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The expression characteristics of LBP in spinal
tuberculosis and its regulatory effect on the
TLR4/NF-kB inflammatory pathway
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further validated by quantitative real-time polymerase chain reaction and enzyme-linked immunosorbent assay. A
Bacillus Calmette-Guérin-stimulated THP-1-derived macrophage model was used to assess the effects of LBP
knockdown on Toll-like receptor 4 (TLR4)/nuclear factor kappa-B (NF-xB)-associated signaling and inflammatory
mediator expression.

Results: LBP was upregulated in patients with STB. In BCG-stimulated macrophages, LBP knockdown was associated
with the downregulation of TLR4/NF-xB signaling and decreased expression of inflammatory mediators, including
NLRP3, Caspase-1, and interleukin-1p.

Conclusion: LBP is correlated with the inflammatory response in STB and may be related to the alteration of the
TLR4/NF-xB signaling pathway. LBP may serve as a potential diagnostic biomarker and candidate regulatory
molecule for STB.

INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M.tb) infection, is a chronic infectious disease
with widespread prevalence and a heavy disease burden. Its threat to human health has not been fully
contained to date"!. Spinal tuberculosis (STB), a common extrapulmonary form of TB, often occurs when
M.tb spreads from a primary site via the bloodstream to the vertebral bodies”. As the condition progresses,
patients may experience vertebral destruction, pathological fractures, deformities such as kyphosis, and in
severe cases, neurological impairment due to spinal cord compression’.

The lesion site in STB is usually associated with significant inflammatory cell infiltration, particularly
macrophages, neutrophils, and lymphocytes. M.tb, an intracellular pathogen, primarily resides within
macrophages, which play a critical role in both innate immune responses and pathogen control.
Macrophages, as a key component of the innate immune system, are involved in pathogen detection,
immune surveillance, inflammation regulation, and microbial elimination"”’. Upon infection, these cells
accumulate at the infection site, become activated, and undergo metabolic reprogramming, switching from
oxidative phosphorylation to glycolysis, which further influences their polarization and the production of
inflammatory mediators'®. While macrophages limit M.tb replication, they also exacerbate tissue damage by
releasing pro-inflammatory cytokines!”.. Previous research has shown that M.tb can survive in host
macrophages and induce granuloma formation. Inside granulomas, the bacteria may continue to replicate,
leading to caseous necrosis, liquefaction, and cavitation, thus promoting disease progression"®’. Granulomas
serve as both a defense mechanism against pathogen spread and the foundation for chronic inflammation in
TB.

Lipopolysaccharide-binding protein (LBP) is a soluble molecule that recognizes microbial patterns and is
elevated in various infectious and inflammatory conditions”. LBP contributes to inflammatory responses by
enhancing the release of chemokines and pro-inflammatory mediators and by modulating innate immune
signaling"®. Toll-like receptors (TLRs) are essential for detecting pathogen-associated molecular patterns and
initiating innate immunity, and dysregulation of TLR signaling is associated with several autoimmune and
chronic inflammatory diseases!"". Nuclear factor-«xB (NF-kB), a key regulator in the inflammatory pathway, is
a major target downstream of TLRs"?. When activated, TLRs recruit adaptor proteins such as IRAK, leading
to NF-xB activation and translocation!*.. Moreover, evidence suggests that LBP amplifies TLR-related
signaling and enhances the host’s immune response''*.. Given the importance of macrophages in STB
pathogenesis, LBP may be implicated in the regulation of inflammatory pathways and could serve as a
potential biomarker and therapeutic target for STB. However, the role of LBP in macrophage responses
during mycobacterial infection remains poorly understood.
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This study investigates LBP expression and its role in STB using clinical samples and an in vitro macrophage
model. Proteomics was employed to identify differentially expressed proteins in STB patients, followed by
further exploration of the relationship between LBP and TLR-related inflammatory signaling using a Bacillus
Calmette-Guérin (BCG)-stimulated macrophage model. Our goal is to provide insights into the molecular
mechanisms underlying STB inflammation and identify potential immunoregulatory targets for therapy.

MATERIALS AND METHODS

Clinical samples

The study participants were recruited from the Department of Orthopedics at Ningxia Medical University
General Hospital and included 40 patients with confirmed STB who were diagnosed between January 2021
and June 2022. The patient group consisted of 25 males and 15 females, with an age range of 37 to 73 years
(mean age: 53.5 + 4.6 years). A control group of 40 healthy volunteers was also enrolled, comprising 20 males
and 20 females, aged 40 to 72 years (mean age: 51.3 + 5.5 years). No statistically significant differences in
gender distribution or age were observed between the two groups (P > 0.05). Patients with STB were enrolled
if they had a confirmed diagnosis supported by histopathology or a combination of typical imaging features,
etiological evidence and clinical manifestations, were aged 35-75 years, had not received prior anti-
tuberculosis treatment, and provided written informed consent. Patients with other spinal infections,
concurrent active tuberculosis at other sites, autoimmune diseases, malignancies, severe organ dysfunction,
recent immunosuppressant use, or pregnancy/lactation were excluded. Healthy controls were frequency-
matched for age and gender, had no history of spinal diseases or infectious disorders, showed no
abnormalities in routine examinations, and provided informed consent. Individuals with a history of
tuberculosis, chronic inflammatory diseases, or recent immunomodulatory drug use were excluded from the
control group.

