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Bone infections often become chronic and can be diﬃcult to diagnose. In the present study, the osseous gene
expression of several acute phase proteins (APPs) during osteomyelitis was investigated in a porcine model of
implant associated osteomyelitis (IAO) (sampled 5, 10 and 15 days after infection) and in slaughter pigs with
spontaneous hematogenous osteomyelitis, and compared to gene expression in liver tissue. Furthermore, immunohistochemical (IHC) staining of the APP complement component C3 (C3) was performed on the porcine
osteomyelitis lesions together with material from human patients with chronic osteomyelitis. In the porcine bone
samples a local upregulation of the expression of several APP genes, including serum amyloid A (SAA) and C3,
was observed during infection. In the liver, only C-reactive protein (CRP) and Inter-Alpha-Trypsin Inhibitor
Heavy Chain 4 were signiﬁcantly upregulated. Serum concentrations of CRP, SAA and haptoglobin were only
upregulated at day 5 in infected animals of the IAO model. This indicates a limited systemic response to osteomyelitis. Similar numbers of positive IHC stained C3 leukocytes were found in human and porcine bone
samples with chronic osteomyelitis, indicating a high transcriptional value of porcine models of osteomyelitis.
The local upregulation of APPs could potentially be used for diagnosing osteomyelitis.

1. Introduction

should be based on a comprehensive understanding of the local inﬂammatory response induced by the infecting bacteria.
The ineﬃciency of antimicrobials for treating bone infections can
also be attributed to insuﬃcient penetration into the inﬂamed bone
tissue (Tøttrup et al., 2016), as the inﬂammatory process compresses
the vascular channels and causes ischemia (Emslie et al., 1984). Due to
the compromised blood supply during bone infection a local osteogenic
immune response is central for the host, and bone speciﬁc cells have
been shown to be active participants in this defense. Osteoblasts, the
bone forming cells, can express MHC class II molecules and toll like
receptors (TLRs), and produce a range of pro-inﬂammatory cytokines
(Josse et al., 2015), which make it possible to modulate the local immune response. Osteoclasts, the bone degrading cells, are likewise able
to express MHC class II molecules (Li et al., 2010). Furthermore, in
chronically infected mandibles, human osteocytes (terminally diﬀerentiated osteoblast embedded in bone) express antimicrobial peptides
such as β-defensins and thus take part in the innate immune defense

For infections involving orthopedic implants sole treatment with
antibiotics will in most cases fail and require surgical intervention
(Tande and Patel, 2014). The persistence of bone infections is in part
due to the formation of bacterial bioﬁlms on the surface of implants and
necrotic bone tissue. These bioﬁlms are known to be highly tolerant to
antibiotics even if the planktonic parent strain is susceptible (Ceri et al.,
1999). A subpopulation of the bacteria living in bioﬁlms are metabolically dormant and, therefore, are diﬃcult to detect and identify due to
slow growth and changes in phenotype (Neut et al., 2007). Thus, even
with biopsies of the infected tissue it can be diﬃcult to obtain a precise
microbiological diagnosis of bone infections. Up to 30 % of bone infections are reported to be culture negative due to poor sampling, pretreatment with antibiotics or the presence of microorganisms that are
diﬃcult to culture (Sheehy et al., 2010). Therefore, there is a real need
for supportive diagnostic bone infection criteria. These new criteria
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(Warnke et al., 2006). Moreover, we recently described that the gene
expression of several acute phase proteins (APPs) was locally upregulated in pigs in response to orthopedic surgery i.e. drilling of trabecular
and cortical bone tissue followed by insertion of an implant (Lüthje
et al., 2018). This indicates that APPs have an important role in the
local osteogenic response to bone damage and, therefore, they are likely
to be involved in the local osteogenic innate immune response towards
bacterial infections.
APPs are deﬁned as proteins whose plasma concentration changes at
least 25 % in response to inﬂammation. They are a central part of the
innate immune defense and the acute phase response (Bochsler and
Slauson, 2002). Despite their name, APPs are not only regulated during
acute inﬂammation, but also in chronic diseases (Gabay and Kushner,
1999). Serum concentrations of APPs are widely used as markers of
inﬂammation and infection (Cerón, 2019). Moreover, they are also
studied for their potential as markers of the inﬂammatory state after
orthopedic surgery (Tothova et al., 2019). In prosthetic joint infections
(PJI) the level of C-reactive protein (CRP) is also considered a useful
pre-operative indicator of infection (Del Pozo and Patel, 2009). The
liver is the major source of APPs, but there are also several reports of
extrahepatic expression (Lüthje et al., 2018; Skovgaard et al., 2009;
Marques et al., 2017; Urieli-Shoval et al., 1998; Laufer et al., 2001;
Kalmovarin et al., 1991). However, the local expression of APPs in infected bone tissue has not previously been examined.
In the present study, the gene expression of local (bone) and systemic (liver) APPs in response to bone infections in a porcine model of
implant associated osteomyelitis and in slaughter pigs with chronic
hematogenous osteomyelitis was examined. Furthermore, immunohistochemical (IHC) staining of complement component C3 (C3)
in human bone biopsies from patients with diabetic foot osteomyelitis
and chronic osteomyelitis was compared to porcine bone. This was
done in order to elucidate the translational value of the porcine ﬁndings
and in order to explore the potential of APPs as diagnostic biomarkers.

