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Abstract

Delayed bone fracture healing and the formation of non-
unions represent an important clinical problem, particularly 
in polytrauma patients who suffer from posttraumatic 
systemic inflammation. However, the underlying 
pathomechanisms remain unclear. Neutrophil granulocytes 
are crucial effector cells in the systemic immune response 
and represent the most abundant immune cell population 
in the early fracture haematoma. Here we investigated the 
role of neutrophils in a mouse model of uncomplicated 
fracture healing and compromised fracture healing induced 
by an additional thoracic trauma. Twenty four hours before 
injury, 50 % of the mice were systemically treated with 
an anti-Ly-6G-antibody to reduce neutrophil numbers. 
In the isolated fracture model, Ly-6G-Ab treatment 
significantly increased the concentration of both pro- 
and anti-inflammatory cytokines, including interleukin 
(IL)-6 and IL-10, and chemokines, for example, C-X-C 
motif ligand 1 (CXCL1) and monocyte chemotactic 
protein-1 (MCP-1), in the fracture haematoma. Monocyte/
macrophage recruitment was also significantly enhanced. 
After 21 d, bone regeneration was considerably impaired 
as demonstrated by significantly diminished bone content 
and impaired mechanical properties of the fracture 
callus. These results indicate that undisturbed neutrophil 
recruitment and function in the inflammatory phase after 
fracture is crucial to initiate downstream responses leading 
to bone regeneration. In the combined trauma model, the 
reduction of neutrophil numbers ameliorated pulmonary 
inflammation but did not provoke any significant effect 
on bone regeneration, suggesting that neutrophils may 
not play a crucial pathomechanistic role in compromised 
fracture healing induced by an additional thoracic trauma.
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Introduction

Delayed bone fracture healing and the formation of non-
unions represent an important clinical problem. Up to 10 % 
of all patients with fracture suffer from impaired bone 
healing, which often requires revision surgery associated 
with further health risks and additional costs (Giannoudis 
et al., 2007; Hak et al., 2014; Lefering et al., 2013). In 
particular, polytrauma patients, who can develop extensive 
systemic inflammation in response to severe tissue trauma, 
are at high risk for fracture healing complications, because 
the posttraumatic systemic inflammation negatively 
interferes with the inflammatory and regenerative processes 
at the fracture site (Bastian et al., 2011; Bhandari et al., 
2003; Karladani et al., 2001; Pape et al., 2010).
	 Fracture healing is a complex process that occurs in 
the sequential phases of inflammation, bone formation 
and remodelling (Claes et al., 2012; Schmidt-Bleek et al., 
2015). Initially, a fracture haematoma is formed, which 
is characterised by hypoxia, activation of complement 
and coagulation cascades, release of inflammatory 
cytokines, and immune cell recruitment within minutes 
after injury (Kolar et al., 2011; Kolar et al., 2010). The 
initial inflammatory phase clears the fracture site of cell 
debris and pathogens, thereby restricting the tissue damage. 
Inflammation must be properly terminated to allow the 
recruitment of endothelial and mesenchymal precursor 
cells, initiating soft callus formation and, finally, bone 
regeneration. Thus, a balance between pro- and anti-
inflammatory events is essential, because an impaired, 
increased, or prolonged inflammation is regarded to be 
detrimental for fracture healing (Schmidt-Bleek et al., 
2015). In previous studies we found a strong impairment 
of bone healing in a rodent model of combined fracture 
and thoracic trauma (Kemmler et al., 2015; Recknagel et 
al., 2011), an experimental model of significant clinical 
relevance, because both injuries frequently coexist in 
severely injured patients (Lefering et al., 2013). In 
association with compromised healing, we observed 
considerably increased neutrophil granulocyte recruitment 
to the fracture haematoma, indicating that these cells 
may play a pathomechanistic role (Kemmler et al., 2015; 
Recknagel et al., 2013).
	 Neutrophil granulocytes migrate to injured tissues within 
minutes recruited by chemoattractants, including (C-X-C 
motif) ligand (CXCL)1-3, macrophage inflammatory 
protein-1α, C5a, and leukotriene B4 to clear danger- and 
pathogen-associated molecular patterns (DAMPs and 
PAMPs) (Furze and Rankin, 2008; Sadik et al., 2011). 
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These cells phagocytose bacteria and cellular debris, 
form neutrophil extracellular traps (NETs), and release 
reactive oxygen species, antimicrobial peptides, and serine 
proteases as well as numerous cytokines and chemokines, 
including interleukin (IL)-1β, IL-6, IL-10, monocyte 
chemotactic protein-1 (MCP1), and CXCL1, which 
modulate the inflammatory response and attract monocytes 
(Soehnlein et al., 2009). Under excessive inflammatory 
conditions, hyper-activated neutrophils exhibit altered 
cytokine expression and undergo massive NETosis, 
thereby aggravating tissue damage and impairing healing 
(Butterfield et al., 2006; Perl et al., 2012a; Tian et al., 2014; 
Wong et al., 2015). The function of neutrophil granulocytes 
in bone fracture healing has been poorly investigated. A few 
studies reported slightly improved bone regeneration when 
neutrophils were depleted using neutrophil-neutralising 
antiserum (Chung et al., 2006; Grøgaard et al., 1990). 
Contradicting these results, improved bone healing was 
also reported after inducing neutrophilia by the systemic 
application of granulocyte colony-stimulating factor 
(G-CSF) (Bozlar et al., 2005). However, the experimental 
approaches applied in these studies to deplete or activate 
neutrophils were rather unspecific.
	 In the present study, we selectively reduced neutrophil 
numbers using a specific anti-neutrophil antibody (Daley 
et al., 2008). Firstly, we used a highly standardised mouse 
model of isolated fracture to induce uneventful healing and, 
secondly, a combined fracture and thoracic trauma model, 
which results in posttraumatic systemic inflammation 
and compromised bone regeneration (Kemmler et al., 
2015). Thereby, we addressed the following questions: 1) 
Do neutrophil granulocytes play a major role in fracture 
healing, and 2) does the reduction of neutrophils attenuate 
compromised fracture healing after severe trauma?

