Immune modulation mimics damage control orthopaedics’ upregulation of anti-inflammatory miRNA-
21/23a/27a and miRNA-30b in the lung after polytrauma in pigs.

Von der Medizinischen Fakultét
der Rheinisch-Westfilischen Technischen Hochschule Aachen
zur Erlangung des akademischen Grades
einer Doktorin der Medizin
genehmigte Dissertation
vorgelegt von
Nikola Belinda Stella Dora Marie Freiin von Miinchhausen

aus

Frankfurt am Main

Berichter: Univ.-Prof. Dr. rer. nat. Elizabeth Rosado Balmayor

Prof. Dr. med. dent. Christian Apel

Tag der miindlichen Priifung: 21. September 2026

Diese Dissertation ist auf den Internetseiten der Universititsbibliothek online verfiigbar.



Publikationsverzeichnis

Teile der Dissertation wurden in der Publikation [Freiin von Miinchhausen, B., Groven, R.V.M., Peniche
Silva, C.J., Greven, J., Mert, U., Mollnes, T.E., Huber-Lang, M., Horst, K., Hildebrand, F., van
Griensven, M., Rosado Balmayor, E, Immune modulation mimics damage control orthopaedics’
upregulation of anti-inflammatory miRNA-21/23a/27a and miRNA-30b in the lung after polytrauma in
pigs, FEuropean Journal of Trauma and Emergency Surgery 51, 356 (2025),
https://doi.org/10.1007/s00068-025-03005-3] veroffentlicht.



Inhaltsverzeichnis

PublikationsverzeiCchmis ..o 2
PUBIRATION ...ttt ettt sttt ettt e bt e bt e s bt e sat e et e e teebeenbeenbeeas 4
ANANG ...t ettt ettt e e bt e et e e bte e e atee e bt e e enteesbeeennteesnbeeeenseenbeeens 18
Erkliarung § 5 Abs. 1 zur Datenaufbewahrung...................ccccoooiiiiniiiniii e, 18
Erklarung gemif § 5 Abs. (1) und (2), und § 11 Abs. (3) 12. der Promotionsordnung............ 19
Lebenslauf .. ... ..ottt ettt b e bt st et 20



European Journal of Trauma and Emergency Surgery (2025) 51:356
https://doi.org/10.1007/500068-025-03005-3

ORIGINAL ARTICLE ——

®

Check for
updates

Immune modulation mimics damage control orthopaedics’
upregulation of anti-inflammatory miRNA-21/23a/27a and miRNA-30b
in the lung after polytrauma in pigs

Belinda Freiin von Miinchhausen2® . Rald V. M. Groven®*® . Carlos J. Peniche Silva'® - Johannes Greven?
Umit Mert*@ . Tom Eirik Mollnes**® . Markus Huber-Lang®® - Klemens Horst*® . Frank Hildebrand?
Martijn van Griensven'® . Elizabeth R. Balmayor?

Received: 16 July 2025 / Accepted: 10 October 2025
© The Author(s) 2025

Abstract

Purpose Blunt chest trauma is common in polytraumatised patients and often leads to respiratory distress. Moreover, the
systemic inflammation resulting from the trauma itself, along with subsequent surgical interventions, further contributes to
pulmonary dysfunction. Therefore, modulating post-traumatic immune responses may offer potential benefits. MicroRNAs
may influence the activation and progression of regenerative responses following polytrauma and could serve as potential
modulators. This study investigates the expression of a selection of miRNAs with known involvement in pulmonary patholo-
gies relevant for the post-trauma setting, in a porcine polytrauma model comparing two surgical treatment groups and one
treatment group that additionally received a drug-based treatment based on combined inhibition of complement component
C5 and the Toll-like co-receptor CD14.

Methods The porcine polytrauma model consisted of blunt chest trauma, bilateral femur fractures, liver laceration, and
haemorrhagic shock. Four groups were defined: sham, early total care (ETC: n=8), damage control orthopaedics (DCO:
n=38), ETC with C5/CD14 inhibition (n=4). Animals were monitored and guideline-treated in an ICU setting for 72 h. After
sacrifice, lung samples were taken from the left lobe. MiRNAs were analysed by qPCR. Furthermore, Periodic Acid Schiff
staining and in situ hybridisation were performed.

Results MiRNAs associated with lung function, inflammation, and fibrosis were analysed. Compared to ETC, DCO resulted
in less inflammatory and fibrotic miRNA expression, consistent with histological findings showing more preserved alveoli,
less septal thickening, and fewer inflammatory cell infiltrations. The addition of C5/CD14 inhibitors to ETC further reduced
the expression of inflammatory and fibrotic microRNAs compared to both DCO and ETC and revealed a significant reduc-
tion in histopathological changes in the lung tissue.

