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ABSTRACT
Objective: To investigate whether the presence of bacteria within non-herniated intervertebral discs (IVDs) represents bacterial 
antigen signals within disc cell boundaries, consistent with in vivo presence and to assess the effects of bacterial exposure on 
human nucleus pulposus (NP) cells, focusing on immune response pathways and catabolic factor expression.
Methods: Non-herniated IVD tissue was analyzed using immunohistochemistry (n = 79 discs) to detect bacterial presence and 
its correlation with catabolic factors. Bacterial survival was tested under IVD-like conditions to simulate intradiscal growth po-
tential. Human NP cells were treated with bacterial cell membrane components in both monolayer (n = 3) and 3D cultures (n = 3), 
with secretome analyzed via Luminex profiling. Co-culture studies investigated bacterial internalization, with NP cells exposed 
to peptidoglycans or co-cultured with S. aureus or C. acnes at physiologically relevant multiplicities of infection (MOI 0.01, n = 3) 
to assess intracellular signaling activation.
Results: Immunohistochemical analysis revealed significant correlations between C. acnes intracellular staining and expres-
sion of catabolic markers: MMP-3 (p = 3.39 × 10−4); GSDMD (p = 0.019); and the intracellular receptor: NOD2 (p = 9.6 × 10−5), im-
plicating these factors in immune surveillance by NP cells. The presence of NOD2 suggests activation of intracellular pathways 
that contribute to bacterial detection and trigger inflammatory responses. Stimulation of NP cells with peptidoglycan induced 
a strong catabolic secretome in both 2D and 3D cultures, whilst LPS showed limited effects. Low infectivity of NP cells with C. 
acnes and S. aureus suppressed VEGF, CXCL10 and CCL5. Effects of peptidoglycan and bacterial co-culture were altered by 
TLR2/NOD2 inhibition, suggesting receptor-specific but incomplete pathway dependence.
Conclusion: This study identifies key bacterial receptors and signaling pathways in the IVD in response to bacteria, highlight-
ing potential targets for therapeutic intervention in disc-related inflammatory conditions. Our findings support the concept of 
an active immune role of NP cells in response to bacterial presence, challenging the notion of the disc as a sterile environment.
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1   |   Introduction

The intervertebral disc (IVD) is crucial for spine flexi-
bility and load distribution across vertebral segments [1]. 
Degeneration of the IVD is strongly linked to low back pain 
(LBP), a major cause of disability worldwide, affecting around 
619 million people, particularly women [2]. Traditionally, 
the IVD's avascular nature suggested it was sterile, but this 
was challenged when Stirling et  al. detected anaerobic bac-
teria, notably Cutibacterium acnes (C. acnes), in herniated 
discs from sciatica patients [3]. Since then, the role of bac-
terial presence and a possible disc-specific microbiome in 
disc health and pathology has spurred debate, especially re-
garding the association between bacterial colonization and 
Modic changes (vertebral endplate bone marrow lesions vis-
ible on MRI), hypothesized to be linked to bacteria in some 
cases [4, 5].

Advances in detection methods, particularly next-generation 
sequencing (NGS), have enabled microbiome studies in low-
biomass environments like the IVD. Some findings support a 
unique disc microbiome [6, 7], but concerns about the contam-
ination of biopsies collected perioperatively hinder conclusive 
findings. Among the detected bacteria, C. acnes has garnered 
significant attention due to its role as a skin commensal and 
potential opportunistic pathogen in infections, including those 
related to medical devices [8, 9]. Additionally, Staphylococcus 
aureus (S. aureus) and coagulase-negative staphylococci have 
been identified in disc samples [4].

Research has focused on bacterial presence in the IVD and po-
tential signaling pathways activated by bacterial stimulation. 
Pattern recognition receptors (PRRs) such as toll-like receptors 
(TLRs) and nucleotide oligomerisation domain-like receptors 
(NLRs) detect molecular patterns associated with pathogens 
and cellular damage, mediating immune responses. TLR2 
and TLR4, which recognize bacterial components, have been 
detected in human IVD cells [10, 11]. TLR2, upregulates cat-
abolic factors in response to Gram-positive bacteria, including 
C. acnes [12]. Whilst TLR4 is activated by Gram-negative bac-
teria [13]. NLRP3 a member of the NLR family is expressed 
by NP cells and mediates C. acnes-induced pyroptosis [14], 
however NOD2, which also detects Gram-positive bacteria, 
has not been investigated in the IVD [15]. In this context, we 
selected peptidoglycan (PGN) and lipopolysaccharide (LPS) 
as prototypical bacterial ligands to probe NP cell responsive-
ness. PGN is a Gram-positive wall component that engages the 
TLR2/NOD2 axis, whereas LPS from Gram-negative bacteria 
activates TLR4. Testing these ligands therefore provides mech-
anistic insight into the role of distinct PRR pathways in disc 
cell signaling.

This study aimed to investigate potential bacterial pres-
ence within non-herniated human IVDs, distinguishing 
perioperative contamination from in  vivo colonization, and 
to examine correlations between PRRs, catabolic factors, and 
bacterial presence. Additionally, bacterial growth in IVD-
mimicking conditions was determined, together with the im-
pact of bacterial exposure on disc cells, focusing on signaling 
pathways.

2   |   Methods

2.1   |   Experimental Design

This study initially investigated whether bacteria could be detected 
within non-herniated human IVDs using immunohistochemistry 
to enable localization of bacteria and determine whether bacterial 
presence was likely due to contamination alone or could repre-
sent in vivo disc bacteria (Figure S1). Bacterial growth was also 
assessed under conditions mimicking the harsh disc environment 
to monitor their survival. The ability of bacteria to survive and 
multiply within conditions that mimicked the harsh disc environ-
ment was undertaken to determine potential growth rates in vivo. 
Following confirmation of IHC localization for bacterial antigens 
within cellular boundaries within the disc, correlation with cat-
abolic factors and the ability of bacteria to multiply within con-
ditions that mimicked the disc environment, the potential direct 
effects of bacteria were investigated in vitro. Initial studies utilized 
human nucleus pulposus (NP) cells in monolayer and subsequently 
in a 3D culture system treated with bacterial cell membrane com-
ponents to determine their influence on cellular secretome, which 
was analyzed using a Luminex assay. Co-culture studies were then 
utilized to determine the time course of bacterial internalization 
into human NP cells. Finally, NP cells were treated with peptido-
glycans (PGNs) or in co-culture with physiologically relevant mul-
tiplicity of infection (MOI) of S. aureus or C. acnes to determine 
activation of intracellular signaling pathways and modulation of 
secretome. These cultures were performed with and without the 
presence of inhibitors of TLR2 and NOD receptors to determine 
potential receptor-mediated responses.

2.2   |   Tissue Collection

Human IVD tissue was collected from patients who gave their 
consent during spinal surgery at Northern General Hospital or 
Claremont Hospital in Sheffield (UK) (Tables S1 and S3). Local 
ethics approval was given for this work by Sheffield Research 
Ethics Committee (09/H1308/70) (IRAS approval: 10226). The 
tissue was placed into 30 mL low glucose (1.0 g/L) Dulbecco's 
Modified Eagle Medium DMEM (LG-DMEM, Invitrogen 
31 600–083, Paisley, UK) supplemented with 1% Penicillin/
Streptomycin (P/S, Invitrogen, 15 070–063) and 25 μg/mL 
Amphotericin B (Sigma, A2942, Dorste, Gillingham, UK) at 4 
degrees at surgery, and transported under sterile conditions to 
the laboratory. As a first step the tissue was washed twice in ster-
ile phosphate buffered saline (PBS, OXOID BR0014G, Thermo 
Fisher Scientific, Loughborough, UK) before splitting the tissue 
into annulus fibrosus (AF), cartilaginous endplate (CEP), and 
NP tissues. For cell isolation solely NP tissue was used in this 
study whereas parts from all tissue components (where avail-
able), were fixed in 10% (w/v) formalin (Leica, Milton Keynes, 
UK), processed, embedded in paraffin wax to perform histologi-
cal grading of degeneration and immunohistochemical staining.