Materials and Methods

Animal experiment
All animal experiments were performed according to the 
international regulations for the care and use of laboratory 
animals and were approved by the local Ethical Committee 
(No. 1096, Regierungspräsidium Tübingen, Germany). 
Male C57BL/6J mice were purchased from Charles River 
(Sulzfeld, Germany) and received a standard mouse feed 
(ssniff® R/M-H, V1535-300, Ssniff, Soest, Germany) and 
water ad libitum.
	 When aged 12 weeks, the mice were intraperitoneally 
injected with 200  µL of either anti-Ly-6G-antibody 
(LEAF™ anti-mouse Ly-6G antibody, 1  mg/mL, clone 
1A8, BioLegend, San Diego, CA, USA), further denoted 
as Ly-6G-Ab, or isotype control antibody, IgG (LEAF™ 
Purified Rat IgG2a, 1 mg/mL, BioLegend). An osteotomy 
(0.4 mm) was performed after 24 h at the mid-shaft of the 
right femur in all the mice, which was stabilised using an 
external fixator (RISystem, Davos, Switzerland) under 
general anaesthesia with 2 % isoflurane (Forene, Abbott, 
Wiesbaden, Germany) (Kemmler et al., 2015; Röntgen et 
al., 2010). Additionally, 50 % of the Ly-6G-Ab and IgG-
treated mice, respectively, received an additional thoracic 
trauma immediately after fracture while still under general 

anaesthesia. In brief, a single blast wave was applied to 
the middle of the thorax using a blast-wave generator. 
This model produces a standardised bilateral, isolated lung 
contusion (Kemmler et al., 2015; Knöferl et al., 2003). 
For pain medication, all mice obtained 25 mg/L tramadol 
hydrochloride (Tramal®, Gruenenthal GmbH, Aachen, 
Germany) in the drinking water 1 d pre-surgery until 3 d 
post-surgery. In most cases 5-7 mice were used per group 
and time point, unless indicated otherwise in the figure 
legends.

Tissue harvesting and preparation
Animals were sacrificed at 6  h and 1, 3, 7 and 21  d 
after trauma under general anaesthesia through blood 
withdrawal via the vena cava inferior. At each time point, 
blood smears were Giemsa stained to count neutrophils.

Plasma
Blood was collected 6  h after trauma in microvettes 
(Microvette® 100  µL, K3 EDTA, Sarstedt AG & Co, 
Nümbrecht, Germany) and centrifuged at 4000  ×g for 
10 min. The plasma was collected and stored at −80 °C.

Bronchoalveolar lavage (BAL) fluid
At 6 h and 1 and 7 d after trauma, BAL fluids were collected 
by flushing the lungs with 500 µL of ice-cold phosphate-
buffered saline (PBS) as described previously (Perl et al., 
2012a). BAL fluids were centrifuged at 4000 ×g for 10 min 
and supernatants were stored at −80 °C for further analyses, 
whereas pellets were analysed as Giemsa-stained smears.

Lung
The left lung lobe was removed and then either stored at 
−80 °C until homogenate preparation or immediately fixed 
in 4 % buffered formalin and embedded in paraffin. To 
prepare homogenates, the lung was homogenised using a 
mixer mill (MM400, Retsch GmbH, Haan, Germany) and 
lysed in buffer (50 mM Tris-HCl pH 7.5, 250 mM NaCl, 
3  mM ethylenediaminetetraacetic acid (EDTA), 3  mM 
ethyleneglycotetraacetic acid (EGTA), 1 % Triton X-100, 
0.5 % NP40, 10 % glycerol) containing protease inhibitors 
(Halt™ Protease and Phosphatase Inhibitor Single-Use 
Cocktail, Fisher Scientific GmbH, Schwerte, Germany) 
and incubated for 30 min on ice. After centrifugation, total 
protein was determined using the Pierce™ BCA Protein 
Assay Kit (Fisher Scientific GmbH) according to the 
manufacturer’s recommendations.

