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Abstract
Purpose Intramedullary nailing (IMN) of fractures is associated with increased rates of inflammatory complications. The 
pathological mechanism underlying this phenomenon is unclear. However, polymorphonuclear granulocytes (PMNs) seem 
to play an important role. We hypothesized that a femur fracture and standardized IMN in pigs is associated with altered 
appearance of PMNs in circulation and enhanced activation status of these cells.
Methods A porcine model including a femur fracture and IMN was utilized. Animals were randomized for control [anesthe-
sia + mechanical ventilation only (A/MV)] and intervention [A/MV and unilateral femur fracture (FF) + IMN] conditions. 
PMN numbers and responsiveness, integrin (CD11b), L-selectin (CD62L) and Fcγ-receptor (CD16 and CD32)-expression 
levels were measured by flowcytometry of blood samples. Animals were observed for 72 h.
Results Circulatory PMN numbers did not differ between groups. Early PMN-responsiveness was retained after insult. PMN-
CD11b expression increased significantly upon insult and peaked after 24 h, whereas CD11b in control animals remained 
unaltered (P = 0.016). PMN-CD16 expression levels in the FF + IMN-group rose gradually over time and were significantly 
higher compared with control animals, after 48 h (P = 0.016) and 72 h (P = 0.032). PMN-CD62L and CD32 expression did 
not differ significantly between conditions.
Conclusion This study reveals that a femur fracture and subsequent IMN in a controlled setting in pigs is associated with 
enhanced activation status of circulatory PMNs, preserved PMN-responsiveness and unaltered circulatory PMN-presence. 
Indicating that monotrauma plus IMN is a specific and substantial stimulus for the cellular immune system. Early altera-
tions of circulatory PMN receptor expression dynamics may be predictive for the intensity of the post traumatic response.
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Introduction

Trauma patients treated by intramedullary nailing (IMN) for a 
femoral shaft fracture are at increased risk to develop inflam-
matory complications such as in severe cases acute respira-
tory distress syndrome (ARDS) [1]. Despite improvements in 
trauma care, no changes in ARDS incidences in trauma cases 

occurred over the last three decades [2]. Nevertheless, a large 
number of studies indicate an association between intramedul-
lary nailing of fractures and the occurrence of ARDS. Albeit 
underlying pathomechanisms are still poorly understood 
[3]. Previous trauma studies mainly determined the effect of 
humoral immune processes on ARDS development [1–6]. 
Plasma interleukin-6 (IL-6) levels are considered as a reliable 
marker for injury severity and it has been shown that femoral 
shaft fractures are associated with increased plasma IL-6 lev-
els [6]. However, despite being investigated thoroughly, data 
on interleukins lack prognostic value for trauma conditions 
[7, 8]. To predict outcome and to gain insight in the patho-
mechanisms of orthopedic trauma related inflammatory com-
plication, it is key to also investigate cellular immunological 
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parameters. Cytokines, including interleukin-6, are involved 
in regulation of essential innate effector cells, namely poly-
morphonuclear leukocytes (PMNs) [7]. Previously, it has been 
demonstrated that post-trauma inflammation leads to mobiliza-
tion and activation of circulatory PMNs. Activated circulatory 
PMNs migrate into the tissue compartment, including highly 
vascularized lung-tissue. Upon activation, tissue residing 
PMNs release radical oxygen species (ROS) and proteases, 
which can cause collateral damage to parenchymal cells and 
thereby contribute to organ dysfunction [4, 7]. Due to stand-
ardization issues in clinical trauma studies, the impact of IMN 
of long-bone fractures on PMN homeostasis remains unclear. 
We aimed to evaluate the impact of IMN of a femur fracture on 
appearance and activation status of the circulatory PMN popu-
lation, in a standardized long-term large animal experiment, as 
it has previously been demonstrated that experimental IMN of 
a unilateral femur fracture is associated with enhanced pulmo-
nary PMN pooling [9]. A porcine model was utilized due to 
the close similarity of anatomical, physiological, genetical and 
immunological properties to human [10]. We hypothesized 
that standardized IMN of a unilateral femur fracture in pigs is 
associated with increased appearance of PMNs in circulation 
and enhanced activation status of these cells.