2.3   |   Hematoxylin and Eosin Staining and Grading 
for State of Degeneration

Sections were cut with a microtome at a thickness of 4 μm, 
and mounted on positively charged slides (Superfrost Plus, 

 25721143, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jsp2.70139 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [24/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 15JOR Spine, 2025

Epredia, Runcorn UK). Sections were dewaxed in sub-X (Leica 
Microsystems) 3 × 5 min and hydrated in industrial methylated 
spirit (IMS, 3 × 5 min). Sections were then stained with Harris's 
hematoxylin (Surgipath Europe Ltd) for 5 min and blued for 
3 min under running tap water. For counterstaining alcoholic 
eosin (Leica Microsystems) was applied for 2 min. After dehy-
dration in IMS and clearing in sub-X the slides were mounted 
using Pertex (Leica Microsystems). Grading was performed 
following the standardized histopathology scoring system for 
human IVD degeneration [16]. For samples consisting of both 
NP and AF, the average of the two scores was taken as the de-
generative score. CEPs were excluded from the analysis as they 
were observed in low numbers of samples.

2.4   |   Immunohistochemical Staining (IHC)

Human IVD specimens (Table  S1) were fixed in 10% (w/v) 
formalin for 48 h up to a week and embedded in paraffin 
wax. Sections were cut with a microtome at a thickness of 
4 μm whereby sections were first cut into the block to avoid 
edges of tissues and mounted on positively charged slides. 
Immunohistochemical staining was performed as previ-
ously published [17]. The sections were de-waxed, rehy-
drated and endogenous peroxidases were blocked for 60 min 
in 100% IMS containing 3% (v/v) hydrogen peroxide (Sigma 
Aldrich) and 0.06% (v/v) concentrated HCl. Antigen retrieval 
depended on the antibody (Table  S2) and consisted either of 
no antigen retrieval, enzyme antigen retrieval [0.1% w/v α-
chymotrypsin (Sigma Aldrich, Poole, UK) in tris-buffer saline 
(TBS) (20 mmol/L Tris, 150 mmol/L NaCl pH 7.5) containing 
0.1% w/v CaCl2 for 30 min at 37°C] or heat antigen retrieval 
[0.05 M Tris, pH 9.5 preheated on automatic cook mode prior 
to 5 min incubation of samples within a rice steamer on warm 
(ASAB, AS-40979, UK)]. Following antigen retrieval, the sec-
tions were washed in TBS and non-specific antibody binding 
was blocked (Table S2) for 1 h at room temperature in 1% (w/v) 
bovine serum albumin (BSA) containing 25% (v/v) normal 
serum in TBS. Primary antibodies (Table S2) were applied to 
the slides overnight at 4°C diluted in TBS containing 1% (w/v) 
BSA. Simultaneously IgG controls in place of the primary an-
tibodies were used at equal protein concentrations to test for 
non-specific binding of the isotype. Following the overnight 
incubation, the sections were washed with TBS three times 
prior to the application of the secondary antibodies at room 
temperature for 30 min followed by three more TBS washes, 
before applying EliteABC reagent (Vector, Laboratories, 
Peterborough, UK) to the slides for 30 min. After another 3 
TBS washes 0.65 mg/mL 3,3′-diaminobenzides tetrahydrochlo-
ride (DAB, Sigma-Aldrich) containing 0.08% (v/v) H2O2 in TBS 
was added for 20 min, prior to washes in running tap water 
for 5 min. Counterstaining of the nuclei was performed with 
Hematoxylin (Gill's Hematoxylin GHS232, Sigma, Dorset, UK) 
for 20 s and blued for 3 min under running tap water. After de-
hydration in graded ethanol and clearing in xylene the slides 
were mounted using Pertex. Slides were scanned at 20× and 
40× magnification using a slidescanner (PANNORAMIC 250 
Flash II DX, 3DHistech) and representative images included 
to highlight immunohistochemical staining. Image analysis 
of the combined NP and AF tissues was performed using the 

semi-automatic quantification protocol, whereby tissue edges 
were excluded from analysis [18].

2.5   |   Isolation and Expansion of Human Nucleus 
Pulposus (NP) Cells

Cell isolation (Table S3) was performed using the standardized 
protocol as previously published [19]. Briefly, upon washing 
with PBS, the tissue was transferred into a 50 mL falcon tube 
containing 20 mL of Collagenase type II (285.00 units/mg, 
0.05 mg/mL, Invitrogen: 17101–015) and incubated (37°C, 5% 
CO2, 21% O2) for 4 h on an orbital shaker. The released cells were 
filtered through a 70 μm cell strainer, counted, and plated at a 
seeding concentration of 10 000 cells/cm2. Culture media com-
posed of high glucose (4.5 g/L) DMEM Medium (HG-DMEM, 
Invitrogen: 10569010 HG) supplemented with 10% (v/v) heat-
inactivated foetal calf serum (FCS, LifeTechnologies, Paisley, 
UK), 1% P/S, 1% L-Glutamine (Invitrogen: 25030–024), 2.5 μg/
mL Amphotericin B and 25 μg/mL L-ascorbic acid 2-Phosphate 
(AA, Sigma, A5960) was added and changed 3 times per week. 
At 80% confluence cells were detached using Trypsin–EDTA 
(Invitrogen, 25 300–062) and passaged 1:3. Upon passage 2, cells 
were used for experiments in monolayer or resuspended in 1.2% 
alginate to enable re-differentiation to NP phenotype.

2.6   |   Encapsulation of NP Cells in Alginate

Following trypsinisation, cell suspensions were centrifuged 
at 400 g for 4 min. The cell pellet was then resuspended in 
culture media and counted using a NucleoCounter NC-2000. 
Following further centrifugation at 400 g, cells were resus-
pended at 1.2% medium viscosity sodium alginate (Sigma 
A2033) in 0.15 M sodium chloride (NaCl) at 4 × 106 cells/ml 
density. The resulting cell suspension was passed through a 21-
gauge needle into 24 well plates containing 200 mM calcium 
chloride (CaCl2), six beads per well. Beads were incubated 
for 10 min at 37°C in 200 mM CaCl2, followed by 2 washes of 
0.15 M NaCl and media. Two milliliters of complete low glucose 
(LG, 1 g/L) culture media: LG DMEM, supplemented with 1% 
insulin transferrin selenium-x (ITS-x, Invitrogen, 51 500–056), 
1% P/S, 1% L-Glutamine, 2.5 μg/mL Amphotericin B, 25 μg/mL 
AA, 40 μg/mL L-Proline and 1.25 mg/mL Albumax were added 
[20]. Cultures were maintained for 2 weeks at 37°C under phys-
ioxia conditions (5% O2, 5% CO2) to regain in vivo phenotype.