Fracture haematoma
The haematoma was removed 6 h after trauma and stored at 
−80 °C. Homogenates were prepared in lysis buffer (10 mM 
Tris pH 7.5, 10 mM NaCl, 0.1 mM EDTA, 0.5 mM Triton 
X-100, 0.02 % NaN3, 0.2 mM phenylmethanesulphonyl 
fluoride) containing protease inhibitors (Halt™ Protease 
and Phosphatase Inhibitor Single-Use Cocktail, Fisher 
Scientific GmbH) and further processed similarly to lung 
homogenates.

Fractured femur
At 1, 3 and 7  d after trauma, the osteotomised femora 
were harvested with surrounding tissues to preserve the 
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haematoma and then immediately fixed in 4 % buffered 
formalin for immuno- and histochemical staining. For 
biomechanical testing on day 21, intact and fractured 
femora were stored in 0.9 % NaCl (B. Braun Melsungen 
AG, Melsungen, Germany) during measurement to avoid 
dehydration of the samples and then fixed in 4 % buffered 
formalin for histological analysis.

Cytokine analysis
Plasma, BAL fluid, and fracture haematoma concentrations 
of IL-6, IL-10, MCP-1 and CXCL1 were determined 
using a mouse multiplex cytokine kit according to the 
manufacturer’s protocol (Bio-Plex Pro Cytokine Assay, 
Bio-Rad, Hercules, CA). Data were analysed using the 
standard curve of cytokine standards (Bio-Plex Manager 
Software 4.1). All fracture haematoma cytokine values 
were normalised to the homogenate protein concentration. 
To determine physiological cytokine concentrations in 
plasma and BAL fluids, untreated animals were analysed 
as a control.

Western blot analysis
We resolved 5 µg of lysate protein using SDS-PAGE and 
transferred it to a nitrocellulose membrane (Bio-Rad). 
The membranes were incubated overnight at 4  °C with 
anti-GAPDH (Santa Cruz Biotechnology, Dallas, USA), 
myeloperoxidase (MPO) and F4/80 antibodies (all from 
AbD Serotec, Puchheim, Germany), respectively. The 
membranes were incubated using horseradish peroxidase-
conjugated secondary antibodies and developed in 
SuperSignal West Pico Chemiluminescent Substrate 
(Perbio Science, ThermoFisher Scientific, Waltham, 
USA). The protein bands were visualised using the Fusion 
Molecular Imaging System (Vilber Lourmat, Eberhardzell, 
Germany).

Histomorphometry and immunohistochemistry of 
lungs and fracture calli
After fixation in 4 % buffered formalin for 48  h, lungs 
were embedded in paraffin. Osteotomised femora were 
decalcified using 20 % EDTA (pH 7.2-7.4) and embedded 
in paraffin. For histomorphometry, 6  µm-thick femur 
sections were stained using Safranin O. All femora were 
analysed by light microscopy (Leica DMI6000B, Leica, 
Heerbrugg, Switzerland) under 50-fold magnification. 
The osteotomy gap was defined as a region of interest 
(ROI). The relative amounts of osseous tissue and cartilage 
were evaluated by image analysis (MMAF Version 
1.4.0 MetaMorph®, Leica). The different immune cell 
populations were stained using the following antibodies 
and dilutions: Neutrophil granulocytes: 1:300 LEAF™ 
anti-mouse Ly-6G antibody, #127620 (BioLegend) and 
1:200 goat anti-rat IgG secondary antibody, #A10517 (Life 
Technologies GmbH, Darmstadt, Germany); macrophages: 
1:500 rat anti-mouse F4/80 antibody, #MCA497GA (AbD 
Serotec) and 1:200 goat anti-rat IgG secondary antibody, 
#A10517 (Life Technologies GmbH); T-cells and dendritic 
cells: 1:500 rabbit anti-CD8 polyclonal antibody, #bs-
0648R (Bioss Inc, Woburn, MA, USA) and 1:200 goat anti-
rabbit IgG secondary antibody, #B2770 (Life Technologies 
GmbH). Respective non-specific IgG subtypes were used 

as controls. For neutrophil detection, alkaline phosphatase 
red chromogen (Dako REAL Detection System, Dako 
Corp, Hamburg, Germany) was used directly as a detection 
substrate. To detect macrophages and T-cells, slides 
were first incubated with avidin-biotin complex (Vector, 
Burlingame, CA) for signal amplification and then detected 
using NovaRed (Vector Laboratories Inc, Burlingame, CA, 
USA) chromogen. All sections were counterstained using 
haematoxylin (Waldeck, Münster, Germany) and analysed 
under 200- or 400-fold magnification by light microscopy.

