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Abstract

To explore the influence of inflammatory processes on 
bone formation, we applied a new in vivo screening model. 
Confined biological pockets were first created in rabbits 
as a response to implanted bone cement discs. These 
biomembrane pockets were subsequently used to study the 
effects of inflammatory stimuli on ectopic bone formation 
within biphasic calcium phosphate (BCP) constructs loaded 
with TNF-α, lipopolysaccharide (LPS) or lipoteichoic acid 
(LTA), all with or without bone morphogenetic protein 
(BMP)-2. Analysis of bone formation after 12 weeks 
demonstrated that the inflammatory mediators were not 
bone-inductive in combination with the BCP alone, but 
inhibited or enhanced BMP-induced bone formation. LPS 
was associated with a strong inhibition of bone formation 
by BMP-2, while LTA and TNF-α showed a positive 
interaction with BMP-2. Since the biomembrane pockets 
did not interfere with bone formation and prevented the 
leakage of pro-inflammatory compounds to the surrounding 
tissue, the biomembrane model can be used for in vivo 
approaches to study local inflammation in conjunction 
with new bone formation. Using this model, it was shown 
that the modulation of the inflammatory response could be 
beneficial or detrimental to the subsequent bone formation 
process. The co-delivery of inflammatory factors and 
bone-related growth factors should be further explored as 
a strategy to enhance the bone-forming efficacy of bone 
substitutes.
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Introduction

New strategies are needed to reduce the widespread use 
of bone transplants for the regeneration and restoration 
of skeletal defects. Considering the complication rate of 
10-40 % (Arrington et al., 1996; Dimitriou et al., 2011), 
the limited supply of donor bone (Carragee et al., 2011a) 
and the significant increase in surgery time associated 
with bone harvesting (Noshchenko et al., 2014), different 
approaches are being explored to create bone substitutes 
which can perform similar or better than autograft bone 
(Baroli, 2009; Dimitriou et al., 2011). The use of stromal 
or stem cells (Grayson et al., 2015), growth factors 
(Gothard et al., 2014) and various biomaterials (Barradas 
et al., 2011), have shown successful outcomes in animal 
studies. However, these approaches have not yet reached 
the clinical practice for widespread use, due to regulatory 
issues and the difficulty of demonstrating the efficacy of 
these treatments in clinical studies (Tatara et al., 2016). 
Currently, the bone morphogenetic proteins (BMPs) are 
the only osteoinductive alternatives for bone grafting 
in the treatment of large bone defects (Carreira et al., 
2014; Ronga et al., 2013). However, their current dosage 
and delivery method is associated with serious adverse 
effects (Carragee et al., 2011b; Epstein, 2013), high costs 
(Garrison et al., 2010) and unpredictable outcomes (Delawi 
et al., 2016; Hustedt et al., 2014; Vaccaro et al., 2008).
	 Modulation of the inflammatory response is a relatively 
new strategy that is being explored to enhance the pro-
osteogenic effects of bone graft substitutes (Liu et al., 2011; 
Mountziaris et al., 2011; Spiller et al., 2015). As bone has 
the unique capacity to fully repair under normal conditions, 
the process of bone fracture healing has been studied as 
a model for bone regeneration (Claes et al., 2012). After 
injury, the initial inflammatory phase is essential for 
optimal fracture healing to occur, as this triggers a complex 
interaction between infiltrating immune cells, resident cells 
and bone progenitor cells (Cho et al., 2002; Gerstenfeld 
et al., 2003b; Kon et al., 2001; Mountziaris et al., 2011). 
During this phase, proinflammatory cytokines such as 
TNF-α, IL-1, IL-6 and IL-17 act together with BMPs and 
other transforming growth factor family members to induce 
processes leading to repair and restoration (Cho et al., 
2002; Claes et al., 2012; Croes et al., 2015; Geusens et al., 
2013; Nam et al., 2012; Rundle et al., 2006; Schmidt-Bleek 
et al., 2015; Yang et al., 2007). Several of these cytokines 
have stimulatory effects on the osteogenic differentiation of 
mesenchymal stem cells (MSCs) in vitro (Cho et al., 2010; 
Glass et al., 2011; Mountziaris et al., 2011; Ono et al., 
2016). A balanced expression of these cytokines seems to 
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be required for optimal fracture healing, since this process 
may be impaired in patients with chronic inflammation 
(Claes et al., 2012; Mountziaris et al., 2011), or patients 
with a systemic and serious acute inflammation such as 
polytrauma (Bastian et al., 2011; Keel et al., 2005). In 
a pathological context, inflammatory processes can also 
result in excessive new bone formation. Some typical 
examples include ankylosing spondylitis (Haynes et al., 
2012), soft tissue trauma (Kan et al., 2011; Peterson et 
al., 2014), neurogenic trauma (van Kuijk et al., 2002), 
fibrodysplasia ossificans progressiva (Ramirez et al., 2014) 
and osteomyelitis (Rana et al., 2009). In these conditions, 
the same cytokines are expressed (Haynes et al., 2012; 
Littlewood-Evans et al., 1997; Peterson et al., 2014; 
Prabhakara et al., 2011) that are known to be crucial in 
bone fracture healing and MSC osteogenic differentiation.
	 In addition to being progenitors for the osteogenic 
lineage, MSCs exert immunomodulatory functions and 
express various receptors that are involved in inflammatory 
processes (Kota et al., 2014; Tomchuck et al., 2008; 
Wang et al., 2014). These include the toll-like-receptors 
(TLRs), which are most widely expressed on innate 
immune cells (O’Neill et al., 2013; Romieu-Mourez et 
al., 2009; Tomchuck et al., 2008). TLR signalling involves 
similar cascades of signal transduction and transcription 
regulation as TNF-α signalling (Yarilina et al., 2008), and 
both can target downstream regulators of osteogenesis in 
bone progenitor cells (Cho et al., 2010; Hess et al., 2009; 
Tomchuck et al., 2008). While several lines of evidence 
show that TNF-α stimulates the osteoblast differentiation 
in human MSCs, this effect seems receptor-specific for 
the TLR agonists (Croes et al., 2015; Fiedler et al., 2013; 
Hess et al., 2009). Furthermore, in vitro, pro-inflammatory 
mediators only promote osteoblast differentiation in the 
presence of an osteoinductive factor like dexamethasone 
or BMP-2, suggesting that the commitment of bone 
progenitor cells to the osteogenic lineage enhances their 
responsiveness to inflammatory signals (Croes et al., 2015; 
Croes et al., 2016; Tomchuck et al., 2008).
	 In order to create localised tissue responses, a 
biological membrane (biomembrane) pocket model was 
tested. This model may particularly serve as a tool for 
osteoimmunological research. The biomembrane is formed 
as a response to a polymethyl methacrylate (PMMA) 
spacer and provides a confined space for the implantation 
of biomaterials together with various stimuli (Liu et al., 
2013; Pelissier et al., 2004; Viateau et al., 2007). This 
model shows similarities to the air pouch model, where a 
subcutaneous cavity is generated by the repeated injection 
of air. This provides a localised environment for the 
delivery of inflammatory compounds, and the subsequent 
tracking of the infiltration of inflammatory cells and their 
produced soluble factors by harvesting the inflammatory 
exudate (Akbar et al., 2012; Markel et al., 2012). As 
additional advantages, the biomembrane model allows for 
multiple identical compartments to be created within the 
same animal, while the membrane also provides growth 
factors and cytokines supporting bone formation (Aho et 
al., 2013; Christou et al., 2014; Pelissier et al., 2004).
	 We hypothesise that certain pro-inflammatory signals 
act in synergy with osteoinductive signals to induce 

