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Background: Low back pain (LBP) is primarily caused by intervertebral disc degeneration (IVDD). Immune cells penetrating
nucleus pulposus (NP) tissues may play an important role in generating IVDD and LBP.

Methods: The clinical data from 100 cases of IVDD patients was initially analyzed retrospectively. Subsequently, peripheral blood
and NP tissues from 41 [VDD patients were gathered for a validated investigation. Among them, ribosome-removed-RNA sequencing
(RNA-seq) was performed on 10 cases of NP tissues of specific classifications (VAS 3 and Pfirrmann 3 were used as the controls,
while patients with VAS 6 and Pfirrmann 5 were used as the experimental group). Differentially expressed genes (DEGs) were
identified for the subsequent bioinformatics analysis. Further methods to confirm the underlying cause of discogenic LBP included
mast cell immunohistochemistry (IHC), 12 cytokine detection, Western blot (WB), and real-time polymerase chain reaction (RT-PCR).
Results: Discogenic LBP and IVDD severity are strongly associated, and immunological cell infiltration has been demonstrated to be
a significant factor in LBP by bioanalytical research. Tryptase-positive mast cells were found to be significantly more abundant in the
VAS 6 NP tissues of IVDD patients than in the VAS 3 NP tissues. It was initially demonstrated that IVDD and LBP were significantly
impacted by hemokinin-1 (HK-1), the mast cell-related gene. Furthermore, blood levels of interleukin 12 p70 (IL-12P70) are
noticeably elevated and strongly correlated with HK-1, indicating that HK-1 may be involved in the regulation of mast cell activity
and IL-12P70 production.

Conclusion: The severity of LBP was observed to be positively correlated with the IVDD Pfirrmann grading. Further research
indicates that patients with IVDD may experience persistent low back pain due to HK-1 activation of mast cells and the release of the
cytokine IL12P70. This work will offer new insights into the diagnosis and treatment of discogenic LBP.
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Introduction
Low back pain (LBP) is a widespread public health issue that can cause severe lifetime disability and place a significant
financial burden on patients and society.LBP has a complex etiology that involves genetic variables, lifestyle factors
(such as occupational exposure, alcohol use, and smoking), and aging.Intervertebral disc degeneration (IVDD), which
manifests as noticeable morphological changes brought on by aging or mechanical stress, is the most prevalent etiology
of LBP.

Numerous lumbar degenerative conditions, including lumbar disc herniation, degenerative scoliosis, and lumbar
instability, have been linked to discogenic LBP.* A sustained examination of 1037 individuals with LBP by Arnbak et al®
revealed a correlation between higher occurrence of LBP and the degree of disc deterioration. The expression of
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molecules linked to inflammation and pain, such as tumor necrosis factor-o. (TNF-a), interleukins (IL-1p, IL-4, IL-6, IL-
8, IL-12), prostaglandin E2 (PGE2), and nitric oxide (NO), has been found to be considerably upregulated in 87% of
patients with persistent [VDD.® Extracellular matrix (ECM) biosynthesis, particularly proteoglycan synthesis, water
content, anabolic factors, and catabolism, all decrease as a result of IVDD.” Both animal models and human clinical
specimens have been used to demonstrate that disc degeneration and herniation promote the growth of sensory nerves
and blood vessels into the inner layer of the disc, which is an essential cause of pain.® Therefore, nerve growth factor
(NGF), and vascular growth factor (VEGF) also are key cytokines for LBP.

Moreover, immune cells may be crucial in promoting IVDD ECM catabolic remodeling. Recent studies have shown
that T cells and especially macrophages are essential to the emergence of IVDD.” Proteolytic enzymes are produced by
macrophages to breakdown the ECM in the inflammatory milieu of IVDD, and proinflammatory factors such as IL-1p,
IL-6, and TNF-B are secreted, exacerbating the development of IVDD and pain.'® However, the precise functions and
mechanisms of other immune cells like mast cells on LBP are unknown.