Biomechanical testing of the femora
To evaluate the mechanical competence of the healed 
femora, the flexural rigidity of the femora explanted on 
day 21 was investigated using a non-destructive three-
point bending test on a material testing machine (1454, 
Zwick GmbH, Ulm, Germany). Briefly, after removal 
of the fixator, the proximal end of the femur was fixed, 
whereas the femoral condyle rested unfixed on a distal 
bending support in the testing machine. An axial load was 
applied to the top of the callus at the femoral midshaft, 
with a maximum force of 4 N. The flexural rigidity (EI) 
was calculated from the load-deflection curve as described 
previously (Kemmler et al., 2015; Röntgen et al., 2010).

Micro-computed tomography (µCT)
After biomechanical testing, fracture calli were scanned 
using a µCT device (Skyscan 1172, Bruker microCT, 
Kontich, Belgium) at 8-µm resolution using 50  kV 
and 200 mA (Kemmler et al., 2015). µCT analysis was 
performed using Skyscan software (NRecon, DataViewer, 
CTAn, all from Bruker microCT). Calibration and 
thresholding (642  mg hydroxyapatite/cm3 as described 
previously (Morgan et al., 2009)) were performed in 
accordance with the American Society for Bone and 
Mineral Research (ASBMR) guidelines for µCT analysis 
(Parfitt et al., 1987). The osteotomy gap and whole callus 
between the inner pins of the external fixator were defined 
as volumes of interest (VOIs).

Statistical analysis
The results are presented as the mean ± standard deviation 
(SD). All data were analysed in a blinded fashion. Statistic 
software GraphPad Prism 6 (GraphPad Software, La 
Jolla, CA, USA) was used to evaluate the data. Groups 
were tested for normal distribution using Shapiro-Wilk 
test, and then compared by either Kruskall-Wallis and 
Dunn’s post-hoc test or by one-way analysis of variance 
(ANOVA) and Fisher’s LSD post-hoc test. If several 
variables were analysed, we applied two-way ANOVA 
with either Bonferroni’s or Fisher’s LSD post-hoc test. 
Level of significance was set to p < 0.05.

Results

Efficiency of neutrophil depletion
The number of neutrophil granulocytes was significantly 
reduced by 59 ± 23 % 1 d after Ly-6G-Ab treatment. The 
reduction of neutrophils was sustained for 8  d. Other 
leukocyte populations were unaffected (data not shown). 
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The neutrophil numbers of IgG-treated mice were not 
significantly altered (Table 1).

Cytokine concentration in the blood plasma
After 6  h, plasma cytokine and chemokine levels 
obtained from IgG-treated mice with isolated fracture 
and with combined fracture and thoracic trauma were not 
significantly altered compared to untreated mice, indicating 
that there was no major systemic inflammatory response 
at this time point (Fig. 1). Ly-6G-Ab treatment did not 
significantly alter the cytokine and chemokine plasma 
levels in mice with fracture alone (Fig. 1). However, IL-6 
was significantly increased in mice with combined trauma 
compared to mice with fracture alone when neutrophil 
numbers were reduced by Ly-6G-Ab treatment (Fig. 1). 
Furthermore, CXCL1 was significantly increased in Ly-
6G-Ab-treated mice compared to the IgG-treated mice 
after combined trauma.

Inflammatory response in the lung
We observed minimal inflammatory reaction in the lungs 
of mice with isolated fracture, as confirmed by unaffected 
BAL fluid cytokine and chemokine concentrations and 
low neutrophil counts (Fig. 2, 3). The additional thoracic 

trauma significantly increased the concentrations of IL-6, 
CXCL1, and MCP-1 in the BAL fluids and neutrophil 
infiltration into the lung tissue. Ly-6G-Ab treatment had 
no significant influence on lungs in the group with isolated 
fracture, but reduced the concentrations of inflammatory 
mediators and neutrophil numbers in the combined-trauma 
group compared to IgG-treated mice (Fig. 2, 3). Western 
blot analysis of the lung tissue homogenates showed a 
clear protein band for MPO (neutrophil marker) and F4/80 
(epidermal growth factor-like module-containing mucin-
like hormone receptor-like 1, monocyte/macrophage 
marker) in the tissue samples after combined trauma, but 
not after additional Ly-6G-Ab treatment (Fig. 3).

Inflammatory response at the fracture site
Analysis of inflammatory cells at the fracture site of IgG-
treated control mice with isolated fracture revealed that Ly-
6G+ cells were abundantly present in the peripheral fracture 
haematoma and surrounding tissues on day 1 and that their 
number considerably decreased over time (Fig. 4). F4/80+ 
cells were mainly located at the endosteal site in close 
proximity to the fracture gap during the early inflammatory 
phase (Fig. 5). At later time points, F4/80+ cells were also 
found in the peripheral callus. Low numbers of CD8+ cells 

Table 1. Numbers of neutrophil granulocytes in the peripheral blood of mice treated with anti-mouse Ly-6G antibody 
(Ly-6G-Ab) or a corresponding isotype control antibody (IgG), *p < 0.05 vs. pre-treatment values (day 0).