2.7   |   Bacterial Cultures

Staphylococcus aureus SH1000 a derivative of the 8325–4 strain 
and Cutibacterium acnes (NCTC 737, Culture Collection UK 
Health Security Agency, Salisbury, UK) were used for this study. 
S. aureus was grown on Mueller Hinton agar (70 191, Merck, 
Dorset, UK) plates at 37 degrees and 21% O2 overnight. C. acnes 
was grown at 37 degrees in an anaerobic chamber on agar plates 
for 1 week. Liquid cultures were grown under 5% O2 by adding 
one colony-forming unit (CFU) to 4 mL of complete LG media. 
S. aureus was used after 16 h of culture, while C. acnes was cul-
tured for 48 h prior to use.
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2.8   |   Bacterial Growth

Bacterial growth was measured at 5% O2 within 3 different 
culture media. Mueller Hinton Broth was used as a posi-
tive control, whilst complete LG-culture media at an os-
molarity of 350 mOsm/Kg and 450 mOsm/Kg were used to 
represent the disc environment, as these values reflect the 
physiological osmotic pressures reported for healthy and de-
generated IVD tissue [21]. OSM was adjusted using the im-
permeant cation N-methyl-D-glucosamine HCl to prevent 
solute-specific target effects from other compounds and re-
sulting OSM confirmed by freezing point depression using 
Model 3320 osmometer (Advanced Instruments, Dorset, 
UK). An initial liquid culture in the respective culture media 
was diluted to have an optical density of 0.1 at a wavelength 
of 600 nm. The suspended bacteria were then seeded into a 
96-well plate, and the optical density was measured with the 
Stratus kinetic microplate reader (Cerillo, Charlottesville, VA 
22902, USA). A second 96-well plate was used to prepare se-
rial dilution to count CFU every hour for S. aureus and twice 
a day for C. acnes.

2.9   |   Co-Culture of Human NP Cells and S. aureus

Human NP cells were seeded into chamber slides at 
0.3 × 105 cells/well in LG-culture media. Cells were left to at-
tach overnight at 37°C, 5% CO2, 21% O2, whilst S. aureus was 
grown in a liquid culture in LG-culture media overnight. Two 
hours before usage, NADA green (0.5 mM, Cat 6648, TOCRIS) 
was supplemented with the media labelling the peptidogly-
cans in the live bacteria. Fresh media, supplemented with S. 
aureus at an MOI of 0.01, was added to the cell culture and 
incubated for 1 h prior to fixation in 10% (w/v) formalin for 
20 min. Cells were then stained with Phalloidin (A12381, 
Thermo Fisher) for 30 min prior to washing with PBS and 
mounting with gold antifade mountant with DNA stain DAPI 
(P36931, Thermo Fisher). Imaging was performed on a Zeiss 
LSM 800 confocal microscope (Carl Zeiss Microscopy GmbH, 
Oberkochen, Germany).

2.10   |   Stimulation With Peptidoglycans (PGN) 
and Lipopolysaccharides (LPS)

Following trypsinisation and counting, cells were seeded into 
a 12-well plate at a concentration of 0.5 × 106 cells/well for the 
monolayer culture. Cultures were held at 37°C, 5% CO2, 21% O2. 
After an initial settling period of 24 h in complete LG media, 
the cells were treated for 48 h with different concentrations 
(0–50 μg/mL) of PGN and lipopolysaccharides (LPS) respec-
tively. Media was collected following treatment for protein 
analysis with Luminex immunoassay. Cells in alginate were 
cultured under physioxia conditions (5% O2, 5% CO2) in com-
plete LG media for 2 weeks prior to the treatment with com-
plete LG media supplemented with different concentrations of 
PGN (0–50 μg/mL) for 72 h respectively. Cells were permeabi-
lised with 0.1% Triton X-100 in PBS for 3 min and stained with 
Phalloidin for 30 min.

2.11   |   Inhibition of NOD and TLR2 
and Stimulation With PGN, S. aureus and C. acnes

Cells from 3 human donors (Table S3) at passage 2 were tryp-
sinised counted, and seeded into 96 well plates at a density of 
15 000 cells per well, and 48 well plates at a seeding density of 
30 000 cells per well. Cells were left to attach overnight in com-
plete LG media under physioxia conditions (5% O2, 5% CO2). 
Cells were treated with the inhibitors for nucleotide oligomeri-
sation domain in 1 (NODin1, 10 μM, Selleckechem, S0004), toll 
like receptor 2 (TLR2, 50 μM, Selleckchem, S6597) and a com-
bination of the two for 24 h prior to treatment. Optimization of 
the concentrations was performed by measuring the metabolic 
activity using a resazurin reduction assay to confirm no detri-
mental effects on viability. Cells were incubated for 2 h at 37°C 
and resazurin sodium salt (119,4 μM, Sigma Aldrich, R7017) in 
media before absorbance was measured at excitation 560 nm and 
emission 590 nm. The treatment groups were stimulated with 
PGN (50 μg/mL) for 48 h or bacterial stimulation with C. acnes 
or S. aureus SH1000 with and without the presence of inhibitors. 
Bacteria were added for 2 h with and without the presence of 
inhibitors at a ratio of 1 bacterium to 100 cells (MOI 0.01) before 
washing non-internalized bacteria with PBS and adding fresh 
media supplemented with the inhibitors to culture the cells for a 
further 48 h. Media were collected to perform Luminex analysis.

2.12   |   Cell Based Phosphorylation Measurements

Protein phosphorylation was measured for c-Jun-N-terminal 
kinase (JNK, CBEL-JNK-1, RayBiotech, GA 30092, US) p38 
mitogen-activated protein kinase (p38, CBEL-P38, RayBiotech), 
extracellular signal-regulated kinase (ERK, CBEL-ERK, 
RayBiotech) and nuclear factor kappa B p65 (NFkB, FBCAB0073, 
Assay Genie, Dublin Ireland) as per the manufacturer's instruc-
tions. As previously stated, cells were seeded into the 96 well 
plates and incubated overnight before applying inhibition fol-
lowed by the treatment. After 2 h of treatment, following the man-
ufacturer's instructions, the cell culture medium was discarded 
and washed 3 times with the provided wash buffer before fixing 
the cells for 20 min. Following the manufacturer's instructions 
for kits purchased from RayBiotech (CBEL-JNK-1, CBEL-P38, 
CBEL-ERK) the absorbance for the phosphorylated and non-
phosphorylated forms of the target protein was measured in two 
identically treated wells. For the NFkB p65 kit, in addition to 
measuring the phosphorylated and non-phosphorylated targets, 
GAPDH was measured in each well.

2.13   |   Luminex

Conditioned media from the initial LPS and PGN treatment 
was collected and analyzed for 73 secreted proteins for mono-
layer culture (Table S4, 2D) and 28 proteins for alginate bead 
culture (Table  S4, 3D) using bead-based Luminex multiplex 
immunoassays (Protavio, Athens, Greece), as described pre-
viously [22]. Six assay panels were employed to measure the 
73 analytes in the conditioned media, utilizing an eight-point 
standard curve. Ninety-six well plates were coated with 50 μL 
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of each 1× bead mix dilution (Mag-Plex magnetic micro-
spheres, Luminex Corp, Austin, TX, USA), containing 2500 
beads per bead ID, and incubated with 35 μL of standards, 
samples, and blanks for 90 min at room temperature on an or-
bital shaker (1000 rpm). Wells were washed twice with assay 
buffer (PR-ASSB-1×, Protavio, Greece), followed by the addi-
tion of 20 μL of a detection antibody mix at an average con-
centration of 1 μg/mL to each well, and incubated for 60 min 
at room temperature on an orbital shaker (1000 rpm). After 
two more washes with assay buffer, 35 μL of Streptavidin-R-
Phycoerythrin conjugate (5 μg/mL, SAPE-001, MOSS, USA) 
was added and incubated for 15 min under the same condi-
tions. Finally, the wells were washed twice and resuspended in 
130 μL of assay buffer, and the median fluorescence intensity 
(MFI) values were measured using the Luminex FLEXMAP 
3D platform (Luminex Corp., Austin, TX, USA) with a mini-
mum of 100 bead counts per sample.