bone formation by promoting osteoblast differentiation. 
To test this, the pro-inflammatory factors TNF-α, 
lipopolysaccharide (LPS) or lipoteichoic acid (LTA) were 
either or not combined with BMP-2 on porous biphasic 
calcium phosphate (BCP) scaffolds and implanted in 
subcutaneous or intramuscular biomembrane pockets 
in rabbits. The possible synergy between the pro-
inflammatory signals and BMP-2 was investigated 
in the subcutaneous location, where bone induction 
is dependent on exogenous BMP-2 delivery. In the 
intramuscular environment, however, the BCP material is 
bone-inductive without exogenous growth factors (Yuan 
et al., 2006), allowing us to study the interaction between 
pro-inflammatory signals and osteoinductive signals. 
Furthermore, to assess the potential of the biomembrane 
model for osteoimmunological research, we aimed to 
investigate if the biomembrane environment affects the 
bone formation in established osteogenic constructs of 
ceramics loaded with MSCs or BMP-2.

Materials and Methods

Study design
First, an assessment study was performed to verify the 
potential for ectopic bone formation in the biomembrane 
pocket model. Established constructs for ectopic bone 
formation, i.e. porous BCP scaffolds loaded with MSCs 
or BMP-2, were implanted intramuscularly (im) and 
subcutaneously (sc) in rats (n = 4) and rabbits (n = 4), 
inside and outside the biomembrane pockets. The newly 
formed bone (bone area %) in the BCP constructs was the 
primary outcome after 8 weeks (rats) or 12 weeks (rabbits). 
Subsequently, the rabbit model (n = 11) was used to 1) 
screen for the potential of inflammatory stimuli to induce 
bone formation intramuscularly and to 2) screen for the 
modifying effects of inflammatory stimuli on BMP-induced 
bone formation subcutaneously. The bone volume (bone 
area %) in the BCP constructs was the primary outcome 
after 12 weeks.

Materials
Poly methyl methacrylate (PMMA, Simplex P, Stryker, 
Kalamazoo, MI, USA) discs were produced using custom-
made silicone moulds. The PMMA discs were sterilised in 
a 1 M NaOH solution and extensively washed with PBS. 
Biphasic calcium phosphate (BCP) blocks were made with 
dimensions of 3.5 × 3.5 × 3 mm (rats) or 6 × 6 × 3 mm 
(rabbits). These BCP blocks consisted of 20  ±  5 % 
β-tricalcium phosphate and 80 ± 5 % hydroxyapatite by 
weight, and had a total porosity of 75 ± 5 % (Yuan et al., 
2002). The BCP blocks were autoclaved at 121  °C for 
30 min and dried at 60 °C.
	 The following inflammatory mediators were tested for 
their effect on bone formation: human tumour necrosis 
factor alpha (TNF-α, 14-8329, Ebioscience, San Diego, 
CA, USA), lipopolysaccharide (LPS, E. coli, L5418, 
Sigma, St. Louis, USA), and lipoteichoic acid (LTA, S. 
aureus, L2515, Sigma). These mediators were tested with 
or without recombinant human BMP-2 (InductOS, Wyeth/
Pfizer, New York, NY, USA).
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Mesenchymal stem cell isolation and culture
For syngeneic rat MSC transplantations, one rat was killed 
using an overdose of CO2. Using a sterile technique, the 
bone marrow was flushed from the femora. For autologous 
rabbit MSC transplantation, bone marrow was harvested 
from each animal under general anaesthesia by aspiration 
from the iliac crest using an 18G needle. The mononuclear 
cell fraction was isolated by Ficoll-paque centrifugation 
and plated in expansion medium, consisting of α-MEM 
(Invitrogen, Carlsbad, CA, USA) supplemented with 10 % 
(v/v) heat-inactivated foetal bovine serum (Cambrex, 
East Rutherford, NJ, USA), 0.2  mM L-ascorbic acid 
2-phosphate (Sigma), and 100  units/mL penicillin/
streptomycin (Invitrogen). The cell cultures were kept in a 
humidified incubator at 37 °C and 5 % CO2. The adherent 
cells were expanded to passage 4 and cryopreserved. The 
cells were replated and cultured for 2  d before in vivo 
implantation.