Neutrophils, % of 
total leukocytes

Time after treatment, days
0 1 2 4 8 22

IgG 9.6 ± 1.0
(n = 11)

10.9 ± 4.2
(n = 14)

12.4 ± 5.0
(n = 7)

9.8 ± 4.1
(n = 8)

8.4 ± 3.0
( n= 9)

8.3 ± 1.7
(n = 4)

Ly-6G-Ab 9.7 ± 3.7
(n = 11)

4.0 ± 2.2*
(n = 14)

3.6 ± 4.4*
(n = 11)

2.9 ± 1.1*
(n = 7)

6.0 ± 4.2*
(n = 11)

8.0 ± 3.2
(n = 13)

Fig. 1. Cytokine and chemokine concentrations in the plasma of control (IgG) and Ly-6G-Ab-treated mice 6 h after 
trauma. Fx: mice with isolated fracture, Fx + TxT: mice with combined fracture and thoracic trauma; n = 5-6, *p < 0.05.

Fig. 2. Cytokine and chemokine concentrations in the BAL fluids of control (IgG) and Ly-6G-Ab-treated mice 6 h 
after trauma. Fx: mice with isolated fracture, Fx + TxT: mice with combined fracture and thoracic trauma; n = 5-6, 
*p < 0.05.
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were detected in the peripheral fracture haematoma on 
days 1 and 7 (Fig. 6). Later, their numbers increased and 
they were mainly present in the bone marrow-like tissue 
between the newly formed bone trabeculae in the peripheral 
callus. There their numbers were comparable with those 
in healthy bone marrow. The additional thoracic trauma 
did not significantly increase the number of Ly-6G+ cells, 
but significantly increased the number of F4/80+ cells on 
day 3 (Fig. 4, 5). Cytokine and chemokine concentrations 

in the fracture haematoma were not significantly affected 
6 h after injury (Fig. 7).
	 As expected, the injection of the Ly-6G-Ab significantly 
decreased the number of neutrophils in the fracture 
haematoma in the group with isolated fracture as well 
as in the combined-trauma group (Fig. 4). In the group 
with isolated fracture, neutrophil reduction significantly 
increased the number of F4/80+ cells on days 1 and 7 
(Fig. 5) and elevated the levels of IL-6, IL-10, CXCL1, 

Fig. 3. Neutrophils in the BAL fluid and in lung tissue of control (IgG) and Ly-6G-Ab-treated mice. Fx: mice with 
isolated fracture, Fx + TxT: mice with combined fracture and thoracic trauma. (a) Number of neutrophils in the 
BAL fluid as determined by differential immune cell counting; n = 4-7, *p < 0.05. Immunohistochemical staining of 
neutrophils in lung tissue 7 d after thoracic trauma. Arrows indicate Ly-6G+ cells (b: IgG-treated group, c: Ly-6G-
Ab-treated group). (d) Western blot analysis of lung homogenates 6 h after trauma (MPO: neutrophil marker, F4/80: 
macrophage marker, GAPDH: housekeeping protein).

Fig. 4. Immunohistochemical staining of neutrophils in the fracture haematoma/callus of control (IgG) and Ly-6G-
Ab-treated mice. Fx: mice with isolated fracture, Fx + TxT: mice with combined fracture and thoracic trauma. (a) 
Quantitative analysis of neutrophils in the fracture haematoma 1, 3 and 7 d after trauma calculated in the periosteal 
area between the two inner pins of the external fixator; n = 5-6, *p < 0.05. Representative images of the fractured 
bone in the immediate proximity of the osteotomy gap 3 d after trauma: (b) isolated fracture; (c) isolated fracture after 
Ly-6G-Ab treatment; (d) combined fracture and thoracic trauma; (e) combined fracture and thoracic trauma after Ly-
6G-Ab treatment. Arrows indicate some of the positively stained cells, # cortex, * fracture gap, scale bar = 100 µm.
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and MCP-1 at 6  h (Fig. 7). The number of CD8+ cells 
was unaffected (Fig. 6). In mice with combined trauma, 
neutrophil reduction did not significantly affect the 
numbers of F4/80+ and CD8+ cells and cytokine levels 
(Fig. 5-7).

Fracture-healing outcome
Confirming our previous studies (Kemmler et al., 2015; 
Recknagel et al., 2011), the additional thoracic trauma 

significantly impaired fracture healing as demonstrated by 
a significantly reduced bending stiffness and a significantly 
reduced relative amount of bone in the fracture callus (Fig. 
8). Ly-6G-Ab treatment significantly reduced the bending 
stiffness and bone fraction in the callus of the mice with 
isolated fracture, indicating disturbed fracture healing. In 
the combined-trauma group, neutrophil reduction induced 
no significant effects.

