides

were finally observed, and images were captured using an inverted fluorescence microscope (ZEISS, Ober-

kohen, Germany).

For immunofluorescence assay, after incubating with primary antibody (Table S2) overnight, the slides were

treated with horseradish peroxidase (HRP)-conjugated secondary antibody (Servicebio, China) at room

temperature for 50 min. After washing, the slides were treated with tyramide signal amplification (Service-

bio, China) for 10 min. The slides were then washed extensively with PBS, stained with 40,6-diamidino-2-

phenylindole, and images were captured using a laser scanning confocal microscope (NIKON, Japan).
QUANTIFICATION AND STATISTICAL ANALYSIS

Processing scRNA-seq raw data

The Cell Ranger software (10x Genomic) was used for alignment and quantification of each sample’s

scRNA-seq raw data. In brief, 10x cell barcodes and UMI were extracted and adjusted for each record.

GRCh38 human genome was used as a reference genome to align reads by STAR.48 For quality control,

DoubletFinder50 was used to remove doublet. Seurat49 was used to filter out cells with less than 200 genes

and more than 10% mitochondrial gene expression. The high-quality count matrix was generated. Top

2000 high-variable genes generated by FindVariableGenes were used to perform principal component

analysis (PCA) with default parameters. We integrated all samples using Seurat and removed batch effects

in all data sets using the Harmony R package51 by default parameters. After determining the k-nearest

neighbors of every cell, the cells were classified into different clusters. The FindClusters function was per-

formed to cluster cells based on the Louvain algorithm. No linear dimension reduction was performed (run-

UMAP function) based on cell embedding extracted from harmony results. The cell types were identified

according to the marker genes based on FindAllMarkers function (min.pct = 0.25, test.use = MAST58).
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Pseudotime and RNA velocity

To determine the cell lineage of subclusters, Slingshot53 was used to find lineage by fitting minimum span-

ning trees based on clusters through the getLineages function. After constructing the smooth lineages, we

inferred the pseudo time of each cell by fitting the principal curves through the getCurves function. The

spliced reads and unspliced reads for each gene in every cell were re-counted by velocyto.54 Output matrix

was delivered to velocity.R R package. We calculated the velocity of each cell on every gene. The velocity

was projected on Uniform Manifold Approximation and Projection (UMAP) embedding that was extracted

from Seurat.
Single-cell communication

The cell-cell communication network was identified by the CellChat R package as previously described.55

The cellular communications between different degeneration grades in IVD were analyzed. Briefly, we

construct cellchat object base on the expression matrix and meta information from Seurat by using crea-

teCellChat function. Then, merge cellchat object of different grade sample by mergeCellChat function. Af-

ter these, we use compareInteractions to compare different interactions between different grades and net-

Visual_diffInteraction function to visualize results.

The nichenetR R package56 was used to identify the changes in the downstream genes caused by ligand-

receptor interactions. We used nichenet_seuratobj_aggregate function to get the downstream genes

based on Seurat object. The function analysis the differential expression genes between grades of target

cluster (set by reciver parameter) regulated by source clusters (set by sender parameter, here we set

to ‘‘all’’).
Statistics

Wilcoxon test was performed for comparison of the percentage of subclusters between healthy and degen-

erated IVDs, and for comparison of relative expression of marker genes between subclusters. Kolmogorov-

Smirnov test was used to compare differentiation trajectories in normal, mild and severe degenerated

IVDs. All statistical analyses were performed using the R software, and P < 0.05 was considered statistically

significant.
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