Conclusion This study indicates that combined inhibition of C5 and CD14 effectively reduces posttraumatic histopathologi-
cal changes in lung tissue associated with less inflammatory and fibrotic miRNA expression, compared to both the DCO and
ETC groups.

Keywords Multiple trauma - MicroRNAs - ARDS - Complement inhibition - Early total care - Damage control
orthopaedics
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Background

Blunt chest trauma is among the most prevalent injuries in
polytraumatised patients, and accounts for 20 to 25% of all
trauma related deaths [1, 2]. The focused assessment of chest
trauma has therefore been a cornerstone of the Advanced
Trauma Life Support guidelines since their introduction,
dating back to 1978 [3]. In the polytraumatised patient,
chest trauma is a frequent severe injury contributing to a
certain degree of local but also systemic inflammation. On
top of that, patients often require surgery after polytrauma,
which further exacerbates and/or reactivates inflammatory
responses, a phenomenon commonly referred to as “’the sec-
ond hit” [4]. Potential subsequent post-traumatic (immune)
complications, such as acute respiratory distress syndrome
(ARDS) and the systemic inflammatory response syndrome
can be detrimental to patient recovery [5]. Regarding the
lungs, it is known that surgical invasiveness, and in particu-
lar intramedullary nailing of long bones, can contribute sig-
nificantly to the occurrence of pulmonary complications in
the early post-traumatic phase, like ARDS and pulmonary
fat embolisms [6]. These complications are partly respon-
sible for the high mortality rates associated with blunt chest
trauma and form the basis of various trauma management
protocols, such as Early Total Care (ETC) and Damage
Control Orthopaedics (DCO). The patient's immune status,
as represented by various standard physiological and bio-
chemical parameters, guides the timing and type of surgery
after trauma [7]. Although not implemented in the clinical
routine so far, therapeutic immune modulation after trauma
has therefore gained interest over the years to reduce or pre-
vent these complications. It may also lessen the effects of
early definitive fracture fixation, e.g. by intramedullary nail-
ing, and thereby facilitate its administration even to a more
critically ill patient population [8]. Of particular importance
is the regulation of the innate part of the immune system,
which is the main player in the early post-traumatic phase
[4].

Previous studies have already shown that blocking the
fluid phase part of the innate immune response, the com-
plement system, can help to improve both immune and
organ function after trauma and/or haemorrhagic shock as
shown when blocking the central complement component
C3 [8, 9]. Further downstream blockade, on the C5 level,
also revealed some organ-protective effects during systemic
inflammatory conditions [10—-14]. Moreover, complement
inhibition combined with a toll-like receptor blocker (e.g.,
by the C5 inhibitor and anti-CD14) has proven effective in
in vivo sepsis models, but research on its potential role in
trauma treatment is lacking [15, 16]. Adding such a drug
combination may prevent the onset of (immune) pulmonary
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complications after trauma and could allow for earlier defin-
itive fracture fixation (ETC).

At a biomolecular level, these (patho-)physiological
responses to trauma, surgery, and the C5/CD14 inhibition
are regulated by cellular communication and signalling,
which in great part depend on the expression of microR-
NAs (miRNAs). These small non-coding RNA molecules
regulate protein expression by interfering with messenger
RNA (mRNA) translation or enhancing promotor activity of
a specific gene [17]. Research has already shown that miR-
NAs are important in several pulmonary pathologies, such
as lung cancer, fibrosis, and chronic respiratory diseases
[18]. Furthermore, several studies have shown that specific
post-traumatic miRNA expression patterns in both injured
tissues and in the systemic circulation correlate with patient
specific parameters, trauma severity, and (organ specific)
complications [17].

Based on previous findings, we hypothesize that miR-
NAs play an important regulatory role in the occurrence of
pulmonary complications in the acute post-traumatic phase.
Unfortunately, research on the exact role of miRNAs in rela-
tion to pulmonary complications after polytrauma is scarce.
Furthermore, possible correlations of miRNA expression
with treatments, being those of drug or surgical nature, have
not been investigated.

In this study we aimed to investigate the expression of
a selection of miRNAs with known involvement in pulmo-
nary pathologies in the trauma setting, in a porcine poly-
trauma model comparing two surgical treatment methods
(i.e., ETC and DCO), as well as one separate ETC treatment
group receiving C5/CD14 inhibition (drug-based treat-
ment). In addition, we performed bioinformatic analyses
to predict mRNA targets of the deregulated miRNAs and
gained insights into the implicated biological processes and
pathways. Lasty, we investigated the tissue/cell distribution
and abundance of specific miRNAs in the pulmonary paren-
chyma by means of in situ hybridisation.