Fig. 5. Immunohistochemical staining of macrophages in the fracture haematoma/callus of control (IgG) and Ly-6G-
Ab-treated mice using an anti-F4/80 antibody. Fx: mice with isolated fracture, Fx + TxT: mice with combined fracture 
and thoracic trauma. (a) Quantitative analysis of macrophages in the fracture haematoma 1, 3 and 7 d after trauma; 
n = 5-7, *p < 0.05. Representative images of the fractured bone in the immediate proximity of the osteotomy gap on 
day 1 after trauma: (b) isolated fracture; (c) isolated fracture after Ly-6G-Ab treatment; (d) combined fracture and 
thoracic trauma; (e) combined fracture and thoracic trauma after Ly-6G-Ab treatment. Arrows indicate some of the 
positively stained cells, # cortex, * fracture gap, scale bar = 100 µm.

Fig. 6. Immunohistochemical staining of lymphocytes in the fracture haematoma/callus of control (IgG) and Ly-6G-
Ab-treated mice using an anti-CD8 antibody. Fx: mice with isolated fracture, Fx + TxT: mice with combined fracture 
and thoracic trauma. (a) Quantitative analysis of CD8+ cells 1, 7 and 21 d after trauma calculated in the periosteal 
area between the two inner pins of the external fixator; n = 5-6. Representative images of the fractured bone in the 
immediate proximity of the osteotomy gap on day 1 after trauma: (b) isolated fracture; (c) isolated fracture after 
Ly-6G-Ab treatment; (d) combined fracture and thoracic trauma; (e) combined fracture and thoracic trauma after Ly-
6G-Ab treatment. Arrows indicate some of the positively stained cells, # cortex, * fracture gap, scale bar = 100 µm.
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Discussion

The present study addressed the role of neutrophil 
granulocytes, the most abundant immune cell population 
in the early fracture haematoma, in 1) a mouse model of an 
isolated fracture inducing uneventful healing, and 2) during 
a compromised bone healing induced by a concomitant 
thoracic trauma. After isolated fracture, neutrophil 
reduction significantly increased the concentration of 
inflammatory mediators and the number of monocytes/
macrophages in the fracture haematoma and considerably 
impaired bone regeneration. These results suggest that 
undisturbed neutrophil function is crucial to initiate 
downstream responses leading to fracture repair. In 
the model of compromised fracture healing, neutrophil 
reduction did not provoke significant effects, indicating 
that these cells are presumably not a primary inducer of 
disturbed bone regeneration after severe trauma.
	 First, we aimed to analyse the role of neutrophils in 
uneventful fracture healing. We used young mice with 
excellent regenerative capacity (Lu et al., 2005) and a 
well-established isolated fracture model, which allows 

uncomplicated healing (Kemmler et al., 2015; Röntgen 
et al., 2010). To reduce neutrophil numbers, mice were 
treated with a specific anti-mouse Ly-6G antibody (Daley 
et al., 2008). In agreement with others (Daley et al., 2008), 
we found a significant reduction of neutrophil counts 
in the circulation on days 1-8 after Ly6G-Ab injection, 
a timeframe that covers the entire inflammatory period 
after fracture in mice (Kemmler et al., 2015). Neutrophil 
(Ly-6G+ cell) numbers were also significantly reduced in 
the fracture haematoma even in the presence of locally 
enhanced chemoattractants, confirming a significant 
reduction of neutrophil numbers.
	 Notably, the reduction of neutrophils in the fracture 
haematoma was associated with significantly increased 
local concentrations of IL-6 and IL-10, key cytokines in 
the immune response after fracture (Gerstenfeld et al., 
2003), CXCL1, a neutrophil chemoattractant (Sadik et 
al., 2011), and MCP-1 (CCL2), a chemotactic factor for 
monocytes (Deshmane et al., 2009). Associated with these 
findings was an enhanced and prolonged infiltration by 
F4/80+ monocytes/macrophages, which may be the main 
source of the increased inflammatory mediators (Deshmane 

Fig. 7. Cytokine and chemokine concentrations in the fracture haematoma of control (IgG) and Ly-6G-Ab-treated 
mice 6 h after trauma. Fx: mice with isolated fracture, Fx + TxT: mice with combined fracture and thoracic trauma; 
n = 5-6, *p < 0.05.