Material and methods

Experiments were executed in accordance with the German 
legislation governing animal studies following The Principles 
of Laboratory Animal Care [11]. The study was approved by 
the regional authority: Landesamt für Natur-, Umwelt- und 
Verbraucherschutz, LANUV NRW, Germany under appli-
cation number: AZ 84-02.04.2014.A265. For these experi-
ments, male German landrace pigs were included with a body 
weight between at 30 ± 5 kg. This study presents partial results 
obtained from a large animal porcine multiple trauma model. 
The model has been previously described in detail by Horst 
et al. [12].

Study groups

For the purpose of the study two groups were composed:

 i. Control group: anesthesia/mechanical ventilation only 
(A/MV), n = 6.

 ii. Intervention group (FF + IMN): A/MV + femur frac-
ture (FF) and intramedullary nailing, n = 6.

Fracture model and operative intervention

Intramuscular premedication via injection of 4 mg/kg 
azaperone (Stresnil™, Janssen, Germany) was applied 
to animals prior to the experiments. Animals were 

pre-oxygenized with 100%  O2/min. Anesthesia was main-
tained via continuous infusion of Propofol and Sufenta-
nil. After intubation animals received volume controlled 
ventilation with lung-protective ventilation parameters 
(6–8 ml/kg/BW); i.e., inspiratory oxygen fraction  (FiO2) 
of 0.5; positive end-expiratory pressure (PEEP) 8 mmHg 
(plateau pressure < 28 mmHg) and targeting a  pCO2 of 
35–45 mmHg (Draeger, Evita, Lübeck, Germany) as rec-
ommended for the chest trauma [13]. Ventilation was opti-
mized based on continuous capnometry and frequent blood 
gas analyses.

An arterial line (Vygon, Aachen, Germany) was intro-
duced in the femoral artery for continuous blood pressure 
assessment and a central venous catheter (Four-Lumen 
Catheter, 8.5 Fr., Arrow Catheter, Teleflex Medical, Ger-
many) was placed in the external jugular vein for admin-
istration of fluids, anesthesia. The animals received a 
suprapubic urine catheter and fluid management could 
therefore be monitored on urine production measure-
ments. The animal’s temperature was measured continu-
ously and was kept between 38.7 and 39.8 °C, according 
to a physiologic temperature for this age group. Volume 
status was maintained by the infusion of  Sterofundin®. 
Animals received antibiotics on a daily basis  (Ceftriaxon® 
2 g, i.v.). All vitals were documented routinely during the 
observation period.

Control animals were instrumented and also kept under 
these conditions throughout the whole experiment but did 
not receive any trauma or surgery.

In the intervention group, a unilateral femur fracture 
was set using a bolt gun machine (Blitz-Kerner, turbocut 
JOBB GmbH, Germany) of which the bolt hit a custom-
made plate positioned on the mid third of the femur. To 
produce a reproducible and standardized fracture, prior to 
fracturing a 5-cm skin incision was made and a channel 
towards the femur was created. Fracture placement was 
confirmed by X-ray imaging.

To simulate the rescue time, animals were observed 
for 90 min after fracturing the femur. During that time, 
volume management was reduced,  O2 fraction was set to 
0.21 to simulate ambient air and warming of the animals 
was suspended.

Thereafter, resuscitation was started in accordance 
with established trauma guidelines [14]. After a resusci-
tation time of 60 min, the operative phase started, and 
fracture fixation was performed by the placement of an 
intramedullary nail. All procedures were accomplished 
by one experienced orthopedic surgeon and under sterile 
conditions. Before nail placement, intramedullary reaming 
was performed, and adequate nail placement and fracture 
reduction were again confirmed by control X-ray imaging.
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Sampling

For blood PMN analysis, we collected peripheral blood from 
a central venous at several time points. The first sample 
(baseline) was drawn directly after the induction of general 
anesthesia. Thereafter we draw blood 6 h after intramedul-
lary nailing and after 24, 48, and 72 h of observation.

