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Abstract

We sought to identify novel biomarkers and related mechanisms that might shape the immune infiltration in IDD, thereby
providing novel perspective for IDD diagnosis and therapies. Gene expression data sets GSE124272 (for initial analysis)
and GSE56081 (for validation analysis) involving samples from IDD patients and healthy controls were retrieved from the
Gene Expression Omnibus (GEO) database. Immune genes associated with IDD were identified by GSEA; module genes
that exhibited coordinated expression patterns and the strongest positive or negative correlation with IDD were identified
by WGCNA. The intersection between immune genes and module genes was used for LASSO variable selection, whereby
we obtained pivotal genes that were highly representative of IDD. We then correlated (Pearson correlation) the expression
of pivotal genes with immune cell proportion inferred by CIBERSORT algorithm, and revealed the potential immune-
regulatory roles of pivotal genes on the pathogenesis of IDD. We discovered several immune-associated pathways in which
IDD-associated immune genes were highly clustered, and identified two gene modules that might promote or inhibit the
pathogenesis of IDD. These candidate genes were further narrowed down to 8 pivotal genes, namely, MSH2, LY96, ADAMS,
HEBP2, ANXA3, RAB24, ZBTB16 and PIK3CD, among which ANXA3, MSH2, ZBTB16, LY96, PIK3CD, ZBTB16, and
ADAMS were revealed to be correlated with the proportion of CD8 T cells and resting memory CD4 T cells. This work
identified 8 pivotal genes that might be involved in the pathogenesis of IDD through triggering various immune-associated
pathways and altering the composition of immune and myeloid cells in IDD patients, which provides novel perspectives on
IDD diagnosis and treatment.
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Low back pain (LBP) is ranked among the top-3 causative
Department of Orthopedics, Peking University Third pain ( ) g p

Hospital, No. 49 North Garden Street, Haidian District factors responsible for disability in developed countries,
Beijing 100191, China whose victims are still growing globally (Murray et al.
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2012). Nearly 8 in 10 adults will experience such disease
throughout their life span (Cannata et al. 2020), and most
of them have to struggle with LBP associated disadvan-
tages, such as reduced life quality, movement disability
and potential unemployment (Andersson 1999). Thus, LBP
has imposed an excessive burden on the economy and the
society. Currently, the therapeutic outcomes of LBP are
impeded by limited understanding of the underlying mecha-
nisms (Vergroesen et al. 2015). Nevertheless, this refectory
symptom has been proposed to be strongly associated with
intervertebral disc degeneration (IDD) (de Schepper et al.
2010), among other factors, such as genetic background or
environmental impact (Cannata et al. 2020).

IDD is a long-term pathological process that could be
partially characterized by a gradual loss of proteoglycans
and liquid content within the intervertebral disc (IVD) (Can-
nata et al. 2020). Although the pathophysiology of IDD has
been established, the underlying etiology has remained
obscur; thus, it is imperative to gain a deeper insight into
the way by which IDD is initiated and developed. Nor-
mally, nucleus pulposus (NP) is isolated from the immune
system by the surrounding intact IVD structure (for exam-
ple, annulus fibrosus, AF); upon impairment, NP is exposed
to the immune system, leading to a series of auto-immune
responses which play a fundamental role in the progression
of IDD (Sun et al. 2020). For decades, extensive efforts have
been put into clarifying the association between IDD and
immune cells (Risbud and Shapiro 2014). For instance, T
cells, B cells and neutrophils might be implicated in the
NP-exposure-triggered auto-immune response (Wang and
Samartzis 2014). In contrast, the activity of natural killer
(NK) cells was found to be significantly lower in patients
with lumbar disc herniation than that in healthy volunteers,
indicating that the patients might experience stress resulted
from pain or other discomforts (Sato et al. 2002). The land-
scape of immune infiltration and diagnostic markers for IDD
have been revealed recently (Wang et al. 2021). Although
macrophage was deemed the most important player in IDD
according to numerous studies involving human participants
(Silva et al. 2019; Wang et al. 2021), the implication of other
immune cells in the development of IDD is still ill-defined,
especially in the clinical setting. Hence, details regarding
altered IDD immune microenvironment are worth discussing
and deserve further investigation.

Given the foregoing, the present study aimed at explor-
ing altered immune pathways-based biomarkers that are
involved in the pathogenesis of IDD, and their association
with immune cell infiltration. Bioinformatics is an emerging
interdisciplinary field that borrows strengths from both bio-
logical knowledge and computational potential, and has been
extensively utilized to unravel biologically significant mark-
ers that are hidden within the tremendous biological data
(Cai et al. 2020; Yan et al. 2021). The advent of gene chip or
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microarray allowed highly efficient acquisition of biological
data, and GEO (Gene Expression Omnibus) database serves
as a global repository of the high-throughput information
generated by gene chip or micro array, and so forth, allows
in-depth analysis of the differences between IDD patients
and healthy volunteers. In the current comprehensive anal-
ysis, several bioinformatics algorithms were incorporated:
GSEA was used to interpret the biological significance
between different phenotypes in a gene-expression-depend-
ent manner (Subramanian et al. 2005), and, most impor-
tantly, unearth immune-associated genes responsible for
IDD. WGCNA has long been used to detect gene modules
(wherein genes exhibit coordinated expression patterns), and
subsequently associate biologically significant modules with
clinical traits; such an algorithm tends to find hub genes that
play central roles in a regulatory network (Langfelder and
Horvath 2008). CIBERSORT is a v-support vector regres-
sion-based algorithm used to infer immune cell composition
in bulk RNA-seq samples by referring to an immune-cell
signature matrix of 22 human hematopoietic cell phenotypes
(Newman et al. 2015), which enabled us to associate piv-
otal IDD markers with altered IDD immune environment.
Through combined use of the-above-mentioned bioinformat-
ics methods, we expect to find out immune signature genes
that are involved in the altered immune cell composition and
in the pathogenesis of IDD. Through combined utilization of
various bioinformatics and machine learning tools, we hope
to provide novel perspectives regarding IDD diagnosis and
treatment in the context of immune infiltration.

Methods
Data collection

Gene expression data sets used in the current study were
obtained from the Gene Expression Omnibus database
(GEO:; http://www.ncbi.nlm.nih.gov/geo/) on January 5th,
2021. Two GEO series were chosen for incorporation into
this study, including an initial analysis set (GSE124272)
(Wang et al. 2019) and a validation set (GSE56081) (Liu
et al. 2015). GSE124272 contained whole blood samples
collected from 8 IDD patients (IDD) and equal number of
healthy volunteers (HV) was used in the analyses (including
GSEA, WGCNA, GO/KEGG enrichment analysis, LASSO
feature selection). GSE56081 included nucleus pulposus tis-
sues derived from 5 IDD patients and 5 controls and was
used for validating the biological significance of the pivotal
IDD biomarkers identified in GSE124272. Moreover, CIB-
ERSORT inference of the composition of immune cells was
executed in both the initial and validation data sets, whereby
comparisons of the immune-regulatory roles of pivotal IDD
biomarkers could be made across IDD samples of different
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origins. The overall design of this study is shown as a flow
chart in Supplementary Fig. S1.