Table 1
Number of individuals sampled for each analysis.
Method

IHC

Tissue
Bone
Experimental IAO
Day
0
baseline (C-0)
6
5
saline (C-5)
5
infected (I-5)
5
10
saline (C-10)
5
infected (I-10)
6
15
saline (C-15)
2
infected (I-15)
2
Spontaneous porcine osteomyelitis
controls
0
infected
10
Human chronic osteomyelitis
controls
2
infected
9

qPCR

qPCR

ELISA

Bone

Liver

Serum

6
7
6
5
6
2
2

6
1
2
5
6
2
2

27
6
6
5
6
2
2

7
9

7
8

0
0

IAO: implant associated osteomyelitis, parenthesis: group name.
IHC: immunohistochemistry, qPCR: quantitative real-time PCR.
ELISA: enzyme-linked immunosorbent assay.

2.2. Spontaneous osteomyelitis in pigs
Bones with osteomyelitic lesions and liver samples were collected
from 10 Danish slaughter pigs (Danish Crown, Ringsted, Denmark)
together with samples from seven control animals without any signs of
disease. Bone tissue was sampled from the osteomyelitis lesions (Fig. 1),
and both bone and liver tissue were processed as for the experimental
animals.
2.3. Human bone samples
Samples of infected bone tissue were collected from nine patients
undergoing surgery due to chronic osteomyelitis (Fig. 1). The patients
included six men and three women with a mean age of 63 years
(41–79), who were treated at either Herlev Hospital or Bispebjerg
Hospital, Denmark. Seven of the patients had been treated with systemic antimicrobials for up to 14 weeks (1–14) prior to surgery. Tissue
was sampled from the leg or foot of the patients. Eight of the lesions had
positive cultures and eight of the patients were presented with a related
wound infection. The duration of osteomyelitis varied from one month
to 25 years. Furthermore, six of the nine patients were diagnosed with
diabetes (type 2; n = 5, type 1; n = 1). From two samples, the bone
tissue furthest away from the osteomyelitis lesion was assumed to be
non-infected and used as negative controls. The collected samples were
kept in formalin for approximately two to three weeks followed by
decalciﬁcation for four to ﬁve weeks. Decalciﬁcation was done using a
formic acid solution. The bone tissue was cut in suitable pieces and
embedded in paraﬃn wax and cut for IHC.

2. Materials and method
2.1. Experimental animal model
Serum and tissue from bone and liver were sampled from a previously described porcine model of implant associated osteomyelitis
(Jensen et al., 2017). The model was based on female pigs (Danish
Landrace) with a body weight of 30−40 kg (2–3 months old) obtained
from speciﬁc pathogen free herds. Osteomyelitis was induced in 27
pigs, while healthy trabecular bone tissue was collected from 6 corresponding animals to obtain baseline values. Brieﬂy, experimental animals were anesthetized and an implant cavity of 4 × 20 mm was drilled
at the medial side of the proximal end of the right tibia. A 10 μl inoculum of 104 CFU S. aureus (S54F9 spa-type t1333 (Aalbæk et al.,
2015)) or saline was injected into the cavity and a stainless steel implant (K wire 2 × 15 mm) was inserted. Pigs were euthanized 5, 10 and
15 days after inoculation (Table 1). Serum was sampled from the jugular vein shortly before surgery and euthanization. Blood samples
were centrifuged after clotting, serum collected and stored at −20 °C
until use. During a full body necropsy bone tissue surrounding the
implant cavity (Fig. 1) and liver tissue were sampled for gene expression analysis and IHC. Tissue for quantitative real-time PCR (qPCR) was
placed in RNAlater (40 ml 0.5 M EDTA, 25 ml 1 M sodium citrate, 700 g
ammonium sulfate, 935 ml sterile distilled water, adjustment to pH 5.2
using H2SO4) and stored at −20 °C, while bone and liver tissue for IHC
were placed in formalin prior to paraﬃn embedding. The bone tissue
was decalciﬁed as previously described (Johansen et al., 2011). The
number of samples for each group in the study is presented in Table 1.
The experimental protocol was approved by the Danish Animal Experiments Inspectorate (license No. 2013/15-2934-00946).