Peripheral blood PMN isolation and flowcytometry 
analysis

Analysis was performed with whole blood samples col-
lected in a  Vacutainer® which was anticoagulated with 
Ethylenediaminetetraacetic acid (EDTA). An icecold iso-
tonic  NH4Cl-lysis buffer was utilized to lyse erythrocytes. 
Thereafter cells were washed with FACS-buffer (Dulbecco 
phosphate-buffered saline supplemented with 2% heat inac-
tivated fetal calf serum, 5 mM EDTA). Antibody mixes 
were added, and samples had to incubate in a dark room for 
45 min on 4 °C. After two wash steps with FACS, buffer 
cells were fixed by BD Cellfix (BD, Mountain View, CA, 
USA. All samples were analyzed within 8 h after collection 
using a FACS Canto II flowcytometer (BD, Mountain View, 
CA, USA). Data from individual experiments are depicted 
as fluorescence intensity as the mean fluorescence intensity 
(MFI) of at least 20,000 PMNs. PMNs were identified by 
specific forward- and sideward-scatter characteristics on 
 CD45+-cells after exclusion of doublets (Supplement 1). 
Additionally, FL-8 (unstained Pacific Blue/autofluorescent)-
positive cells were excluded. Sample processing and gating 
strategy have been validated before [15] and was further 
confirmed by pilot experiments including cell sorting experi-
ments and subtype-specific co-expression analysis (includ-
ing Swine Workshop Cluster (SWC)-8+/CD16).

Determination of PMN‑responsiveness to ex vivo 
LPS‑stimulation prior and after trauma

In a different set of experiments (N = 8) from our research 
group (TREAT-consortium/ethical approval: ZH138/2017), 
early PMN receptor expression alterations upon ex vivo whole 
blood stimulation with the bacterial component lipopolysac-
charide (LPS) was determined. A similar trauma model was 
utilized in these experiments as the initial model and the pro-
tocol is described in detail elsewhere [16]. For the ex vivo 
experiments, samples of monotrauma conditions (unilateral 
femur fracture + IMN) were obtained at baseline (BL) and 6 h 
after insult. Blood was collected using pyrogen-free heparin-
ized  Vacutainer®-tubes. Thereafter, whole blood was incu-
bated with 10ug/ml (LPS, Sigma, Escherichia coli O55:B5) 
for 60 min at 37 °C. Unstimulated samples were analyzed to 
verify the effect of the LPS-stimulation. After processing of 
samples (as previously described), the single cell solutions 

were analyzed by flow cytometry. PMN-responsiveness was 
defined as the difference in PMN-CD11b expression between 
unstimulated and stimulated conditions at different timepoints. 
Peak-PMN activation status was defined as the level of PMN-
CD11b expression upon ex vivo LPS-stimulation at different 
timepoints.

Monoclonal antibodies utilized to determine 
activation status of blood PMNs

For the analysis of PMN receptor expression by flow meas-
urements the following anti-pig antibodies were commer-
cially purchased: CD45 (clone K252.1E4, Abd Serotec, 
Kidlington, UK), SWC8 (clone MIL-1, AbD Serotec, 
Kidlington, UK), CD11b(RIII) (clone 2F4/11, AbD Serotec, 
Kidlington, UK), CD16 (clone G7, Abd Serotec, Kidling-
ton, UK), CD62L (clone produced by Laboratory for Trans-
lational Research, Utrecht) and CD32 (Clone AT10, AbD 
Serptec, Kidlington, UK).

Absolute cell counts

CountBright counting beads (Invitrogen, Waltham, Mas-
sachusetts, USA) were utilized to calculate absolute cell 
numbers.

Statistical analysis

Pooled data from individual experiments were described by 
mean and standard deviation (SD) or by median and inter-
quartile range (IQR). For comparisons, a Students T test, 
Paired-Samples T tests or Mann Whitney U test were used as 
appropriate. Furthermore, changes over time were analyzed 
using repeated measurement analysis by the non-parametric 
hypothesis Wilcoxon signed-rank test. A P value < 0.05 is 
considered statistically significant. Data were analyzed using 
software programs SPSS version 17.0 (SPSS Inc., Chicago, 
IL, USA) and GraphPad Prism (GraphPad Software Inc., La 
Jolla, CA, USA).

Results

All experimental animals survived the 72 h observation 
period. Furthermore, a mid-shaft fracture and adequate frac-
ture fixation was confirmed by macroscopic analysis after 
termination in all intervention animals. No complications 
were diagnosed during the observation period.