For the Luminex analysis performed on the study of treat-
ment with PGN, S. aureus or C. acnes with or without inhibi-
tors a reduced panel was used based on results from the first 
study (Table S4). The analysis was performed in Sheffield, using 
R&D Systems' Luminex assay (LXSAHM-20, R&D Systems, 
Minneapolis, US) following the manufacturer's instructions. 
The median MFI values were measured utilizing Luminex 
200, Thermo Scientific with a minimum of 50 bead counts per 
sample.

The two Luminex assays (Protavio/FLEXMAP 3D and R&D 
Systems/Luminex 200) were conducted independently and not 
cross-linked. All analyses were performed separately within 
each platform, without pooling or direct quantitative compari-
son between assays.

2.14   |   Statistical Analysis

Statistical analysis for IHC positivity rates was conducted 
using GraphPad Prism (Version 10.3.1509). A Kruskal-Wallis 
test with Dunn's multiple comparisons was used to compare 
different groups for each antibody staining. Normality of cor-
relation data was assessed using the Shapiro–Wilk test. As 
data were normally distributed, a two-tailed Pearson correla-
tion analysis with a 95% confidence interval was performed 
to assess the correlation between positivity rates for various 
antibodies. For the comparison between bacterial cell wall 
component treatments and the control group, data were firstly 
normalized to donor controls and statistical analysis con-
ducted in GraphPad Prism v.10.6.1. Data were shown to be non-
parametric and as such to generate Volcano plots comparing 
LPS and PGN stimulation to untreated controls using Multiple 
Mann–Whitney testing, p values were corrected for multiple 
comparisons using the Holm-Sidak Method. Additionally, 
differences in cytokine expression levels between PGN- and 
bacteria-stimulated samples, with or without inhibition, were 
analyzed using Kruskal-Wallis Dunn's multiple comparisons 
in GraphPad Prism. A p value of ≤ 0.05 was considered statis-
tically significant. Experiments were conducted in biological 
triplicates unless stated differently. For in vitro experiments, 
cells from three independent donors were used, with three 
wells per donor analyzed independently (technical duplicates 

per well were combined), giving a total of nine experimental 
replicates (n = 9; 3 donors × 3 wells).

3   |   Results

3.1   |   C. acnes and S. aureus Were Present in 
Non-Herniated Human IVD Samples

C. acnes (detected with an antibody to C. acnes lysate) and S. 
aureus were investigated in human IVD samples using immu-
nohistochemical staining (Figure 1A). C. acnes was detected 
in all the samples ranging from 5.9%–99.6% of cells with 
immunopositivity staining (n = 79), average positivity rate 
68.15% ± 26.6% (Figure 1B). No statistically significant differ-
ence was observed between age groups, degeneration grade or 
presence of Modic change (Figure 1). S. aureus was detected in 
38 out of 78 IVDs ranging from 0.6% to 7.6% (average positivity 
rate 1.9% ± 1.4%). Samples from female (f) patients showed a 
higher abundance of S. aureus than samples from male (m) 
patients ( f = 60.5% (26/43), m = 47.8% (11/23)). No difference 
was observed with age, degeneration state or type of Modic 
change. C. acnes and S. aureus immunopositivity were solely 
detected within cellular boundaries and not as biofilms within 
the tissue (Figure  1). To conclude, both C. acnes and S. au-
reus immunopositivity were identified within cellular bound-
aries of non-herniated IVDs, with C. acnes showing higher 
prevalence.

3.2   |   TLR2, TLR4 and NOD2 Are Expressed in 
Human IVD Samples; NOD2 Presence Correlates 
With the Positivity Rate of C. acnes, TLR2 and TLR4

Immunohistochemical staining confirmed the presence of 
TLR2 (average positivity rate: 67.4% ± 24.5%), TLR4 (average 
positivity rate: 28.52% ± 23.6%) and NOD 2 (average positiv-
ity rate: 28.27 ± 26.25) within human IVD tissue (Figure  2A). 
Pearson correlation showed a positive correlation between 
TLR2 and NOD2 (p = 1.58 × 10−6, r = 0.589), TLR4 and NOD2 
(p = 1.79 × 10−7, r = 0.576) and TLR2 and TLR4 (p = 2.4 × 10−8, 
r = 0.622) (Figure  2B). Correlation was also detected between 
NOD2 and C. acnes (p = 0.028, r = 0.262) (Figure  2B). While 
other comparisons failed to show significant correlations 
(p > 0.05) (Figure 2B). TLR4 showed significantly more immu-
nopositively stained cells (p = 0.0025) in discs at level L5/S1, 
compared to cervical IVDs (Figure 2C), whilst TLR2 and NOD2 
did not show differential percentage immunopositivity with disc 
level. In summary, TLR2 was highly expressed (~67%), TLR4 
and NOD2 were present in ~28% of cells, and NOD2 correlated 
with C. acnes and both TLRs, implying coordinated receptor ac-
tivity in bacterial recognition.

3.3   |   Correlation Between Bacterial Components 
and Receptors With Catabolic Factors

Immunohistochemical staining showed the presence of cata-
bolic factors interleukin-1β (IL-1β), matrix metalloproteinase 
3 (MMP-3), a disintegrin and metalloproteinase with throm-
bospondin motifs 4 (ADAMTS4) and gasdermin-D (GSDMD) 
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(Figure  S2). Pearson correlation between age, degenerative 
state, different catabolic factors and bacteria and their recep-
tors showed a positive correlation between the patients' age 
and C. acnes (p = 0.048, r = 0.235) (Figure  3). Histological 
grade of degeneration did not show any correlation with the 
catabolic factors, the presence of bacteria or the expression 
of TLR2, TLR4 and NOD2. IL-1 showed a moderate positive 
correlation with MMP3 (p = 7.03 × 10−6, r = 0.518) and TLR4 
(p = 2.1 × 10−6, r = 0.539) as well as a weak positive correlation 
with NOD2 (p = 2.6 × 10−5, r = 0.483), TLR2 (p = 2.06 × 10−4, 
r = 0.455) GSDMD (p = 0.004, r = 0.371) and ADAMTS4 
(p = 0.031, r = 0.263) (Figure  3). MMP3 showed a moderate 
positive correlation with NOD2 (p = 6.56 × 10−9, r = 0.649), 
and GSDMD (p = 0.001, r = 0.426), C. acnes (p = 3.39 × 10−4, 
r = 0.431), TLR2 (p = 0.02, r = 0.400), and TLR4 (p = 0.04, 
r = 0.424). ADAMTS4 correlated with TLR2 (p = 0.002, 
r = 0.406), TLR4 (p = 0.011, r = 0.319) and NOD2 (p = 9.6 × 10−5, 
r = 0.465). Pyroptosis marker GSDMD correlated with C. 
acnes (p = 0.019, r = 0.298) and NOD2 (p = 0.022, r = 0.288) 
(Figure 3). Overall, C. acnes positivity correlated moderately 
with MMP3 (r = 0.43) and GSDMD (r = 0.30), while NOD2 cor-
related strongly with MMP3 (r = 0.65).