Construct preparation
For the preparation of MSC or BMP-2 loaded BCP 
constructs (assessment study, Table 1), solutions of 

107 cells/mL or 150 μg/mL BMP-2 in PBS were prepared. 
Subsequently, 25  μL (rats) or 70  μL (rabbits) of this 
solution or PBS alone (controls) was pipetted onto the 
scaffolds. After 2 h in a humidified incubator, the constructs 
were submerged in α-MEM medium and stored overnight 
at 37 °C and 5 % CO2.
	 For the comparative study (Table 2), inflammatory 
stimuli were added to the BCP, alone or in combination 
with BMP-2, as follows: either 15 μL PBS im or 15 μL of a 
100 μg/mL BMP-2 solution in PBS sc was pipetted onto the 
scaffolds. Subsequently, 55 μL fibrin glue alone (controls, 
Tissucol 500®, Baxter, Deerfield, IL, USA) or 55  μL 
fibrin glue containing the proinflammatory mediators was 
pipetted onto the scaffolds. For this purpose, the mediators 
were resuspended in 27.5 μL of the thrombin component 
(diluted 1:50 in PBS), mixed with 27.5 μL of the fibrinogen 
component (diluted 1:30 in PBS) and immediately pipetted 
onto the BCP scaffolds. The constructs were prepared on 
the day of surgery and stored in a humidified environment 
at 37  °C until implantation. To determine the release 
profile, BCP scaffolds were loaded with LPS in fibrin glue. 
As a control, LPS was loaded onto the scaffolds in PBS. 

Table 1. Conditions implanted both in pre-induced biomembrane pockets and in fresh 
pockets (assessment study in rats and rabbits).

BMP-2: bone morphogenetic protein 2, BCP: biphasic calcium phosphate, MSC: 
mesenchymal stem cell, PMMA: polymethyl methacrylate.

Group
MSCs/BMP-2

n PMMA size BCP size(Dose) (Conc)
Rat subcutaneous and intramuscular groups
(6 week PMMA +8 week BCP)
Empty control - - 4

6 mm Ø × 4 mm 3.5 × 3.5 × 3 mmSyngeneic MSCs 2.5 × 105 107/mL 4
BMP-2 3.75 μg 150 μg/mL 4
Rabbit subcutaneous and intramuscular groups
(6 week PMMA+12 week BCP)
Empty control - - 4

10 mm Ø × 4 mm 6 × 6 × 3 mmAutologous MSCs 7 × 105 107/mL 4
BMP-2 10.5 μg 150 μg/mL 4

Table 2. Conditions implanted in pre-induced biomembrane pockets (comparative 
study in rabbits).

BMP-2: bone morphogenetic protein 2, BCP: biphasic calcium phosphate, TNF-α: 
tumour necrosis factor alpha, LPS: lipopolysaccharide, LTA: lipoteichoic acid.

Group
BMP-2 Mediator

n(Dose) (Conc) (Dose) (Conc)
Rabbit intramuscular groups
(5 week PMMA+12 week BCP)
Control × × 11
TNF-α × 1, 10, 100 ng 14.3, 143, 1430 ng/mL 8
LPS × 0.1, 1, 10 μg 1.4, 14.3, 143 μg/mL 8
LTA × 0.5, 5, 50 μg 7.1, 71, 710 μg/mL 8
Rabbit subcutaneous groups
(5 week PMMA+12 week BCP)
Control 1.5 μg 22 μg/mL × 11
TNF-α 1.5 μg 22 μg/mL 1, 10, 100 ng 14.3, 143, 1430 ng/mL 8
LPS 1.5 μg 22 μg/mL 0.1, 1, 10 μg 1.4, 14.3, 143 μg/mL 8
LTA 1.5 μg 22 μg/mL 0.5, 5, 50 μg 7.1, 71, 710 μg/mL 8



214 www.ecmjournal.org

M Croes et al.                                                                                                 Local inflammation affects bone formation

The constructs were kept in PBS at 37 °C. At different time 
points, samples were taken from the PBS to determine the 
LPS concentration using a Limulus Amoebocyte Lysate 
assay according to the manufacturer’s protocol (Genscript, 
Piscataway, NJ, USA). It was found that the LPS was 
better retained using the fibrin glue method during the first 
hours, although the LPS was completely released from the 
constructs within 24 h in both conditions (Fig. 1).

Animals
Animal experiments were performed after approval of the 
local Ethics Committee for Animal Experimentation and 
in compliance with the Institutional Guidelines on the use 
of laboratory animals (Utrecht University, Utrecht, The 
Netherlands). A total of fifteen male New Zealand white 
rabbits (14 weeks old, 2.5-3.0 kg, Crl:KBL, Charles River, 
L’Arbresle, France) and five male Fischer rats (14 weeks 
old, 300-350  g, F344/IcoCrl, Charles River) were used 
for the experiments. Four rabbits and five rats were used 
to evaluate the ectopic bone formation within the induced 
biomembrane (assessment study). Eleven rabbits were 
used to study the effect of inflammatory stimuli on ectopic 
bone induction and formation (comparative study). All 
animals were housed at the Central Laboratory Animal 
Research Facility, Utrecht University. They were allowed 
to acclimatise for at least two weeks before the surgery. 
Food and water were given ad libitum.

Surgical procedure
The animals underwent two surgeries under general 
anaesthesia as part of the two-step biomembrane pocket 
model (Fig. 2). In general, the same surgical methods were 
applied for the assessment and comparative study. As a 
difference, the two surgeries were separated by a period 
of six weeks in the assessment study, and five weeks in 
the comparative study. Rats received 3 % isoflurane, while 
rabbits received Ketamine (15  mg/kg im; Narketan®, 
Vétoquinol BV, ‘s-Hertogenbosch, The Netherlands) 
and Glycopyrrolate (0.1  mg/kg im; Robinul, Riemser 
Arzneimittel AG, Greifswald, Germany) preoperatively, 
and Medetomidine (0.25 mg/kg sc; Dexdomitor®, Orion 
Corporation, Espoo, Finland) perioperatively. Anaesthesia 
was reversed with Atipamezole hydrochloride (0.5-
1.0 mg/kg intravenous, Atipam®, Eurovet Animal Health 
B.V., Bladel, The Netherlands). The rabbits received 
antibiotic prophylaxis with Enroflaxicine (10  mg/kg 
sc; Baytril®, Leverkusen, Germany) once daily for 3  d 
perioperative during the first surgery, and Penicillin 
(3  ×  104 IE benzylpenicilline/kg, Duplocilline®, Merck 
Animal Health, Madison, NJ, USA) once during the second 
surgery. Animals were given pain relief preoperatively, 
and postoperatively every 8 h for 2 d with Buprenorphine 
(0.03 mg/kg sc; Temgesic®, RB Pharmaceuticals Limited, 
Slough, UK).
	 After shaving and disinfecting the skin with povidone-
iodine (Betadine), a midline incision was made to expose 
the paraspinal muscles. In the rabbits, four intramuscular 
pockets were created on each side by blunt dissection 
for implantation of the PMMA discs (Fig. 2b). The same 
approach was used for the subcutaneous pockets. In the 
assessment study, each animal received two additional 