2.4. Expression analyses
Genes were selected for expression analysis based on literature
searches and previous studies of the porcine molecular response to
surgery and infection (Table 2). Furthermore, some genes related to
bone remodelling and the inﬂammatory response were also included
(Table S1), though they are not described here due to space limitations.
Primer design, RNA extraction, cDNA synthesis, preampliﬁcation and
qPCR, using the BioMark HD System (Fluidigm), were done as described previously (Lüthje et al., 2018). Brieﬂy, the RNA quality was
measured and assigned an RNA integrity number (RIN) with Agilent
RNA 6000 Nano chips on the Agilent 2100 Bioanalyzer (Agilent Technologies). RIN was above 5 for all samples from the experimental animals and the mean was 7.2. Mean RIN for samples from the slaughter
pigs were 5.3.
2
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Fig. 1. Origin of sampled infectious bone
tissue. A: Tibial bone infection in a human
patient. Debridet bone tissue was collected. B:
Wound infection with underlying phalangeal
bone infection in a diabetic patient. C: Chronic
purulent osteomyelitis in the rib of a slaughter
pig. E: Purulent osteomyelitis in a porcine
model of implant-associated osteomyelits.

qPCR. Standard curves from three separate dilution series were used to
determine the eﬃciency of each primer for each tissue separately.
Sequences and PCR eﬃciencies for all primer assays can be found in the
supplementary data (Table S2).
A panel of reference genes were tested for stable expression using
both GeNorm (Vandesompele et al. (2002)) and NormFinder (Andersen
et al., 2004). Three genes were selected for normalization for both bone
tissue (ribosomal protein L13a, TATA-box binding protein and Tyrosine 3Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta)
and liver tissue (actin beta, TATA-box binding protein and Tyrosine 3Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta).

cDNA synthesis was done with 400 ng extracted total RNA using the
QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacture’s speciﬁcations (with a 25 % reduction in the volume of primer
mix, buﬀers and reverse transcriptase). Two technical cDNA replicates
were made for each RNA sample.
Pre-ampliﬁcation was carried out with 2.5 μl cDNA diluted 1:10 in
low-EDTA TE-buﬀer (Panreac AppliChem), 3 μl TaqMan PreAmp
Master Mix (Applied Biosystems), 2.5 μl 200 mM mix of all primers
used for subsequent qPCR and 2 μl low-EDTA TE-buﬀer (Panreac
AppliChem). Samples from bone were ampliﬁed for 21 cycles and liver
samples for 17 cycles.
Dynamic arrays and the Biomark HD (Fluidigm) were used for

Table 2
Relative gene expression and P-values for porcine bone tissue in the implant associated osteomyelitis model.
5 Days PI

10 Days PI

15 Days PI

Two-way ANOVA (df = 2;1)
interaction

days

infection

7.64
< 0.01
0.0277
0.973
1.25
0.307
0.877
0.43
0.252
0.779
1.55
0.235
0.299
0.745
4.45
0.0239
1.24
0.308
1.19
0.322
0.185
0.832
3.40
0.0516

0.0569
0.945
0.738
0.489
2.24
0.129
0.341
0.714
1.19
0.322
0.760
0.478
1.58
0.227
1.39
0.268
3.74
0.0385
0.0724
0.93
1.23
0.309
1.15
0.334

5.39
0.0291
0.0237
0.879
2.4
0.135
0.0325
0.858
1.10
0.305
0.234
0.633
9.12
< 0.01
1.17
0.29
0.630
0.435
10.8
< 0.01
62.5
< 0.0001
17.7
< 0.001

Gene of interest

RQ

95 % CI

RQ

95 % CI

RQ

C3

8.7
7.4
0.54
0.53
0.65
0.53
0.41
0.46
2.4
1.4
0.34
0.48
2.0
12
5.7
2.5
0.11
0.11
1.5
12
23
2000
0.36
0.070

(5.8–13)
(5.8–9.4)
(0.44-0.67)
(0.41-0.68)
(0.36–1.2)
(0.42-0.68)
(0.29-0.59)
(0.37-0.56)
(1.7–3.5)
(1.3–1.5)
(0.10–1.2)
(0.21–1.1)
(1.1–3.5)
(3.9–35)
(3.4–9.6)
(2.1–3.0)
(0.033-0.40)
(0.069-0.19)
(0.87–2.6)
(4.8–31)
(7.8–66)
(1100–3500)
(0.18-0.71)
(0.0037-0.13)