3.4   |   PGN Stimulation Induces a Catabolic 
Response in Human NP Cells

The levels of cytokines and chemokines in the collected 
media were measured using the Luminex 73-plex assay, to 
determine the secretome of NP cells in monolayer culture 
exposed to bacterial cell wall components. Demonstrating a 
dose-dependent increase in catabolic cytokines, degrading 
enzymes and their inhibitors, neurotrophic and angiogenic 
regulators, anti-inflammatory cytokines, immune regula-
tors, and chemokines following treatment with PGN but lim-
ited effects were seen following LPS stimulation (Figure  4). 
Whereby 5 μg/mL LPS stimulation failed to induce any signif-
icant changes in the secretome of NP cells following multian-
alyte analysis (Figure  4A), following 50 μg/mL a significant 
increase in IL-6 and NGF was seen compared to unstimu-
lated controls (Figure  4B) (Adjusted p < 0.05). Whilst treat-
ment of NP cells in monolayer with 5 μg/mL of PGN led to a 
significant increase in numerous cytokines and chemokines 
(IL-4, IL-5, IL-6, IL-7, IL-9, IL-13, IL-17F, IL-18, IL-22, TNF, 
CXCL12, GM-CSF, CTACK, DEFB1, IFNγ, FGF) (Figure 4C) 
(Adjusted p < 0.05). At a higher dose of 50 μg/mL PGN, there 

FIGURE 1    |    C. acnes and S. aureus are present within non-herniated human IVDs. (A) Immunohistochemical staining for C. acnes lysate and S. 
aureus in human IVD tissue. Brown staining confirms the presence of the target antigen, whilst the only blue IgG/IgM control shows no unspecific 
binding. The bacteria were only detected within cellular boundaries and not as biofilm within the tissue (B) Positivity rate of C. acnes and S. aureus 
in each sample, separated according to age (years) (top), the histological state of degeneration (middle), (whereby non degenerate is classified as 
histological grade of degeneration between 0 and 3, mild degeneration is classified as histological grade of degeneration between 4 and 6 and severe 
degeneration histological score between 7 and 9), and the type of Modic changes (bottom). The different colors purple and blue represent female and 
male tissue donors respectively. Statistical analysis was performed using Kruskal-Wallis multiple comparison.
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was an increase in the majority of secreted factors investi-
gated (Figure  4Di,ii). These included anti-inflammatory cy-
tokines (IL-1Ra, IL-2Ra, IL-4, IL-10, IL-11, IL-13, IL-22, LIF), 
cytokines (IL-1α, IL-1β, IFNα2, IFNγ, IL-5, IL-6, IL-7, IL-8, 
IL-9, IL-12, IL-15, IL-16, IL-17A, IL-17F, IL-18, IL-20, ST2, 
TNF, TNF-10, TWEAK), chemokines (CCL2, CCL3, CCL4, 
CCL19, CCL20, CCL20, CTACK, CXCL9, CXCL11, CXCL12, 
CXCL13, CXCL16, IP-10, RANTES, SCF, GROA), degrading 
enzymes (MMP1, MMP2, MMP7, MMP9, MMP13) and their 

inhibitor TIMP1, neurotrophic factors (CNTF, NGF, NRG1, 
PAI-1, PROK1), and growth factors (DEFB1, FGF-basic, FST, 
G-CSF, GM-CSF, ICAM1, M-CSF, sRANK-L, VEGF, TGFβ) 
(Figure 4D) (Adjusted p < 0.05). Furthermore, when NP cells 
were cultured in 3D alginate culture under low glucose and 
physioxia conditions stimulation with 5 μg/mL PGN of NP 
cells resulted in the upregulation of IL-1α, IL-1Ra, IL-4, IL-6, 
IL-8, IL-10, IL-17F, IL-20, NGF, IFNγ, G-CSF, SCF, PROK1 
(Figure 4E) (Adjusted p < 0.05). Whilst 50 μg/mL PGN of NP 

FIGURE 2    |    Expression of TLR2, TLR4 and NOD2 within human IVD samples. (A) Immunohistochemical staining for TLR2, TLR4 and NOD2 
confirmed their presence within the human IVD. The brown staining shows the presence of the target antigen whilst the blue IgG/IgM controls con-
firm only specific binding occurred. (B) Pearson correlation was performed between C. acnes lysate, S. aureus, LTR2, TLR4 and NOD2. A correlation 
was observed between C. acnes and NOD2, TLR2 and NOD2, TLR4 and NOD2 and between TLR2 and TLR4 (p = 0.05). (C) Graphs showing regional 
differences for TLR2, TLR4 and NOD2. Purple dots represent samples obtained from female patients, blue dots from male patients. The samples were 
sorted according to their disc levels from C1-C7, L1-L4, L4/5 and L5/s1. TLR4 was significantly higher on the level L5/S1 compared to the cervical 
discs (C1–C7). Statistical analysis was performed using Kruskal-Wallis.
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cells resuspended in alginate resulted in the upregulation of 
IL-1α, IL-1Ra, IL-4, TNF, IL-7, IL-16, IL-17F, IL-18, IFN-γ, 
SCF, FGF Basic, and G-CSF (Figure  4F) (Adjusted p < 0.05). 
Thus, PGN stimulation increased multiple cytokines and 
chemokines in both 2D and 3D cultures, indicating a robust 
gram-positive-specific catabolic response, whereas LPS had 
limited effects.

3.5   |   S. aureus Is Detected Intracellularly After 1 h 
of Co-Culture

The growth of S. aureus was not affected by the different culture 
conditions; C. acnes however showed a slower growth under 
low glucose media than Mueller Hinton Broth (Figure  S3). 
Fluorescently labeled S. aureus was observed intracellularly 
within disc cells after a one-hour incubation period at an MOI 
of 0.01 (Figure S4).

3.6   |   Low Bacterial Load Does Not Upregulate 
Phospho-ERK, JNK, p38 or NFkB

Within treatment groups treated with inhibitors of TLR2 and 
NOD alone no changes in the expression of pERK, pJNK, pp38 
or pNFkB were observed (Figure  5). When cells were treated 
with either 50 μg/mL PGN, S. aureus (MOI 0.01) or C. acnes 
(MOI 0.01) in the absence of inhibitors a small increase in pERK, 
pJNK, pP38 and pNFkB following PGN treatment was noted, 
which reached significance for pERK (p = 0.0041) and pNFkB 
(p = 0.0011) compared to the non-treated control. Inhibition of 
TLR2 in combination with PGN treatment still showed a small 
increase in pERK, pJNK, pP38 and pNFkB, which reached 

significance for pERK (p = 0.0008) and pNFkB (p = 0.0006) com-
pared to the inhibited but non-stimulated control. TLR2 inhibi-
tion in combination with S. aureus treatment led to a significant 
decrease (p = 0.0312) in pJNK compared to the non-stimulated 
control (Figure 5). Inhibition of NOD in combination with PGN 
treatment showed a small increase in pERK, pJNK, pP38 and 
pNFkB, which reached significance for pNFkB (p = 0.0003) 
compared to the non-stimulated, inhibited control. Following 
combined inhibition of TLR and NOD, PGN treatment led to 
an increase in pERK, pJNK, pP38 and pNFkB which reached 
significance in pERK (p = 0.0094) and pNFkB (p = 0.0109) com-
pared to the inhibited non-treated control (Figure 5). A signifi-
cant increase (p = 0.0442) in pJNK was also observed following 
stimulation with C. acnes compared to the non-stimulated in-
hibited control (Figure  5). Overall, low bacterial load induced 
only small increases in MAPK/NF-κB phosphorylation (e.g., 
pERK, pNFκB), implying that minimal bacterial exposure trig-
gers weak intracellular signaling.

