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Abstract

Vertebral osteomyelitis (VO) is an infection of the spine mainly caused by bacterial pathogens. The 
pathogenesis leading to destruction of intervertebral discs (IVDs) and adjacent vertebral bodies (VBs) is 
poorly described. The present study aimed at investigating the connection between infection and bone/disc 
metabolism in VO patients.
	 14 patients with VO (infection group) and 14 patients with burst fractures of the spine (fracture group; 
control) were included prospectively. Tissue biopsies from affected IVDs and adjacent VBs were analysed 
by RT-qPCR for mRNA-expression levels of 18 target genes including chemokines, adipokines and genes 
involved in bone metabolism.
	 Most importantly, the receptor activator of NF-κB/osteoprotegerin (RANK/OPG) expression ratio was 
drastically elevated in both VBs and IVDs of the infection group. In parallel, expression of genes of the 
prostaglandin-E2-dependent prostanoid system was induced. Such genes regulate tissue degradation 
processes via the triad OPG/RANK/RANKL as well as via the chemokines IL-8 and CCL-20, whose expression 
was also found to be increased upon infection. The gene expression of the adipokine leptin, which promotes 
inflammatory tissue degradation, was higher in IVD tissue of the infection group, whereas the transcription 
of omentin and resistin genes, whose functions are largely unknown in the context of infectious diseases, 
was lower in infected VBs.
	 In summary, similar expression patterns of pro-inflammatory cytokines and pro-osteoclastogenic factors 
were identified in VBs and IVDs of patients suffering from VO. This suggests that common immuno-metabolic 
pathways are involved in the mechanisms leading to tissue degradation in VBs and IVDs during VO.
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destruction of bone tissue. VO is the most frequent 
manifestation of haematogenous osteomyelitis in 
adults, with an estimated incidence of 2.4 cases per 
100,000 people in European countries (Gouliouris 
et al., 2010; Grammatico et al., 2008). The most 
common causative pathogen is S. aureus, followed by 
Escherichia coli and Pseudomonas aeruginosa (Doutchi 
et al., 2015). Several studies have investigated 
the clinical (Loibl et al., 2014; Mylona et al., 2009), 
microbiological (Jean et al., 2017; Kim et al., 2015), 
histological (Iwata et al., 2019) and radiological 
features (Foreman et al., 2017; Kouijzer et al., 2018) 
of VO. Nevertheless, the interplay between infection, 
immune responses and bone/tissue metabolism 
remains poorly understood. Bone homeostasis and 
the relation between osteoblasts, osteoclasts and 
osteocytes are regulated by the RANK/RANKL/
OPG signalling pathway (Wada et al., 2006). RANK 
and its ligand (RANKL) were first identified in the 
context of the immune system (Anderson et al., 1997). 
More than 20 years later, their axis is accepted to 
be at the interface between bone metabolism and 
the immune system, thereby forming the basis for 
the concept of osteoimmunology (Nakashima and 
Takayanagi, 2009; Okamoto et al., 2017). OPG is a 
soluble decoy receptor for RANKL, with high affinity. 
It is expressed by mature osteoblasts and it binds 
to RANKL, preventing the interaction with its cell 
surface receptor RANK and inhibiting the production 
of osteoclasts (Kong et al., 2000). The physiological 
ratio of RANK/RANKL/OPG is sensitively balanced. 
An increase in RANKL leads to bone resorption 
through increased osteoclast formation, function 
and extended osteoclast survival. On the other hand, 
OPG plays a bone-protecting role. The RANKL/
OPG ratio has been described as a key determinant 
of the degree to which osteoclast-mediated bone 
resorption occurs (Dougall, 2012; Kostenuik, 2005). 
Bacterial pathogens can stimulate osteoclastogenesis 
in animal models by inducing RANKL and PGE2, 
which can potentiate bone resorption, resulting in 
bone destruction (Meghji et al., 1998; Okahashi et 
al., 2003; Somayaji et al., 2008). RANKL production 
by osteoblasts is increased and OPG production 
decreased following in vitro S. aureus infection of 
both a mouse pre-osteoblastic cell line and human 
osteoblasts (Widaa et al., 2012; Young et al., 2011). 
Furthermore, S. aureus interaction with osteoblasts 
stimulates the expression of many chemokines (e.g. 
CXCL8, CXCL10), cytokines (e.g. IL1β, IL18, TNF-α, 
IL6, IL12), COX2 and important growth factors (Josse 
et al., 2015). IL8 as well as the T- and B-cell-attracting 
cytokine CCL20, both induced by the action of PGE2 
on T cells (Boniface et al., 2009; Caristi et al., 2005; 
Chizzolini et al., 2008), enhance osteoclastogenesis 
through modulation of cytokine production by 
human primary osteoblasts (Pathak et al., 2015).
	 In contrast to the well-vascularised VB, the IVD, 
consisting of the NP, AF and cartilage-like endplate, 
is an avascular, immune-privileged organ. This 
may be a reason why comprehensive exploration 
of the immunological mechanisms in the infected 
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RT-PCR	 real-time quantitative polymerase
			   chain reaction
S. aureus	 Staphylococcus aureus
TLRs		  Toll-like-receptors
TNF-α		  tumour necrosis factor alpha
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VO		  vertebral osteomyelitis

Introduction

Pyogenic VO is defined as an infection of the IVD 
and adjacent VB and is frequently accompanied by 
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Table 1. Primer sequences for 18 target genes and the reference GUSB used for qPCR.