subcutaneous PMMA implantations for histological 
analyses of the biomembrane. Pockets were closed with 
a non-resorbable suture (Prolene®, Ethicon, NJ, USA), 
followed by closure of the skin (Monocryl®, Ethicon). 
At the second surgery, an incision was made in the 
membrane surrounding the PMMA disc, the disc was 
replaced by a BCP construct, and the opening was sutured 
(Prolene®). For the assessment study, duplicate constructs 
were also implanted in freshly prepared intramuscular 
and subcutaneous pockets during the second surgery. 
Furthermore, as part of the assessment study, two 
subcutaneous biomembranes were explanted from each 
animal during the second surgery and fixed in 4 % formalin 
for histology.
	 Fluorochrome labels were injected sc to determine the 
onset and location of new bone formation (van Gaalen et 
al., 2010): calcein green at week 4 (10 mg/kg sc in 0.2 M 
NaHCO3, Sigma), oxytetracycline at week 8 (25 mg/kg 
sc in 50/50 PBS/demineralised water, Merck Millipore, 
Billerica, USA) and xylenol orange at week 11 (30 mg/
kg sc in 0.12 M NaHCO3, Sigma). The incorporation of 
fluorochromes in the bone was examined by fluorescence 
microscopy on methyl methacrylate-embedded sections. 
The rats were killed with CO2, 8 weeks after the second 
surgery. The rabbits were killed 12 weeks after the second 
surgery under general anaesthesia, by an intravenous 
Pentobarbital injection (Euthanimal®, Alfasan Nederland 
BV, Woerden, The Netherlands). In the assessment 
study, an additional procedure was performed 5 h prior 
to termination. In each animal, 100 μL of a 175 μg/mL 
LPS solution was injected through the skin into one 
of the biomembrane pockets using a 27-gauge needle, 
while the injection of PBS in another pocket served 
as a negative control. The presence of phagocytes at 
the BCP-biomembrane interface was determined by 
immunohistochemical staining.

Bone histomorphometry
After retrieval of the constructs, a quarter of each sample 
was removed for decalcification and paraffin embedding 

Fig. 1. In vitro release of LPS from the BCP constructs. 
LPS was loaded in fibrin glue or in PBS, and its 
concentration was measured in the supernatant at 
different time points.
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using a rotary tool with circular saw attachment (Dremel 
4000, Mount Prospect, IL, USA). The remaining material 
was fixed in 4  % paraformaldehyde, dehydrated by an 
ethanol series and embedded in methyl methacrylate 
(MMA, Merck Millipore). Subsequently, 35  μm-thick 
sections were cut using a sawing microtome (Leica, 
Nusslochh, Germany) and stained with basic fuchsin and 
methylene blue. The samples were completely sectioned 
and scored for the presence of bone. Images of two mid- 
sections were pseudo-coloured using Adobe Photoshop 
CS6 (Adobe Systems, San Jose, USA), to quantify the 
percentage of bone in the available pore space (bone 
area %). The mean value of two sections per sample was 
used for further statistical analyses. For four rabbits, 

one MMA section per BCP sample was left unstained 
for fluorochrome detection by fluorescence microscopy 
(Olympus BX51 with DP70 camera, Olympus, Shinjuku, 
Tokyo, Japan).

Immunohistochemical stainings
Sections of decalcified (0.3 M EDTA) BCP samples were 
embedded in paraffin and cut into 6 μm sections. Antigen 
retrieval was performed with 0.1 % (w/v) proteinase K for 
15 min at 37 °C, followed by blocking steps with 0.3 % 
(v/v) H2O2 in PBS for 10  min and 5  % bovine serum 
albumin (BSA) for 30 min at room temperature.
	 For staining of macrophages and neutrophils, sections 
were incubated with the mouse-anti-human calprotectin 

Fig. 2. Design of the comparative study to investigate local bone formation in conjunction with inflammatory 
stimuli. (a) Timeline showing the relative time points for the different interventions. Bone formation was the primary 
outcome after 12 weeks. (b) Schematic representation of the subcutaneous (sc) and intramuscular (im) implantations 
in the rabbits. The mediators were loaded onto biphasic calcium phosphate (BCP) scaffolds and studied alone, or in 
combination with bone morphogenetic protein (BMP)-2. These constructs were implanted into 5-week old polymethyl 
methacrylate (PMMA)-induced biomembrane pockets.
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antibody (5  μg/mL, MCA874A488, clone MAC387, 
Hercules, CA, USA) for 2  h at room temperature. A 
mouse IgG1 antibody (X0931, Dako) was used as an 
isotype-matched control. Sections were treated with the 
secondary antibody (1:200, RPN1001, sheep anti-mouse 
IgG-Biotin, GE healthcare, Chicago, IL, USA) for 30 min 
at room temperature. To enhance the signal, samples were 
incubated with streptavidin-HRP (2 μg/mL, FP0397, Dako) 
for 30 min. A rabbit spleen was used as a positive control.
	 For the detection of T lymphocytes, sections were 
incubated with a mouse-anti-human CD3 antibody 
(0.7 mg/mL, M7254, clone F7.2.38, Dako) for 2 h at room 
temperature. A mouse IgG1 antibody (X0931, Dako) was 
used as an isotype-matched control. Sections were incubated 
with the secondary goat-anti-mouse-HRP (5 μg/mL, P0447, 
Dako) for 30 min at room temperature. A rabbit lymph 
node was used as a positive control. Immunostainings were 
developed with 3,3’-diaminobenzidine tetrahydrochloride 
hydrate (DAB, D5637, Sigma) and counterstained with 
Mayer’s haematoxylin.
	 The absolute number of CD3-positive cells in the entire 
cross-section was quantified. Furthermore, the fraction of T 
lymphocytes within the lymphoid clusters was determined 
by counting the CD3-positive and CD3-negative nuclei 
within three clusters for three different samples from each 
group. The number of lymphoid clusters per haematoxylin 
and eosin (H&E) stained section was scored by three 
researchers on blinded samples. A low inter-observer 
variation in the counts was noted and therefore the average 
of the counts was used for further analyses.