4.1
17
0.66
0.65
2.8
0.65
0.60
0.51
1.5
1.4
0.61
0.56
5.0
26
1.3
7.2
0.43
0.93
2.3
5.3
1.4
3100
1.8
0.54

(3.3–5.2)
(7.5–39)
(0.47-0.93)
(0.49-0.87)
(1.1–7.2)
(0.38–1.1)
(0.35–1.0)
(0.34-0.77)
(0.73–3.2)
(0.77–2.8)
(0.25–1.5)
(0.25–1.3)
(1.9–13)
(7.1–95)
(0.67–2.5)
(2.9–17)
(0.12–1.6)
(0.38–2.3)
(1.1–4.7)
(2.2–13)
(0.72–2.6)
(280–34000)
(0.84–4.1)
(0.084–3.5)

2.4
45
0.63
0.62
1.8
0.87
0.64
0.36
1.3
1.2
0.60
0.16
2.6
23
3.3
15
0.12
0.083
2.2
5.2
8.6
3200
4.9
0.020

C3aR1
C5
C5aR1
CRP
HP
IL1A
ITIH4
ORM1
PTSG2
SAA3
TF

saline
infection
saline
infection
saline
infection
saline
infection
saline
infection
saline
infection
saline
infection
saline
infection
saline
infection
saline
infection
saline
infection
saline
infection

F-value
P-value
F-value
P-value
F-value
P-value
F-value
P-value
F-value
P-value
F-value
P-value
F-value
P-value
F-value
P-value
F-value
P-value
F-value
P-value
F-value
P-value
F-value
P-value

PI: post infection, RQ: relative quantities, CI: conﬁdence interval. Data is scaled to give normal bone (C0) a mean expression of 1. Bold print indicate signiﬁcance
(P < 0.05). No conﬁdence interval for day 15 was calculated since each group only contains two animals.
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for CRP and 70 μg/ml for haptoglobin. Samples and standards were run
in duplicates in all assays.

2.6. Immunohistochemistry
Paraﬁn blocks of porcine and human bones were cut into 4−5 μm
thick sections and mounted on adhesive glass slides (Thermo Scientiﬁc,
Menzel GmbH & CoKG, Baunschweig, Germany). A polyclonal rabbit
anti human C3 complement IgG antibody (LS-C372631, LifeSpan
Bioscience, Inc, Seattle, WA, USA) and the HRP UltraVision LP detection system (Thermo Fisher Scientiﬁc, Fremont, CA, USA) was used for
indirect immune-staining of the slides. Following deparaﬃnization,
antigens were recovered by treatment with trypsin pH 7.8 for 30 min at
37 °C. Subsequently, endogenous peroxidase activity was blocked by
0.6 % H2O2 for 15 min and unspeciﬁc binding sites were blocked by
Ultra V Block (AH diagnostics) for 5 min. Thereafter, the primary C3
complement antibody was applied to the tissue sections and incubated
overnight at 4 °C. The antibody was diluted 1:50 or 1:100 in 1% bovine
serum albumin/tris buﬀered saline (TBS) due to batch variation in
staining by the primary reagent. Primary antibody enhancer, horseradish peroxidase polymer and aminoethylcabazol were applied as recommended by the manufacturer (AH diagnostics). After each step of
the protocol, slides were washed in TBS pH 7.6. Following immunostaining, the tissue sections were counterstained with Mayer’s hematoxylin (VWR). As positive control staining, a kidney from a slaughter
pig with glomerulonephritis was used. In humans with glomerulonephritis C3 positive staining has been observed in the endothelial cells of
the glomerular capillaries (Ma et al., 2014). Negative control sections
without the C3 antibody and a nonsense polyclonal antibody were run
in parallel.
Evaluation of positive staining was done blinded by a semi-quantitative scoring system. For each section, the number of positive cells was
counted in ten high-power ﬁelds (400x magniﬁed (40x objective)) with
a maximum of ten for osteocytes and a maximum of 50 for osteoclasts
and leukocytes. Only staining lying clearly inside a cell was counted.