In this study, we first verified that LBP is closely correlated with IVDD using 100 cases patient clinical information.
Next, we gathered NP tissues from 10 patients with specific levels of pain (VAS scores 3 and 6) and IVDD (Pfirrmann
grade 3 and 5) and then performed ribosome-removed RNA-seq to investigate the relationship between discogenic LBP
and immune cell infiltration. Based on bioinformatics analysis, we found that differentially expressed genes (DEGs) were
strongly linked to the inflammatory response and immune cell infiltration. Additionally, immune cell co-expression
analysis revealed a substantial negative correlation between DEGs and resting mast cells and a positive correlation
between DEGs and mast cell activation. In conclusion, the abundance of mast cells in increased in severe painful IVDD,
and upon activation, they may maintain a painful chronic inflammatory IVDD milieu. This study reveals new directions
for understanding discogenic LBP, leading to novel therapeutic opportunities.

Materials and Methods

Clinical Sample Collection and Ethical Approval

All experiments were conducted with the approval of the Ethics Committee of the First Affiliated Hospital, Huzhou
University (approval number: 2019088). All patients signed informed consent forms, and the Ethics Committee gave
their approval for all investigations.

In total, the clinicopathological data from 100 IVDD patients in 2021 was initially gathered to determine if the pain
score (VAS) and the severity of IVDD are correlated or not. Subsequently, peripheral blood and diseased NP tissues from
the remaining 41 individuals were gathered in 2021 and 2022. Blood samples were taken the day before surgery and
medication, and NP tissues were retrieved during IVDD surgery. The clinicopathological data pertaining to these 41
patients will also be documented concurrently. Sixteen samples of blood from healthy volunteers who underwent
a medical examination at our facility, all of whom had no surgery or medication within the previous six months, served
as the control group. Clinicopathological information including age, sex, pfirrmann degree, LBP VAS-Score, diseased
segment, height of the anterior and posterior edge of the disc. The Inclusion/Exclusion criteria are as follows:

Inclusion Criteria
1. The patient was diagnosed as IVDD by examination and required surgical treatment, informed and consented to
participate in the study;
2. The duration of disease is more than 3 months;
3. Patients who had not received local injection, immune regulation, previous surgical intervention and other relevant
clinical treatment before surgery.

Exclusion Criteria
1. Patients with severe cardiopulmonary, liver and kidney dysfunction, poor condition, and difficulty in tolerating
general anesthesia and surgical resection;
2. Patients with spinal tumor, infection, or explosive vertebral fracture due to trauma and serious injury of disc shape
and structure;
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3. Patients with unconsciousness or mental system disorders;

Ribosome Removed RNA- Seq and DEGs Identification

Among 41 cases of diseased NP tissues, 10 were selected and subjected to ribosome removed RNA-seq (4 cases of VAS 3,
grade 3 act as control and 6 cases of VAS 6, grade 5 act as experimental group), The “limma-voom” package of R software
was used to process the RNA-seq original data. [log2FC| > 1 and P < 0.05 were considered differentially expressed genes
(DEGS) according to the statistical procedures using p value and false discovery rate (FDR). The analysis results are
presented as volcano plots and heatmaps. Then these 41 NP tissues were used for next experimental verification.

Functional and Pathway Enrichment Analysis

Gene Ontology (GO) term analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were
used for functional pathway analysis. 1613 upregulated DEGs between the VAS 3 and VAS 6-painful NP tissue groups
performed using online DAVID analysis (https://david.nciferf.gov). Then column and point charts were drawn by Lian

Chuan biological platform (https://www.omicstudio.cn).

Weighted Gene Co-Expression Network Construction and Analysis (WGCNA)

The WGCNA is a common method for constructing gene co-expression networks, aiming to find co-expressed gene sets
(Modules)."" In our study, we used it to determine the relationship between co-expression gene modules and differentially
infiltrating immune cells. The WGCNA package in R3.5.1 was used to create the co-expression network for 1613
upregulated DEGs. Mean connectivity analysis was performed, a B value of 8 was chosen as the appropriate soft-
thresholding value, and a cluster dendrogram was displayed. Then, their correlations with differentially infiltrating
immune cells were analyzed. Values of |correlation index| > 0.7 and p < 0.01 were considered significant.