Gene Gene symbol Sequence (5’ to 3’)

Glucuronidase beta GUSB GAAAATACGTGGTTGGAGAGCTCATT
CCGAGTGAAGATCCCCTTTTTA

RANK TNFRSF11A ATGCGGTTTGCAGTTCTTCTC
ACTCCTTATCTCCACTTAGG

RANKL TNFSF11 CACTATTAATGCCACCGAC
GGGTATGAGAACTTGGGATT

OPG TNFRSF11B GCTTGAAACATAGGAGCTG
GTTTACTTTGGTGCCAGG

Leptin LEPR CAAGCTGTGCCCATCCAAAA
GGATCACGTTTCTGGAAGGC

Resistin RETN TCGCCGGCTCCCTAATATTT
ACTGGCAGTGACATGTGGT

Adiponectin ADIPOQ GAGATCCAGGTCTTATTGGTC
CTTTCCTGCCTTGGATTCC

Nicotinamide 
phosphoribosyltransferase (visfatin) NAMPT GAGTTCAACATCCTCCTGGC

TCACGGCATTCAAAGTAGGA

Intelectin 1 (omentin) ITLN1 ACTGCGGGATTTGTTCAGTT
GTATCCTCCTCCACCAATGC

COX2 /prostaglandin-endoperoxide 
synthase-2 PTGS2 CTCCTGTGCCTGATGATTGC

TCTAGCCAGAGTTTCACCGT
Microsomal prostaglandin E 

synthase-1
PTGES 

(mPGES1)
GAGACACGGAGGCCCCCAGTATTG

GCCCGCAGCTTCCCCAGGTAG
Peroxisome proliferator activated 

receptor gamma (PPAR-g) PPARG GGGGTTCTCATATCCGAGGG
GGGCGGTCTCCACTGAGAATAA

CCL1 CXCL1 AAGTGTGAACGTGAAGTCC
GGATTTGTCACTGTTCAGCA

CCL5 CXCL5 GGAAGGAAATTTGTCTTGATCC
TTTCCTTGTTTCCACCGTC

CCL8 CXCL8 (IL8) GGCAGCCTTCCTGATTTCTGCAGC
GTTTTCCTTGGGGTCCAGACAGAGC

CCL10 CXCL10 TTCAAGGAGTACCTCTCTCTAG
CTGGATTCAGACATCTCTTCTC

CCL20 CCL20 (MIP-3a) TGCTGTACCAAGAGTTTGCTC
CGCACACAGACAACTTTTTCTTT

MMP13 MMP13 CTGCATCCTCAGCAGGTTG
GTCTCGGATAGTCTTTATCC

ADAMTS4 ADAMTS4 CAAGGTCCCATGTGCAACGT
CATCTGCCACCACCAGTGTCT

IVD remains challenging. On the other hand, the 
degenerated IVD has been studied in detail. In 
degenerative discs, tissue-degrading enzymes such as 
MMPs, ADAMTSs and TLRs are induced (Bachmeier 
et al., 2009; Kepler et al., 2013; Klawitter et al., 2014; 
Millward-Sadler et al., 2009). Interestingly, the 
RANK/RANKL/OPG system has also been shown in 
ex vivo studies of human IVD tissue to be involved 
in IVD degeneration (Sano et al., 2019; Takegami et 
al., 2017). To the authors’ knowledge, there have 
been no studies investigating the role of the RANK/
RANKL/OPG system in conditions of VO. For this 
reason, mRNA expression patterns were investigated 
in tissue samples from IVDs and adjacent VBs of 
patients suffering from VO and vertebral fractures 

(control patients). Candidate genes were selected 
to provide an overview of basic bone metabolism 
and inflammation. Moreover, genes previously 
implicated in bacterial infection were analysed. 
The study hypothesis was that the RANK/RANKL/
OPG axis as well as key immune-regulatory (adipo-)
cytokines and proteinases are affected by VO.

Materials and Methods

Patients
The study prospectively included patients suffering 
from clinically and radiologically confirmed native 
pyogenic VO who were treated at the University 
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Hospital Regensburg, Germany between 2013 and 2015 
(infection group). Patients suffering postoperative, 
implant-associated infection, tuberculosis, chronic 
inflammatory diseases and solid tumours were not 
included in the study. Patient-related data (gender, 
age, BMI) and treatment details (surgical strategy, 
duration of hospitalisation, treatment with NSAIDs 
and antibiotics) were recorded and the CCI (Charlson 
et al., 1987) was assessed for each patient in the 
infection group based on the medical history. PROM 
before surgery and at least 12 months postoperatively 
were recorded: for the evaluation of the QoL 
outcomes, the well-established COMI (Mannion et al., 
2009) and the ODI (Fairbank and Pynsent, 2000) were 
used. Laboratory parameters (CRP, leukocyte count, 
PCT) were measured as part of routine controls and 
documented at 5 different time points: (i) admission 
to the hospital, (ii) the week before surgery, (iii) the 
day before surgery, (iv) discharge, (v) last follow-
up. In patients with two-stage surgical procedures, 
the corpectomy (second surgery) was chosen as a 
reference point.
	 As a control (fracture) group, patients that 
received stabilisation of the anterior spinal column 
for the treatment of burst fractures at the University 
Hospital Regensburg, Germany between 2013 and 
2015 were prospectively included in the study.

Ethics statement
This study was carried out in accordance with 
the Declaration of Helsinki and approved by the 
ethics committee at the University of Regensburg 
(Institutional Review Board number 12-101-0218). 
Written informed consent was obtained from all 
individual participants included in the study.