2.7. Statistics
A two-way ANOVA with the factors time (day 5, 10 and 15) and
inoculum (S. aureus and saline) was used on log2 transformed bone
expression data, and serum haptoglobin and CRP data. Due to most
values of the SAA ELISA being below the detection limit an exact
Wilcoxon-Mann-Whitney test was conducted on data from day 5 only.
Values below the detection limit of the ELISA assays were set to the
detection limit. A t-test was done on log2 transformed expression data
of the slaughter pig samples, the IHC scores (leukocyte counts for
slaughter pigs were not log transformed) and the expression data from
the experimental liver samples, which were pooled in two groups
(saline and infected). Pearson’s correlation was also calculated to
compare expression data and IHC scores for the experimental animals
using log2 transformed data. Conﬁdence intervals for expression data
was calculated on log2 transformed data and back transformed for the
result-tables.
P-values ≤ 0.05 were considered statistically signiﬁcant. For the
gene expression, an additional prerequisite of a ≥ 2-fold diﬀerence
between infected and control animals for at least one time point was
required to be considered biologically signiﬁcant. Distribution of data
was checked visually by QQ-plots and linearity of relationship with
scatterplots. In ﬁgures and tables, gene expression data was scaled to
give C-0 (baseline) a mean expression of 1. All calculations were done
in R (R Core Team, 2018) and the R package coin was used (Hothorn
et al., 2006).

Fig. 2. Expression of acute phase proteins in bone tissue of a porcine IAO
model. Bars represent the group mean for infected (solid bar) and saline inoculated (dashed bar) pigs on day 5, 10 and 15. The data is scaled to give the
mean of normal bone tissue (baseline) a value of one and is represented by the
dotted line. Note that the vertical axis has a log scale.

2.5. ELISA
The serum concentration of porcine serum amyloid A (SAA), CRP
and haptoglobin was measured by enzyme-linked immunosorbent assays (ELISA). A commercial kit was used according to the manufacturer’s instructions to quantify SAA (Tridelta Development Ltd,
Maynooth, Ireland). The detection limit for SAA was 7.8 μg/ml.
CRP and haptoglobin was analysed by sandwich ELISA as described
previously (Heegaard et al., 2009; Sorensen et al., 2006). For the CRP
assay a dendrimer-coupled cytidine diphosphocholine (a CRP-binding
ligand) was used in the coating layer and polyclonal rabbit anti-human
antibodies with cross-reactivity toward porcine CRP followed by peroxidase-conjugated goat anti-rabbit antibody were used for detection
(both antibodies from DAKO, Glostrup, Denmark). To quantify haptoglobin an in-house monoclonal antibody directed against porcine
haptoglobin (3.8/D7) and biotinylated rabbit anti-human haptoglobin
antiserum (DAKO) were used as catching and detection antibodies,
respectively (Sorensen et al., 2006). The detection limit was 1.24 mg/l
4
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Fig. 4. Expression of acute phase proteins in liver tissue of a porcine IAO model.
Bars represent the group mean for infected (solid bar) and control (dashed bar)
pigs. The data is scaled to give the mean of normal liver tissue (baseline) a value
of one and is represented by the dotted line. Note that the vertical axis has a log
scale. Asterisks indicate statistical signiﬁcance, *P < 0.05, **P < 0.01,
***P < 0.001.

Fig. 3. Gene expression of acute phase proteins in bone tissue of slaughter pigs
with spontaneous haematogenous osteomyelitis. Bars represent the group mean
for infected (solid bar) and control (dashed bar) pigs. Data is scaled to give
control pigs a mean expression of one. Note that the vertical axis has a log scale.
Asterisks indicate statistical signiﬁcance, *P < 0.05, **P < 0.01, ***P < 0.001.

diﬀerence was found for the CRP expression (P = 0.07) (Table S3).
For the inﬂammatory genes interleukin 1A (IL1A) and prostaglandinendoperoxide synthase 2 (PTGS2 (COX2)), the expression was signiﬁcantly upregulated in bone of infected pigs compared to controls
both for experimental animals and slaughter pigs (Table 1 and S2).
Expression data for additional inﬂammatory genes and genes related to
bone remodeling can be found in the supplementary material (Table
S1).