Gene set enrichment analysis (GSEA)

To reveal the alerted biological functions contributing to the
pathogenesis of IDD in a gene-expression dependent fash-
ion, we first conducted a GSEA using clusterProfiler (3.16.1)
(Yu et al. 2012) in R (version 4.0.2). In brief, genes were
ranked based on their differences in expression between IDD
and HV; in this manner, gene expression could be associated
with phenotypes (IDD or HV). Next, the ranked gene list
was fed to GSEA algorithm, and queried against GEO data
base to associate gene expression with functional enrich-
ment. In particular, genes were examined throughout the
ranked gene list, during which the running sum statistic was
raised as long as a gene in the queried pathway was encoun-
tered; otherwise, the statistics was reduced by the algorithm,
and an Enrichment score (ES) representing the maximum
deviation of running-sum statistic from zero could be cal-
culated. Leading-edge subsets that contributed greatly to the
ES of immune-associated pathways were extracted, and the
intersection among them was defined as immune genes.

Weighted correlation network analysis (WGCNA)

Co-expression network was constructed through WGCNA
(1.69) (Langfelder and Horvath 2008) in R. We first filtered
non-varying genes which could be generally considered as
noise (based on a 75% median absolute deviation thresh-
old), whereby the robustness and effectiveness of WGCNA
algorithm was improved. To construct a scale-free network,
the gene co-expression similarity S,; between two arbitrary
genes (nodes) m and n were calculated using Skj =lcor(k, j)l.
The pickSoftThreshold function in WGCNA package was
used to screen ideal soft thresholding power f by calculat-
ing the degree of independence as § gradually increases, an
optimized S was picked when the degree of independence
exceeded a 0.85 threshold, after which Skj was raised by f,
whereby the co-expression similarity was transformed into
and adjacency: akj:ISijﬂ, resulting in the construction of
a topological overlap matrix. Next, module detection was
carried out with a minimal module size being set as 30,
dynamic tree cut method was subsequently applied to merge
highly similar modules. The finalized modules were then
related to external phenotypes (IDD or HV).

Pathway enrichment analysis (GO/KEGG)

Modules with the highest positive/negative correlation with
IDD were named pivotal modules and subjected to path-
way enrichment analysis, which was performed using clus-
terProfiler, whereby biological significance of two pivotal

modules were interpreted. Next, we defined the union of
genes within pivotal modules as module genes. The inter-
section between modules genes (identified by WGCNA) and
immune genes (revealed by GSEA) were named immune
signature genes and underwent further investigation in our
subsequent analyses.

LASSO feature selection

To ensure the robustness of subsequent analyses, LASSO
(least absolute shrinkage and selection operator) algorithm
was performed on immune signature genes to screen can-
didates for machine learning modeling. LASSO was per-
formed using glmnet package (Friedman et al. 2010) (ver-
sion 4.0.2) in R. The features selected by LASSO bears a
greater biological significance and were named pivotal
genes before being used in machine learning based model
validation.

Machine learning-based model validation

For further confirmation of the biological significance con-
cerning pivotal genes, 5 machine learning predictive models
were applied to both GSE124272 and GSE56081 data sets,
with pivotal genes being used as features. The tenfold cross
validation method was used to evaluate the combinations of
hyperparameters. The main parameters of the 5 models were
as follows: (i) the A penalty coefficient of LASSO was set to
0.2; (ii) the radial basis function (RBF) was set to the kernel
function in SVM; (iii) the number of sub-decision trees was
set to 500 in Random forest (RF); (iv) the eXtreme Gradient
Boosting (Xgboost) had the maximum depth of 10, and the
learning rate was 0.001; (v) The back propagation neural
network (BPNN) model had one single hidden layer, and the
number of neurons was set to 10. The activation function of
hidden layer and output layer were set to ReLLU and Sigmoid
function, respectively. The cross-entropy function was set to
loss function. Finally, the model was trained through batch
gradient descent method with 1000 iterations, and the learn-
ing rate was 0.001. Receiver operating characteristic curve
(ROC) and area under curve (AUC) were used to evaluate
the performance of model. Machine-learning model valida-
tion was performed in python (version 3.7.6).

Correlation analysis of pivotal gene expression
and IDD immune environment

To better understand the altered immune environment in
the pathogenesis of IDD, CIBERSORT algorithm (New-
man et al. 2015) (cell-type Identification by Estimating
Relative Subsets of Known RNA Transcripts) was used to
infer immune cell composition in both training and valida-
tion data sets, and then we measured the Pearson-correlation
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coefficient between the level of immune infiltration (propor-
tion of a type of immune cell) and the expression of § piv-
otal genes across all IDD patients enrolled in this study. All
gene-cell pairs with significant correlation coefficient were
subsequently visualized using Cytoscape (Shannon et al.
2003) (version 3.6.1), and comparisons were made between
training set and validation set.

Results

GSEA-based identification of immune genes
responsible for IDD

To identify the immune-related genes that are potentially
involved in IDD, we performed GSEA analysis based on
GO and KEGG source databases. The GSEA-GO and
GSEA-KEGG results were provided in Supplementary
Tables S1 and S2. We extracted immune-associated path-
ways from GSEA results, and defined the intersection of
leading-edge gene sets of all immune-associated pathways
as immune genes. The involvement of immune genes in
GSEA-immune-associated pathways were shown in circos
plot (Fig. 1A); the top-10 representative immune-asso-
ciated pathways (with a predominant number of immune
genes) were “cell activation involved in immune response”,
“innate immune response”, “leukocyte activation involved
in immune response”, “leukocyte degranulation”, “leukocyte

mediated immunity”, “myeloid cell activation involved in
RS

LEINNT3

immune response”, “myeloid leukocyte activation”, “mye-
loid leukocyte mediated immunity”, “neutrophil activation”
and “neutrophil mediated immunity”. Enrichment plot of the
above-mentioned pathways is shown in Fig. 1B; it is notable
that all of these pathways achieved positive enrichment score
(ES) in the IDD versus HV comparison, suggesting that the
genes involved in these predominant immune-associated
pathways were up-regulated in IDD patients, showing the
biological significance of immune genes retrieved from these

pathways.