Tissue samples
Tissue samples from the VB and IVD were collected 
from all patients in both groups either by CT-guided 
biopsy or open surgical biopsy. Intraoperatively, 
the area of interest at the infected VB and IVD was 
identified and samples were obtained as part of the 
necessary debridement of the infected segment. In 
fracture patients, the fractured VB was removed 
(partial/complete), together with the affected 
IVD, before the anterior column reconstruction, 
using an iliac crest bone graft (mono-segmental) 
or an expandable vertebral body replacement (bi-
segmental). Biopsies of VB and IVD were harvested 
intra-operatively, placed in 500 µL RNAlater solution 
(Ambion) and stored at 4° C overnight to allow the 
solution to thoroughly penetrate into the tissue. Next, 
they were stored at – 20° C until processing.

Microbiology
In patients of the infection group, pathogens were 
detected in blood cultures (n  =  5), in CT-guided 
biopsies of either the VB (n = 1) or IVD (n = 2), or in 
intraoperative open biopsies of either the VB (n = 11) 
or IVD (n  =  11). Cultured isolates were identified 

using MALDI-TOF mass spectrometry using a 
Microflex LT device and BioTyper software (Bruker 
Daltonik, Bremen, Germany). In one case, culture was 
negative; however, a specific pSa-442 PCR (Reischl 
et al., 2000) detected S. aureus in the VB as well as in 
the IVD biopsy.

mRNA isolation and cDNA synthesis
Total RNA was isolated from preserved tissue 
samples using the RNAqueous Total RNA Isolation 
kit (Ambion). Tissue samples were disrupted and 
homogenised in the Lysis/Binding solution provided 
with the kit by using a 5 mm stainless steel bead and 
a TissueLyser (Qiagen) for 6-8 min at 30 Hz. Isolated 
RNA was treated using the TURBO DNA-free kit 
(Invitrogen) to remove genomic DNA. Purified 
RNA was quantified using a NanoDrop 1000 and 
the quality analysed using an Agilent Bioanalyzer 
2100. Approximately 300 ng of total RNA per sample 
were used for reverse transcription using the iScript 
Advanced cDNA Synthesis Kit (Bio-Rad).

qRT-PCR
Absolute quantification of transcripts was done by 
qPCR using a TaqMan ABI 7900HT system (Applied 
Biosystems) and SYBR Green I. Amplification was 
carried out in duplicates over 45 cycles of 10 s at 95° C, 
15 s at 55-61° C and 15 s at 72° C. In each qPCR run, 
an external standard curve was generated using a 5 
Log-spanning serial dilution of the pGEM®-T Easy 
plasmid vector (Web ref. 1) harbouring one copy of 
the respective target sequence per plasmid molecule. 
qPCR was performed in a reaction volume of 10 μL 
containing 5 μ L of LightCycler 480 SYBR Green I 
Master (Roche), 0.4 μmol/L of each primer (Table 1) 
and 2 μL of the cDNA sample in a 5-fold dilution. 
Calculated copy numbers of the target genes were 
normalised to 105 copies of the reference gene GUSB. 
A second reference gene (beta-2-microglobulin) 
was used to cross-check and to verify the obtained 
results. Specificity of products was assessed by high-
resolution melting curves.

Statistical analysis
Statistical analysis was carried out using R version 
3.6.2 (R Core Team, Vienna, Austria). Figures were 
designed using the R packages ‘ggplot2’, ‘ggpubr’ 
and ‘corrplot’. Variables were tested for normal 
distribution using the Shapiro-Wilk test. Groups were 
compared using Mann-Whitney U tests. Spearman’s 
rank coefficient tests were used to evaluate the degree 
of correlation of gene expression levels in VB and 
IVD and to evaluate the degree of correlation of gene 
expression levels and clinical parameters, separately 
for the infection group and for the fracture group. 
Differences in PROM between groups and time 
points were evaluated using the independent and 
dependent paired t-test, respectively. p  <  0.05 was 
considered statistically significant.
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Results

Demographics and treatment details
28 patients were included in the study, with 14 
patients in the infection group (infection group) and 
14 patients in the control group (fracture group). 
Intraoperative tissue samples from the affected 
VB and IVD were collected from all patients after 
written informed consent was obtained. 14 patients 
(5 females, 9 males) with clinical and radiological 
proof of VO in whom a causative pathogen was 
identified were evaluated. In the fracture group, 
all tissue samples needed for mRNA isolation were 
collected from the VB (n = 11) and IVD (n = 11) by 
intraoperative open biopsy.
	 The mean age of patients in the infection group 
was 67.1  ±  11.7 (44-81) years. The mean BMI was 
30.5  ±  6.1  kg/m2. The median CCI was 3.5 (0-8). 
VO was located in the cervical spine in 3 cases, 
the thoracic spine in 4 cases, the lumbar spine in 6 
cases and 1 patient suffered from multifocal VO of 
the cervical, thoracic and lumbar spine. The mean 
CRP value at admission (i) was 84.0 ± 62.9 mg/L and 
reached 129.3 ± 74.1 mg/L in the week before surgery 
(ii). The day before surgery (iii), 87.6 ± 60.4 mg/L CRP 
was measured. The CRP value at discharge (iv) was 
40.5 ± 44.8 mg/L and decreased to 9.0 ± 9.6 mg/L at 
the last follow-up (v). CRP-values at discharge (iv) 
and at the last follow-up (v) were significantly lower 
compared to the values at admission (i; p < 0.001 and 
p = 0.020, respectively). Both values (iv and v) were 
also significantly lower compared to the highest 
CRP values (the week before surgery, ii) (p = 0.010 
and p = 0.010, respectively). Furthermore, treatment 
success was monitored using the QoL analysis 
and patients in the infection group were followed 
for 18.2  ±  5.3  months. The mean ODI and COMI 
improved significantly from preoperative values to 
the follow-up (p = 0.003 and p = 0.001, respectively; 
Table 2).