3. Results
3.1. Local gene expression in bone
SAA3 was found to be the most upregulated APP locally expressed
in the experimental animals (Fig. 2A). This upregulation was seen both
for animals inoculated with S. aureus and saline compared to the
baseline at all time points, but to a much higher degree for the infected
animals and with a highly signiﬁcant diﬀerence between inoculums
(P < 0.0001) (Table 2). The SAA3 expression was highest in I-10 animals with an approximately 4000-fold upregulation compared to
baseline, and 800-fold upregulation compared to saline controls
(Fig. 2A). A signiﬁcant 300-fold upregulation of SAA3 compared to
controls was also found in the bone tissue of slaughter pigs with
spontaneous chronic osteomyelitis compared to controls (P < 0.0001)
(Fig. 3).
At day 5, gene expression of C3 was 7–9 fold upregulated in all
experimental animals (Fig. 2B). The expression further increased at day
10 and 15 in the infected animals while it decreased after day 5 in the
saline inoculated controls (Fig. 2B). The interaction between inoculum
and time was signiﬁcant (Table 2). In slaughter pigs with osteomyelitis,
a signiﬁcant 15-fold upregulation of C3 was found (P < 0.0001)
(Fig. 3). The expression of the C3a receptor C3AR1, complement C5 and
the C5a receptor C5AR1 was not regulated (Table 2, Table S3).
At day 5 the expression of inter-alpha-trypsin inhibitor heavy chain 4
(ITIH4) was highest in saline controls, but the gene expression was no
longer elevated at day 10 in the saline controls. In contrast, the ITIH4
expression increased over time in the infected animals and was elevated
at all time points (Fig. 2C). Signiﬁcance was found for the interaction
between time and inoculum (Table 2). In addition, a signiﬁcant 4-fold
upregulation of ITIH4 was present in slaughter pigs with osteomyelitis
(P < 0.001) (Fig. 3).
The negative acute phase protein transferrin was downregulated 14fold in I-5 and 3-fold in C-5. In the saline controls, the gene was not
downregulated at other time points while the expression was below the
baseline for the infected animals at all time points and there was a
signiﬁcant diﬀerence between inoculums (Table 2). In the slaughter
pigs, a signiﬁcant 2-fold downregulation was also found (P = 0.018)
(Fig. 3).
The local expression of CRP and haptoglobin showed no diﬀerence
between inoculums in experimental animals (Table 2). By contrast,
haptoglobin was signiﬁcantly 2-fold downregulated in slaughter pigs
with osteomyelitis (P = 0.049) (Fig. 3), while a borderline signiﬁcant