Detection of IDD-associated co-expression modules
by WGCNA

To construct a scale-free network, an optimal power was
first screened; as depicted in Fig. 2A, the soft-thresholding
power was determined to be 6 by the algorithm when scale-
free fit index first reached a 0.85 threshold, where the mean
connectivity remained relatively high. Afterwards, a topo-
logical overlap matrix was generated; a series of modules
were subsequently detected by hierarchical clustering, and
we narrowed down the number of modules using Dynamic
Tree Cut algorithm, whereby modules with high similar-
ity were merged (Fig. 2C). Next, the merged modules were
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correlated to sample clinical traits (IDD or HV), the result-
ing correlation and p value (in parenthesis) were displayed
in a heatmap (Fig. 2D), among which magenta module
and orangered4 module displayed the strongest positive or
negative correlation with IDD phenotype and were chosen
for further investigation. The scatter plots of gene signifi-
cance for IDD versus module membership in magenta or
orangered4 modules are shown in Fig. 2E, F, respectively.
The biological significance of these two modules was inter-
preted using GO or KEGG pathway enrichment analysis.
As shown in Fig. 3A-D, Magenta module genes were most
significantly enriched in “secretory granule membrane”
(GO-Cellular component, CC); “protein serine/threonine
kinase activity (GO-Molecular function, MF)”; “neutro-
phil mediated immunity”, “neutrophil activation”, “neutro-
phil activation involved in immune response”, “neutrophil
degranulation” (GO-Biological process, BP); “Phospholi-
pase D signaling pathway”, and “Osteoclast differentiation”
(KEGG). As shown in Fig. 3E-H, Orangered4 module genes

LEINT3

were most significantly enriched in “vesicle lumen”, “cyto-
plasmic vesicle lumen”, “secretory granule lumen” for CC;
“organic acid binding”, “carboxylic acid binding”, “beta-
catenin binding” for MF; “regulation of binding”, “positive
regulation of binding”, “histone deacetylation”; “regulation
of interleukin-8 production”, “aminoglycan catabolic pro-
cess”, and “glycosaminoglycan catabolic process” for BP,
while the significance of enrichment of Orangered4 module
genes under each category of KEGG was identical. Never-
theless, “MAPK signaling pathway” had the highest Gen-
eRatio (Number of genes involved in a given pathway/Total
number of queried genes), and could represent the KEGG
enrichment of Orangered4 module genes. We then defined
the module genes as the intersection of genes in these two

modules for subsequent analyses.

Selection for pivotal immune-associated players
in the pathogenesis of IDD

Based on the results of GSEA (leading edge genes in
immune-associated pathways responsible for the patho-
genesis of IDD), and WGCNA (IDD-associated genes with
coordinated expression patterns), we defined the intersection
of immune genes and module genes as immune signature
genes (Fig. 4A), which contained 207 genes. To ensure the
robustness of the current study, we used LASSO algorithm
to screen for pivotal genes with higher biological signifi-
cance from 207 immune signature genes. The LASSO path
plot is shown in Fig. 4B, with the increase of A parameter,
the coefficients were shrunk towards zero, and A corre-
sponding to the minimum binomial deviance was chosen
as the penalty coefficient (Fig. 4C), the remaining 8 pivotal
genes (with non-zero coefficients estimates) were named
pivotal genes, and their coefficient weights are shown in
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Fig.4 Selection of pivotal genes and machine learning model valida-
tion. A Intersection between module genes (2861 genes, identified by
WGCNA) and immune genes (788 genes, identified by GSEA) were
named immune signature genes (207 genes). B, C LASSO penalized
model demonstrated that when Log 41=— 3.339, the minimum bino-
mial deviance was obtained. D Coefficient of 8 selected pivotal genes

Fig. 4D. The expression of 8 pivotal genes in validation
set was shown in boxplot (Fig. 4F); aside from ANXA3
and ZBTB16 which were down-regulated in IDD patients,
other pivotal genes were significantly up-regulated in IDD
patients, especially MSH2 and LY96 (with P value less than

@ Springer

(with non-zero coefficients when Log A=— 3.339). E ROC curve
demonstrated the prediction effect of 5 machine learning validation
models on the validation set, the 95% confidence interval was marked
with dotted lines. F Expression patterns of 8 pivotal genes in valida-
tion set (tissue samples). P p value, Fc log-fold change (IDD versus
HV)

0.01). To investigate whether the 8 pivotal genes could con-
stitute a diagnostic model for distinguishing IDD patients
from HV controls, five machine learning algorithms, namely,
“LASSO”, “SVM”, “RF”, “Xgboost” and “BPNN” were run.
As shown in Fig. 4E, the area under curve (AUC) obtained
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with the five machine learning models ranged between 0.48
and 0.86 and the highest AUC of 0.86 was obtained with
the BPNN model. These results indicated that the 8 pivotal
genes could be used as a diagnostic model for distinguishing
between IDD patients and healthy individuals.

Correlation between pivotal genes and immune cell
composition

Immune genes undoubtedly affect the immune processes,
which can be reflected by altered immune cell composition.
Therefore, we constructed a correlation matrix to visual-
ize the association between the expression of pivotal genes
and the proportion of immune cells across different sam-
ples based on the two data sets. As shown in Fig. 5A, C),
the stacked bar plot represented the accumulated proportion
of 22 immune genes in IDD samples inferred by CIBER-
SORT, and the heatmaps (Fig. 5B, D) showed the correlation
between pivotal genes and immune cells in IDD samples,
where positive and negative correlations were denoted by
blue or red blocks, respectively. The correlations are summa-
rized in Fig. SE, which demonstrated that the above pivotal
genes jointly regulate CD8 T cells and resting memory CD4
T cells across both data sets.

Discussion

In the present study, we first focused on the GSE124272 con-
taining blood samples; numerous immune-associated path-
ways that might be responsible for the pathogenesis of IDD
were initially identified by GSEA, whereas gene modules
that displayed strong correlation with IDD phenotype were
detected by WGCNA. Afterwards, 207 immune signature
genes were defined on the basis of GSEA and WGCNA,
which were subsequently narrowed down to 8 pivotal genes
by LASSO feature selection. We then turned our attention
to the validation data (GSE56081), and performed cross-
validation of 8 pivotal genes using 5 machine learning mod-
els, whereby “BPNN” model indicated that the eight gene
could be used for distinguishing IDD patients from HV with
an AUC of 0.86, which further verified the biological sig-
nificance of pivotal genes.