	 The mean age of the patients in the fracture group 
was 42.7  ±  13.5 (22-68) years. The mean BMI was 
23.7 ± 3.4 kg/m2. The most frequently seen fracture 
morphology was the AO type A2 fracture (n  =  6), 
followed by A3 (n = 4) and A4 (n = 4). In 4 cases an 
additional flexion-distraction injury (AO type B2) was 
documented. Fractures were found at the thoraco-
lumbar transition in 13 cases (Th11: n = 6; Th12/L1: 
n = 1; L1: n = 6). The cervical spine was affected in 
1 case. The mean time between the trauma and the 
stabilisation surgery for the anterior column with 
biopsy was 7.4 d (range 1-18 d). Results of the ODI 
and COMI values of patients in the fracture group 
are listed in Table 2.

Therapy with anti-inflammatory drugs and 
antibiotics
All patients in the infection group received antibiotic 
treatment during hospitalisation. Treatment was 
started before surgery for 12 patients (Table 2). The 
most frequently pre-operatively used antibiotics (and 
combinations thereof) were rifampicin in 7 cases 
(mean: 14.6 d; range: 5-31 d), flucloxacillin in 3 cases 
(mean: 13.7  d; range: 6-23  d), cefazolin in 2 cases 
(mean: 8.5 d; range: 4-13 d) and meropenem in 2 cases 
(mean: 31.5 d; range: 8-55 d). Ciprofloxacin (18 d), 
linezolid (4  d), levofloxacin (9  d) or metronidazol 
(5 d) ware used in 1 case each.
	 In the infection group, 10 out of 14 patients took 
anti-inflammatory drugs at the time of biopsy, most 
frequently metamizol (n = 5) and ibuprofen (n = 5) 
(Table 2). All patients in the fracture group received 
anti-inflammatory drugs preoperatively, most 
frequently metamizol (n = 10) and ibuprofen (n = 10).

Causative pathogens and severity of VO
S. aureus was identified as the causative pathogen 
in 8 patients. Staphylococcus epidermidis was found 
in 2 cases. In 1 case each Pseudomonas aeruginosa, 
Enterococcus faecium, Propionibacterium avidum and 

Table 2. Demographic, treatment details and PROMs of the infection group (n = 14) compared to the 
fracture group (n = 14). Variables are given in absolute number or mean ± standard deviations. Significance 
was assessed by chi-squared test for frequencies of anti-inflammatory drug and preoperative antibiotic 
intake and deaths and by independent t-test for the hospitalisation time and the PROM results. p values 
indicated in bold are statistically significant. 

Parameter Infection group (n = 14) Fracture group (n = 14) p

Demographics
Age (years) 67.1 ± 11.7 (44.0-81.0) 42.7 ± 13.5 (22.0-68.0) 0.000
Sex (male) n = 9 n = 12 0.284

BMI (kg/m2) 30.5 ± 6.0 23.7 ± 3.4 0.002

Treatment

Hospitalisation (d) 28.4 ± 12.8 19.3 ± 8.1 0.043
Antiinflammatory drugs 

preoperative (yes) n = 10 n = 14 0.034

Antibiotics preoperative (yes) n = 10 n = 0 0.001
Deaths during follow-up (yes) n = 2 n = 0 0.150

PROM

ODI preoperative 59.7 ± 21.5 82.7 ± 10.3 0.030
ODI follow-up 20.8 ± 18.4 26.7 ± 13.5 0.424

COMI preoperative 6.8 ± 2.0 8.4 ± 2.4 0.213
COMI follow-up 2.3 ± 2.3 1.7 ± 1.6 0.875
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Achromobacter spp. were identified. Blood cultures 
were positive in 5 cases (all S. aureus). 4 patients 
were diagnosed with (concomitant) sepsis. In 5 cases 
a psoas and/or an epidural abscess were found. 1 
patient was diagnosed with endocarditis.
	 Most VO-associated complications were seen in 
patients with S. aureus infection: 4 out of 5 epidural 
abscesses, 4 out of 5 psoas abscesses and 1 out of 1  
endocarditis were found in these patients. Patients 
infected with S. aureus had also a significant higher 
CRP value at admission (122.5 ± 56.9 mg/L) than the 
other patients in the infection group (32.6 ± 13.9 mg/L) 
(p = 0.03).