Absolute PMN‑numbers in peripheral blood 
over time

No statistically significant differences in circulatory PMN 
numbers were found between groups prior, and immediately 
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after intervention [control 10.5 (IQR 4.8–15.0) ×  106 cells/ml 
vs. FF + IMN 10.3 (IQR 7.4–12.7) ×  106 cells/ml, P = 1.00]. 
In addition, no differences between the groups were pre-
sent 6 h after the intervention-timepoint [control 13.6 (IQR: 
8.4–18.1) ×  106 PMNs/ml and fracture + IMN 16.3 (IQR 
6.4–25.1) ×  106 cells/ml, P = 0.73]. Thereafter a gradual and 
statistically significant decrease in circulatory PMN numbers 
was seen in both groups (P < 0.01). After 3 days of observa-
tion polymorphonuclear leukopenia was seen in both groups, 
however PMN counts did not differ between control [3.0 
(IQR 2.1–5.7) ×  106 cells/ml] and FF + IMN-conditions [2.0 
(IQR1.6–2.2) ×  106 cells/ml, P = 0.11]. Circulatory PMN 
numbers are shown in Fig. 1a.

As displayed in Fig.  1b, under homeostatic condi-
tions. No statistical differences were seen between con-
trol and intervention-groups, with respectively 58.9 (IQR 
33.0–62.1)% blood white blood cells (WBCs) were iden-
tified as PMNs and 57.3 (IQR 44.8–58.0)% PMNs/WBCs 
(P = 0.69). After intervention, the percentage of circulatory 

PMNs/all leukocytes peaked in both control (P = 0.03) and 
the FF + IMN (P = 0.008) groups. No differences between 
groups were seen at this timepoint. Thereafter, the percent-
age of circulatory PMNs dropped in both study groups. At 
2 days of observation, lowest circulatory PMN percentages 
were encountered and again, percentages between con-
trol [24.0 (IQR 23.2–44.0)%] and FF + IMN [25.0 (IQR 
17.6–25.9)%] conditions did not differ significantly.

Membrane receptor expression of Mac‑1 (CD11b) 
and L‑selectin (CD62L) on circulatory PMNs 
over time

Figure  2a displays alterations in membrane receptor 
expression of CD11b on circulatory PMNs over time. 
Significantly increased blood PMN surface expression of 
CD11b was found in animals exposed to FF + IMN com-
pared with control conditions. Upon intramedullary femo-
ral nailing, expression levels of CD11b on blood PMNs 

Fig. 1  a Absolute neutrophil 
numbers in peripheral blood 
over time. b Alterations in per-
centages of PMNs/leukocytes in 
circulation
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increased significantly during the first day and peaked at 
24 h of observation. Thereafter, PMN-CD11b decreased 
gradually over time and returned to baseline values within 
3 days after insult. In contrast, cell surface CD11b expres-
sion on circulatory PMNs in control animals did not 
change significantly over time.

After 1 day of observation, CD11b expression levels on 
blood PMNs were twice as high in intervention animals as 
in control conditions (P = 0.016).

A non-significant trend of gradual increasing L-selec-
tin cell surface expression on circulatory PMNs over time 
occurred in both control and IMN groups, however no 
statistical differences between groups were found at any 
timepoint (Fig. 2b).

Membrane receptor expression of Fcγ‑receptors 
on blood PMNs.

Blood PMN-CD16 (FcγIII) expression significantly 
increased 2 and 3  days after trauma (FF + IMN-group) 
(P = 0.016 and P = 0.032, respectively), whereas PMN-CD16 
expression in the control group was found to be unaltered 
over time. During the course of the experiment, cell surface 
expression levels of CD32 (FcγII) on circulatory PMNs did 
not differ significantly between control and intervention 
groups. Fcγ-receptor changes over time are shown in Fig. 3.

PMN‑responsiveness to ex vivo lipopolysaccharide 
stimulation at baseline and after insult

No statistically significant differences were seen between 
unstimulated conditions. PMN-responsiveness was 

Fig. 2  a Circulatory neutrophil 
Mac-1 expression changes 
over time. Receptor expres-
sion on neutrophils over time. 
*P < 0.05. b Circulatory neu-
trophil L-Selectin expression 
alterations over time. Recep-
tor expression on neutrophils 
over time. Data in mean (SD). 
*P < 0.05, control vs. isolated 
femur fracture and IMN
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preserved over time as ex vivo LPS-stimulation evoked a 
statistically significant increase of PMN-CD11b expres-
sion after stimulation both at baseline (mean ± SD increase 
of CD11b-MFI 127.5 ± 107.6%, P = 0.002) and 6 h after 
insult (mean ± SD increase of CD11b-MFI 130.7 ± 71.1%, 
P = 0.0002). Moreover, peak-PMN activation status, 
reflected by the amplitude of PMN-CD11b expression after 
ex vivo LPS-stimulation was significantly higher after insult 
than at baseline (with a mean ± SD difference of CD11b-
MFI 21.0 ± 19.2%, P = 0.03). Results of ex vivo LPS-stimu-
lation of peripheral blood samples at baseline and after insult 
are displayed in Fig. 4.