Our GSEA results showed that the most representa-
tive immune-associated pathways were related to immune
response, leukocyte, myeloid and neutrophil, and their posi-
tive ES in IDD versus HV comparison indicated that the
above pathways might be activated in the pathogenesis of
IDD, along with up-regulation of immune genes involved
in these regulatory processes. Specifically, we found that
the immune genes were highly clustered in the following
pathways: “cell activation involved in immune response”,
“innate immune response”, “leukocyte activation involved

in immune response”, “leukocyte degranulation”, “leukocyte

mediated immunity”, “myeloid cell activation involved in
" 13

99

immune response”, “myeloid leukocyte activation”, “mye-
loid leukocyte mediated immunity”, “neutrophil activation”
and “neutrophil mediated immunity”. Aside from mac-
rophage, a mononuclear leukocyte that participates in innate
immune response (Danielsson and Eriksson 2021) and IDD
(Silva et al. 2019), previous studies demonstrated the activa-
tion of leukocytes during NP-associated intervertebral disc
impairments (Wang et al. 2021). For instance, in animal
IDD model, T-helper cells, T-killer cells and B cells were
activated and attracted by NP exudate (Geiss et al. 2007); T
cells and neutrophils were proposed to secret molecules that
promote inflammation, autophagy or apoptosis (including
well-studied TNF and IL-1p), thereby contributing to the
IDD (Risbud and Shapiro 2014). Collectively, myeloid leu-
kocyte (neutrophils), leukocytes (macrophages, T cells and
B cells) were proposed to be activated and involved in the
pathogenesis of IDD; therefore, the GSEA results (especially
ES that indicated positive correlation between these immune
pathways and IDD phenotype) obtained in the present study
agreed with previous reports.

The subsequent WGCNA revealed two modules that
closely associated with IDD, namely, magenta module
that was positively associated with IDD, and orangered4
module that was negatively associated with IDD. Function
enrichment analyses showed that, in the category of CC,
magenta or orangered4 module genes were most signifi-
cantly enriched in “secretory granule membrane” or “vesi-
cle lumen”, “cytoplasmic vesicle lumen”, and “secretory
granule lumen”. The importance of extracellular vesicles
(EV, a heterogeneous mixture of vesicles) in the field of
inter-cell communication has been established in recent
years (McConnell 2018), especially those that are respon-
sible for immune processes in response to infectious dis-
eases (Hosseini-Beheshti and Grau 2018). Specifically, the
release of EV targets several immune cells including T-cells
and macrophages in the presence of exogenous pathogen
(McConnell 2018). Likewise, secretory granule could serve
as a “shuttle” by carrying various host defense peptides, con-
tinuous replenishment and release of these “shuttles” are
crucial for maintaining the innate host defense (Yokoi et al.
2019). However, the immune regulatory roles of EV and
secretory granule in auto-immune responses are still unclear.
Considering that the genes in both magenta and orangered4
modules were significantly enriched in “secretory granule
membrane”, we hypothesized that secretory granule might
be a double-edged sword in the pathogenesis of IDD, while
vesicles-associated pathway might be protectives factors to
IDD.

With regard to MF terms, magenta or orangered4 module
genes were predominantly involved in “protein serine/threo-

nine kinase activity”, carboxylic

9 <

organic acid binding”,
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acid binding”, and “beta-catenin binding”. Protein kinase
B is a well-established serine/threonine kinase whose acti-
vation depend greatly on its phosphorylation during the
immune activation of T cells (Fabre et al. 2005; Finlay
and Cantrell 2011); these might explain the involvement of
magenta module genes in “protein serine/threonine kinase
activity”, since activated leukocytes might be accompanied
by elevated protein serine/threonine kinase activity in IDD
patients. The top enriched MF terms for orangered4 mod-
ule suggested that the ability of interacting selectively and
non-covalently with an organic acid or carboxylic acid or
beta-catenin might be hampered in IDD patients, among
which beta-catenin was proposed as a mediator of immune
evasion which are exploited by cancer cells to hide from
host immune responses (Du et al. 2020; Sorci et al. 2013).
Moreover, activated Wnt/beta-catenin pathway prevents T
cells from infiltrating into metastatic melanomas, resulting
in local immune exclusion (Pai et al. 2017); therefore, we
speculated that beta-catenin might exert protective roles in
IDD by calming the inflammation provoked by T cells.

As for the BP category, magenta or orangered4 mod-
ule genes were mainly clustered in “neutrophil mediated
immunity”, “neutrophil activation”, “neutrophil activation
involved in immune response”, “neutrophil degranulation”,
“regulation of binding”, “positive regulation of binding”,
“histone deacetylation”, “regulation of interleukin-8 produc-
tion”, “aminoglycan catabolic process”, and “glycosamino-
glycan catabolic process”. The results of magenta module
were highly consistent with that of GSEA, further confirm-
ing the roles of these immune cells in the pathogenesis of
IDD. In contrast, orangered4 module genes were implicated
in BP terms that promotes binding (the selective interaction
between molecules). Although not reported, these biologi-
cal processes may have a profound impact on IDD. His-
tone deacetylation is a pleiotropic immune regulator that
not only participates in the development and differentiation
of myeloid, but also regulates the functions of the mature
leukocytes (such as macrophage and dendritic cells) through
controlling the generation of inflammatory factors (Shake-
spear et al. 2011), while interleukin-8 is a pro-inflamma-
tory chemokine generated by macrophages (Hedges et al.
2000); thus, the enrichment results showed that orangered4
module genes might counteract the IDD through regulat-
ing immune processes induced by histone deacetylation and
interleukin-8.

The KEGG enrichment results showed that magenta mod-
ule genes were mainly involved in “Phospholipase D signal-
ing pathway” and “Osteoclast differentiation”. In most cases,
the intracellular activity of phospholipase D remains low,
unless the cells were stimulated by cellular stress (Bruntz
et al. 2014; Shin et al. 2001), and we presumed that phos-
pholipase D and associated signaling pathway might be acti-
vated in response to various cellular stress in IDD, such as

EEINNT3

mechanical stress (Chooi et al. 2017) and oxidative stress
(Hou et al. 2014). Osteoclast is a crucial player in remod-
eling, maintaining, and repairing of bone tissue (Jayakumar
and Di Silvio 2010), and was found activated in IVD with
Modic changes (normally occur near the degenerated IVD),
which could also be partially attributed to mechanical stress
(Rahme and Moussa 2008; Torkki et al. 2016). The enrich-
ment of magenta module genes in these pathways were con-
cordant with their positive correlation with IDD. The sig-
nificance of enrichment of Orangered4 module genes under
each KEGG pathway was identical, among which “MAPK
signaling pathway” achieved the highest GeneRatio; such
pathway is essential for initiating the innate immunity
through participating in cytokine generation, it also plays a
fundamental role in lymphocyte differentiation (Krzyzowska
et al. 2010). Therefore, we hypothesized that MAPK associ-
ated processes might contribute to the anti-IDD effects in
orangered4 module.