Metascape Analysis

Metascape is an online tool which provides a biologist-oriented resource for the analysis of systems-level datasets.'> We
defined the brown module as an immune-related module, and 33 genes in this module were extracted for Metascape
analysis (http://Metascape.org/gp/index).

Mast Cell Immunohistochemistry (IHC)

Ten cases of VAS 3, grade 3 and VAS 6, grade 5 NP tissues were harvested after surgery. NP tissues were fixed in 4%
paraformaldehyde for 2 h before paraffin embedding. All paraffin-embedded tissues were cut into 5-um sections for
subsequent immunohistochemical analysis. Immunohistochemical staining was performed to examine mast cell activa-
tion in NP tissues. After blocking with goat serum for 30 min at room temperature, the primary anti-Mast Cell Tryptase
(TPSB2) antibody (#A 19801, ABclonal, Wuhan, China) was used to stain mast cells. Finally, slices were photographed
under a light microscope.

HK-I Immunofluorescence

After fixation with 4% paraformaldehyde for 15 min, 10 cases of NP paraffin-embedded tissues were permeabilized and
blocked with 5% bovine serum albumin/0.3% Triton™ X-100 PBS for 1 h at room temperature. Then, the cells were
incubated with primary antibodies against HK-1 (#C35C4, CST, Beverly, MA) and fluorescence-labeled secondary
antibodies (#A31572; Invitrogen, Carlsbad, CA, USA). DAPI was used to label the cells after they were washed, and
images were acquired using a confocal microscope (Zeiss, Cambridge, UK).

Western Blotting Analysis

Eight cases tissue proteins were separated by SDS-PAGE, transferred to a PVDF membrane, and probed with primary
antibodies against HK-1 (C35C4, CST, Beverly, MA), TPSB2 (#A19801, ABclonal, Wuhan, China). Following incuba-
tion with primary antibodies overnight at 4°C, incubation with HRP-conjugated secondary antibodies (Beyotime, Cat#
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A0208, 1:1000, Shanghai, China) was performed for 1 h, and then the immunoblots were visualized using a BeyoECL
Plus Kit (Beyotime, China) on a Tanon Gel Imaging System (Tanon 4600, China).

RT-PCR Analysis

RNA from 41 cases NP tissues and peripheral blood mononuclear cells was extracted by TRIzol reagent (#15596018;
Invitrogen, Life Technologies, USA) and subjected to reverse transcription using a HiFiScript cDNA Synthesis Kit (CoWin
Biosciences, Beijing, China). qRT-PCR was performed for cDNA using the StepOneTM Real-Time PCR System (Life
Technologies, Gaithersburg, MD, USA) and the TB Green® premix Ex TaqTM assay (TAKARA). The PCR program was as
follows: pre-denaturation at 95°C for 10 min, 40 cycles of denaturation at 95°C for 15s, and annealing and elongation at 60°C
for 1 min. GAPDH was used as the internal control. The primers used in the study are shown in Supplementary Table 1.

Flow Cytometry

Twelve cytokines (IL-5, IFN-a, IL-2, IL-6, IL-1B, IL-10, IFN-y, IL-8, IL-17, IL-4, IL-12P70, TNF-a) were detected by
a human inflammatory cytokine CBA kit (#551811, BD biosciences, Boston, MA). Single-cell suspensions were prepared
from the peripheral blood of above 41 IVDD patients and 16 health. Following red blood cell lysis, Fc receptors were
blocked with fluorescent light-emitting microsphere-conjugated cytokine Abs, and cells were incubated with biotin-
labeled cytokine Abs and then incubated with streptavidin (SA-PE) before fluorescence intensity detection using flow
cytometry (FACS Calibur, BD, Boston, MA).

Statistical Analysis

GraphPad Prism 8 was employed. Pearson correlation analysis was used to determine correlations between pain level and
pfirrmann degree, diseased segment, height of the anterior and posterior edge of the disc, HK-1 and so on. Independent
Student’s #-test was utilized for comparisons between two groups. Data are presented as the mean + SD. P value < 0.05
was considered statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).