3.2. Hepatic gene expression
Little change was seen in hepatic expression levels of APPs over
time, and a two-way ANOVA did not reveal any signiﬁcant eﬀect of
time for any APP (data not shown). Therefore, experimental animals
were pooled into a saline (n = 8) and an infected group (n = 10) to
increase the statistical power.
The CRP gene expression in the liver was signiﬁcantly upregulated
4.7-fold in infected animals compared to saline controls (P < 0.01)
(Fig. 4). Likewise, in the slaughter pigs CRP was signiﬁcantly upregulated 2.8-fold in animals with osteomyelitis lesions (P=0.044) (Table
S3).
The ITIH4 gene expression was only elevated in infected animals,
while the expression level in saline controls was slightly below the
baseline (Fig. 4). The expression in the infected group was upregulated
4.8-fold compared to the saline group (P < 0.01). Likewise, a signiﬁcant 4.2-fold upregulation of ITIH4 was seen in the slaughter pigs
with spontaneous chronic osteomyelitis (P < 0.01) (Table S3).
The SAA3 level was 4.9-fold increased in infected animals compared
to saline controls (Fig. 4), but the diﬀerence was not signiﬁcant (P =
0.33). For the slaughter pigs a borderline signiﬁcant 2.4-fold diﬀerence
was found (P = 0.073) (Table S3). C3, haptoglobin and transferrin genes
showed little change in expression in the liver samples from both experimental pigs (Table S4) and slaughter pigs (Table S3).
In contrast to the bone, no signiﬁcant regulation of IL1A or PTGS2
was found in the liver of experimental animals (Table S4). Fold-changes
and p-values for the gene expression of several other genes can be found
in the supplementary material (Table S4).
3.3. Serum protein level
Serum concentrations of CRP, SAA and haptoglobin were all elevated in infected animals at day 5, but decreased at the following time
points (Fig. 5). In animals inoculated with saline, the levels were similar
5
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evaluated because the implant cavity had been cut out for previously
prepared tissue sections.
There was no signiﬁcant diﬀerence in osteocyte counts between
infected and control tissue for experimental animals (P = 0.52), while
the infected tissue from slaughter pigs had a signiﬁcant higher osteocyte count compared to baseline (P < 0.001). The spontaneous lesions
from both slaughter pigs and patients had increased numbers of C3
positive osteocytes compared to the experimental animals (Fig. 7A).
For osteoclasts neither experimental animals nor slaughter pigs
showed a signiﬁcant diﬀerence between infected and control tissue (P
= 0.53 and P = 0.19, respectively). In the human samples, a much
lower osteoclast count was found even compared to the porcine baseline (Fig. 7B).
For leukocytes, the C3 count of saline inoculated controls was close
to the baseline level, while the numbers were signiﬁcantly elevated in
infected animals compared to controls (Fig. 7C) for both experimental
animals (P < 0.001) and slaughter pigs (P < 0.001). The scoring of the
human leukocytes was also very similar to the infected slaughter pigs
(Fig. 7C).
A moderate but signiﬁcant positive correlation was found between
the gene expression of C3 and the leukocyte score in experimental
animals (R=0.47, P=0.018), while there was no correlation between
gene expression of C3 and osteocyte (R=−0.228, P = 0.27) or osteoclast count (R=0.0069, P=0.97).
4. Discussion
Gene expression analysis of infected bone tissue revealed a local
upregulation of several positive APPs, like SAA3 and C3 (Fig. 2), and
downregulation of the negative APP transferrin (Table 2). Moreover,
IHC conﬁrmed the presence of C3 protein (Fig. 7). A signiﬁcant 2 fold
downregulation of haptoglobin was found in the slaughter pigs with
spontaneous osteomyelitis (Fig. 3). No signiﬁcant diﬀerence was found
in the regulation of haptoglobin between infected animals and saline
controls, but the expression in both groups was downregulated compared to healthy bone (Table 2). This indicates that haptoglobin, which
is normally a positive APP, is downregulated locally in bone in response
to both septic and aseptic inﬂammation. This is to our knowledge the
ﬁrst description of local APP regulation during bacterial bone infection.
Only small changes in the APP expression were found in the liver
samples (Fig. 4) and the serum levels were decreasing from day 5 in
infected animals (Fig. 5). Thus, the osseous upregulation of APPs in
chronic osteomyelitis appears to be part of a predominantly local response that will be diﬃcult to measure systemically. This conﬁrms that
osteomyelitis is diﬃcult to diagnose using blood samples. The high
importance of a local immune response in bone infections seems logical
as the blood supply is severely impaired during osteomyelitis (Emslie
et al., 1984). IL1A and PTSG2 were also signiﬁcantly upregulated in the
bone (Table 2), also indicating the importance of a local pro-inﬂammatory environment during bone infections.
The high increase in the gene expression of SAA3 in the model
suggests a major role of this protein in the host response to bone infection (Fig. 2A). SAA is a major APP in most mammalian species, including pigs and humans (Heegaard et al., 2011; Uhlar et al., 1994),
and can increase a 1000-fold within few hours (McAdam and Sipe,
1976). It has a chemotactic activity for phagocytes, and induces the
expression of both pro- and anti-inﬂammatory cytokines which emphasizes the multifunctional role of SAA during inﬂammation (Ye and
Sun, 2015). Humans, mice and pigs all have four isoforms of the SAA
gene (Uhlar et al., 1994). SAA3 is the main form expressed extrahepatically in mice and pigs, while human SAA3 is a non-functional
pseudogene (Olsen et al., 2013; Meek and Benditt, 1986). It is likely
that human bones can elicit a response similar to the present porcine
ﬁnding, as expression of SAA mRNA has previously been detected in
samples of human bone (Kovacevic et al., 2008). In addition, the presence of both SAA mRNA and protein have been shown in several

Fig. 5. Serum concentrations of acute phase proteins in a porcine IAO model.
Bars represent the group mean for infected (solid bar) and saline inoculated
(dashed bar) pigs on day 5, 10 and 15. The dotted line represents the mean
value of serum taken before operating the pigs (baseline). Samples with value
below the detection limit were set to the detection limit.

to baseline at all times. CRP and haptoglobin showed a signiﬁcant
diﬀerence between infected and saline animals (P < 0.001 and
P < 0.0001, respectively), while the diﬀerence between inoculums at
day 5 was borderline signiﬁcant for SAA (P = 0.061).
3.4. Immunohistochemistry
The IHC mainly revealed C3 positive staining of osteocytes, osteoclasts and leukocytes, with the strongest intensity in leukocytes (Fig. 6).
Infrequently, C3 positive osteoblasts and ﬁbroblasts were also observed.
Three experimental animals (from C-5, C-10 and I-5) were not
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Fig. 6. Immunohistochemical staining of C3 (red/brown color) in human (A, C, E) and porcine infected bone tissue from slaughter pigs (B, F) and the IAO model (D).
A: Massive positive staining of inﬁltrating leukocytes, bar = 75 μm. B, C and D: Positive bone resorbing ostoclasts (arrows) and leukocytes (circle), bars = 100, 75
and 150 μm, respectively. E and F: Positive osteocytes (arrows), bars = 50 μm. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article).