The combined utilization of GSEA and WGCNA iden-
tified several biological significant gene sets, which were
considered responsible for the pathogenesis of IDD, and
used for selecting pivotal markers (highly representative of
IDD). After the selection by LASSO algorithm, we obtained
8 pivotal IDD markers (ANXA3 and ZBTB16 (down-reg-
ulated in IDD patients), MSH2 and LY96 (up-regulated
in IDD patients with p value less than 0.01), along with
ADAMS, HEBP2, RAB24, PIK3CD (up-regulated in IDD
patients)) and evaluated their expression in validation set.
Among these genes, ADAMS (A disintegrin and metallo-
proteinase) was found in IDD tissues (including both NP and
AF tissues), and known to be responsible for FN cleavage
(FN: fibronectin fragments which increase with the extent
of disc degeneration and involved in the initiation of IDD
progression) (Oegema et al. 2000; Ruel et al. 2014). Human
mesenchymal stem cells induced regeneration of NP cells
has emerged as a novel strategy to attenuate the negative
effects of NP cell degeneration, and ANXA3 (Annexin A3)
was recommended as a maker that determine the success
of such regenerative process (Ehlicke et al. 2017). Other
pivotal genes, although not reported, were associated with
immune responses. ZBTB16 (transcription factor promye-
locytic leukemia zinc finger) is indispensable for timely and
intense immune response of almost all Natural Killer T cells
(Zhang et al. 2015). MSH2 (mutS homolog 2) was originally
recognized as a regulator in DNA mismatch repair pathway
and its strong correlation with elevated PD-L1 expression
and immune infiltration was only revealed recently in lung
adenocarcinoma (Jia et al. 2020). LY96 (Lymphocyte anti-
gen 96), also known as MD-2 (Myeloid Differentiation fac-
tor 2), is a molecular chaperone of TLR4 (Toll-like receptor
4); the TLR4/MD-2 complex was found to control the early
immune responses against bacterial infection (Robison et al.
2019). PIK3CD is a well-studied immune gene that not only
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shape the development and function of B cells (Wray-Dutra
et al. 2018), but also is responsible for the susceptibility of
T cells to virus infection (Rodriguez et al. 2019). HEBP2
(Heme Binding Protein 2) and RAB24 (Ras-Related Pro-
tein Rab-24) were related to pathways associated with innate
immune system according to the gene card (www.genecards.
org) database (Stelzer et al. 2016). Collectively, pivotal
genes identified in our current study bear the potential to
distinguish inflammatory IDD, their biological significance
was also validated by the BPNN machine learning models
with an AUC of 0.86.

Immune cell infiltration is accountable for the initiation
and progression of IDD (Shamji et al. 2010). Considering
that our currently identified pivotal genes were highly rep-
resentative of IDD and strongly associated with immune
response, we sought to find their down-stream target immune
cells that exert the major immune-pathological effects in
IDD. Therefore, we evaluated the correlation between com-
position of immune cells and the expression of pivotal genes
in IDD patients from both data sets. We found that, in blood
samples, plasma cells and MO macrophages were posi-
tively correlated with the majority of pivotal genes (includ-
ing ADAMS, ZBTB16, ANXA3 and RAB24), whereas in
tissue sample, pivotal genes (including ZBTB16, MSH2,
HEBP2 and ADAMS8) were mainly positively correlated
with activated NK cells and M2 macrophages. The discrep-
ancies regarding the correlation between pivotal genes and
immune cells components across different origin of IDD
samples (blood and tissue) could be explained by the tis-
sue heterogeneity, suggesting that the pivotal genes might
affect the immune infiltration in a tissue-specific manner. Of
note, pivotal genes in both blood and tissue samples were
associated with the proportion of CD8 T cells and resting
memory CD4 T cells; such concordance suggests that piv-
otal genes might work in concert to suppress the recruit-
ment of CD8 T cells (LY96, PIK3CD, ZBTB16 in tissue
and MSH2 in blood) or promote the resting state of CD4
T cells (PIK3CD, HEBP2, ADAMS in tissue and MSH2
in blood), thereby shaping the progression of IDD. Aside
from macrophages (Silva et al. 2019), T cells (Wang and
Samartzis 2014) and NK cells (Sato et al. 2002) that were
proposed to participate in IDD, the potential roles of plasma
cells in IDD are currently unclear, although plasma cells
are crucial for maintaining the humoral immunity (D'Souza
and Bhattacharya 2019). Based on the current results, the
correlation between pivotal genes and plasma cells or NK
cells might be specific characteristics for blood or tissue
sample of IDD patients and might provide novel perspective
on IDD diagnosis and treatment. Moreover, in our present
study, myeloid cells of IDD patients also changed greatly.
In addition, the genes LY96 (Tissicres et al. 2009), ZBTB16
(Girard et al. 2013; Quaranta et al. 2006) and PIK3CD (Kok
et al. 2009) which are related to myeloid cells were found
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to be key genes involved in IDD. These results suggested
that the dysregulation of genes related to myeloid cells and
their associated functions might indicate the pathogenesis
of IDD. Indeed, we found that the “myeloid cell activation
involved in immune response”, “myeloid leukocyte activa-
tion” and “myeloid leukocyte mediated immunity” processes
were involved in the pathogenesis of IDD. These results are
indicative of a probable implication of the myeloid cells in
IDD pathogenesis. Up to date, the involvement of myeloid
cells in the pathogenesis of IDD has not been systematically
reported. A previous study on IDD indicated that microR-
NAs regulate apoptosis in myeloid cells; however, the regu-
lated apoptosis pathways were not found to be IDD-specific
(Yang 2022). The immune myeloid cells have been reported
to regulate the extracellular matrix in cancer (Jiang and Lim
2016). Interestingly, previous studies have conveyed that the
degeneration of interverbal disc is associated with exces-
sive destruction of the outer disc extracellular matrix (ECM)
due to the expression changes in matrix metalloproteinases
(MMPs), which conducts to the decrease of intervertebral
disc machinery and subsequent structural damage (Liu et al.
2020). Thus, we inferred that myeloid cells may be involved
in IDD by releasing immune related immune and inflamma-
tory markers and regulating the MMP proteins.

Our study may present some limitations. Indeed, contrary
to the validation data GSE56081 which provided the pfir-
rmann disc grade for patients (Grades IV and V), the clini-
cal grade data of the IDD patients from the GSE124272 are
unavailable; since the dynamic changes of immune status in
the context of IDD may change with the pathological stage,
the results of our study may be taken with caution.

Conclusions

The current study revealed a number of immune-associated
pathways that might be responsible for the etiology of IDD,
which might shed a light on in-depth researches on the
pathogenesis of IDD in the context of immune response.
The association between pivotal genes and immune cells
are noteworthy and deserve further experimental validation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00438-022-01912-3.