3.7   |   Catabolic Factors Were Increased by PGN 
Stimulation but Down Regulated by Co-Culture 
With Bacteria

Inhibition of TLR2 or NODin1 as well as the combined in-
hibition without treatment only resulted in a significant 
downregulation of CCL5 during NOD inhibition (p = 0.0071) 
compared to the non-inhibited control (Figure 6). Treatment 
without inhibition with PGN resulted in an increase in TNF, 
IL-1α, IL-1Ra, and CCL5 in 2/3 donors (Figure 6). IL-1β was 
below the detection limit for the untreated control samples but 
was induced by PGN stimulation in 2/3 donors. Treatment of 
cells in monolayer with S. aureus (MOI 0.01) in the absence 

FIGURE 3    |    Pearson correlation plotting the p value. Pearson correlation between the factors age, degeneration score, catabolic factors and the 
abundance of the bacteria C. acnes and S. aureus as well as the different receptors TLR2, TLR4 and NOD2, all spinal levels are pooled for analysis. 
Darker colors indicate a lower p value. (p = 0.05).
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of inhibitors resulted in a significant decrease of IL-1Ra 
(p = 0.0307), CCL5 (p = 0.0160) and VEGF (p = 0.0011), com-
pared to the control (Figures 6 and S5). Exposure of NP cells 
to C. acnes (MOI 0.01) in the absence of inhibitors showed 
a significant decrease in VEGF (p = 0.0068) and CXCL10 
(p = 0.0144) compared to the non-inhibited untreated control. 
Inhibition of TLR2 in combination with PGN did not inhibit 
the actions of PGN, with increases in TNF, IL-1α, IL-1Ra and 
CCL5 in 2/3 donors observed (Figure  6). Treatment with S. 

aureus in combination with TLR2 inhibition showed a sig-
nificant decrease in IL-1α (p = 0.0282), CCL5 (p = 0.0352) and 
VEGF (p = 0.0059) compared to the non-treated TLR2 inhib-
ited control (Figure 6). C. acnes treatment combined with TLR2 
inhibition showed a significant decrease in IL-1α (p = 0.0301), 
CCL5 (p = 0.0428), VEGF (p = 0.0007) and ICAM (p = 0.0435) 
compared to the control (Figures  6 and S5). Inhibition of 
NOD in combination with PGN treatment resulted in an in-
crease in CCL5 in 2 donors and a significant increase in TNF 

FIGURE 4    |    Secretome of human NP cells following exposure to bacterial cell wall components. Volcano plots of secretome determined by multi-
plex Luminex analysis of human NP cells (N = 3 donors, n = 3 replicates per donor) stimulated with Lipopolysaccharide (LPS) (A, B) or peptidoglycan 
(PGN) (C–F). Data was firstly normalized to within donor unstimulated controls and statistical analysis performed with Multiple Mann–Whitney 
testing, p values corrected for multiple comparisons using the Holm-Sidak Method. Volcano plots represent Log2(fold change) from unstimulated 
controls, and -LOG10(Adjusted P). Significant (p < 0.05) increases are indicated by dark red points, and trends (p < 0.1) by pale red points, whilst sig-
nificant (p < 0.05) decreases are indicated by dark blue points and trends (p < 0.01) by pale blue points. Target labels are included for any significantly 
affected proteins compared to unstimulated controls. (A) Volcano plot for human NP cells (N = 3) in monolayer stimulated with 5 μg/mL LPS for 48 h 
in low glucose media under 21% O2 conditions compared to unstimulated controls. (B) Volcano plot for human NP cells (N = 3) in monolayer stimu-
lated with 50 μg/mL LPS for 48 h in low glucose media under 21% O2 conditions compared to unstimulated controls. (C) Volcano plot for human NP 
cells (N = 3) in monolayer stimulated with 5 μg/mL PGN for 48 h in low glucose media under 21% O2 conditions compared to unstimulated controls. 
(Di) Volcano plot for human NP cells (N = 3) in monolayer stimulated with 50 μg/mL PGN for 48 h in low glucose media under 21% O2 conditions 
compared to unstimulated controls. (Dii) Table of targets with –Log10(Adj P) = 2.56 (AdjP = 0.0027) together with their respective with Log2(Fold 
Change). (E) Volcano plot for human NP cells (N = 3) resuspended in alginate and re differentiated for 2 weeks in low glucose serum free media under 
physioxia (5% O2), prior to stimulation with 5 μg/mL PGN for 72 h compared to unstimulated controls. (F) Volcano plot for human NP cells (N = 3) 
resuspended in alginate and re differentiated for 2 weeks in low glucose serum free media under physioxia (5% O2), prior to stimulation with 50 μg/
mL PGN for 72 h compared to unstimulated controls.
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(p = 0.0246) and IL-1Ra (p = 0.0301) compared to the NODin1-
inhibited untreated control. A significant decrease of VEGF 
was detected in NOD inhibited samples treated with S. aureus 
(p = 0.0123) and C. acnes (p = 0.0421) compared to the control 
(Figure 6). Furthermore, the inhibition of NOD in combina-
tion with C. acnes exposure led to a significant decrease in 
CXCL10 (p = 0.0361) (Figure  S5). Combination of TLR2 and 
NOD inhibition in combination with PGN treatment resulted 
in a non-significant increase in IL-1Ra, CCL5 and VEGF, and 
a significant increase in TNF (p = 0.0027) compared to the 
inhibited untreated control (Figure  6). The combined inhi-
bition together with S. aureus treatment resulted in signifi-
cant decreases in CCL5 (p = 0.0209), VEGF (p = 0.0427), IL-7 
(p = 0.0074) and CXCL10 (p = 0.0279) compared to the control. 
C. acnes treatment combined with inhibition of TLR2, and 
NODs resulted in a significant decrease in IL-1α (p = 0.0033), 
VEGF (p = 0.0078), and CXCL10 (p = 0.0315) compared to the 
control (Figure 6). No changes in any treatment conditions or 
inhibitors were detected in IL-4, IL-18 and CCL4 (Figure S5). 

MMP9 concentrations were below detection limits, whilst 
MMP3 was above the limit of detection and thus could not 
be quantified. To conclude, PGN increased TNF, IL-1α and 
IL-1Ra, whereas low-MOI C. acnes and S. aureus suppressed 
VEGF, CXCL10 and CCL5; these effects were variably altered 
by TLR2/NOD2 inhibition, suggesting receptor-specific but 
incomplete pathway dependence.

4   |   Discussion

This study investigated bacterial components' presence 
within non-herniated human IVDs, aiming to distinguish 
between perioperative contamination and true in  vivo colo-
nization. Immunohistochemical staining detected C. acnes 
and S. aureus within IVD tissue, locating both bacterial an-
tigen staining within cellular boundaries in human NP cells. 
Correlations between C. acnes and specific catabolic markers, 
notably NOD2, MMP3, and GSDMD, were also observed. A 

FIGURE 5    |    Stimulation of NP cells with S. aureus and C. acnes combined with inhibitors. In cell-ELISA was used to measure phospho- ERK, 
JNK, p38 and NFkB. Cells in monolayer under hypoxia were left to attach overnight before treatment with the inhibitors for TLR2, NODin1 and both 
combined for 24 h. Followed by the inhibition was treatment with 50 μg/mL PGN, S. aureus (MOI 0.01) and C. acnes (MOI 0.01) for 2 h in combination 
with the inhibitors. The different shades of blue represent the different donors (N = 3 donors, n = 3 wells, (stats performed on n = 9)). All the measured 
concentrations were normalized to the non-treated control. The No treatment graphs, show the different levels of phospho ERK, JNK, p38 and NFkB 
for cells only inhibited but not treated with a stimulant. No Inhibition shows treatment with PGN, S. aureus and C. acnes without inhibitors and 
TLR2, NODin1 and Combined Inhibition show the treatment combined with the inhibition. Statistical analysis was performed using Kruskal Wallis 
multiple comparison against the control group of each treatment (p = 0.05).
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low p value (p = 0.069) for C. acnes and IL-1β suggested a po-
tential correlation, though increased sample numbers might 
confirm this finding. Experiments under disc-like conditions 
demonstrated bacterial survival, particularly for C. acnes, 
while exposure to bacterial cell wall components induced a 
catabolic response in NP cells, although a low bacterial load 
mimicking physiological levels did not alter catabolic cytokine 
expression.