Fig. 8. Analysis of fracture healing of control (IgG) and Ly-6G-Ab-treated mice 21 d after trauma. Fx: mice with 
isolated fracture, Fx + TxT: mice with combined fracture and thoracic trauma. (a) Relative bending stiffness of 
fractured femora; n = 6-7. (b) Callus tissue volume (TV) as determined by µCT; n = 6-7. (c) Relative bone content 
(bone volume/total volume: BV/TV) in the fracture gap as determined by µCT; n = 6-7. Relative amount of (d) bone 
and (e) cartilage in the fracture gap as determined by histomorphometric analysis using Safranin O staining; n = 5-8, 
*p < 0.05.
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et al., 2009; Yang et al., 2014). In good agreement with 
this, we found increased concentrations of the monocyte 
chemoattractant MCP-1, which can be released by tissue-
resident macrophages and endothelial cells as well as by 
osteoblasts and osteoclasts in damaged bone (Kim et al., 
2005; Li et al., 2007). The enhanced invasion of F4/80+ 
cells to the fracture site in Ly-6G-Ab-treated mice was 
unexpected, because neutrophils are thought to promote 
monocyte invasion in injured tissues by the secretion of 
soluble factors, including azurocidin and cathepsin G, 
and “find-me” signals, for example, 19 ribosomal protein 
dimer and lysophosphatidylserine released by apoptotic 
neutrophils (Kolaczkowska and Kubes, 2013; Soehnlein et 
al., 2009). F4/80+ cells may well be recruited by excessive 
alarmin concentrations, which would otherwise be cleared 
by neutrophils. It is known that monocytes/macrophages are 
attracted by PAMPs and DAMPs (Yang et al., 2014). The 
observed shift to an inflammatory monocyte/macrophage-
dominated immune response resulted in poor bone healing 
as demonstrated by significantly reduced bone content and 
mechanical properties of the fracture callus after 21  d. 
These results imply that neutrophils may contribute to 
the resolution of inflammation in the early fracture callus. 
Supporting this suggestion, aggregated NETs were reported 
to degrade inflammatory cytokines, thus ameliorating 
or terminating inflammatory cascades (Kobayashi, 
2015). Neutrophils also produce anti-inflammatory lipid 
mediators, including lipoxins and protectins (Wang and 
Arase, 2014). Furthermore, apoptotic neutrophils present 
“eat me” signals, including phosphatidylserine, which, 
once engulfed by macrophages, re-programme them from 
pro-inflammatory M1 to regulatory M2 phenotype, thus 
initiating repair (Headland and Norling, 2015).
	 Other authors found no or only marginal improvement 
of bone healing after neutrophil depletion (Chung et al., 
2006; Grøgaard et al., 1990). However, a crucial drawback 
of these studies was the use of unspecific antiserum, 
which bears a high risk of influencing other immune cell 
populations. In agreement with the present study, Chan 
et al. described impaired bone healing after specifically 
depleting neutrophils using Ly-6G antibody. However, 
in contrast to our data, authors found less F4/80+ cells 
at the fracture site (Chan et al., 2015). This discrepancy 
may be due to methodological differences. For example, 
in contrast to our study Chan et al. used female mice, 
which were previously shown to recruit fewer monocytes 
and neutrophils in a peritonitis model compared to male 
mice (Kay et al., 2015). Moreover, Chan et al. used a tibia 
fracture model, which may induce a different trauma load, 
and a much more flexible fracture fixation technique, which 
as well influences the inflammatory response in the fracture 
haematoma (Schmidt-Bleek et al., 2012). Nevertheless, 
our results and the study of Chan et al. (Chan et al., 2015) 
suggest that neutrophils are crucial to induce downstream 
events, which finally lead to efficient bone repair.
	 In the present study, we also investigated whether 
neutrophils play a pathomechanistic role in compromised 
bone healing, which is often observed in multiply injured 
patients, who develop a systemic inflammatory response 
due to severe tissue injury (Karladani et al., 2001). 

Neutrophils are strongly activated in posttraumatic 
systemic inflammation, clearing PAMPs and DAMPs, 
and facilitating the recruitment of monocytes. However, 
they can also damage bystander tissues via the 
unspecific release of reactive oxygen species and matrix 
metalloproteinases and excessive NETosis (Hazeldine et 
al., 2014; Kolaczkowska and Kubes, 2013). To induce 
compromised bone healing, we combined the fracture 
with an additional thoracic trauma (Kemmler et al., 
2015; Recknagel et al., 2011). The concomitant thoracic 
trauma induced pulmonary inflammation, indicated by a 
significant increase of inflammatory mediators in the BAL 
fluids as well as neutrophil and macrophage recruitment 
to the lung. However, we did not observe any significant 
increase in the blood levels of inflammatory mediators. 
Most probably, the chosen 6 h observation time-point was 
beyond the inflammatory peak response. In our previous 
study, systemic inflammation was clearly detectable at 
3 h after injury (Kemmler et al., 2015). Nevertheless, in 
agreement with our previous data (Kemmler et al., 2015; 
Recknagel et al., 2011), fracture healing was significantly 
disturbed in the combined trauma group as demonstrated 
by significantly decreased bone formation and reduced 
biomechanical properties of the fracture callus. Because we 
had previously found increased recruitment of neutrophils 
to the fracture haematoma (Kemmler et al., 2015; 
Recknagel et al., 2013), we hypothesised that neutrophils 
may play a pathomechanistic role. In the present study, 
the neutrophil number in the fracture haematoma was 
also increased at day 1, while F4/80+ cells were increased 
at day 3, confirming that inflammation at the fracture site 
was affected by the additional thoracic trauma. However, 
the reduction of neutrophils did not provoke any effect on 
the inflammatory response at the fracture site nor on the 
fracture healing outcome in the combined-trauma group, 
indicating that neutrophils presumably are not the primary 
inducers of disturbed bone regeneration after severe trauma. 
Nevertheless, neutrophil reduction ameliorated pulmonary 
inflammation as demonstrated by a decreased concentration 
of inflammatory cytokines in the BAL fluids and a 
reduced amount of F4/80 protein in tissue homogenates. 
Confirming these data, others authors also reported 
mitigated pulmonary damage after depletion of neutrophils 
in thoracic trauma-induced acute lung injury (Perl et al., 
2012a; Perl et al., 2012b). The discrepancy of the effects 
of neutrophil reduction in the fracture haematoma and 
the lung could be explained by the compartmentalisation 
of the immune response, because similar inflammatory 
stimuli can lead to completely different immune response 
patterns in different tissues (Cavaillon and Annane, 2006; 
Chinnaiyan et al., 2001). Neutrophils can be activated to 
a different extend depending on the severity of trauma and 
the microenvironment in the affected organ. For example, 
in lungs the neutrophil reduction protected mice against 
alveolar-capillary dysfunction (Perl et al., 2012a; Perl 
et al., 2012b), whereas it simultaneously ameliorated 
immunosuppressive response of splenocytes and Kupffer 
cells (Perl et al., 2012a; Perl et al., 2012b). Further research 
is needed to decipher the underlying mechanisms for the 
diverse neutrophil function in different organs after trauma.
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Conclusions