For proteomic screening, three subjects were randomly selected from the 40 participants in each group (STB
and control). Subsequent validation of candidate proteins via qRT-PCR and ELISA was performed using the
full cohort of 40 subjects per group. The study protocol was reviewed and approved by the Research Ethics
Committee of Ningxia Medical University General Hospital, which determined that the research conformed
to established ethical standards (Approval No. KYLL-2021-932). Written informed consent was obtained
from all participants prior to enrollment.

iTRAQ-based proteomic analysis

Proteomic profiling was performed on both clinical plasma samples and cultured THP-1 macrophages to
identify differentially expressed proteins and their associated signaling pathways. For clinical samples,
peripheral plasma was collected from 3 patients with STB and 3 age- and sex-matched healthy controls;
whole blood was centrifuged at 3,000 rpm for 10 min at 4 °C, and the supernatant plasma was stored at -80
°C until use. For cellular experiments, THP-1 macrophages were allocated to four groups: blank control,
BCG-stimulated, LBP-knockdown control (LBP knockdown without BCG treatment), and BCG-stimulated
+ LBP-knockdown groups, with total cellular proteins extracted using RIPA lysis buffer supplemented with a
protease inhibitor cocktail. All protein samples were quantified via the bicinchoninic acid (BCA) assay,
digested into peptides with trypsin, and analyzed by liquid chromatography-tandem mass spectrometry (LC-
MS/MS); specifically, plasma protein samples were labeled with isobaric tags for relative and absolute
quantification (iTRAQ) before detection, while cellular protein samples were processed via the filter-aided
sample preparation (FASP) method for label-free quantification. Raw mass spectrometry data were searched
against the human UniProt reference database for protein identification, and differentially expressed proteins
between paired groups were screened with consistent thresholds of fold change > 1.20 or < 0.83 and P < 0.05.
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Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was conducted separately
on two sets of differentially expressed proteins: those identified from clinical plasma proteomic profiling, and
those derived from pairwise comparisons of different THP-1 macrophage treatment groups. The
clusterProfiler R package was used for enrichment analysis to delineate the signaling pathways associated
with protein expression alterations under each experimental condition. The significance threshold was set at
P < 0.05, fully consistent with the differential protein screening criteria described in Section iTRAQ-based
proteomic analysis.

Quantitative real-time PCR (qRT-PCR)

Total RNA from blood samples was extracted using the TRIzol method (Invitrogen, USA), and cDNA was
synthesized by reverse transcription of RNA using the PrimeScript RT reagent Kit (Thermo, USA). The
obtained cDNA was used for qRT-PCR validation experiments on the LightCycler480Il quantitative platform
(Roche, USA), using B-actin as an internal reference. All 16 differentially expressed proteins identified by
proteomic screening were validated at the mRNA level, and the corresponding primer sequences are listed in
Table 1. The reaction system consisted of 1 pL of template cDNA, 0.4 uL each of the upstream and
downstream primers, 8.2 uL of ddH20, and 10 uL of SYBR MIX, with a total volume of 20 uL. PCR
conditions were as follows: 95 °C for 3 min; 95 °C for 5 s; 60 °C for 30 s, for a total of 40 cycles. The obtained
data were analyzed using the 2-AACt method to calculate the relative gene expression levels.

Enzyme-linked immunosorbent assay

Peripheral whole blood (3-5 mL) was collected from each subject, and centrifuged at 3,000 rpm for 10 min at
4 °C within 1 h after collection. The plasma supernatant was harvested and stored at -80 °C until use. After
all samples were collected, target protein levels were measured using commercial enzyme-linked
immunosorbent assay (ELISA) kits (Beijing Xinbosheng Biotechnology Co., Ltd.) following the
manufacturer’s instructions.

THP-1 cell culture and differentiation induction

The human monocytic cell line THP-1 was purchased from Wuhan Zishan Biotechnology Co., Ltd. (Wuhan,
Hubei, China). Cells were routinely maintained in complete RPMI 1640 medium (Cat. No. 11875093, Gibco,
USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Cat. No. 10099141C, Gibco,
USA). All cultures were incubated in a humidified atmosphere with 5% CO, at 37 °C. THP-1 cells were
passaged every 2-3 days at a split ratio of 1:3 to 1:4 when reaching 80%-90% confluence. Only cells within
passage 5 to passage 20 were used for all formal experiments to guarantee stable cellular phenotypes and
experimental reproducibility.

Cell line authentication was performed via short tandem repeat (STR) profiling. The STR genotype of the
THP-1 cell line was verified by the supplier (Wuhan Zishan Biotechnology Co., Ltd., China) prior to
delivery. The genotyping results were fully consistent with the standard THP-1 profile in the ATCC cell
bank, and no cross-contamination with other human cell lines was detected. Mycoplasma contamination was
routinely screened for all cell batches using a PCR-based mycoplasma detection kit, and all cells applied in
this study were confirmed to be mycoplasma-free.