Transcriptional changes at infected sites in VO
To provide an overview of changes in basic bone 
metabolism and tissue degradation in a VO setting, 
mRNA expression of RANK, RANKL, OPG and 
proteases were measured (Fig. 1).
	 OPG mRNA expression was significantly lower in 
VB (3.3 × 103 ± 3.4 × 103) and showed a trend towards 
lower expression in IVD (7.2 × 103 ± 7.1 × 103) tissue 
samples in the infection group compared to the 
fracture group (VB: 2.6 × 104 ± 2.4 × 104, p  = 0.003; 
IVD: 7.9 × 104 ± 9.5 × 104, p = 0.097). In the infection 
group, RANK expression in the VB was significantly 
higher (8.4 × 103 ± 7.4 × 103) and with a trend towards 
a higher expression in IVDs (6.4  ×  103  ±  5.9  ×  103) 
than in the fracture group (VB: 2.9 × 103 ± 2.6 × 103, 

p = 0.034; IVD: 9.2 × 102 ± 8.5 × 102, p = 0.097). There 
was no significant difference in RANKL mRNA 
expression in VBs (infection: 1.7  ×  104  ±  2.8  ×  104; 
fracture: 1.6  ×  104  ±  1.8  ×  104) and IVDs (infection: 
1.7  ×  104  ±  1.6  ×  104; fracture: 1.0  ×  104  ±  9.2  ×  103) 
between both groups (Fig. 1).
	 mPEGS1 was significantly upregulated in IVDs 
(5.9 × 104 ± 7.8 × 104, p = 0.026) and with a tendency 
towards upregulation in VBs (4.1 × 104 ± 7.4 × 104, 
p  =  0.068) of the infection group compared to the 
fracture group (IVD: 5.3  ×  103  ±  3.2  ×  103; VBs: 
1.5 × 104 ± 3.2 × 104) (Fig. 1). COX2 mRNA expression 
showed a trend towards a higher expression in VBs 
(8.0 × 103 ± 8.3 × 103) and IVDs (9.3 × 103 ± 1.8 × 104) 
of the infection group compared to the fracture 
group (VB: 5.7  ×  103  ±  1.4  ×  104, p  =  0.064; IVD: 
2.8 × 103 ± 1.2 × 103, p = 0.566).
	 Among the proteases, only ADAMTS4 was 
found to be upregulated in VBs of the infection 
group (infection: 1.3  ×  105  ±  2.5  ×  105; fracture: 
3.1 × 104 ± 4.3 × 104; p = 0.022). PPAR-γ was significantly 
downregulated in VBs of the infection group (infection: 
7.3  ×  103  ±  6.4  ×  103; fracture: 1.4  ×  104  ±  8.7  ×  103; 
p  =  0.007), whereas no significant difference was 
seen in the IVDs (infection: 6.4  ×  103  ±  5.5  ×  103; 
fracture: 1.1 × 104 ± 3.6 × 103; p = 0.138). The protease 
MMP13 showed a trend towards a higher mRNA 
expression in VBs (1.6  ×  106  ±  3.5  ×  106) and IVDs 
(8.2 × 105 ± 9.4 × 105) in the infection group compared 

Fig. 1. Comparison between mRNA expressions of (bone) metabolic genes in fracture (beige) and 
infection group (red) in VBs and IVDs. The infection group is indicated by “yes” (VO), the fracture group 
by “no” (no VO). Depicted are copy numbers of each target gene normalised to 105 copies of GUSB. Boxes 
represent the interquartile range with indicated median. Significance was assessed by Mann-Whitney U 
test. n.s: statistically not significant. 
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Fig. 3. (a) Comparison between the mRNA expressions of cytokines in the fracture (beige) and infection 
group (red) in VBs and IVDs. (b) Comparison between the mRNA expression of pro- and anti-
inflammatory adipokines in VBs and IVDs. The infection group is indicated by “yes” (VO), the fracture 
group by “no” (no VO). Depicted are copy numbers of each target gene normalised to 105 copies of GUSB. 
Boxes represent the interquartile range with indicated median. Significance was assessed by Mann-Whitney 
U tests. n.s: statistically not significant. 

Fig. 2. Comparison between the calculated RANK/OPG and RANKL/OPG expression ratios in fracture 
(beige) and infection group (red) in VBs and IVDs. The infection group is indicated by “yes” (VO), the fracture 
group by “no” (no VO). Significance was assessed by Mann-Whitney U tests. n.s: statistically not significant. 
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to the fracture group (VB: 3.7 × 105 ± 9.6 × 105, p = 0.252; 
IVD: 4.5 × 105 ± 5.0 × 105, p = 0.849).
	 The mean RANK/OPG ratio was significantly 
higher in both compartments in the infection group 
(VB: 2.5  ±  2.0, p  <  0.001; IVD: 1.9  ±  3.4, p  =  0.028) 
compared to the fracture group (VB: 0.2 ± 0.2; IVD: 
0.0 ± 0.0; Fig. 2). Similarly, the mean RANKL/OPG 
ratio was significantly higher in VBs (4.6 ± 4.0) and 
also with a trend towards a higher expression in IVDs 
(3.7  ±  4.4) of the infection group compared to the 
fracture group (VB: 0.9 ± 1.2, p = 0.003; IVD: 0.3 ± 0.2, 
p = 0.214).
	 To assess the role of osteoclastogenesis-enhancing 
chemokines, the mRNA expressions of IL8 and CCL20 
were measured (Brylka and Schinke, 2019; Pathak et 
al., 2015). Furthermore, the mRNA expressions of the 
neutrophil-attracting chemokines CXCL1 and CXCL5 
were measured (Fig. 3a). Neutrophils are, on the one 
hand, key elements in the cellular defence against 
bacterial infection and, on the other hand, they play 
a critical role in bacteria-induced apoptosis and/or in 
phagocytosis-induced cell death (Asensi et al., 2017).
	 Compared to tissues samples from fracture patients, 
IL8 expression was significantly higher (infection: 
4.6  ×  105  ±  9.4  ×  105; fracture: 4.3  ×  105  ±  1.2  ×  106; 
p = 0.03) and CCL20 showed a trend towards a higher 
expression (infection: 1.0 × 104 ± 2.6 × 104; fracture: 
1.0  ×  103  ±  2.2  ×  103; p  =  0.181) in VB tissue in the 
infection group. Chemokine expression in IVDs as 
well as CXCL1, CXCL5 and CXCL10 expression in 
VBs and IVDs showed only a trend towards a higher 
expression in the infection group compared to the 
fracture group (Fig. 3a).
	 Changes in the transcription profile of the pro-
inflammatory adipokines LEPR, ADIPOQ and 