Discussion

Orthopedic trauma and intramedullary nailing are associ-
ated with increased incidences of inflammatory complica-
tions [1]. Polymorphonuclear leukocytes are believed to 

play an important role in the development of these com-
plications after trauma. Clinical trauma studies, however, 
lack standardization due to (i) heterogeneous insult con-
dition types and severity, (ii) suboptimal timing of sam-
pling/procedures, (iii) variation in patient characteristics 
(genetic background, co-morbidities, physiology, age, gen-
der, medication). Therefore, the current standardized large 
animal long-term observation study was executed, and the 
results may be summarized as follows:

1. General anesthesia and mechanical ventilation in pigs in 
a controlled context is associated with changes in circu-
latory PMN numbers and cell surface receptor dynamics 
over time.

2. Standardized experimental femur fracturing and sub-
sequent intramedullary nailing evoke a more intensi-
fied systemic PMN response which is characterized by 
increased early activation status of circulatory PMNs, 

Fig. 3  a Circulatory neutrophil 
FcyRIII expression altera-
tions over time. b Circulatory 
neutrophil FcyRII expression 
alterations over time. Recep-
tor expression on neutrophils 
over time. Data in mean (SD). 
*P < 0.05, isolated femur frac-
ture and IMN vs. control
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rather than altered circulatory PMN counts or early 
impaired PMN-responsiveness.

This indicates that a unilateral femur fracture and sub-
sequent intramedullary femoral nailing should be consid-
ered as a substantial trigger for the innate cellular immune 
system.

In addition, we previously managed to demonstrate with 
this porcine monotrauma model that, compared with con-
trol conditions, IMN of an isolated femur fracture is associ-
ated with increased pulmonary PMN occurrence after 72 h 
[9]. This indicates that early alterations of circulatory PMN 
activation status (current study) precede pulmonary innate 
immune cell accumulation [9]. It is tempting to speculate 
that monitoring of circulatory PMN alterations could assist 
in the prediction of remote organ inflammation.

Post-insult variations in circulatory PMN numbers over 
time in our study mimic both clinical and experimental 
findings [17–19]. Furthermore, in line with a rodent trauma 
study, we found altered circulatory PMN presence over time 
in both the control (A/MV) and intervention study groups. 
This suggests that general anesthesia and mechanical venti-
lation shape circulatory PMN kinetics and that the additional 
impact of trauma/surgery on changes in circulatory PMN 
presence is limited [20]. Despite the presumed limited addi-
tional impact of a unilateral fracture and subsequent fracture 
fixation on circulatory PMN numbers, the current study does 
reveal that cell surface expression profiles of relevant recep-
tors are largely affected by this trigger (FF + IMN). This 
makes it tempting to hypothesize that the interplay between 

(i) trauma anesthesia/mechanical ventilation settings and 
(ii) fracture (fixation standards) dictates the innate immune 
response in these trauma patients. All these factors and their 
interplay should therefore be considered as potential targets 
for immune modulation and this requires further study.

Nowadays, cell surface receptor expression, in contrast to 
immune cell functionality, can easily be determined by mod-
ern automatized flow systems [21]. Determination of these 
parameters in a controlled setting is of great relevance and 
may form the basis for future routine diagnostic, prognostic 
and therapeutic investigations in the clinical setting. There-
fore the current study focusses on PMN activation status by 
studying well-established PMN markers with appropriately 
defined biological function [22], rather than ex vivo charac-
terization of PMN functionality.