For macrophage differentiation, THP-1 cells in the logarithmic growth phase were counted using an
automated cell counter and seeded into 6-well plates at a density of 5 x 10° cells per well, with 2.5 mL of
complete culture medium added to each well. To optimize the differentiation condition, cells were treated
with a gradient of phorbol 12-myristate 13-acetate (PMA, MCE, Cat. No. HY-18739) concentrations, and cell
adherence status was evaluated at serial time points (0, 6, 12, 18, 24, 30, 36, and 48 h). A PMA concentration
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Table 1. Real-time fluorescence quantitative PCR primers

Gene Primer Sequence (5' — 3') Product
Forward CTGGCATTGCTGCTTACGTC

LBP 164
Reverse CTCAAGTCCCCGGTGAAGTC
Forward TGTCTTTCAGAAGACCTGGTTC

ST00A8/A9 140
Reverse ACGGCATGGAAATTCCCCTTT
Forward GCTGACTCAATCATCCTCTGC

IGLV4-60 7
Reverse CTCCCCTTGTTGTAGCTTCCA
Forward TGGCTGGAAAGATGGAGACAA

SAA2 15
Reverse AAAGCTCTCTCTTGCATCACTG
Forward TTGGCAGCATCAAGGAAGC

LRG2 226
Reverse CAGATGGACAGTGTCGGCA
Forward CAGAGGTCTCTACTCCAACTACC

PRG4 199
Reverse AGTCATTTCAGGTTTAGTCGCTG
Forward GGTGAGGTGGACTGCATTACA

CFI 191
Reverse CCTCCCACAATTCGTTTCCTTC
Forward GGAGGCTCAGATCCATGAAGG

SERPINAT 187
Reverse GGTGTCCCCGAAGTTGACAG
Forward TGCTCAAGAACTACATGGACGC

CTSD 17
Reverse CGAAGACGACTGTGAAGCACT
Forward GGGCCATCTACCCTGATAACA

CcpP 88
Reverse TTAAAGGTCCGATGAGTCCTGA
Forward CTCGTCCGGGTTGGAAAAGAG

VCL 142
Reverse AGTAAGGGTCTGACTGAAGCAT
Forward GGACGACGTCTGTGTAGCACT

IGHV3-64D 83
Reverse GGGCTATCTTCCGTGATCACA
Forward CCGAGGTCTCATCTCGATCTTCC

IGKV2D-29 129
Reverse AGTCATATCAGGGTTAGTCACTG
Forward GCAGGACCAGATTCATCATGG

IGKV6D-41 214
Reverse GGTCTCGTCGATGTAGACAG
Forward GCGGAATCGATCATTCTGTGC

IGHV1-45 96
Reverse CTCCTCTTGTCGTAGCATCCA
Forward GAAAATCTGGCACCACAAAT

p-actin 45
Reverse GATAGCACAGCCTGGATAGCAA

LBP: Lipopolysaccharide-binding protein; S100-A8/A9: SAA2: serum amyloid A2; LRG2: leucine-rich alpha-2-glycoprotein 2; PRG4: proteoglycan 4;

CFl: complement factor I; SERPINAT: serpin family A member 1; CTSD: cathepsin D; CP: ceruloplasmin; VCL: vinculin.

of 75 ng/mL and an induction period of 24 h were determined as optimal to differentiate THP-1 monocytes

into adherent macrophage-like cells.

For BCG infection optimization, diluted BCG suspension was added to differentiated macrophages at
multiplicities of infection (MOIs) of 0, 2, 4, 8, 12, 16, 20, and 24. Cell morphology, viability, and
differentiation status were assessed to screen the optimal infection dose. Subsequently, time-gradient

experiments (0, 6, 12, 18, 24, 30, 36, and 48 h) were performed at the optimized MOI to characterize dynamic

cellular responses and determine the optimal infection duration. All incubations were conducted under the

standard culture conditions described above.
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Cell transfection

Small interfering RNA (siRNA) sequences targeting LBP were designed by Shanghai Gima Pharmaceutical
Biotechnology Co., Ltd. A 4 OD siRNA was synthesized for use in cell transfection experiments. Under
optimized conditions of concentration and incubation time, 10 pL of siRNA was mixed with 15 pL of Zeta
transfection reagent in a sterile centrifuge tube, gently vortexed, and incubated at room temperature in a
laminar flow hood for 20 min to allow formation of siRNA-lipid complexes. The resulting complex solution
was then added dropwise to each well of a 6-well plate, with 25 pL applied per well. The plate was gently
shaken to ensure uniform distribution of the transfection mixture. Cells were subsequently incubated in a
standard cell culture incubator (37 °C, 5% CO,) for 24 h, after which the culture medium was replaced. The

cells were then further incubated for an additional 24 hours before proceeding to downstream assays.

Western blotting (WB)

Total cellular proteins were extracted using ice-cold RIPA lysis buffer supplemented with a protease inhibitor
cocktail and a phosphatase inhibitor cocktail (Servicebio, China). After lysis on ice for 30 min with
intermittent vortexing, the lysates were centrifuged at 12,000 xg for 15 min at 4 °C to collect the supernatant
containing total cellular proteins. Protein concentration was determined using a BCA protein assay kit
(Servicebio, China).