The concept of a disc microbiome has spurred debate, chal-
lenging the historical view of the IVD as a sterile environment 
[23–25]. C. acnes has drawn particular interest, partly due to its 

role as a commensal and as an opportunistic pathogen in the 
skin, soft tissues, and medical device-related infections [26, 27]. 
Traditional bacterial detection techniques like microbial culture 
and NGS cannot rule out contamination, while immunohisto-
chemistry offers a more precise localization of bacteria within 
cellular boundaries. This study excluded herniated discs which 
were extruded or sequestered, using only discs with an intact 
annulus, focusing on degenerated yet contained discs to mini-
mize contamination risks and assess in vivo bacterial presence. 
Detecting C. acnes and S. aureus antigens within cellular bound-
aries in NP and AF cells offers compelling evidence for an in-
trinsic disc microbiome, with implications for disc health and 

FIGURE 6    |    Cytokine expression following treatment with PGN, S. aureus and C. acnes in the presence of inhibitors. Cells in monolayer were left 
to attach overnight in a low oxygen chamber before stimulating them with TLR2 inhibitor, NODin1 inhibitor and a combination of the inhibitors 
for 24 h. Following the stimulation period cells were exposed to 50 μg/mL PGN, S. aureus (MOI 0.01) or C. acnes (MOI 0.01, MOI 0.1) for 2 h followed 
by a PBS wash and the addition of fresh media supplemented with the inhibitors. The secretome was collected and a Luminex assay was performed. 
Concentrations of each cytokine are shown normalized to the non-stimulated non-treated control. Statistical analysis was not performed for C. acnes 
at an MOI 0.1 as the experiment was only performed in biological duplicates. Kruskal-Wallis multiple comparison test was used to compare the 
treatments with the stimulation control (p = 0.05). Different shades represent different donors (N = 3 donors, n = 3 wells, (stats performed on n = 9)).
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pathology. While IHC showed bacterial antigen signals within 
cellular boundaries, this cannot definitively confirm intracel-
lular localization or active colonization. Surface-adherent or 
phagocytosed antigen remnants remain possible explanations. 
Future studies using 16S rRNA in situ hybridization combined 
with confocal Z stacks on thick tissue sections could help un-
ravel this remaining question, and support true intracellular 
localization.

Bacteria may enter the IVD through various routes, including 
the CEP or the AF, where microtears or disruptions could serve 
as entry points. Furthermore, bacterial colonization may occur 
prenatally, with bacteria potentially present in the disc from 
early developmental stages, or through hematogenous spread 
after birth. Immunostaining in our study revealed the localiza-
tion of C. acnes and S. aureus antigens within disc cell bound-
aries, suggesting bacterial internalization via phagocytosis or 
the presence of intracellular remnants. This warrants further 
investigation into the mechanisms of bacterial persistence and 
localization within the IVD.

Importantly, our findings show bacterial components across a 
range of age groups, degeneration grades, and Modic changes 
without significant differences suggesting that these bacteria 
might not solely play a pathogenic role but could also have a 
commensal or homeostatic function within the disc environ-
ment. This interpretation highlights the need to consider that 
certain bacteria may participate in maintaining disc health 
rather than solely promoting degeneration.

Bacterial components such as LPS and PGN are known to trig-
ger a robust catabolic response in human NP cells, inducing the 
expression of the catabolic cytokine IL-1β, matrix-degrading 
enzymes MMP13 and ADAMTS4, and neurotrophic factors 
like NGF and BDNF through the activation of the TLR2 het-
erodimer and the TLR4 homodimer [13, 28, 29]. The 50 μg/mL 
PGN treatment represents a supraphysiologic stimulus and was 
used as a positive control to elicit a broad catabolic response, 
whereas lower doses (e.g., 5 μg/mL) are likely more reflective of 
physiologic bacterial exposure within the IVD. However, as the 
extent of bacterial colonization within the disc is unknown, all 
doses should be regarded as estimates. Consistent with previous 
studies, our in vitro experiments showed a significant catabolic 
response, especially with PGN treatment, highlighting the po-
tential effects of bacterial presence in the disc environment.

Immunohistochemical staining revealed a positive correlation 
between C. acnes and MMP3, as well as between C. acnes and 
GSDMD, a protein involved in pyroptosis [30]. However, no 
correlation was found between bacterial components' presence 
and the positivity rate of TLRs, suggesting the involvement of 
other mechanisms in driving this catabolic response beyond 
TLR activation alone. Indeed, TLRs may not be the dominant 
driver in the catabolic response to bacteria, as bacterial antigens 
were detected within cellular boundaries. Mengis et al. reported 
elevated TLR2 expression in cells from patients with Modic 
change type 1 and in catabolic conditions, highlighting their 
pro-inflammatory and pro-catabolic roles, which may contrib-
ute to disc degeneration and MCs [10]. Similarly, Schmid et al. 
demonstrated in a study the involvement of the TLR2/4 path-
ways in inducing a catabolic response upon stimulation with C. 

acnes, but only in a subgroup of patients further supporting the 
involvement of other pathways [12].

NOD2 is an intracellular pattern recognition receptor sensing 
muramyl dipeptide, a component of bacterial PGN. It plays a role 
in inflammatory responses, particularly in epithelial cells and 
immune cells, where it activates NFkB and MAPK pathways 
leading to cytokine production [31, 32]. While NOD2 has not 
been previously reported in human NP cells, our immunohis-
tochemical analysis detected NOD2 and showed its presence in 
the disc, with a positive correlation between NOD2 and C. acnes 
positivity. This finding points to a potentially important role for 
NOD2 in the disc's response to bacterial components' presence, 
further supporting the notion that multiple receptors contribute 
to bacterial detection and the ensuing catabolic activity in the 
disc. It furthermore suggests that NP cells play an active role 
in immune surveillance within the disc environment and act as 
immune-like responders.

Despite these findings, the inhibition of TLR2 and NODs in the 
presence of PGN did not affect the phosphorylation of ERK, 
JNK, p38, or NFkB, nor did the inhibition alter the expression 
of cytokines such as TNF and IL-1α. This lack of inhibition sug-
gests that either other signaling pathways may be compensating 
for the absence of TLR and NOD activation, or the inhibitors 
failed to inhibit the receptors fully. However, the concentra-
tion utilized for NODin1 inhibition was shown to be effective 
in reducing IL-1β secretion in mice CD8 T cells upon infection 
[33]. TLR2 inhibition has also been shown to decrease the re-
lease of pro-inflammatory factors in BV2 microglial cells in a 
concentration that was applied in our study [34]. This points to 
the involvement of additional pathways, such as NLRP3 inflam-
masomes, which are activated by microbial stimuli and have 
been implicated in NP cell pyroptosis [30]. This aligns with our 
finding of a correlation between the positivity rate for GSDMD 
and C. acnes using immunohistochemistry. GSDMD is a key 
effector of pyroptosis, supporting the hypothesis that NLRP3-
mediated inflammasome activation could contribute to the ob-
served catabolic response.

Another potential pathway might involve C-type lectin recep-
tors (CLRs), a family of pattern recognition receptors (PRRs) 
that detect specific carbohydrate structures commonly found on 
pathogens, including bacteria. CLRs recognize glycans such as 
mannose, fucose, and N-acetylglucosamine, which are compo-
nents of bacterial peptidoglycan [35–38]. Notable CLRs include 
DC-SIGN, Dectin-1, and the mannose receptor, primarily ex-
pressed on antigen-presenting cells like macrophages and den-
dritic cells. Upon activation, CLRs initiate signaling cascades 
that lead to cytokine production and immune cell recruitment 
to fight infections [39]. However, it remains unknown whether 
CLRs are expressed within the IVD, representing an avenue for 
further investigation.