Results

The LBP-VAS Score is Closely Correlated with IVDD Clinical Data

To verify that LBP is closely related to IVDD, we first collected the image data of 100 IVDD patients who were
diagnosed and classified with different levels of pain (VAS score) and disc degeneration (Pfirrmann scale) by imaging
and clinical diagnostic experience. The results of the retrospective analysis showed that the LBP-VAS score was closely
correlated with disc degeneration, age, leading-edge height and trailing-edge height (Figure 1A-D).

DEGs Identification and Biological Function Analysis

To uncover the key causes of LBP that originate from IVDD, we used ribosome-removed RNA-seq data from NP tissues of
IVDD patients with specific classifications. Four patients with Pfirrmann 3 and VAS 3 NP tissues were used as controls, and 6
patients with Pfirrmann 5 and VAS 6 NP tissues were used as the experimental group. After standardization analysis, 1812 DEGs
were identified, including 1613 upregulated DEGs and 199 downregulated DEGs (Figure 2A and B). A manual check of the
1613 upregulated genes revealed enrichment in inflammatory or immune response (45%), cellular homeostasis (24%), and
matrix metalloenzyme (10%) (Figure 2C). We then annotated the GO functions of the 1613 upregulated DEGs. The results
showed that these DEGs were mainly enriched in “innate immune response”, “inflammatory response”, and “cell surface
receptor signaling pathway” (Figure 2D). These 1613 DEGs were also enriched in KEGG pathways related to “natural killer cell-
mediated cytotoxicity”, “cytokine—cytokine receptor interaction”, “T-cell receptor signaling pathway”, “B-cell receptor signaling

pathway”, and others (Figure 2E).
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Figure | The low back pain VAS score is closely correlated with VDD clinical image data. (A) Correlation between the degree of disc degeneration (Pfirrmann scale) and
pain VAS score. (B) Correlation between age and pain VAS score. (C) Correlation between leading edge height and pain VAS score. (D) Correlation between trailing edge
height and pain VAS score.

WGCNA and ldentification of the Key Module Associated with Immune Infiltration in
Discogenic LBP

WGCNA was used to screen the 1613 upregulated DEGs and identify the key gene module associated with immune
infiltration.

A B value of 8 was chosen as the appropriate soft-thresholding value (Figure 3A). The WGCNA detected 4
coexpression modules, and a cluster dendrogram was established (Figure 3B). Then, their correlations with differentially
infiltrating immune cells were analyzed. The MEbrown module was mainly associated with immune cells, including
activated mast cells, resting mast cells, and activated gamma T-cells (|Cor| > 0.7, p value < 0.01, Figure 3C). We defined
the MEbrown module as an immune-related module, and a total of 33 genes were subjected to functional analysis using
Metascape online software. As shown in Figure 3D, genes were enriched in “innate immune response”, “positive
regulation of cytokine production”, and “inflammatory response”. Protein—protein interaction (PPI) enrichment analysis
of the MCODE networks was performed by online Metascape tool, As shown in Figure 3E. The genes were enriched in
“natural killer cell mediated cytotoxicity” and the “NF-kB pathway” (Figure 3E).

Mast Cells and Inflammatory Factors Were Significantly Higher in NP Tissues from
Patients with More Serious Painful IVDD

The Pfirrmann grading system is an internationally recognized standard for evaluating the degree of IVDD and is the
most widely used scale in the clinical evaluation of disc degeneration. Figure 4A shows typically X-ray and MRI images
of the 5—grades of disc degeneration of above 41 IVDD patients. The number and color depth of mast cell tryptase
(TPSB2) positive cells was used to observe mast cell activation in IVDD patients using IHC. When comparing VAS 3 to
VAS 6 - painful NP tissue, there was a significantly higher percentage of tryptase-positive cells in the VAS 6 painful NP
tissues (Figure 4B). Next, we analyzed the expression levels of inflammation- and pain-related factors IL-1p, IL-6 and
TNF-a in the above RNA-seq results. The expression levels of IL-1p, IL-6 and TNF-a were significantly higher in VAS 6
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Figure 2 DEG identification and biological function analysis. (A) The volcano plot and (B) heatmap showing significant DEGs between VAS 3-painful and VAS 6-painful NP
samples. (C) Sector graph showing enriched DEGs. (D) GO and (E)KEGG enrichment analysis was performed for 1613 upregulated DEGs between VAS 3-painful and VAS
6-painful NP samples.