Author contributions BH, BZ and QS wrote the manuscript and inter-
preted the data. CD, TM, FJ, YL and XP contributed to the analysis and
interpretation of data. BZ, BH and XL designed the work and revised
the manuscript. All the authors read and approved the final version of
the submitted manuscript.

Funding This work was supported by the Peking University Medi-
cine Seed Fund for Interdisciplinary Research [Grant number
BMU2020MX024]; the Peking University Medicine Fund of Foster-
ing Young Scholars’ Scientific and Technological Innovation [grant


http://www.genecards.org
http://www.genecards.org
https://doi.org/10.1007/s00438-022-01912-3

Molecular Genetics and Genomics (2022) 297:1229-1242

1241

number BMU2022PYBO008] and the National Natural Science Founda-
tion of China [grant number 81972103].

Availability of data and materials All data generated or analyzed during
this study are included in this published article and its supplementary
information files.

Declarations

Conflict of interest The authors declare that they have no competing
interests.

Ethics approval and consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Andersson GBJ (1999) Epidemiological features of chronic low-back
pain. The Lancet 354:581-585. https://doi.org/10.1016/s0140-
6736(99)01312-4

Bruntz RC, Lindsley CW, Brown HA (2014) Phospholipase D sign-
aling pathways and phosphatidic acid as therapeutic targets in
cancer. Pharmacol Rev 66:1033-1079. https://doi.org/10.1124/
pr.114.009217

Cai W, Li H, Zhang Y, Han G (2020) Identification of key biomarkers
and immune infiltration in the synovial tissue of osteoarthritis
by bioinformatics analysis. PeerJ 8:¢8390. https://doi.org/10.
7717/peerj.8390

Cannata F et al (2020) Intervertebral disc degeneration: a focus on
obesity and type 2 diabetes. Diabetes Metab Res Rev 36:¢3224.
https://doi.org/10.1002/dmrr.3224

Chooi WH, Chan SCW, Gantenbein B, Chan BP (2017) Com-
pression loading induced cellular stress response of
intervertebral disc cells in organ culture. Glob Spine J
6:5-0036-1582604-5-1580036-1582604. https://doi.org/10.
1055/5-0036-1582604

Danielsson R, Eriksson H (2021) Aluminium adjuvants in vac-
cines—a way to modulate the immune response. Semin Cell
Dev Biol. https://doi.org/10.1016/j.semcdb.2020.12.008

de Schepper EI et al (2010) The association between lumbar disc
degeneration and low back pain: the influence of age, gender,
and individual radiographic features. Spine (phila Pa 1976)
35:531-536. https://doi.org/10.1097/BRS.0b013e3181aa5b33

D’Souza L, Bhattacharya D (2019) Plasma cells: you are what you
eat. Immunol Rev 288:161-177. https://doi.org/10.1111/imr.
12732

Du L et al (2020) beta-Catenin induces transcriptional expression of
PD-L1 to promote glioblastoma immune evasion. J] Exp Med.
https://doi.org/10.1084/jem.20191115

Ehlicke F, Koster N, Salzig D, Czermak P (2017) Non-invasive Raman
spectroscopy and quantitative real-time PCR distinguish among
undifferentiated human mesenchymal stem cells and rediffer-
entiated nucleus pulposus cells and chondrocytes in vitro open.
Biomed Eng J 11:72-84. https://doi.org/10.2174/1874120701
711010072

Fabre S, Lang V, Harriague J, Jobart A, Unterman TG, Trautmann
A, Bismuth G (2005) Stable activation of phosphatidylinositol
3-kinase in the T cell immunological synapse stimulates Akt sign-
aling to FoxO1 nuclear exclusion and cell growth control. J Immu-
nol 174:4161-4171. https://doi.org/10.4049/jimmunol.174.7.4161

Finlay D, Cantrell D (2011) The coordination of t-cell function
by serine/threonine kinases. Cold Spring Harb Perspect Biol
3:2002261. https://doi.org/10.1101/cshperspect.a002261

Friedman J, Hastie T, Tibshirani R (2010) Regularization paths for
generalized linear models via coordinate descent. J Stat Softw
33:1-22

Geiss A, Larsson K, Rydevik B, Takahashi I, Olmarker K (2007)
Autoimmune properties of nucleus pulposus: an experimental
study in pigs. Spine (phila Pa 1976) 32:168-173. https://doi.org/
10.1097/01.brs.0000251651.61844.2d

Girard N et al (2013) RARa-PLZF oncogene inhibits C/EBPa func-
tion in myeloid cells. Proc Natl Acad Sci USA 110:13522—-
13527. https://doi.org/10.1073/pnas.1310067110

Hedges JC, Singer CA, Gerthoffer WT (2000) Mitogen-activated pro-
tein kinases regulate cytokine gene expression in human airway
myocytes. Am J Respir Cell Mol Biol 23:86-94. https://doi.org/
10.1165/ajremb.23.1.4014

Hosseini-Beheshti E, Grau GER (2018) Extracellular vesicles as
mediators of immunopathology in infectious diseases. Immunol
Cell Biol. https://doi.org/10.1111/imcb.12044

Hou G, Lu H, Chen M, Yao H, Zhao H (2014) Oxidative stress
participates in age-related changes in rat lumbar intervertebral
discs. Arch Gerontol Geriatr 59:665-669. https://doi.org/10.
1016/j.archger.2014.07.002

Jayakumar P, Di Silvio L (2010) Osteoblasts in bone tissue engineer-
ing. Proc Inst Mech Eng H 224:1415-1440. https://doi.org/10.
1243/09544119JEIM821

JiaM, Yao L, Yang Q, Chi T (2020) Association of MSH2 expression
with tumor mutational burden and the immune microenviron-
ment in lung adenocarcinoma. Front Oncol 10:168. https://doi.
org/10.3389/fonc.2020.00168

Jiang D, Lim SY (2016) Influence of immune myeloid cells on the
extracellular matrix during cancer metastasis. Cancer Microen-
vironment 9:45-61. https://doi.org/10.1007/s12307-016-0181-6

Kok K, Nock GE, Verrall EA, Mitchell MP, Hommes DW, Peppelen-
bosch MP, Vanhaesebroeck B (2009) Regulation of p110delta
PI 3-kinase gene expression. PLoS ONE 4:e5145. https://doi.
org/10.1371/journal.pone.0005145

Krzyzowska M, Swiatek W, Fijalkowska B, Niemialtowski M,
Schollenberger A (2010) The role of map kinases in immune
response. Med J Cell Biol 2:125-138

Langfelder P, Horvath S (2008) WGCNA: an R package for weighted
correlation network analysis. BMC Bioinform 9:559. https://doi.
org/10.1186/1471-2105-9-559