For each sample, 30 pg of total protein was loaded and separated by 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), and then electrotransferred onto polyvinylidene fluoride (PVDF) membranes.
The membranes were blocked with 5% (w/v) skim milk powder dissolved in Tris-buffered saline with
Tween-20 (TBST) for 1 h at room temperature, and then incubated with primary antibodies overnight at 4
°C. The primary antibodies used were as follows: LBP, TLR2 and TLR4 (Servicebio, China, 1:1,000); TLR9,
NF-«B p65, myeloid differentiation primary response 88 (MyDs88), NLR family pyrin domain containing 3
(NLRP3), Caspase-1, C-C motif chemokine ligand (CCL3), and IL-18 (Affinity, China, 1:1,000);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Affinity, China, 1:5,000).

After five washes with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Affinity, China, 1:10,000) for 1 h at room temperature. After another five washes with
TBST, an enhanced chemiluminescence (ECL) reagent was added for band visualization. Finally, Image]
software was used to quantify the grayscale values of the target bands, and relative protein expression levels
were normalized to the internal reference GAPDH for comparative analysis.

Statistical analysis

All statistical analyses were performed using SPSS 26.0 software. Quantitative data are presented as mean =+
standard deviation (mean + SD). Biological replicates refer to independent experiments performed on
biologically distinct samples. All sample sizes (denoted as n) in this study represent the number of biological
replicates. Technical replicates refer to repeated measurements of the same biological sample. The average
value of technical replicates was calculated as the final value for each corresponding biological replicate, and
technical replicates were not included in the statistical sample size.

Prior to all parametric analyses, the Shapiro-Wilk test was used to verify the normality of data distribution,
and Levene’s test was used to assess the homogeneity of variances across groups. All datasets in this study
conformed to the assumptions of normal distribution and equal variance; thus, parametric statistical
methods were adopted. For two-group comparisons (including the proteomic screening with 3 samples per
group, as well as qRT-PCR and ELISA validation with 40 clinical samples per group), differences between the
STB group and healthy control group were analyzed by two-tailed unpaired Student’s ¢-test. For multi-group
comparisons (including the time-gradient and concentration-gradient optimization of BCG infection, and
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Figure 1. Differential protein screening in peripheral blood from patients with STB. (A) Differential Protein Clustering Analysis; (B)
Differential Protein Volcano Distribution Plot; (C) Differential Protein Domain Bubble Chart; (D) Differential Protein Domain Bar Chart. n =
3 subjects per group. STB: Spinal tuberculosis.

the four-group cell intervention experiment), overall differences among groups were analyzed by one-way
analysis of variance (one-way ANOVA), and Tukey’s post-hoc test was applied for pairwise multiple
comparison correction. A P-value < 0.05 was considered statistically significant.

RESULTS

Identification of differentially expressed proteins in plasma samples from patients with STB

Using iTRAQ combined with LC-MS/MS, the plasma protein expression profiles of patients with STB and
healthy controls were compared. Differentially expressed proteins (DEPs) were screened using the criteria of
fold change (FC) > 1.20 or < 0.83 and P < 0.05. A total of 16 DEPs were identified between the two groups,
including 11 upregulated proteins and 5 downregulated proteins in the STB group [Figure 1A and B]. The
overall distribution of DEPs was visualized by volcano plot analysis, and hierarchical clustering analysis
further demonstrated distinct protein expression patterns between the STB group and the healthy control

group.
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Table 2. qRT-PCR validation of differential gene expression in peripheral blood samples from patients with STB and healthy controls

Gene name Normal group measurements Measured values in patients with STB P value
LBP 0.97+0.36 1.63+0.31 < 0.001
ST00A8/A9  0.87+0.35 146+ 0.26 < 0.001
IGLV4-60 0.79+0.26 0.86+0.38 0.339
SAA2 1.35+0.25 1.25+0.82 0.463
LRG2 0.76 £ 0.31 0.86+0.23 0.105
PRG4 0.81+0.31 0.89+0.27 0.222
CFI 0.83+0.52 0.77+0.46 0.586
SERPINAT 0.75+0.31 0.89+0.62 0.205
CTSD 0.76 £ 0.46 0.67+0.54 0.425
CcpP 0.84+0.57 0.74+£0.51 0.41
VCL 0.61+0.39 0.73+£0.31 0.132
IGHV3-64D  0.89+0.43 0.75+0.47 0.168
IGKV2D-29  0.85+0.39 0.76 £+ 0.48 0.360
IGKV6D-41 0.76 +£0.43 0.89+0.53 0.232
IGHV1-45 0.75+0.34 0.87+0.59 0.269

qRT-PCR: quantitative real-time PCR; STB: spinal tuberculosis; LBP: lipopolysaccharide-binding protein; S100-A8/A9: SAA2: serum amyloid A2;
LRG2: leucine-rich alpha-2-glycoprotein 2; PRG4: proteoglycan 4; CFl: complement factor I; SERPINAT: serpin family A member 1; CTSD: cathepsin
D; CP: ceruloplasmin; VCL: vinculin.