Methods
Animal ethics, care, and group allocation

The present data were gathered as part of a larger study
according to the principles of replacement, refinement,
and reduction of animal research [19]. The present study
was designed a priori. The German government’s Office
of Animal Care and Use (Landesamt fiir Natur, Umwelt
und Verbraucherschutz; LANUYV, Nordrhein-Westfalen,
Recklinghausen, Germany) approved the study under
permit number 81-02.04.2020.A215. All sections of this
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Table 1 Overview of premedication, anaesthesia, vasopressor therapy, and fluid and nutrition administration

(1 to 2 makgBW:; Fresenius SE & Co. KGaA, Homburg, Germany)

oh 24 h 48 h 72h
| Pre-medication | Maintenance medication, nutrition, fluid balance
A — —
(3 to 4 mg/kgBW, Stresnil, Janssen-Cilag, Neuss, Germany)
T, | —
(15 mgkgBW,; Ketanest, Pfizer, NY)
Propotol

Propofol
(5 to 10 mgxgBW/h; Fresenlus SE & Co. KGaA, Homburg, Germany)

Fentanyl
(1 pokgBWA; Panpharma GmbH, Trittau, Gérmany)
Midazolam

(0.03 to 0.2 mgkgBW/h; Panpharma GmbH, Trittau, Germany)

I

Ceftriaxone
(2 gr; Fresenius SE & Co. KGaA, Homburg, Germany)

X
X
X

Noradrenalin

(according (o target biood pressure; Cheplapharm GmbH, Greifswald, Germany)

Sterofundin

(2mikgBW/h; B. Braun AG, Melsungen, Germany)
Aminoven
(according to blood gas analysis; Fresenius SE & Co. KGaA, Homburg, Germany)

I

Blue arrows indicate a single dose for premedication, and a continuous infusion or perfusion for as long as the study duration, 72 h. Blue crosses
represent the single administration of an antibiotic. White arrow indicates vasopressor, which was given on demand based on the mean arterial

blood pressure

Table 2 Overview of the instrumentation prior to trauma induction

Catheter Manufacturer

Central venous catheter Teleflex Medical

Vena Jugularis externa, 4-lumen, 8.5 Fr GmbH, Fellbach,
Germany

Hemodialysis catheter Teleflex Medical

Vena Femoralis, 3-lumen, 12.0 Fr GmbH, Fellbach,
Germany

Arterial catheter Vygon GmbH & Co.

KG, Aachen, Germany

B. Braun AG, Melsun-
gen, Germany

Arteria Femoralis
Suprapubic urinary catheter
Mini-laparotomy, 12.0 Fr

manuscript have been written based on the ARRIVE guide-
lines for reporting animal research [20].

In total, 26 German Landrace pigs (male, Sus scrofa),
aged three months and with 35+5 kg of bodyweight, were
used for this study. A veterinarian clinically examined all
animals upon arrival at the animal facility. Animals were
housed in ventilated rooms for seven days before the start
of the study for acclimatization purposes. Animals were
randomly divided into either the control group or one
of the three treatment groups investigated in the study. A
sham group (n=6) served as control, and received identical
instrumentation, anaesthesia, mechanical ventilation, fluid
administration, and nutrition throughout the study. Out of
the three study groups, two included surgical treatments.
A total of 16 animals were equally divided into two surgi-
cal treatment groups of either ETC (n=8) or DCO (n=38).
The drug treated group received a combination of a C5
and a CD14 inhibitor at several timepoints after trauma, as
described in detail below, combined with the regular ETC
treatment (n=4).

Polytrauma induction and resuscitation

Animals were fasted for 12 hours (h) with ad libitum water
before instrumentation, drug administration, and trauma
application. Premedication, anaesthesia, fluid administra-
tion and nutrition, as well as instrumentation are described
in detail in Table 1 and Table 2, and it has been extensively
described elsewhere [19, 21].

After orotracheal intubation, mechanical, volume-
controlled ventilation was performed (8-12 ml/kgBW);
Positive End-Expiratory Pressure 8 mmHg (plateau pres-
sure<28 mmHg) adjusted by capnometry (pCO, of
3545 mmHg) (Draeger Evita 4, Draeger Safety AG & Co.
KGaA, Luebeck, Germany). The fraction of inspired oxy-
gen (FiO,) was kept at 0.21 throughout instrumentation,
trauma induction, and the subsequent shock phase to mimic
ambient air.