Liu X et al (2015) Noncoding RNAs in human intervertebral disc
degeneration: an integrated microarray study. Genom Data
5:80-81. https://doi.org/10.1016/j.gdata.2015.05.027

Liu B, Xu T, Meng Y (2020) IncRNA NEAT1 aggravates cerebral
ischemia/reperfusion injury by sponging miR-874-3p. J Biol
Regul Homeost Agents 3:4. https://doi.org/10.23812/20-38a

McConnell MJ (2018) Extracellular vesicles and immune modula-
tion. Immunol Cell Biol. https://doi.org/10.1111/imcb.12188

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/s0140-6736(99)01312-4
https://doi.org/10.1016/s0140-6736(99)01312-4
https://doi.org/10.1124/pr.114.009217
https://doi.org/10.1124/pr.114.009217
https://doi.org/10.7717/peerj.8390
https://doi.org/10.7717/peerj.8390
https://doi.org/10.1002/dmrr.3224
https://doi.org/10.1055/s-0036-1582604
https://doi.org/10.1055/s-0036-1582604
https://doi.org/10.1016/j.semcdb.2020.12.008
https://doi.org/10.1097/BRS.0b013e3181aa5b33
https://doi.org/10.1111/imr.12732
https://doi.org/10.1111/imr.12732
https://doi.org/10.1084/jem.20191115
https://doi.org/10.2174/1874120701711010072
https://doi.org/10.2174/1874120701711010072
https://doi.org/10.4049/jimmunol.174.7.4161
https://doi.org/10.1101/cshperspect.a002261
https://doi.org/10.1097/01.brs.0000251651.61844.2d
https://doi.org/10.1097/01.brs.0000251651.61844.2d
https://doi.org/10.1073/pnas.1310067110
https://doi.org/10.1165/ajrcmb.23.1.4014
https://doi.org/10.1165/ajrcmb.23.1.4014
https://doi.org/10.1111/imcb.12044
https://doi.org/10.1016/j.archger.2014.07.002
https://doi.org/10.1016/j.archger.2014.07.002
https://doi.org/10.1243/09544119JEIM821
https://doi.org/10.1243/09544119JEIM821
https://doi.org/10.3389/fonc.2020.00168
https://doi.org/10.3389/fonc.2020.00168
https://doi.org/10.1007/s12307-016-0181-6
https://doi.org/10.1371/journal.pone.0005145
https://doi.org/10.1371/journal.pone.0005145
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1016/j.gdata.2015.05.027
https://doi.org/10.23812/20-38a
https://doi.org/10.1111/imcb.12188

1242

Molecular Genetics and Genomics (2022) 297:1229-1242

Murray CJ et al (2012) Disability-adjusted life years (DALYs) for
291 diseases and injuries in 21 regions, 1990-2010: a system-
atic analysis for the Global Burden of Disease Study 2010. Lan-
cet 380:2197-2223. https://doi.org/10.1016/S0140-6736(12)
61689-4

Newman AM et al (2015) Robust enumeration of cell subsets from
tissue expression profiles. Nat Methods 12:453-457. https://doi.
org/10.1038/nmeth.3337

Oegema TR Jr, Johnson SL, Aguiar DJ, Ogilvie JW (2000) Fibronec-
tin and its fragments increase with degeneration in the human
intervertebral disc. Spine (phila Pa 1976) 25:2742-2747. https://
doi.org/10.1097/00007632-200011010-00005

Pai SG et al (2017) Wnt/beta-catenin pathway: modulating anticancer
immune response. J Hematol Oncol 10:101. https://doi.org/10.
1186/513045-017-0471-6

Quaranta MT et al (2006) PLZF-mediated control on VLA-4 expres-
sion in normal and leukemic myeloid cells. Oncogene 25:399—
408. https://doi.org/10.1038/sj.0nc.1209060

Rahme R, Moussa R (2008) The modic vertebral endplate and marrow
changes: pathologic significance and relation to low back pain and
segmental instability of the lumbar spine. AINR Am J Neurora-
diol 29:838-842. https://doi.org/10.3174/ajnr.A0925

Risbud MV, Shapiro IM (2014) Role of cytokines in intervertebral disc
degeneration: pain and disc content Nature reviews. Rheumatol-
ogy 10:44-56. https://doi.org/10.1038/nrrheum.2013.160

Robison A, Snyder DT, Christensen K, Kimmel E, Hajjar AM, Jutila
MA, Hedges JF (2019) Expression of human TLR4/myeloid dif-
ferentiation factor 2 directs an early innate immune response asso-
ciated with modest increases in bacterial burden during Coxiella
burnetii infection. Innate Immun 25:401-411. https://doi.org/10.
1177/1753425919855420

Rodriguez R et al (2019) Concomitant PIK3CD and TNFRSF9 defi-
ciencies cause chronic active Epstein-Barr virus infection of T
cells. J Exp Med 216:2800-2818. https://doi.org/10.1084/jem.
20190678

Ruel N et al (2014) Fibronectin fragments and the cleaving enzyme
ADAM-8 in the degenerative human intervertebral disc. Spine
(phila Pa 1976) 39:1274-1279. https://doi.org/10.1097/BRS.
0000000000000397

Sato N, Kikuchi S, Sato K (2002) Quantifying the stress induced by
distress in patients with lumbar disc herniation in terms of natu-
ral killer cell activity measurements: chromium release assay
versus multiparameter flow cytometric assay. Spine (phila Pa
1976) 27:2095-2100. https://doi.org/10.1097/00007632-20021
0010-00004

Shakespear MR, Halili MA, Irvine KM, Fairlie DP, Sweet MJ (2011)
Histone deacetylases as regulators of inflammation and immunity.
Trends Immunol 32:335-343. https://doi.org/10.1016/].it.2011.
04.001

Shamji MF et al (2010) Proinflammatory cytokine expression profile
in degenerated and herniated human intervertebral disc tissues.
Arthritis Rheum 62:1974—-1982. https://doi.org/10.1002/art.27444

Shannon P et al (2003) Cytoscape: a software environment for inte-
grated models of biomolecular interaction networks. Genome Res
13:2498-2504. https://doi.org/10.1101/gr.1239303

Shin EY et al (2001) Involvement of phospholipase D in oxidative
stress-induced necrosis of vascular smooth muscle cells. FEBS
Lett 508:277-281. https://doi.org/10.1016/s0014-5793(01)
03059-9

Silva AJ et al (2019) Macrophages down-regulate gene expression of
intervertebral disc degenerative markers under a pro-inflammatory
microenvironment. Front Immunol 10:1508. https://doi.org/10.
3389/fimmu.2019.01508