than in VAS 3 - painful NP tissue (Figure 4C). Furthermore, NGF and VEGF expression were also increased in VAS 6
compared with VAS 3 painful NP tissue (Figure 4D), indicating that the activation of mast cells plays a major role in
IVDD and LBP.

HK-1, Which is Highly Expressed, is Closely Related to Discogenic LBP

Mast cell-related key genes were further validated using above 10 typically NP tissues. The results showed that 8 genes
were highly expressed in VAS 6 - painful NP tissue (Figure 5A). Then, those 8 genes were verified in the other 41 cases
of NP tissues with different VAS scores. Only HK-1 showed a positive correlation with pain, while TNSF13B showed
a negative correlation (Figure 5B). Immunofluorescence staining revealed that HK-1 was mainly located in cytoplasm of
NP and mast cell (Figure 5C). WB analysis further showed that HK-1 and TPSB2 expression levels were significantly
higher in VAS 6- than in VAS 3-painful NP tissues (Figure SD), suggesting that the mast cell-related key gene HK-1 may
an activating factor of mast cell and inducible factor of LBP.

In additionally, we used flow cytometry to investigate 12 cytokines in the peripheral venous blood of these 41 cases
IVDD patients and 16 cases heath. As shown in Figure 5E, levels of IL-1, IL-6 and IL-12P70 were higher in the
peripheral venous blood of IVDD patients than in that of healthy physical examination volunteers (Figure 5E). Linear
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Figure 5 The high expression of the mast cell-related gene HK-I is closely correlated with discogenic LBP. (A) The expression of mast cell-related genes from RNA-seq
results in VAS3 and VAS6 NP tissues.****P < 0.0001. (B) The relationship between HK-1 and TNSFI3B with discogenic LBP in 41 NP tissues from IVDD patients of various
grades. (C) The localization of HK-1 in mast and NP cells. (D) The protein levels (up) and histogram of gray value statistics (down) of HK-1, mast cell TPSB2 in VAS3 and
VAS6 NP tissues *P < 0.05, **P < 0.01. (E) Levels of 12 cytokines in the peripheral venous blood of 41 IVDD patients. a. 12 cytokines distribution in flow cytometry of
healthy volunteers act as stand curve (left). The names corresponding to the distribution locations of the 12 cytokines (right table). b. 12 cytokines distribution in flow

cytometry of VAS6 - IVDD patient. (F) A high expression level of IL-12P70 is closely related to LBP. (G) Tissue HK-1 expression is correlated with blood IL-12P70
expression.

regression analysis showed that only IL-12P70 expression was closely related to HK-1 and pain (Figure SF and G),
suggesting that IL-12P70 plays a vital role in discogenic LBP induced by mast cells.

Discussion
The Novel Grouping Approach of NP Tissues for RNA-Seq

IVDD is a common disease that affects the morphology and normal physiological function of the intervertebral discs.
One key mechanism of IVDD is the degeneration of the NP tissues, the core, gel-like portion of the intervertebral
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disc."® Most studies have used rat or lumbar vertebral fracture patient NP tissue as a control because normal disc tissue
is challenging to obtain.'*'> Moreover, score that is below VAS 3 represents mild pain, these patients might decide
against visiting the hospital, score above VAS 7 is severe pain, usually in fracture or spinal tumor patients. To optimize
the experiment of RNA-seq, we gathered NP tissues of particular classifications using a novel grouping approach.
Patients with low visual analog scale (VAS 3) and Pfirrmann scale (Pfirrmann 3) scores were used as the control, while
patients with VAS 6 and Pfirrmann 5 scores were used as the experimental group. We discovered that DEGs between
VAS3 and VAS 6 painful NP tissues were significantly enriched in inflammatory or immunological responses
following standardization analysis. Furthermore, HK-1 act as mast cell essential related gene may participate in
discogenic - LBP.