NAMPT as well as of the adipokines ITLN1 and RETN, 
whose functions in infectious diseases are scarcely 
described, were evaluated to shed light into their role 
in inflammatory processes potentially contributing to 
tissue degradation in VO. From the adipokine group, 
the pro-inflammatory LEPR showed a significantly 
higher expression in IVD tissue samples in the 
infection group (infection: 2.3 × 103 ± 3.9 × 103; fracture: 
4.6 × 10 ± 7.8 × 10; p = 0.021), whereas ITLN1 and RETN 
were significantly lower expressed in VB tissue of the 
infection group (ITLN1: 2.0 × 102 ± 2.2 × 102; p = 0.006; 
RETN: 2.2 × 104 ± 5.2 × 104; p = 0.012) compared to the 
fracture group (ITLN1: 8.0 × 103 ± 1.7 × 104; RETN: 
7.6 × 104 ± 1.1 × 105) (Fig. 3b). The pro-inflammatory 
ADIPOQ and NAMPT showed trends towards a 
higher expression in IVD and VB of the infection 
group compared to the fracture group (all p ≥ 0.05; 
Fig. 3b).
	 Fig. 4 provides a graphical summary of hypothetical 
regulatory pathways leading to tissue degradation in 
bacterial VO, considering the local transcriptional 
changes identified in the present study.

Correlation between mRNA expression levels and 
preoperative clinical parameters
To identify potential concordant or discordant 
expression patterns between the above-mentioned 
genes and preoperative clinical parameters 1 d before 
surgery (iii), correlations in the infection group were 
visually analysed using a correlogram by tissue type 
(Fig. 5).
	 A positive correlation between the VB mRNA 
expression of PPAR-γ and the expression of ADIPOQ 
and CXCL10 as well as the CRP value at the time 
of surgery (iii) was found (Fig. 5, bone). Similarly, 

Fig. 4. Graphical summary of hypothetical regulatory pathways leading to tissue degradation in bacterial 
VO, considering local transcriptional changes identified in the present study. The mRNA regulations are 
illustrated separately for the VB (red) and IVD (blue). 
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a positive correlation between COX2 and CCL20 
expression in VBs was seen (Fig. 5, bone). In the IVDs 
of the infection group a positive correlation between 
mPGES-1 as well as COX2 expression and IL8, CXCL1, 
CXCL5 and CCL20 expression was detected (Fig. 4, 
disc). In infected IVD tissue, the mRNA expression 
levels of the T-cell- and macrophage-attracting 
chemokine CXCL10 and of OPG showed negative 
correlations with the expression of COX2, mPEGS1, 
NAMPT, CXCL1, CXCL5, IL8 and CCL20 (Fig. 5, disc). 
Among others, the PCT value at the time of surgery 
(iii) was negatively correlated with the expression of 
ADAMTS4, RANK, RANKL and MMP13 of infected 
IVDs (Fig. 5, disc).

Case-specific alterations to mRNA expressions
To evaluate whether mRNA expressions were 
altered in the VB and IVD depending on the donor, 
Spearman correlation coefficients were calculated for 
the expression levels in VB and IVD separately for 
the infection and fracture groups.
	 In the infection group, MMP13 mRNA expression 
showed a statistically significant positive Spearman 
correlation between VB and IVD samples (ρ = 0.827; 
p  =  0.002). Also, CXCL1 mRNA expression in VBs 
significantly correlated with the expression in IVD 
samples (ρ = 0.736; p = 0.01). Out of the adipokines, 
only the mRNA expression of NAMPT in VBs and 
IVDs showed a statistically significant positive 

correlation (ρ  =  0.697; p  =  0.025). Lastly, RANKL 
mRNA was also found to have a strong and 
significant correlation between VB and IVD tissue in 
the infection group (ρ = 0.704; p = 0.034). None of the 
other tested genes showed a relevant or statistically 
significant correlation.
	 In the fracture group, no significant positive 
correlations in VBs and IVDs were detected. However, 
ADAMTS4, CCL20 and LEPR mRNA expressions 
revealed a strong and negative correlation between 
IVDs and VBs (ρ = – 0.800; ρ = – 0.800 and ρ = – 0.738; 
all p > 0.05). A positive but not statistically significant, 
correlation was seen in the mRNA expression of 
CXCL5 in IVDs and VBs (ρ = 0.8; p = 0.2).