Statistical analyses
For the assessment study, an arbitrary sample size of 4 
was chosen. All conditions could be implanted in the 
same animal, thus requiring 4 animals for this study. For 
the comparative study, a sample size calculation was 
performed for the bone area % as main outcome parameter. 
This showed that a sample size of 8 was needed, based on 
an estimated effect size of 30 % with a standard deviation 
of 15 % (Reikeras et al., 2005), using a power of 80 % and 
an alpha of 1.7 % for multiple pairwise comparisons. Since 
not all conditions could be implanted in the same animal, 
11 rabbits were required for this experiment. All results are 
shown as the mean ± standard deviation. Statistics were 
performed using SPSS version 20.0 (IBM, Chicago, IL, 

USA). Differences in bone area % were analysed using a 
linear mixed-model approach. One-way ANOVA was used 
to analyse differences in the average number of lymphoid 
clusters or CD3-positive cells. Bonferroni correction was 
used for multiple comparisons. Mixed model regression 
analysis was used to determine dose response relationships. 
The significance of intramuscular bone induction was 
analysed with a linear mixed-model approach with binary 
outcome measure (i.e. bone or no bone).

Results

Biomembrane pocket characteristics and influence 
on bone formation
A clear biomembrane had formed around the implanted 
PMMA discs in a period of 6 weeks (Fig. 3a). The 
biomembrane pockets had similar characteristics in rats and 
rabbits. They appeared well vascularised by macroscopic 
evaluation, while microscopically, H&E staining showed 
the formation of a 300-400  μm thick membrane. The 
membranes consisted of a cell-rich inner connective 
tissue layer with a thickness of 20-50  μm. The outer 
part of the biomembranes consisted of a thicker layer of 
loose connective tissue, containing larger blood vessels. 
Histological evaluation showed no signs of inflammation 
or multinucleated giant cells at the PMMA-biomembrane 
interface. The biomembrane had appropriate biomechanical 
properties for handling and suturing, and provided enough 
space for the implantation of the BCP scaffolds.
	 To determine if the biomembrane supported the 
localised delivery of mediators inside of the pocket, a 1 % 
methylene blue solution was injected into the biomembrane 
ex vivo. No leakage of the solution out of the membrane was 
observed (Fig. 3b). Furthermore, the in vivo transcutaneous 
injection of LPS into the subcutaneous biomembrane on 
the final day of the experiment resulted in a localised 
inflammatory response, i.e. presence of phagocytes within 
the biomembrane pocket but absent outside of the pocket 
(Fig. 3c). This tissue response was LPS-specific, since 
no phagocyte infiltrations were observed in the pockets 
injected with PBS. During the entire study period, the 
biomembrane-implanted constructs were covered by a 
thicker fibrous capsule compared to directly-implanted 
constructs (Fig. 3d).

Fig. 3 (next page). Results of the assessment study to evaluate the ectopic biomembrane pocket model. (a) Histological 
appearance of the polymethyl methacrylate (PMMA)-induced biomembrane pockets created subcutaneously in rabbits. 
H&E staining shows the formation of a thick outer membrane (O) of connective tissue with an endothelium-like inner 
lining (i) after 6 weeks. Blood vessels were observed in the outer membrane (arrows). (b) Ex vivo injection of methylene 
blue into the subcutaneous biomembrane pocket in rabbits. (c) Immunohistochemical staining for calprotectin to 
demonstrate the presence of phagocytes after the injection of LPS (left and middle figure) or PBS (right figure) into 
the biomembrane. Calprotectin-positive cells (arrows) were observed at the BCP-biomembrane (M) interface, while 
they were absent in the subcutaneous tissue (sc) outside of the biomembrane pocket. (d) Fibrous capsules observed 
around directly or biomembrane-implanted BCP constructs in the subcutaneous (sc) and intramuscular (im) locations 
after 12 weeks in rabbits as shown on methylene blue/basic fuchsin-stained MMA sections. (e,f) Bone formation 
in the constructs following direct implantation in fresh pockets, or implantation in the pre-induced biomembrane 
pockets. The pockets were created subcutaneously (sc) and intramuscularly (im) in rats (e) and rabbits (f). Constructs 
containing BMP-2 (3.75 μg in rats, 10.5 μg in rabbits) or MSCs (2.5 × 105 in rats, 7 × 105 cells in rabbits) were 
compared to empty constructs. The results are represented as the mean ± standard deviation (n = 4).
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Fig. 3 (legend on previous page).
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	 To assess bone formation within the biomembrane, 
osteogenic constructs were implanted within the induced 
biomembrane pockets, or in fresh pockets (Table 1). After 8 
weeks (rats, Fig. 3e) or 12 weeks (rabbits, Fig. 3f), the bone 
area % did not obviously differ for any of the conditions 
when comparing the biomembrane pockets to the fresh 
pockets. Whereas empty BCP constructs failed to induce 
any bone formation ectopically in rats, minute spots of 
bone were present in 3/4 empty BCP samples in rabbits 
implanted in the fresh muscle pockets.

Effects of inflammatory stimuli on bone induction
The intramuscularly-implanted constructs showed no 
signs of scaffold degradation. Scoring of the empty control 
scaffolds showed no bone formation after 12 weeks (Fig. 
4a). In addition, none of the constructs loaded with LPS 
demonstrated new bone formation. Although TNF-α 
induced bone formation in 2 constructs, no concentration 
dependence was observed. LTA, at the dose of 5 μg/sample, 

was associated with bone formation in 2/8 rabbits. No bone 
tissue was seen for the other LTA concentrations. The area 
of this newly formed bone was always less than 1 % and 
the presence of bone was not significantly associated with 
one of the conditions (Fig. 4a,b).