Mast Cells are Higher Enrichment and Activation in More Serious NP Tissues

Similar to macrophages, mast cells (MCs) release preformed granules with enzymatic (tryptase and a disintegrin and
metalloproteinase with a thrombospondin motif 5, ADAMTSS) and inflammatory/pain-associated factors (IL-1p, TNF-a,
VEGFA and others) in response to microenvironmental stimuli or allergens.'® Since MCs are active and significantly
upregulated in chronic pain conditions, such as migraines, irritable bowel syndrome, rheumatoid arthritis and osteoar-
thritis (OA),'” ! we primarily hypothesized that mast cells also play an essential role in IVDD and LBP. Subsequently,
immune cell co-expression analysis was performed. As expected, we found that DEGs were negatively correlated with
resting mast cells and positively associated with mast cell activation. Next, IHC and WB analysis further confirmed that
mast cells with higher enrichment and activation in VAS6 than in VAS 3 NP tissues.

Mast Cell Essential Related Gene HK-1 Associated with Discogenic LBP

In 2000, researchers discovered HK-1, the newest tachykinin encoded by the Tac4 gene. Due to its extensive distribution
throughout the entire body, HK-1 plays a variety of physiological and pathological roles, including modulating the
immune response, respiratory and endocrine systems, tumor development, and inflammation-related pain.?* T.L. Sumpter.
etc. discovered that HK-1 transcripts and protein synthesis were upregulated by antigen-IgE complexes of mast cells (Fc
RI-MCs). Mast cells degranulation and protein synthesis are both facilitated by HK-1 in a positive signaling loop, with
the latter occurring via the PI3K/Akt/nuclear factor-kappaB (NF-kB) pathways.*®> Numerous studies have been performed
on the function of HK-1 in arthritis,***> but none have been performed in IVDD. In our work, we initially found that
HK-1 related to mast cells had a strong link with discogenic LBP, which was supported by bioinformatics analysis and
clinical sample tests. HK-1 expression is mainly in the cytoplasm of NP and mast cells and may cause LBP though
activate the NF-xB pathway.

Interleukin 12 p70 Correlated with HK-1 May Released by Mast Cells

Additionally, it was discovered that interleukin 12 p70 (IL-12P70, commonly designated IL-12) in peripheral venous
blood of IVDD is high and closely linked with both the level of HK-1 protein and the VAS score. IL-12p70 is an
important immunoregulatory cytokine that is produced mainly by antigen-presenting cells. The expression of IL-12p70
during infection regulates innate responses and determines the type of adaptive immune responses.”® As early as 1994,
Tracey J. Smith etc. have been demonstrated that murine bone marrow cells cultured in mast cell growth factor (MGF)
take on a connective tissue mast cell-like phenotype and possess transcripts for both of the subunits of the IL-12p70
cytokine. Although there is rare in-depth research on the role of IL-12p70 in pain, most reports emphasize that IL-12p70
being associated with pain of axial disease in ankylosing spondylitis or osteoarthritis knee.?”**

Based on the latest research reports and our research, IL-12P70 may serve as a marker of LBP severity. HK-1 and IL-
12P70 were upregulated when mast cell activation in tissues. While the relationship between HK-1 and IL-12P70 and
their mechanism on LBP still unknown. The present study has some limitations, including only use of clinical samples
for our tests and the need for more animal IVDD models to clarify the precise mechanism of HK-1 and IL-12P70 in
IVDD-LBP pain.
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Conclusions

In conclusion, we established a positive correlation between IVDD Pfirrmann grading and LBP severity. The primary
factor causing discogenic LBP was an increase in abundance and activation of mast cells. Using clinical NP samples,
HK-1, the mast cell-associated gene, was first shown to have a significant role in IVDD and LBP. These results provide
more evidence that HK-1 may represent a novel target for the management of LBP in IVDD patients, which has
important practical implications.
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