Co-culture of NP cells with a low bacterial load (MOI 0.01, 
representing 1 bacteria to 100 NP cells at the time of addition) 
which was predicted to mimic physiological levels following 
replication at the rates observed within these culture conditions, 
showed no significant activation of these pathways, aligning 
with the notion that a higher bacterial load may be required to 
induce a stronger response. Interestingly, we observed a strong 
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downregulation of IL-1Ra, CCL5 and VEGF protein expression 
in cells stimulated with a low load of S. aureus. Furthermore, 
VEGF was strongly downregulated upon stimulation with a low 
load of C. acnes. The degenerated NP cells used for this experi-
ment already have a higher catabolic cytokine expression than 
healthy cells [40] and, would be expected to express VEGF at a 
higher level. Even when treated with PGN, one donor showed a 
decrease in CCL5 and IL-1Ra compared to the non-treated con-
trol, indicating donor variability. Notably, the other two donors 
did not show an increase in VEGF, implying that the VEGF up-
regulation may occur later as a downstream effect of the rise in 
catabolic cytokines [41].

The observed cytokine expression levels might also be a conse-
quence of the study design. First, we did not capture cytokine 
release during the initial 2-h infection period, which may have 
resulted in missing early catabolic responses triggered by bac-
terial internalization. Furthermore, the internalization rate of 
bacteria by NP cells remains unknown, leading to uncertainty 
in determining the precise MOI specific to intracellular bacte-
ria. Previous studies with higher MOI (100) reported robust acti-
vation of ERK, JNK, p38, and NFkB in human NP cells derived 
from patients with degenerate discs after C. acnes infection for 
different culturing periods peaking at 4 h [42]. Elevated IL-6 and 
IL-8 levels in NP cells of IVDs from degenerate patient samples 
have also been associated with higher bacterial loads (MOI 100) 
after 24 h in vitro stimulation [13], suggesting that bacterial load 
and duration of exposure may play critical roles in modulating 
NP cell responses. It is important to note that bacteria multiply 
more rapidly than human cells, meaning the MOI will shift over 
time as bacterial populations grow. Additionally, culture con-
ditions play a significant role in experimental outcomes. While 
previous studies utilized HG F12 DMEM media supplemented 
with 10%–15% FCS at 37°C, 5% CO2 and 21% O2, the current 
study was conducted in a low-oxygen (5%) glovebox with LG 
DMEM serum free media supplemented with 1% ITS-X, which 
more closely replicates the disc environment.

Another important factor to consider is the bacterial strains 
used in experimental designs or detected in studies. Over the 
past decade, biochemical, transcriptomic, and proteomic anal-
yses have shown that different phylotypes of C. acnes vary in 
their inflammatory potential and expression of putative viru-
lence factors [43]. For instance, C. acnes is the most prevalent 
bacterium in the human skin microbiome, with no significant 
difference in load between healthy skin and acne-affected skin. 
However, inflammatory acne is believed to be triggered by an 
imbalance in the skin microbiota, specifically due to the selec-
tion of certain C. acnes phylotypes [44]. Additionally, different 
C. acnes types have been identified at different body sites. While 
phylotype IA was mostly identified in severe acne, phylotypes IB 
and II, types IB and IC have been associated with colonization of 
the prostate, urinary tract, and orthopedic equipment [9, 44, 45]. 
A study examining the phylotypes of C. acnes detected in IVDs 
reported that 18 out of 60 analyzed samples were positive for C. 
acnes microbial cultures. Among these 18 strains, 39% belonged 
to phylotype II, 33% to type IA1, 6% to type IB1, and 22% to phy-
lotype III. The study further observed that rabbits injected with 
C. acnes type IB or II strains exhibited significantly decreased 
T1-weighted imaging (T1WI) and increased T2-weighted im-
aging (T2WI) signals at 8 weeks, whereas those injected with 

strain III showed hypointense signals on both T1WI and T2WI, 
highlighting differences between the phylotypes [46]. Schmid 
et al. used a clinical C. acnes isolate from spinal infection and 
ATCC purchased strain isolated from facial acne to treat human 
NP cells in vitro [12]. They reported higher gene expression lev-
els of IL-1β, IL-6 and IL-8 for the ATCC strains as well as higher 
protein levels in the secretome for IL-6 and IL-8 (IL-1β was not 
reported) [12]. Cytokine expression however was not signifi-
cantly upregulated upon treatment with either C. acnes strain 
due to high fluctuations between their 4 donors [12]. Indicating 
again donor variability and the possibility of responders and 
non-responders.

Similarly, to C. acnes, S. aureus is a normal component of the 
skin microbiome, can cause a wide range of diseases depending 
on the virulence factors it carries, from mild skin infections to 
life-threatening conditions such as pneumonia and sepsis [47]. 
In this study, laboratory strains of bacteria were used: C. acnes 
isolated from acne-affected skin and S. aureus from the conjunc-
tiva. It is important to note that the virulence factors of these 
laboratory strains may differ from strains isolated directly from 
infection sites.

5   |   Study Limitations

A key limitation is that IHC cannot distinguish true intra-
cellular bacteria from phagocytosed antigen, and 16S rRNA 
in situ hybridisation could be used in combination with thicker 
sections and confocal microscopy to confirm localisation of 
bacterial RNA, indicating recent bacterial presence. Another 
limitation of this study is the focus on S. aureus and C. acnes, 
potentially overlooking the influence of other microbial species 
suggested by recent 16S-Sequencing studies to be present in the 
IVD. Furthermore, the study is limited by the inability to dis-
tinguish bacterial strains using IHC. Future studies should aim 
to employ more specific methods, such as in situ hybridisation 
or sequencing-based techniques, to determine whether distinct 
bacterial strains/phylotypes are present. Additionally, cytokine 
expression patterns observed may be influenced by the study 
design. Specifically, cytokine release was not captured during 
the initial 2-h infection period, possibly missing early catabolic 
responses triggered by bacterial internalization. The bacterial 
internalization rate by NP cells is also undetermined, creating 
uncertainty in defining the precise MOI for intracellular bac-
teria. Moreover, while in vitro monolayer cultures allowed for 
controlled experimentation, they lack the complex 3D architec-
ture and unique microenvironment of the human IVD, poten-
tially limiting the direct applicability of these findings to in vivo 
conditions. Finally, as analyses were based on three donors, the 
findings should be considered exploratory and require confir-
mation in larger cohorts.

6   |   Conclusion

This study provides compelling evidence of bacterial compo-
nents' presence within non-herniated human IVDs, specifically 
C. acnes and S. aureus. Immunohistochemical detection not 
only localizes bacteria within NP cells but also reveals signifi-
cant correlations between C. acnes and catabolic markers such 
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as MMP3, GSDMD, and NOD2. This suggests that NP cells may 
actively participate in immune surveillance. The involvement of 
NOD2 points to previously unrecognized intracellular pathways 
contributing to bacterial detection and subsequent inflamma-
tory responses. Our findings suggest that TLRs may not be the 
dominant receptors in this process, indicating the role of other 
mechanisms, such as the NLRP3 inflammasome or potentially 
CLRs, which could drive the catabolic response, although this 
requires further investigation. While low bacterial loads did not 
trigger significant activation of the MAPK or NF-kB pathways, 
previous studies with higher bacterial loads highlight the impor-
tance of infection intensity and duration in modulating NP cell 
responses. These results underscore the complex interplay of 
multiple receptors and pathways in the disc's immune response 
to bacteria and pave the way for further exploration of targeted 
therapeutic interventions for disc-related pathologies.
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