Effects of inflammatory stimuli on BMP-2-induced 
bone formation
There were no signs of scaffolds degradation seen for the 
subcutaneously implanted constructs. These constructs, 
which all contained BMP-2, demonstrated the presence 
of bone in various amounts in almost all groups. Only the 
condition loaded with the high dose (10 μg/construct) of 
LPS did not show any bone. In regions where bone tissue 
was found, fat tissue was also present in varying amounts. 
The rest of the BCP pore spaces were filled with fibrous 
tissue. The rest of the BCP pore spaces were filled with 
fibrous tissue (Fig. 5a).

Fig. 4. Bone induction in rabbits in the absence 
of BMP-2. (a) Scoring for the presence of bone 
tissue in intramuscularly-implanted empty 
BCP scaffolds and constructs loaded with 
pro-inflammatory mediators. (b) Histology of 
sections stained with methylene blue and basic 
fuchsin reveals only limited spots of bone 
(bright pink). B: bone, S: scaffold material. 
T: fibrous tissue ingrowth.
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	 A relatively low dose of BMP-2 (1.5  μg/construct) 
was chosen to discriminate the effects of the inflammatory 
stimuli studied. As a result, there was a large variation 
in the amount of bone in the samples of the control 
group (5.7 ± 5.3 area %, Fig. 5b). In agreement with the 
histological observations, LPS was associated with a 
dose-dependent decrease in bone formation. Estimates 
based on mixed-model regression showed a 3.5-point 
drop in bone area % (p = 0.010) for each 10-fold increase 
in the LPS concentration (Fig. 5c). TNF-α, on the other 
hand, had a stimulatory effect on bone formation that 
was also concentration-dependent. Constructs containing 
10 ng TNF-α were associated with the most prominent 
bone formation seen in this study. In this group, the bone 
area % was doubled (13.6 ± 9.9, p = 0.005) compared to the 
control (5.7 ± 5.3 area %). A higher concentration of TNF-α 
did not result in a further increase in bone formation. 
Although statistical analysis did not show a difference in 
the average amount of bone between the control group 

and the LTA-loaded groups, a borderline linear correlation 
existed between the LTA concentration and the bone area % 
(p = 0.074) (Fig. 5c). For the lowest LTA concentration 
tested, a modest decrease in bone volume was seen, while 
an increase was found for the highest LTA concentration.
	 The fluorochrome labels revealed that the dynamics of 
new bone formation were independent of the bone volume 
in the different groups (Fig. 6). As such, the constructs 
co-loaded with 10  μg TNF-α and BMP-2 showed the 
same fluorochrome incorporation as the samples loaded 
with BMP-2 alone. In all samples associated with bone 
formation, the 4-week label was located against the border 
of the BCP, indicating that bone formation had started 
before week 4. Furthermore, the 8-week label was present 
in the different groups throughout the bone indicating that 
mineralisation continued between week 4 and week 8. The 
11-week label was only seen sporadically, suggesting that 
there was less active bone mineralisation around this time 
point.

Fig. 5. Bone formation in BMP-2 loaded constructs implanted subcutaneously in rabbits. (a) Histology of methylene 
blue and basic fuchsin-stained sections, representative for the control samples with 1.5 μg BMP-2 alone. Bone tissue 
is stained bright pink. B: bone, S: scaffold material. F: fat tissue. (b) Quantification of bone formation in constructs 
loaded with BMP-2 alone (control) or BMP-2 in combination with pro-inflammatory mediators. The results are 
represented as the mean ± standard deviation. * p < 0.05 compared to the control with 1.5 μg BMP-2 alone. (c) 
Dose-dependent effects of LPS and LTA on new bone formation. Regression analyses shows the linear relationship 
between the mediator concentration and the amount of bone in subcutaneously implanted constructs. The estimated 
means are shown together with the trend line.

p = 0.074

p = 0.010
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Local immune response
The only immune response present at 12 weeks consisted 
of dense lymphoid cell clusters (Fig. 7a). After quantifying 
them in the different groups, it appeared that the constructs 
loaded with LTA had the lowest average number of 
lymphoid clusters, while the highest number was found 
for LPS-loaded constructs (Fig. 7b). Staining for CD3 
revealed that a fraction of the cells in the clusters had a T 
cell phenotype (Fig. 7a). Quantitative analysis showed that 
15-20 % of cells within the clusters were CD3-positive in 
all groups. Since the BMP-2 loaded samples demonstrated 
significant differences in bone volume between groups, 
we determined the number of CD3-positive cells in 
them (Fig. 7c). No significant differences were found in 
the absolute number of CD3-positive cells between the 
inflammatory mediator-loaded constructs and the controls. 
However, the CD3-positivity correlated with the number 
of lymphoid clusters in the different conditions. There was 
no association between the presence of lymphoid cells and 
the bone volume at the level of individual samples.

Discussion

Since the modulation of the inflammatory response may 
be a way to improve the performance of bone substitutes 
(Gerstenfeld et al., 2003a; Liu et al., 2011; Mountziaris 
et al., 2011; Reinke et al., 2013; Spiller et al., 2015), 
there is need for animal models to screen for immune-
modifying strategies with stimulatory effects on bone 
formation. We propose that the creation of biomembrane 
pockets can serve as a practical tool to investigate the local 
response to different inflammatory stimuli in conjunction 
with new bone formation (Liu et al., 2013; Pelissier et 
al., 2004). Based on the clinical Masquelet technique 
(Masquelet et al., 2000), the biological membrane is 
formed as a response to a PMMA spacer. This model has 
a number of characteristics making it particularly useful 
for osteoimmunological research. First, the biomembrane 
can hold synthetic granules or particles of graft material 
in a confined space (Bosemark et al., 2015; Christou et 
al., 2014). Furthermore, multiple identical cavities can 

Fig. 6. Fluorochrome incorporation in subcutaneously implanted samples in rabbits. Fluorochromes were injected 
at 4 (calcein, green), 8 (xylenol orange, red), and 11 (oxytetracycline, yellow) weeks. Their incorporation in new 
bone was assessed by fluorescence microscopy. Left panel: 1.5 μg BMP-2 alone. Right panel: 1.5 μg BMP-2 and 
10 ng TNF-α. The upper, middle and lower panels are representative for three rabbits. Oxytetracycline incorporation 
(arrow) was only occasionally seen as a thin line, not to be confused with the background as a result of image merging 
(asterisks). S: scaffold.
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Fig. 7. Presence of lymphoid cell clusters in the constructs after 12 weeks in rabbits. (a) Immunohistochemistry for 
CD3 shows the presence of T cells within the lymphoid clusters (inset stained with isotype matched control antibody). 
(b) Quantification of lymphoid clusters in subcutaneous (with BMP-2, upper panel) or intramuscular (without BMP-
2, lower panel) samples. (c) Quantification of CD3-positive cells in subcutaneous (with BMP-2) samples loaded 
with 10 ng TNF-α, 10 μg LPS or 50 μg LTA. The results are represented as the mean ± standard deviation (n = 8). 
* p < 0.05 compared to the control group.