CD11b is a well-established activation marker and 
in vitro studies demonstrate that cell activation is associated 
with neutrophil-CD11b upregulation [23, 24]. Clinical stud-
ies on systemic inflammation further showed that circulatory 
neutrophil-CD11b expression rise upon insult [25–27]. Like 
the findings of the current study, Johansson et al. demon-
strated increased PMN-CD11b expression in burn patients 
[25] and others demonstrated an early rise of neutrophil-
CD11b cell surface expression in trauma patients [26]. In 
addition, a similar pattern of Mac-1 expression kinetics 
was seen by Botha et al. [27]. They showed that neutrophil-
CD11b expression levels in trauma patients peaked between 
6 and 18 h after admission [27]. In the current porcine exper-
iment, PMN-CD11b expression reached peak levels later, 
namely after 24 h. We believe that this discrepancy may 
mainly be due to differences in trauma load between both 
studies. Trauma victims in the study from Botha et al. had 
ISS scores over 20 [27], whereas our porcine trauma model 
represents a monotrauma model with an ISS of 9. This might 
imply that trauma severity is associated with PMN-integrin 
expression.

A study from Bathia et al. further found that PMN-CD11b 
expression started to decrease and return to homeostatic lev-
els, as late as 72 h after severe trauma [28]. A similar pattern 
of restoration was observed in our experimental study. Tim-
ing of definitive fracture fixation for orthopedic trauma is a 
topic of considerable debate. Operative intervention is an 
additional trigger for the immune system and thereby leads 
to an upsurge of the post-trauma inflammatory response 
[29]. As integrins are considered as essential receptors in 
PMN adhesion and migration processes, changes in circu-
latory PMN-CD11b expression may potentially be utilized 
to guide timing of definitive fracture fixation. Especially as 
homogeneous blood PMN-CD11b response was found in all 
previously mentioned trauma studies and our experimental 
data. This response entails peak PMN-Mac-1 expression lev-
els within the first 24 h and restoration to homeostatic levels 
within 72 h post-insult. Therefore, it is tempting to speculate 

Fig. 4  PMN-Mac 1 expression following ex  vivo LPS-stimulation 
prior and post instrumentation. Data in mean (SD). *P < 0.05, **P < 
0.01, ***P < 0.001
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that postponing IMN for the first 72 h in the critically ill is 
beneficial as integrin levels are allowed to normalize first, 
which is in line with clinical studies.

L-selectin plays an critical role in neutrophil transmigra-
tion as this receptor binds to its ligands on vascular endothe-
lium and thereby facilitates slowing down, or ‘rolling’ of 
neutrophils [30]. Neutrophil activation is typically charac-
terized by shedding of L-selectin [31] and higher trauma 
load is associated with more profound decreased neutrophil 
L-selectin expression [32]. In the current study, L-selectin 
expression on PMNs did not significantly change over time 
after insult. A similar observation was made in a study by 
Mommson et al. on patients undergoing elective surgery of 
the lower extremities [33] and in a cohort of burn patients 
[25]. Striking alterations in blood neutrophil L-selectin 
expression over time, however, have been shown in a study 
performed by Maekawa et  al. on more severely injured 
trauma patients [34]. These discrepancies might be partly 
explained by differences in trauma load and the intensity of 
the post-insult inflammatory response and are thereby in line 
with the observations from Seekamp et al. [32].

Fcγ-receptors are involved in activation of neutrophils 
as they bind to immunoglobins (IgG) either in aggregates 
or attached to pathogens. Binding induces phagocytosis or 
promotes oxidative burst [35]. Interestingly, expression of 
FcγIII (CD16) on blood PMNs increased over time in our 
model. This contradicts kinetics in burn injuries [25, 36] 
and polytrauma patients studied by White-Owen et al. in 
which overall PMN-CD16 expression dropped after trauma 
and remained decreased for more than 48 h [37]. We believe 
that our porcine monotrauma insult-condition did not cause 
an immune response that was intense enough to evoke 
the mobilization of novel subsets, and more specifically 
 CD16low- PMNs in mobilization [38, 39]. Consequently, 
altered blood PMN-pool constitution-related reduction of 
PMN-CD16 expression did not occur in our model. The par-
adoxical increase of PMN-CD16 expression in our trauma 
study might reflect a specific activation profile of the blood 
neutrophil pool as regulation of the PMN-CD16-receptor in 
trauma is affected by different processes including altered 
PMN-phenotype appearance, delayed apoptosis, potentially 
modified balance between receptor shedding/biosynthesis 
and mobilization of the PMNs´ internal pool of pre-formed 
CD16 [38–41]. However most likely an interplay between 
these mechanisms occurs and, in our view, PMN-CD16 
receptor dynamics upon trauma should be a focus of upcom-
ing studies.