Discussion

14 patients with confirmed VO and 14 control patients 
with burst fractures of the thoraco-lumbar spine 
were prospectively included in the present study 
to compare the mRNA expression in tissue samples 
from IVDs and adjacent VBs. The induction of the 
proinflammatory (adipo-)cytokines IL8, CCL20 and 
LEPR was detected in infected IVDs and VBs, as well 
as mRNA expression regulation of genes involved 
in bone and disc metabolism, such as mPEGS1, 
ADAMTS4 and RANK/RANKL/OPG. An increase 
in the RANKL/OPG and the RANK/OPG ratios was 

Fig. 5. Correlogram illustrating the correlations between mRNA expression levels and preoperative 
clinical parameters by tissue type (bone, lower left; disc, upper right). Positive correlations are depicted in 
blue, negative correlations in red. Colour intensity and size of the circle are proportional to the correlation 
coefficients. 
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identified in VBs and IVDs of VO patients compared 
to fracture patients. Results suggested hypothetical 
regulatory pathways leading to tissue degradation 
in bacterial VO. These observations provided a first 
step to disclose a potential common link between 
pathogen defence, dysregulated inflammation and 
tissue degradation in human VBs and IVDs under 
VO conditions. This finding has not been shown 
before and might provide new insights into the 
pathomechanism of pyogenic VO.
	 The RANK/RANKL/OPG axis is a central part of 
the molecular mechanisms of bone destruction in 
osteomyelitis (Mbalaviele et al., 2017). On the other 
hand, the mechanisms leading to the destruction of 
the IVD still have to be clarified. Significant bone 
loss in osteomyelitis can be explained by an increase 
in RANKL activity, which is, after binding to its 
signalling receptor RANK, likely to trigger osteoclast-
induced bone resorption and bone destruction (Lio 
et al., 2012; Montonen et al., 2006; Wada et al., 2006). 
It must be noted that RANKL is not only produced 
by resident bone cells, but also by activated T 
lymphocytes (Anderson et al., 1997; Horwood et 
al., 1998). Remarkably, the inflammatory cytokines 
IL1β and TNF can stimulate RANKL production by 
osteoblasts and T-cells and concomitantly depress 
OPG expression in osteoblasts (Walsh and Choi, 2014; 
Young et al., 2011).
	 RANKL/OPG ratio is considered an index of 
osteoclastogenic stimulus (Montonen et al., 2006). 
In 2013, Marriott described how bacterial infection 
leads to inflammatory bone loss resulting from 
increased formation and/or activity of bone-
resorbing osteoclasts (Marriott, 2013). Similarly, 
Sanchez demonstrated that biofilm components from 
clinical wound isolates of S. aureus induce RANKL 
production and increase the RANKL/OPG ratio in 
human osteoblasts in vitro under normal growth or 
osteogenic conditions (Sanchez et al., 2013). In the 
present translational study, an increase in RANKL/
OPG and RANK/OPG ratios was identified in VBs and 
IVDs of VO patients compared to fracture patients. 
The increased ratios originated primarily from a 
decreased OPG mRNA expression, accompanied 
by a trend towards increased RANK and RANKL 
expression, both in VB and IVD tissue.
	 The present study compared two distinct spinal 
pathologies of VO and vertebral fractures. During 
surgical treatment, tissue from VBs and IVDs were 
resected, as part of the standard surgical procedure. 
To the authors’ knowledge, there is no comparable 
information concerning bone metabolism and the 
RANK/RANKL/OPG system in vertebral fractures. 
However, Wang et al. (2013) reported a reduced serum 
RANKL/OPG ratio in a fracture group compared to 
a healthy control group during the first 4 weeks of 
intertrochanteric fractures healing in elderly patients.
	 Influencing variables, especially NSAIDs via the 
regulation of COX2 and PGE2, may interfere with 
infection-induced regulation of gene expression. 
Therefore, potential influences of anti-inflammatory 