Expression data from both the experimental animals and the
slaughter pigs showed a major upregulation of the acute phase protein
C3 in bones with chronic stages of osteomyelitis (Fig. 2B and 3), while
no regulation was found in the liver (Table S4). There was no regulation
of complement component C5 or the receptors for C3a and C5a (C3aR and
C5aR1) (Table 2). C3 is an essential part of the complement cascade,
which is crucial for the innate response to invading pathogens and an
important modulator of the subsequent adaptive immune response
(Mödinger et al., 2018). In addition to being part of the immune response, C3a, the cleavage product of C3, has also been suggested as a
coupling factor enabling a balance between bone resorption and bone
formation, and has been shown to stimulate both osteoblast and osteoclast diﬀerentiation (Matsuoka et al., 2014; Ignatius et al., 2011).

extrahepatic human tissues (Urieli-Shoval et al., 1998). Studies on cell
cultures also indicate that SAA is involved in regulation of bone metabolism. Murine and human pre-osteoclasts express SAA in the presence of receptor activator of nuclear factor kappa B ligand (RANKL)
and PTSG2, and SAA inhibits the diﬀerentiation of murine osteoblasts
(Choudhary et al., 2016, 2018). Human osteoblasts can also express
SAA (Kovacevic et al., 2008). There are both reports on SAA inhibiting
the diﬀerentiation and activity of murine osteoclasts (Kim et al., 2016;
Oh et al., 2015) and of SAA stimulating osteoclast diﬀerentiation
(Thaler et al., 2015). Either way, it seems that SAA is centrally involved
not just in the immune response but also in regulating bone homeostasis; however, further studies are needed to elucidate the precise role
and regulation.
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leukocytes, osteoclasts and osteocytes. Both leukocytes and osteoclasts
have previously been shown to produce C3 in human cell lines (Ignatius
et al., 2011; Lubbers et al., 2017). The number of C3 positive leukocytes
was signiﬁcantly higher in the infected animals (Fig. 7C) and the leukocyte score was positively correlated with the expression data of C3. In
contrast, there was no signiﬁcant diﬀerence in the osteoclast and osteocyte score between experimental animals inoculated with saline and
S. aureus. Neither of these scores correlated to the C3 expression data.
This indicates that the increased C3 expression seen in the qPCR data
originates from leukocyte production.
The positive C3 leukocyte and osteocyte scores in human lesions
were comparable to the scores in the spontaneous lesions of slaughter
pigs (Fig. 7A & C). This suggests that C3 is upregulated locally during
chronic osteomyelitis in a similar way in humans and pigs, thus, indicating that the pig is a valid animal model for human osteomyelitis.
The fact that the transcriptional response in the experimental animals
and the slaughter pigs are similar (Table 1 and S2) also shows that the
present IAO model mimics spontaneous bone infections.
Unless the patient has a sinus tract, it can be a challenge to diagnose
PJI and IAO. The most reliable criteria for PJI and IAO is two positive
periprosthetic cultures with identical organisms, but this result will
only be available after surgical debridement has been performed
(Gomez-Urena et al., 2017). Therefore, it would be a major progress to
have reliable pre-operative or intra-operative tests for diagnosing bacterial bone infections. The use of biomarkers in synovial ﬂuid to diagnose PJI pre-operatively has received some attention (Deirmengian
et al., 2014). We found the production of several APPs to be highly
upregulated around bone infections (Table 2), and it is likely that some
of these APPs diﬀuse into the synovial ﬂuid during PJI. Thus, APPs, like
SAA and C3, might be relevant as synovial ﬂuid biomarkers for PJI.
When a bone infection has not been diagnosed pre-operatively, bone
tissue can be sent for histopathological evaluation intra-operatively.
Here the number of polymorphonuclear neutrophils is used to assess the
presence of acute inﬂammation, but diﬀerent thresholds are used to
deﬁne a positive PJI diagnosis (Gomez-Urena et al., 2017). A metaanalysis evaluating the performance of intra-operative histopathology
showed that the method did well in diagnosing positive PJI infections,
but it only had a moderate accuracy in excluding infection (Tsaras
et al., 2012). Staining for SAA or C3, which was highly upregulated
during infection in the present study (Fig. 2A–B and 3), could potentially improve the diagnostic performance of histopathology.

Statement of ethics
The National Committee on Health Research Ethics approved the
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Fig. 7. Immunohistochemical staining of complement component C3 in bone.
Scoring of positive C3 staining in experimental pigs (Model), slaughter pigs
(Spon) and patients (Human) with osteomyelitis. Bars represent the group mean
for infected (solid bar) and control (dashed bar) samples. The dotted line represents baseline level based on normal porcine bone tissue. Asterisks indicate
statistical signiﬁcance, *P < 0.05, **P < 0.01, ***P < 0.001.
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