Our findings regarding PMN-FcγII (CD32) expression 
changes are in accordance with a study from Visser et al. 
Both studies showed no evident alterations in PMN-CD32 
expression within the first 24 h after trauma [42].

The current study demonstrates that a more profound 
blood PMN-CD11b/CD16-response was found in the 

group subjected to orthopedic trauma/IMN than in ani-
mals exposed to anesthesia and mechanical ventilation 
only. Thereby our experimental study reveals that ortho-
pedic trauma and subsequent IMN elicit a specific pattern 
of enhanced PMN-CD11b/Mac-1 cell surface expression. 
This may be an important factor in the association between 
increased occurrence of inflammatory complications and 
intramedullary nailing in orthopedic trauma. It is tempt-
ing to speculate that IMN for long-bone fractures induces 
a specific systemic PMN activation profile due to increased 
release of DAMPs, local cytokines, pro-inflammatory bone 
particles or angiogenic/growth factors [5–7, 43, 44]. Upcom-
ing experimental studies should focus on the identification 
of involved pathways.

In contrast to studies on polytrauma [45, 46] we did not 
observe impaired PMN-responsiveness as LPS-induced 
upregulation of CD11b on PMNs was retained after con-
trolled monotrauma and fracture fixation. Interestingly, there 
even seems to be a trend towards intensified early PMN-
responsiveness upon trauma and subsequent nailing as peak-
PMN activation status, reflected by the amplitude of PMN-
CD11b expression after LPS-stimulation, is significantly 
greater after trauma than under homeostatic conditions. This 
phenomenon is in contrast with observations in polytrauma 
studies. As in these clinical investigations, impaired PMN-
responsiveness, and the occurrence of refractory neutrophils 
in circulation are linked with severe trauma and complicated 
courses. [45–47].

The specific impact of instrumentation on early PMN-
receptor alterations was studied as well. In short, additional 
samples were collected prior to fracture fixation and 2 h after 
fracture fixation. In line with Hietbrink et al. [26] no dif-
ferences in circulatory PMN-integrin/selectin/Fcγ- receptor 
expression were seen between pre- and post-instrumentation 
conditions. (Data are displayed in Supplementary file 2).

The current standardized porcine trauma model, and 
human trauma studies are (except for CD16-data) remarka-
bly similar regarding PMN receptor dynamics trends. Given 
these similarities, the current porcine trauma model is very 
suitable for proof-of-principle interventions with novel ther-
apeutic strategies for trauma. Integral translational effects 
are summarized in Supplementary file 3.

Limitations of this study include its sample size, however 
relevant effects reached statistical significance and, therefore, 
we conclude that there was no need to include/sacrifice more 
experimental animals. We further decided not to include addi-
tional study conditions without clinical importance or transla-
tional value. So, unconventional fracture fixation techniques 
for cardiopulmonary compensated monotrauma scenarios 
(such as external fixation/plating/splinting) or IMN without 
fracture induction were not investigated. Finally, as porcine 
immune cells, in contrast to rodent models [48], do allow for 
adequate analysis of the key Fcγ-receptor family, we decided 
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to focus with our antibody panel on these specific markers plus 
integrins and selectins, rather than adding antibodies aimed to 
investigate other circulatory immune cell populations.

In conclusion, the current standardized large-animal study dem-
onstrates that general anesthesia and mechanical ventilation in pigs 
is associated with changes in circulatory PMN numbers and activa-
tion status. Furthermore, an isolated femur fracture and intramed-
ullary nailing is associated with more intensified activation of cir-
culatory PMNs and preserved PMN-responsiveness. Indicating 
that monotrauma plus IMN should be considered as a substantial 
stimulus for the cellular immune system with a specific profile of 
enhanced circulatory PMN-integrin/FcγRIII-receptor expression. 
This mechanism may play an important role in the development 
of inflammatory complications upon IMN for long-bone fractures 
and requires further research. Moreover, analysis of early circula-
tory PMN receptor expression profiles may be useful to predict 
the intensity of the long-term post-insult immune response and 
may thereby be an interesting tool to guide therapy decisions in 
trauma patients.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00068- 021- 01703-2.
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