be created in the same animal. Moreover, we demonstrate 
here with local LPS injections that the biomembrane 
prevents the leakage of immunomodulatory agents to the 
surrounding tissue. Similar to the air pouch model in rodents 
(Elliott et al., 2009), the subcutaneous biomembrane 
pockets in theory allow for the repeated injections of 
inflammatory compounds, together with the evaluation of 
the inflammatory exudate. In comparison to the air pouch 
membrane, the PMMA-induced biomembrane is even 3 
to 4-fold thicker (Akbar et al., 2012; Markel et al., 2012; 
Pelissier et al., 2004). We believe that these practical 
advantages outweigh the undesired need for a second 
surgery in this model.
	 An assessment study was first performed to compare 
the ectopic bone formation within osteogenic constructs 
in the biomembrane pocket environment to that of directly 
implanted constructs (i.e. fresh pockets). Although the 
group sizes were not chosen to perform powered statistical 
analyses, we did not observe gross differences in the ectopic 
bone formation induced by constructs with mesenchymal 
stem cells or growth factors implanted in a biomembrane 

pocket relative to directly implanted constructs. Moreover, 
considering the importance of species-dependency in 
ectopic bone formation (Yuan et al., 2006), we showed 
this was true in both rat and rabbit models.
	 Since the biomembrane environment did not interfere 
with ectopic bone formation, a comparative study was 
performed using this model in which distinct inflammatory 
stimuli were studied for their effect on bone induction and 
formation. TNF-α, LPS and LTA were compared based on 
their different abilities to affect osteogenic processes in 
vitro (Croes et al., 2015; Fiedler et al., 2013). It is often 
postulated that a short inflammatory response is more 
beneficial for bone healing (Mountziaris et al., 2011; 
Schmidt-Bleek et al., 2014) or ectopic bone formation 
(Huang et al., 2014) compared to a sustained response. We 
therefore studied the inflammatory stimuli using a burst 
release approach (i.e. released within 24 h in vitro). Since 
the mediators significantly affected the bone volume after 
12 weeks, it is unlikely that their local action was affected 
by the surgical procedure. In agreement, measurements 
performed during more invasive surgical procedures show 
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a relatively mild response at the surgical site, with low 
levels of IL-6 and IL-8 in relative to the concentrations of 
TNF-α, LPS and LTA in the BCP constructs (Bastian et 
al., 2008; Clementsen et al., 2006; Reikeras et al., 2009).
	 In the current study, the incorporation of a single 
inflammatory mediator was not an effective strategy to 
induce a significant amount of new bone formation in the 
intramuscular location. Although BCP-binding factors or 
cells induce the formation of matrix-depositing osteoblasts 
in this location (Yuan et al., 2006), the pro-inflammatory 
mediators did not further enhance this process. Contrary 
to this, the same mediators caused profound, but different 
outcomes when combined with BMP-2. In the optimal 
condition, the concurrent treatment with TNF-α and BMP-2 
resulted in doubling of the bone volume. There have been 
conflicting reports on the effects of TNF-α on osteogenic 
differentiation in vitro, i.e. an inhibitive action on rodent 
MSCs (Gilbert et al., 2002; Lacey et al., 2009) and a 
stimulatory action on human MSCs (Cho et al., 2010; Croes 
et al., 2015; Hess et al., 2009). Although there are no other 
reports of the effects of TNF-α on ectopic bone formation, 
in an orthotopic model, local TNF-α treatment augmented 
fracture healing in rats, but only when administered during 
the first 24 h after injury (Chan et al., 2015; Glass et al., 
2011). In addition to its pro-osteogenic effects (Croes et 
al., 2015), TNF-α may also be involved in cell migration 
(Glass et al., 2011) or may contribute to angiogenesis 
(Leibovich et al., 1987; Luo et al., 2006).
	 Since TLR agonists can affect downstream regulators of 
osteogenesis in a similar way to TNF-α (Cho et al., 2010; 
Croes et al., 2015; Fiedler et al., 2013; Hess et al., 2009; 
Tomchuck et al., 2008; Yarilina et al., 2008), LTA and 
LPS were also studied for their effect on bone formation. 
Despite a lacking effect of LTA on MSC osteogenesis in 
vitro (Fiedler et al., 2013), a correlation was found between 
the LTA concentration and subsequent bone formation. It 
should be investigated whether a further increase in LTA 
concentration results in significant effects. In contrast, 
although LPS promotes the osteoblast differentiation of 
human MSCs in the presence of BMP-2 in vitro (Croes et 
al., 2015; Friedman et al., 2006), it impaired the effects of 
BMP-2 in a dose-dependent manner in vivo. Considering 
the important role of TLR receptor signalling in the innate 
immune response (O’Neill et al., 2013), the direct effects 
of LPS and LTA on MSC osteogenesis (Croes et al., 
2015; Fiedler et al., 2013) were likely overshadowed by 
the cytokine response to these mediators in vivo. As such, 
macrophages produce various cytokines in response to 
TLR agonists (Finney et al., 2012; Kimbrell et al., 2008; 
Su et al., 2006). LPS induces an exaggerated secretion of 
TNF-α, IL-1 and IL-6 in comparison to LTA or TNF-α 
(Finney et al., 2012; Kimbrell et al., 2008; Sedger et 
al., 2014; Su et al., 2006; Yarilina et al., 2008). Of these 
abovementioned cytokines, TNF-α and IL-6 contribute 
to bone healing (Gerstenfeld et al., 2003a; Yang et al., 
2007) and enhance the osteogenic differentiation of 
MSCs (Bastidas-Coral et al., 2016; Glass et al., 2011). 
Although the conditioned medium derived from LPS-
stimulated monocytes has been shown to induce osteoblast 
differentiation of MSCs without exogenous growth factors 
(Guihard et al., 2012), LPS-stimulated macrophages can 