To comprehensively verify the differential expression of all screened proteins, all 16 DEPs were subjected to
qRT-PCR validation at the mRNA level. Based on the magnitude of differential expression, statistical
significance, and potential biological relevance to STB pathogenesis, 10 core candidate proteins closely
associated with innate immunity, inflammatory regulation and tissue remodeling were further selected for
protein-level validation by ELISA and subsequent mechanistic exploration. These core candidate proteins
included LBP, S100 calcium-binding protein A8/A9 (S100A8/A9), serum amyloid A2 (SAA2), leucine-rich
alpha-2-glycoprotein 2 (LRG2), proteoglycan 4 (PRG4), complement factor I (CFI), serpin family A member
1 (SERPINA1), cathepsin D (CTSD), ceruloplasmin (CP), and vinculin (VCL) [Figure 1C and D].

Validation of differential gene expression by qRT-PCR

qRT-PCR of peripheral blood gene expression in patients with STB and healthy controls revealed that the
LBP and S100A8/A9 genes were significantly overexpressed (P < 0.05). In addition, the genes SAA2, LRG2,
PRG4, CFI, SERPINA1, CTSD, CP, VCL, IGLV4-60, IGHV3-64D, IGKV2D-29, IGKV6D-41, and IGHV1-45
showed either upregulation or downregulation in peripheral blood samples from STB patients; however,
these changes did not reach statistical significance (P > 0.05, n = 40 subjects per group) [Table 2].

The expression levels of differentially expressed proteins in peripheral blood were verified by ELISA
The proteins were quantified in patients with STB using commercial ELISA kits. The results demonstrated
that plasma levels of LBP and S100-A8/S100-A9 in STB patients were significantly elevated compared to
controls, and their protein expression showed a positive correlation with corresponding gene expression at
the transcriptional level. In contrast, no significant differences in protein levels were observed for SAA2,
LRG2, PRG4, CFI, SERPINA1, CTSD, CP, or VCL between STB patients and healthy controls, and the
expression of these proteins did not correlate with their respective mRNA levels. These discrepancies may
reflect post-transcriptional regulation, secretion dynamics, protein stability, or differences between cellular
transcription and circulating protein abundance [Figure 2].
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Figure 2. ELISA detection of differentially expressed proteins in peripheral blood from healthy individuals and patients with STB. (A-J) The
expression differences of different proteins in STB and the normal control group. ns (P> 0.05), * (P < 0.05), *** (P < 0.001), n = 40
subjects per group. STB: Spinal tuberculosis; LBP:lipopolysaccharide-binding protein; STOOA8/A9: S100 calcium-binding protein A8/A9;
SAA2: serum amyloid A2; LRG2: leucine-rich alpha-2-glycoprotein 2; PRG4: proteoglycan 4; CFl: complement factor I; SERPINAT: serpin
family A member 1; CTSD: cathepsin D; CP: ceruloplasmin; VCL: vinculin; ELISA: enzyme-linked immunosorbent assay.

KEGG enrichment analysis associated with STB

KEGG pathway enrichment analysis identified several significantly enriched signaling pathways related to
the differentially expressed proteins [Table 3]. Notably, LBP was annotated to the TLR and NF-«B signaling
pathways, which were identified as significantly enriched pathways among the differentially expressed
proteins. These findings suggest that the identified differentially expressed proteins and their associated
signaling pathways may play critical roles in the pathogenesis of STB.

KEGG enrichment analysis of differential proteins under different treatment conditions

To delineate the functional signaling pathways modulated by BCG stimulation and LBP knockdown in
macrophages, KEGG pathway enrichment analysis was performed on differentially expressed proteins
derived from each of the four THP-1 macrophage treatment groups, and the corresponding enrichment
profiles are shown in Figure 3A-D. The results demonstrated that the differentially expressed proteins under
different intervention conditions were predominantly associated with multiple innate immune and

inflammatory-related pathways, including the Toll-like receptor signaling pathway, TNF signaling pathway,
and IL-17 signaling pathway.

Notably, the Toll-like receptor signaling pathway and its downstream NF-«B signaling cascade were
consistently identified as core enriched pathways, which were fully consistent with the pathway annotation of
LBP, the key differential molecule screened from the plasma proteomics of STB patients. This concordance
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Figure 3. KEGG pathway enrichment analysis of differentially expressed proteins in THP-1-derived macrophages under different treatment
conditions. (A) Differential protein-related signaling pathways in the blank control group; (B) Differential protein-related signaling
pathways in the BCG group; (C) Differential protein-related signaling pathways in the LBP knockdown + control group; (D) Differential
protein-related signaling pathways in the BCG + LBP knockdown group. IL: Interleukin; BCG: Bacillus Calmette-Guérin; LBP:
lipopolysaccharide-binding protein; TNF: tumor necrosis factor; NOD: nucleotide-binding oligomerization domain; KEGG: Kyoto
Encyclopedia of Genes and Genomes.