@ Springer

Sorci G, Cornet S, Faivre B (2013) Immune evasion, immunopathol-
ogy and the regulation of the immune system. Pathogens 2:71-91.
https://doi.org/10.3390/pathogens2010071

Stelzer G et al (2016) The genecards suite: from gene data mining to
disease genome sequence analyses. Curr Protoc Bioinform 54:30-
31-31 30 33. https://doi.org/10.1002/cpbi.5

Subramanian A et al (2005) Gene set enrichment analysis: a knowl-
edge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci USA 102:15545-15550. https://doi.
org/10.1073/pnas.0506580102

Sun Z, Liu B, Luo ZJ (2020) The immune privilege of the intervertebral
disc: implications for intervertebral disc degeneration treatment.
Int J Med Sci 17:685-692. https://doi.org/10.7150/ijms.42238

Tissieres P, Araud T, Ochoda A, Drifte G, Dunn-Siegrist I, Pugin J
(2009) Cooperation between PU.1 and CAAT/enhancer-binding
protein beta is necessary to induce the expression of the MD-2
gene. J Biol Chem 284:26261-26272. https://doi.org/10.1074/jbc.
M109.042580

Torkki M et al (2016) Osteoclast activators are elevated in interverte-
bral disks with Modic changes among patients operated for herni-
ated nucleus pulposus. Eur Spine J 25:207-216. https://doi.org/
10.1007/s00586-015-3897-y

Vergroesen PP et al (2015) Mechanics and biology in intervertebral
disc degeneration: a vicious circle. Osteoarthr Cartil 23:1057—
1070. https://doi.org/10.1016/j.joca.2015.03.028

Wang HQ, Samartzis D (2014) Clarifying the nomenclature of interver-
tebral disc degeneration and displacement: from bench to bedside.
Int J Clin Exp Pathol 7:1293-1298

Wang Y et al (2019) Transcriptome signatures reveal candidate key
genes in the whole blood of patients with lumbar disc prolapse.
Exp Ther Med 18:4591-4602. https://doi.org/10.3892/etm.2019.
8137

Wang L, He T, Liu J, Tai J, Wang B, Zhang L, Quan Z (2021) Revealing
the immune infiltration landscape and identifying diagnostic bio-
markers for lumbar disc herniation. Fronti Immunol 12:666355.
https://doi.org/10.3389/fimmu.2021.666355

Wray-Dutra MN, Al Qureshah F, Metzler G, Oukka M, James RG,
Rawlings DJ (2018) Activated PIK3CD drives innate B cell
expansion yet limits B cell-intrinsic immune responses. J Exp
Med 215:2485-2496. https://doi.org/10.1084/jem.20180617

Yan Q et al (2021) Bioinformatics-based research on key genes
and pathways of intervertebral disc degeneration. Cartilage
13:582s5-591s. https://doi.org/10.1177/1947603520973247

Yang X (2022) Mechanism of protective role of miR-874-3p in
intervertebral disc degeneration. Ann Transl Med 10:213. https://
doi.org/10.21037/atm-22-91

Yokoi Y, Nakamura K, Yoneda T, Kikuchi M, Sugimoto R, Shimizu
Y, Ayabe T (2019) Paneth cell granule dynamics on secretory
responses to bacterial stimuli in enteroids. Sci Rep 9:2710. https://
doi.org/10.1038/541598-019-39610-7

Yu G, Wang LG, Han Y, He QY (2012) clusterProfiler: an R package
for comparing biological themes among gene clusters. OMICS
16:284-287. https://doi.org/10.1089/0mi.2011.0118

Zhang S, Laouar A, Denzin LK, Sant’Angelo DB (2015) Zbtb16
(PLZF) is stably suppressed and not inducible in non-innate T
cells via T cell receptor-mediated signaling. Sci Rep 5:12113.
https://doi.org/10.1038/srep12113

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/S0140-6736(12)61689-4
https://doi.org/10.1016/S0140-6736(12)61689-4
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1097/00007632-200011010-00005
https://doi.org/10.1097/00007632-200011010-00005
https://doi.org/10.1186/s13045-017-0471-6
https://doi.org/10.1186/s13045-017-0471-6
https://doi.org/10.1038/sj.onc.1209060
https://doi.org/10.3174/ajnr.A0925
https://doi.org/10.1038/nrrheum.2013.160
https://doi.org/10.1177/1753425919855420
https://doi.org/10.1177/1753425919855420
https://doi.org/10.1084/jem.20190678
https://doi.org/10.1084/jem.20190678
https://doi.org/10.1097/BRS.0000000000000397
https://doi.org/10.1097/BRS.0000000000000397
https://doi.org/10.1097/00007632-200210010-00004
https://doi.org/10.1097/00007632-200210010-00004
https://doi.org/10.1016/j.it.2011.04.001
https://doi.org/10.1016/j.it.2011.04.001
https://doi.org/10.1002/art.27444
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1016/s0014-5793(01)03059-9
https://doi.org/10.1016/s0014-5793(01)03059-9
https://doi.org/10.3389/fimmu.2019.01508
https://doi.org/10.3389/fimmu.2019.01508
https://doi.org/10.3390/pathogens2010071
https://doi.org/10.1002/cpbi.5
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.7150/ijms.42238
https://doi.org/10.1074/jbc.M109.042580
https://doi.org/10.1074/jbc.M109.042580
https://doi.org/10.1007/s00586-015-3897-y
https://doi.org/10.1007/s00586-015-3897-y
https://doi.org/10.1016/j.joca.2015.03.028
https://doi.org/10.3892/etm.2019.8137
https://doi.org/10.3892/etm.2019.8137
https://doi.org/10.3389/fimmu.2021.666355
https://doi.org/10.1084/jem.20180617
https://doi.org/10.1177/1947603520973247
https://doi.org/10.21037/atm-22-91
https://doi.org/10.21037/atm-22-91
https://doi.org/10.1038/s41598-019-39610-7
https://doi.org/10.1038/s41598-019-39610-7
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1038/srep12113

	Comprehensive bioinformatics analyses reveal immune genes responsible for altered immune microenvironment in intervertebral disc degeneration
	Abstract
	Introduction
	Methods
	Data collection
	Gene set enrichment analysis (GSEA)
	Weighted correlation network analysis (WGCNA)
	Pathway enrichment analysis (GOKEGG)
	LASSO feature selection
	Machine learning-based model validation
	Correlation analysis of pivotal gene expression and IDD immune environment

	Results
	GSEA-based identification of immune genes responsible for IDD
	Detection of IDD-associated co-expression modules by WGCNA
	Selection for pivotal immune-associated players in the pathogenesis of IDD
	Correlation between pivotal genes and immune cell composition

	Discussion
	Conclusions
	References