also produce IFN-γ and NO (Finney et al., 2012; Kimbrell 
et al., 2008). The synergistic effects of IFN-γ and TNF-α 
may explain the inhibitory effects of LPS on bone induction 
(Liu et al., 2011; Reinke et al., 2013). NO production 
after LPS stimulation may also have an inhibitory effect 
on osteoblast growth and differentiation, partly through a 
pro-apoptotic effect (Kimbrell et al., 2008; van’t Hof et 
al., 2001). Macrophages may be targeted to the increase 
the efficacy of bone substitutes. They play an important 
role in the bone formation by bioceramics, since their 
blockade inhibits de novo bone formation in bone-inductive 
β-tricalcium phosphate (Davison et al., 2014). Moreover, 
scaffold vascularisation may be improved by inducing a 
specific macrophage phenotype (Spiller et al., 2015). A 
better understanding of the involvement of macrophages 
in the bone-modifying effects of different TLR agonists is 
therefore highly interesting.
	 Based on the above, the combination of inflammatory 
stimuli with bone-related growth factors is expected to 
be a better approach to physiological bone regeneration 
when compared to their single delivery. During normal 
bone fracture healing, bone-promoting growth factors are 
supported by factors associated with the inflammatory 
response (Cho et al., 2002; Mountziaris et al., 2011; 
Rundle et al., 2006). Similarly, we previously observed 
in vitro that proinflammatory mediators require a second, 
osteogenic stimulus in order to contribute to osteogenesis 
(Croes et al., 2015; Croes et al., 2016). This agrees with the 
current finding that the co-delivery of these factors creates 
a potent stimulus for new bone formation. The current 
clinical practice of delivering single supra-physiological 
doses of BMP-2 could be the reason for its unpredictable 
induction of new bone formation (Delawi et al., 2016; 
Hustedt et al., 2014; Vaccaro et al., 2008). Therefore, it is 
of great interest to elucidate if this co-delivery approach 
may indeed result in a reduction of the minimal effective 
BMP dose, considering the high costs (Garrison et al., 
2010) and side effects (Carragee et al., 2011b; Epstein, 
2013) associated with its current use. Furthermore, it is of 
importance to investigate if pro-inflammatory stimuli also 
interact with other BMPs or growth factors associated with 
bone regeneration (Vo et al., 2012).
	 As a limitation of this study, we did not investigate 
the early inflammatory response. However, at the time of 
explantation, we found a negative correlation between the 
presence of lymphoid cell clusters and the amount of bone 
tissue formation caused by BMP-2. In agreement with 
others (Chatterjea et al., 2014), we show that these cell 
infiltrations are likely a mixed population of B and T cells. 
Interestingly, LTA-loaded constructs presented the lowest 
number of lymphoid cells, while the opposite association 
was seen for LPS-loaded constructs. T lymphocytes 
express the TLRs for these antigens and, therefore, can 
play a direct role in osteogenesis. Alternatively, their 
activation could also occur secondarily to the innate 
immune response (MacLeod et al., 2007; Zanin-Zhorov et 
al., 2007). The local presence of adaptive immune cells can 
be both stimulatory (Nam et al., 2012; Ono et al., 2016) 
or inhibitory (Chatterjea et al., 2014; Liu et al., 2011; 
Reinke et al., 2013) for bone regeneration, and is likely 
dependent on the contribution of specific T cell subsets. 
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For example, IL-17-producing T cells contribute to bone 
healing and MSC osteogenesis (Croes et al., 2016; Nam et 
al., 2012; Ono et al., 2016), while other proinflammatory 
T cell subsets can also inhibit bone formation (Liu et al., 
2011; Reinke et al., 2013). In a follow-up, a functional 
assay should elucidate whether lymphocytes are actually 
involved in the bone formation process in this model.

Conclusions

The ectopic biomembrane pocket model is a suitable in 
vivo model to study local inflammation in conjunction with 
new bone formation. The biomembrane environment does 
not interfere with cell- or growth factor-induced ectopic 
bone formation, and allows a localised response after the 
delivery of immunomodulatory agents. In this model, 
we demonstrated that the local delivery of inflammatory 
stimuli can either be beneficial or detrimental to the 
subsequent bone formation process. Pro-inflammatory 
stimuli by themselves do not induce profound de novo 
bone formation, but modify the degree of BMP-2-induced 
bone formation. The appropriate modulation of the early 
inflammatory response therefore forms an attractive 
approach to enhance the bone-inductive properties of 
bone substitutes.
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Discussion with Reviewer

Reviewer: The authors propose a role for activated T-cells 
in osteoinduction, although in bony locations, activated 
T-cells are often associated with upregulated RANKL, 
osteoclastogenesis, and bone resorption – particularly in 
inflammatory diseases such as periodontitis. Could the 
authors speculate how upregulated T-cell activation may be 
a double-edge sword in the clinical setting due to multiple 
effects on both osteoblast and osteoclast precursors?
Authors: In conditions such as inflammatory arthritis 
and periodontitis, a high osteoclast activity is the result 
of continuous presence of T cells producing RANKL and 
pro-inflammatory cytokines (Cochran, 2008). Timing is 
likely important when the chosen strategy is to upregulate 
T cell activity for bone formation. In mouse models of 
bone healing, T cells infiltrate the damaged site in a very 
characteristic pattern. Following an initial peak in the 
presence of T cells, their numbers drop within a week 
(Konnecke et al., 2014; Ono et al., 2016). In comparison, 
a prolonged presence of pro-inflammatory T cells in the 
fracture hematoma in sheep is associated with delayed 
bone healing (Schmidt-Bleek et al., 2012). A bone anabolic 
therapy targeting T cells can be controlled in its timing, 
or could possibly benefit from methods that directly or 
indirectly suppress the formation of osteoclasts. Moreover, 
downregulation of T cell activity with anti-inflammatory 
drugs may also be a strategy to inhibit their unwanted 
effects on osteoblasts or osteoclasts (Liu et al., 2011).
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