Table 3. KEGG signaling pathway analysis results

Protein ID Protein name P-Value Pathway

Figazs Lep 0.001 "I\'lcflllfl?ke receptor

P0O5109 protein S100-A8 0.015 IL-17

P06702 protein S100-A9 0.044 IL-17

PO5156 CFl 0.023 NF-xB

PO1009 alpha-T-antitrypsin 0.015 Complement and coagulation cascades
PO0450 CpP 0.035 Porphyrin and chlorophyll metabolism
P18206 VCL 0.001 Regulation of actin cytoskeleton
AOA0J9Y X35 immunoglobulin heavy chain 0.026 PI3K-Akt

AOAOAOMS14 immunoglobulin heavy chain 0.009 Calcium

KEGG: Kyoto Encyclopedia of Genes and Genomes; LBP: lipopolysaccharide-binding protein; CFl: complement factor I; CP: ceruloplasmin; VCL:
vinculin; IL: interleukin.

between clinical sample profiling and in vitro cellular experiments further suggests that these differential
proteins and their related signaling pathways may participate in the inflammatory response and pathological

progression of STB.
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Figure 4. Determination of the optimal time and concentration for BCG infection in THP-1 human macrophages. (A-D) The optimal
infection time and MOI were further validated by WB analysis, with an MOl of 8 and an infection time of 24 h identified as optimal. All
data are presented as mean =+ standard deviation. ** (P < 0.01), *** (P < 0.001), n = 3. LBP: Lipopolysaccharide-binding protein; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; BCG: Bacillus Calmette-Guérin; THP-1: WB: western blotting; MOI: multiplicity of infection.

Validation of the optimal and time-dependent concentration of BCG for infection of THP-1
macrophages

Under the conditions of inducing THP-1 monocytes into macrophages, concentration and time gradients
were systematically evaluated. Based on prior studies, differentiation was assessed at time points of 0, 6, 12,
18, 24, 30, 36, and 48 hours. The MOI gradients tested were 0, 2, 4, 8, 12, 16, 20, and 24. The results

demonstrated that the optimal incubation time for BCG infection was 24 h, with an optimal concentration of
8 MOI [Figure 4].

Effects of LBP knockdown on TLR expression in BCG-stimulated macrophages

To further investigate the potential association between LBP and TLR-related inflammatory signaling, the
expression levels of TLR2, TLR4, and TLR9 were examined in THP-1-derived macrophages under different
treatment conditions. Compared with the control group, the expression of LBP was increased in BCG-

stimulated macrophages. Under the same conditions, TLR4 expression was also elevated, whereas no obvious
changes were observed in TLR2 or TLR9 expression.

Following siRNA-mediated knockdown of LBP, the protein expression levels of LBP and TLR4 were reduced
in BCG-stimulated macrophages compared with those in the BCG group. In contrast, the expression levels of
TLR2 and TLR9 showed no marked changes after LBP knockdown. These findings suggest that LBP may be
associated with TLR4-related signaling changes in BCG-stimulated macrophages [Figure 5].
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Figure 5. Results regarding the effects of BCG infection on different TLR receptors are as follows. (A-D) The protein expression levels of
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deviation. ns (P> 0.05), * (P < 0.05), ** (P < 0.01), n = 3. BCG: Bacillus Calmette-Guérin; TLR: Toll-like receptor; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; LBP: lipopolysaccharide-binding protein; SIRNA: small interfering RNA.

Effects of LBP knockdown on NF-kB-associated signaling in BCG-stimulated macrophages

To further assess the association between LBP and NF-«B inflammatory signaling, the total protein
expression level of NF-«kB p65 was examined in THP-1-derived macrophages under different treatment
conditions. Compared with the control group, BCG stimulation increased the total protein levels of LBP,
TLR4, and NF-«B pe65. Following siRNA-mediated knockdown of LBP, the total NF-kB p65 protein level was
reduced in BCG-stimulated macrophages compared with the BCG-only group.

These findings suggest that LBP knockdown is associated with attenuated NF-kB-related signaling changes in
BCG-stimulated macrophages, indicating that LBP may be involved in the regulation of inflammatory
signaling under mycobacterial infection conditions [Figure 6].

Effects of LBP knockdown on inflammatory mediator expression in BCG-stimulated macrophages

To further evaluate the effects of LBP on inflammatory mediator expression, the protein levels of NLRP3,
MyDss, Caspase-1, interleukin-1p (IL-1p), and CCL3 were examined in THP-1-derived macrophages under
different treatment conditions. Compared with the control group, BCG stimulation increased the expression
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Figure 6. Effects of LBP knockdown on TLR4/NF-kB-associated protein expression in BCG-stimulated macrophages. (A-D) The protein
expression levels of LBP, TLR4, and total NF-kB p65 under BCG infection and Si-LBP interference conditions are presented. All data are
presented as mean + standard deviation. ns (P> 0.05), * (P < 0.05), ** (P < 0.01), n = 3. BCG: Bacillus Calmette-Guérin; SIRNA: small

interfering RNA; LBP: lipopolysaccharide-binding protein; TLR: Toll-like receptor; NF-kB: nuclear factor kappa-B; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase.

of NLRP3, Caspase-1, and IL-1p [Figure 7]. After siRNA-mediated knockdown of LBP, the expression levels
of these inflammatory mediators were reduced in BCG-stimulated macrophages compared with those in the
BCG group. For the signaling adaptor protein MyDs8s, no statistically significant difference in total protein
expression was observed between the BCG-stimulated group and the blank control group. Compared with
the BCG+siRNA group, the Con+siRNA group showed an upregulated baseline level of MyD88 protein.