drugs on the prostanoid and RANK/RANKL/OPG 
system must be considered (Kotake et al., 2010; 
Pilbeam et al., 1997). In the present study, all patients 
in the fracture group and the majority (10 out 14) 
of patients in the infection group received anti-
inflammatory medication pre- and post-operatively 
as part of the standard pain treatment. No patients 
with known chronic inflammatory diseases were 
included. This homogeneity diminished relevant 
drug-related gene expression differences between 
both groups.
	 The regulation of RANKL and OPG, mediated 
by COX2 and mPEGS1, could represent a direct 
connective mechanism by which bacterial infection 
results in bone destruction: COX2 and mPEGS1, 
both elevated in VBs and IVDs of the infection group 
are involved in PGE2 biosynthesis. Liu et al. (2005), 
using murine cells, reported that PGE2 stimulates 
osteoclastogenesis through the stimulation of 
RANKL production, inhibition of OPG secretion by 
osteoblasts and up-regulation of RANK expression 
in osteoclasts. Suda et al. (2004) studied the role of 
PGE2 in the suppression of OPG mRNA expression 
and showed how this regulation induces osteoclast 
formation. They suggested two parallel events in 
osteoblasts: direct enhancement of RANKL expression 
and suppression of OPG production mediated 
by PGE2. Additionally, they highlighted that the 
suppression of OPG production in osteoblasts seems 
to be more important than the induction of RANKL 
expression for the stimulation of osteoclastogenesis 
(Suda et al., 2004). These assumptions support the 
present study’s findings of reduced OPG mRNA 
expressions, without significantly elevated RANKL 
mRNA expressions.
	 RANKL has been described as a target for 
therapeutic approaches in osteodestructive diseases. 
Sakrurai et al. (2003) inoculated mice with Streptococcus 
pyogenes, resulting in a high incidence of septic 
arthritis. They found that an increase in the amount 
of RANKL was evident in the joints of infected mice 
and that blocking RANKL with OPG prevented 
bone destruction. Similarly, Verdrengh et al. (2010) 
showed that inhibition of RANKL signalling in S. 
aureus-inoculated mice could prevent bone loss. 
Keeping this in mind, the pathological imbalance 
in RANKL/OPG mRNA expression in the present 
study suggested a potential therapeutic approach to 
counteract bone loss in VO by inhibition of RANKL 
as a basis for further experimental studies. Using an 
anti-RANKL antibody in an animal model might be 
a potential experimental set up to evaluate the role 
of the RANK/RANKL/OPG pathway in osteomyelitis 
(de Castro et al., 2019).
	 Circulating OPG and soluble RANKL serum 
levels have been discussed and suggested as potential 
biomarkers in different contexts (Dovio et al., 2005; 
Kraj et al., 2005; Moschen et al., 2005). Levels of active 
RANKL were found to be markedly increased in 
patients affected by fibrous dysplasia of the bone and 
highly correlated with disease burden (de Castro et 
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al., 2019). Circulating OPG or soluble RANKL levels 
were not measured in the present study and the 
relation of the serum levels to local gene expressions 
in IVD and VB was not clear. However, this might 
be the subject for further clinical studies with larger 
cohorts shedding light on the potential of serum 
RANKL/OPG ratios for osteomyelitis monitoring.
	 Adipokines belong to a large group of cytokine-
like molecules that are produced not only by 
adipocytes, but largely by immune cells and resident 
tissue cells. In certain circumstances they can 
amplify inflammation, immune response and tissue 
damage (Ouchi et al., 2011). LEPR expression was 
significantly elevated in IVD tissue from the infection 
group. Leptin is a proinflammatory cytokine that 
is produced by inflammatory cells and its mRNA 
levels can be increased by several inflammatory 
stimuli, including interleukins (Faggioni et al., 2001). 
Iliopoulus et al. (2007) demonstrated that leptin is 
also able to induce the synthesis of relevant MMPs 
involved in cartilage damage, such as MMP13. 
Similarly, the present study’s results showed a 
significant positive correlation between LEPR and 
MMP13 mRNA expression in VB tissue of the 
infection group, suggesting a role of LEPR at the 
interface between inflammatory response and tissue 
degradation. Moreover, similar to RANK/RANKL, 
leptin is known as a regulator of bone homeostasis: 
it has been revealed that leptin regulates bone mass 
through a hypothalamic relay, using two neural 
mediators, both acting on osteoblasts (Karsenty, 
2006).
	 A trend towards a higher NAMPT expression 
was observed in VBs and IVDs in the infection 
group. Visfatin has been proven to be involved in 
impaired bone remodelling through induction of 
proinflammatory factors and dysregulated MMP/
tissue inhibitor of MMP balance during mesenchymal 
stem cell differentiation (Tsiklauri et al., 2018). Results 
suggested that adipokines may represent the interface 
between the inflammation mediated by cytokines and 
the destruction of VBs and IVDs mediated by RANKL 
and MMP13, among others. Moreover, the type and 
level of adipokines might be considered as a potential 
circulating biomarkers’ signature to monitor VO and 
support treatment decisions.
	 A further hint for a common pathomechanism of 
tissue degradation can be seen in the synchronous 
transcriptional activation of key regulatory genes in 
VBs and IVDs: MMP13, CXCL1, NAMPT and RANKL 
mRNA expression showed significant positive 
correlations in the infection group, whereas in the 
fracture group no statistically significant correlations 
of genes’ expression in VBs and IVDs were found.

Limitations

One main limitation of the study was the demographic 
differences between the VO and the fracture group. 
Age-related changes in the mRNA expression of 

inflammatory mRNA in the older VO population 
due to degeneration cannot be ruled out. Although 
patients with documented history of osteoporosis 
were excluded, DEXA measurements in VO or 
fracture patients were not conducted. Second, the 
study presented a limited sample size of 14 patients 
in each group. Therefore, statistical evaluation must 
be interpreted with caution. Third, the experiments 
only extend to mRNA but not protein levels, which 
were not verified by e.g. immunohistochemistry or 
Western blotting. Therefore, a potential discrepancy 
between the mRNA expression of a gene and the 
according protein level cannot be ruled out. Further 
studies should include ELISA to quantify secreted 
cytokines.
	 It must be highlighted that the proposed 
mechanisms of interplay are only based on the 
current findings of mRNA alterations and the 
literature. To confirm these mechanisms, pathway 
analysis and inhibition models are needed.

Conclusion

The mRNA expression of various cytokines and 
adipokines as well as of the RANK/RANKL/OPG 
system in VB and IVD biopsies in pyogenic VO 
patients is dysregulated from the physiological 
balance favouring catabolism and inflammation. The 
regulation of the RANK/RANKL/OPG system seems to 
be a key pathomechanism in the destruction of bone 
and disc tissue in human pyogenic VO. The elevation 
of COX2 and mPEGS1 mRNA suggested a central role 
of PGE2 as a mediator of this mechanism, leading to 
bacteria-induced osteoclastogenesis. The elevation of 
mRNA expressions of osteoclastogenesis-enhancing 
chemokines IL8 and CCL20 in infected tissue 
supported this interpretation. A shift in the adipokine 
profile in VO most likely regulates the pro- and 
anti-inflammatory pathways that eventually favour 
degradation of both VB and IVD. For the first time, 
the present study identified common mechanisms 
in the pathological destruction of VBs and IVDs in 
VO patients and thereby provided potential future 
research approaches to develop tailored diagnostic 
and therapeutic methods targeting the RANK/
RANKL/OPG axis and related mediators.
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