The present study demonstrated that undisturbed neutrophil 
recruitment and function in the inflammatory phase of 
fracture healing is crucial to initiate downstream responses 
leading to fracture repair, because bone regeneration was 
considerably disturbed after neutrophil reduction. However, 
neutrophils appear to play a minor pathomechanistic role 
in compromised fracture healing induced by an additional 
thoracic trauma. Further studies are needed to unravel the 
discrepant results on the role of neutrophils in the local 
inflammatory responses in the lungs and bone.
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Discussion with Reviewers

Reviewer I: The increase in macrophages upon neutrophil 
depletion in uneventful healing could be understood as a 
rescue mechanism, please elaborate?
Would you explain the heightened pro-inflammatory 
reaction with the higher macrophage count and their 
persistent M1 phenotype?
Authors: Neutrophils are known to act as the first line 
of defence by clearing PAMPs and DAMPs after tissue 
trauma. After neutrophil reduction we found an enhanced 
and prolonged infiltration of the fracture hematoma 
by F4/80+ cells. The F4/80+ cells might be recruited 
by excessive alarmin concentrations, which would 
otherwise be cleared by neutrophils. Associated with 
these findings was a significant increase of inflammatory 
mediators suggesting that the F4/80+ cells were indeed 
M1 macrophages. The persistence of these cells indicates 
delayed resolution of inflammation, which might be 
responsible for the observed disturbed fracture healing. 
To finally prove the macrophage phenotype simultaneous 
co-staining of several M1 markers such as iNOS and CD86 
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is required. Thus, further experiments using for example 
flow cytometry would be necessary. These analyses require 
an additional number of animals and are beyond the scope 
of the present paper.

Reviewer II: PMN are bad in polytrauma as they damage 
lung tissue but may be good for fracture healing, as you 
studied. Please discuss this dichotomy.
Authors: Neutrophils can be activated to a different 
extend depending on the severity of trauma and the 
microenvironment in the affected organ. For example, 
in lungs PMN were suggested to contribute to the 
development of the acute lung injury because their 
reduction protected against alveolar-capillary dysfunction 
(Perl et al., 2012a). In contrast, it simultaneously 
ameliorated immunosuppressive response of splenocytes 
and Kupffer cells (Perl et al., 2012b). Further research is 
needed to decipher the underlying mechanisms for the 
diverse neutrophil function in different organs after trauma.

Reviewer II: Which factors of the PMN may be important 
for the fracture healing?
Authors: We suggest that a balanced neutrophil response 
contributes to the resolution of inflammation in the 
early fracture callus by clearing PAMPs and DAMPs, 

by the degradation of inflammatory cytokines, and by 
the production of anti-inflammatory lipid mediators. 
Furthermore, apoptotic neutrophils present “eat me” 
signals, which, once engulfed by macrophages, re-
programme them from pro-inflammatory M1 to regulatory 
M2 macrophages (Kobayashi, 2015; Wang and Arase, 
2014; Headland and Norling, 2015).

Reviewer II: Why PMN reduction didn’t have a difference 
when thorax trauma was present? You mentioned only a 
reduction of 59 % of PMN. How was the absolute number 
of PMN? This may be more when thorax trauma is present.
Authors: We did not measure the absolute neutrophil 
numbers in the blood. However, in the fracture haematoma 
neutrophil numbers were similar in both the isolated 
fracture and combined trauma group after Ly-6G-Ab 
treatment (Fig. 4). Bone healing was similar in these 
two groups as well. Therefore, we suggested that 
local neutrophil recruitment might not play a crucial 
pathomechanistic role in compromised fracture healing 
induced by an additional thoracic trauma.

Editor’s note: The Scientific Editor responsible for this 
paper was Martin Stoddart.