In addition, CCL3 expression was altered under BCG stimulation and following LBP knockdown. Taken
together, these findings suggest that LBP may be involved in the regulation of inflammatory mediator
expression in BCG-stimulated macrophages [Figure 8].

DISCUSSION

STB is the most prevalent form of extrapulmonary skeletal tuberculosis, and progressive inflammatory
damage is the core driver of vertebral bone destruction and disease deterioration".. However, the key
regulatory molecules and specific signaling pathways underlying STB-associated inflammatory dysregulation
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Figure 7. Under BCG infection conditions, the impact of the NF-kB signaling pathway on the expression of inflammatory cytokine proteins.
(A-F) The protein expression levels of MyD88, NLRP3, Caspase-1, CCL3, and IL-1p under BCG infection and Si-LBP interference conditions
are presented. All data are presented as mean = standard deviation. ns (P > 0.05), * (P < 0.05), *** (P < 0.001), n = 3. BCG: Bacillus
Calmette-Guérin; SIRNA: small interfering RNA; MyD88: myeloid differentiation primary response 88; NLRP3: NLR family pyrin domain

containing 3; CCL3: C-C motif chemokine ligand; IL-1B: interleukin-13; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; LBP:
lipopolysaccharide-binding protein.

NLRP3 (==

Figure 8. Schematic illustration of the putative mechanism of LBP in STB-associated inflammation. Under mycobacterial stimulation,
upregulated LBP is correlated with changes in the TLR4/NF-KkB signaling axis, and is associated with increased expression of downstream
inflammatory mediators including NLRP3, Caspase-1, IL-18 and CCL3, which may contribute to the inflammatory progression of spinal
tuberculosis. Created in BioRender. Wangjiong, W. (2026) https://BioRender.com/gnzcqqs. STB: Spinal tuberculosis; LBP:
lipopolysaccharide-binding protein; IL-1B: interleukin-1B; CCL3: C-C motif chemokine ligand; NLRP3: NLR family pyrin domain containing 3;
NF-KB: nuclear factor kappa-B; MyD88: myeloid differentiation primary response 88; TLR4: Toll-like receptor 4.
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remain poorly defined.

In this study, we adopted a two-stage research strategy combining clinical plasma proteomics and in vitro
cellular mechanistic validation. First, we screened differentially expressed plasma proteins between STB
patients and healthy controls via iTRAQ-based quantitative proteomics, and identified LBP as a significantly
upregulated candidate molecule. Subsequent expanded cohort validation confirmed consistent elevation of
LBP at the plasma protein level in STB patients. In BCG-stimulated THP-1 macrophages, siRNA-mediated
knockdown of LBP was associated with downregulation of TLR4/NF-«B signaling and decreased production
of downstream inflammatory mediators including NLRP3, Caspase-1, and IL-1B. Collectively, these findings
suggest that LBP participates in the regulation of mycobacteria-induced inflammatory responses, and may
serve as a promising candidate diagnostic biomarker for STB.

LBP is a well-characterized soluble pattern recognition molecule that mediates the transfer of bacterial lipid
ligands to innate immune receptor complexes'*.

Clinically, the elevated plasma LBP in STB patients is predominantly synthesized and secreted by the liver as
a canonical acute-phase reactant, triggered by systemic pro-inflammatory cytokines (e.g., IL-6) during
infection""”). Circulating hepatic LBP can extravasate into vertebral lesion sites to participate in local
mycobacterial antigen recognition*. Meanwhile, lesion-infiltrating macrophages also produce LBP locally,

[19

which amplifies inflammatory signaling in an autocrine/paracrine manner"”. In our study, BCG stimulation
significantly upregulated both LBP and TLR4 expression in THP-1 macrophages, while siRNA-mediated
LBP knockdown concordantly reduced TLR4 protein levels and downstream inflammatory mediator
production. These results indicate a close functional association between LBP and TLR4 signaling during

mycobacterial infection.

Based on the canonical function of LBP as an extracellular lipid carrier, we postulate that the attenuated
inflammatory response following LBP knockdown is primarily attributable to impaired ligand presentation
to the TLR4 receptor complex. LBP binds to mycobacterial cell wall components such as lipoarabinomannan,
and facilitates their recognition by the membrane CD14/TLR4 complex to initiate downstream signaling!*’'.
Given that BCG was administered extracellularly in our experimental system, the observed effect of LBP
silencing is most likely mediated by reduced cell surface antigen presentation, rather than direct intracellular
signal transduction. Nevertheless, we acknowledge that the current data cannot definitively exclude a
potential intracellular regulatory role of LBP. Further experiments using intracellular targeted LBP
expression or membrane-impermeable LBP inhibitors are required to clarify the exact mode of action.

Regarding the adaptor protein MyD88, we observed no significant change in total protein abundance upon
BCG stimulation. This is consistent with its established function as a constitutively expressed cytoplasmic
adaptor: MyDs8s activation depends on its recruitment to activated membrane receptor complexes, rather
than upregulation of total protein levels'"’. In addition, the slight increase in baseline MyD88 expression in
the negative control siRNA group represents a well-documented non-specific effect in macrophage
transfection experiments, resulting from mild innate immune activation triggered by exogenous nucleic acids
and transfection reagents.

Notably, our study only assessed total NF-kB p65 protein levels, which do not directly reflect the activation
status of the NF-«xB pathway. Canonical NF-«B activation is defined by phosphorylation and subsequent
nuclear translocation of the p65 subunit, rather than changes in total cellular protein abundance**??/,
Therefore, our findings only demonstrate an association between LBP expression and NF-«B signaling, and
do not confirm a direct regulatory effect on pathway activation. Follow-up studies will examine
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phosphorylated NF-«B p65 and its subcellular localization to elucidate the precise impact of LBP on NF-«B
pathway activation.

Beyond the LBP-centered TLR4/NF-«B axis, our KEGG enrichment analysis revealed multiple dysregulated
pathways involved in STB pathogenesis. The IL-17 signaling pathway, driven by upregulated S100A8/A9, is
strongly linked to inflammatory cascade amplification and osteoclast activation””, which may contribute to
vertebral bone destruction in STB. The complement and coagulation cascades pathway, modulated by
differentially expressed SERPINA1 and CFI, reflects dysregulated innate immune defense and coagulation
homeostasis during tuberculosis infection”*. Enrichment of the actin cytoskeleton regulation pathway
further suggests that aberrant cell adhesion and tissue remodeling participate in the formation of local STB
lesions. Collectively, these findings delineate a complex molecular regulatory network underlying STB and
provide promising directions for future mechanistic investigations.

We observed discordant expression between peripheral blood mRNA and plasma protein levels for several
candidates (SAA2, LRG2, CFI, SERPINA1). This transcript-protein uncoupling, a well-documented
phenomenon in clinical multi-omics research, is driven by three core biological mechanisms. First, multi-
layered post-transcriptional and post-translational regulation (e.g., microRNA-mediated translational
repression, alternative splicing, glycosylation, and proteolytic cleavage) decouples mRNA abundance from
mature protein levels”. Second, circulating proteins have distinct half-lives and clearance kinetics, and
secreted protein accumulation in plasma typically lags behind transcriptional changes®, particularly in
chronic infections such as STB. Third, most plasma acute-phase proteins are predominantly liver-derived,
while whole-blood mRNA mainly reflects the transcriptome of circulating immune cells””; this tissue origin
difference is a major contributor to the observed discrepancy.

Several limitations of the present work should be acknowledged.

First, the discovery-phase proteomic screening included only 3 participants per group, which is relatively
small for high-dimensional omics studies and carries an inherent risk of false-positive findings. To address
this limitation, we adopted a classic two-stage study design: small-sample exploratory screening followed by
targeted validation in an expanded cohort. The differential expression of the core target LBP was successfully
verified in the 40-patient validation cohort, which supports the reliability of our core conclusion.

Power analysis confirmed that a sample size of 40 per group provides 80% statistical power to detect
moderate-to-large effect size differences at a two-sided significance level of 0.05 using unpaired Student’s ¢-
test, which is adequate for biomarker validation studies. However, all samples were recruited from a single
medical center, which may limit the generalizability of our findings to other populations.

Second, our control group only included healthy individuals, and no patients with other spinal infectious
diseases (e.g., pyogenic spondylitis, brucellar spondylitis) were enrolled. Therefore, the diagnostic specificity
of LBP for STB cannot be fully evaluated in the current study.

Third, our mechanistic experiments were limited to loss-of-function assays via LBP knockdown. Gain-of-
function experiments, such as LBP overexpression and functional rescue assays, were not performed, so the
causal regulatory role of LBP in the TLR4/NF-«B inflammatory axis has not been fully established.

Fourth, all in vitro experiments were conducted using the THP-1 monocytic cell line. Immortalized cell lines
differ from primary macrophages in phenotypic characteristics and inflammatory response profiles, and
simplified in vitro models cannot fully recapitulate the complex immune microenvironment and intercellular
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crosstalk of STB lesions in vivo. The physiological relevance of our findings requires further validation in
primary macrophage models and in vivo STB animal models.

Future studies will expand to multi-center cohorts with disease control groups, and conduct in-depth
mechanistic validation using overexpression rescue assays, primary cell models and in vivo animal models, to
comprehensively clarify the role of LBP in STB pathogenesis.

CONCLUSIONS

In summary, LBP was upregulated in patients with STB, and LBP knockdown was associated with attenuated
TLR4/NF-«B signaling and decreased expression of inflammatory mediators including NLRP3, Caspase-1,
and IL-1p in a BCG-stimulated macrophage model. These findings suggest that LBP is correlated with the
inflammatory response in STB and may be related to the alteration of the TLR4/NF-«B signaling pathway.
LBP may serve as a potential diagnostic biomarker and candidate regulatory molecule for STB.
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