For all animals, body temperature, blood pressure
(including mean arterial pressure, MAP), heart and respi-
ratory rates, electrocardiogram recordings, and electrocar-
diogram-synchronized pulse oximetry were continuously
monitored. Throughout the study, the sham group received
identical instrumentation, anaesthesia, mechanical ventila-
tion, fluid administration, nutrition, and vasopressor ther-
apy, if required (Tables 1 and 2).

Trauma was induced after maintenance of stable base-
line parameters for at least 120 min. The animals were then
subjected to the standardized polytrauma (injury sever-
ity score=27), consisting of blunt chest trauma, bilateral
femur fractures, sharp abdominal trauma, and haemorrhagic
shock, as follows. The blunt chest trauma was induced by
firing a Blitz-Kerner bolt gun machine (Turbocut JOPP
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GmbH, Bad Neustadt an der Saale, Germany) with cattle
killing cartridges (9 x 17 mm; DynamitNobel AG, Troisdorf,
Germany) on a pair of steel and lead plates (8 and 10 mm,
respectively). The pair of steel and lead plates was placed
on the right dorsal, lower hemithorax, after which an inspi-
ratory hold upon full inspiration was performed. Immedi-
ately after establishment of the inspiratory hold, the bolt gun
machine was fired onto the plates. To induce the bilateral
femur fractures, the bolt gun was fired on a custom-made
punch located on the middle third of the femora. The liver
laceration was simulated by a midline laparotomy and trans-
verse incisions (4.5 x4.5 cm) halfway through the liver tis-
sue in the left lobe. After 30 s of uncontrolled bleeding, five
sterile 10 x 10 cm gauzes were used for hepatic packing. In
addition, blood was withdrawn in citrate phosphate dextrose
adenine blood bags (DONOpacks, Lmb Technologie GmbH,
Oberding, Germany) until the MAP reached 40+5 mmHg
(i.e., to a maximum of 45% of total blood volume) and fluid
administration was reduced to 0.1 ml/kgBW/h to keep the
infusion lines open for later use. No measures were taken to
prevent hypothermia. Similarly, no vasopressor therapy was
provided throughout the following 90 min shock phase to
mimic a real-life scenario.

Resuscitation was performed after 90 min and accord-
ing to the guideline on Treatment of Patients with Severe
and Multiple Injuries®, ATLS® and AWMF-S3 [22]. The
FiO, was adjusted to base values, the withdrawn blood was
re-infused (DONOpacks), and fluid administration was
resumed (Table 1). Avoidance of hypothermia was achieved
(porcine normothermia: 38.7-39.8°C) with a forced-air
warming system and blankets.

The animals were monitored and treated in a veteri-
nary intensive care unit for 72 h after trauma induction and
received antibiotic infusions (ceftriaxone) before surgery
and every subsequent 24 h for the duration of the study. Fur-
thermore, animals were turned every four to six hours to
prevent thrombosis and support the breathing mechanics of
the animals. Animals were sacrificed at 72 h.

Experimental treatments

After the shock phase (90 min), the animals were operatively
and medically stabilized. The eight pigs assigned to the ETC
group received an intramedullary nail (T2 System, Stryker
GmbH & Co. KG, Duisburg, Germany) for both femoral
fractures. The additional set of eight pigs allocated in the
DCO group received external fixators (Radiolucent Fixator,
Orthofix, Texas, USA) for both femur fractures. The third
experimental group consisting of four pigs received ETC
combined with the C5/CD14 inhibition therapy. The drugs
were administered intravenously to the animals at 30 min
after polytrauma induction. The C5 inhibitor, RA101295
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(2-kDa peptide; UCB, Brussels, Belgium) and the recom-
binant anti-porcine CD14 antibody rMil2 (clone MIL2;
isotype IgG2a; ExcellGene Sa, Monthey, Switzerland)
were used. A pilot animal was used to determine the effec-
tive dosage of the C5 and CD14 inhibition drugs in pigs.
For this, boluses of the inhibition drugs were given (i.c.,
3 mg/kgBW of C5 and 5 mg/kgBW of CD14) followed by a
continuous infusion of the C5 inhibitor at 0.55 mg/kgBW/h
until 64 h after trauma. The obtained results from the pilot
dosage finding experiment, reported in detail by Lupu et al.
[19] allowed us to set up the following drug treatment regi-
men for the following n=3 animals in the ETC+C5/CD14
group, 5 mg CS5 inhibitor drug per kgBW was administered
at 30 min after trauma, followed by a continuous infusion
of 1.1 mg/kgBW/h until 72 h after trauma. In addition, the
CD14 inhibition drug was administered using 5 mg/kgBW
at 30 min, 12 h, and 30 h after trauma. Thereafter, the dos-
age was reduced to 2.5 mg/kgBW and applied at 60 h after
trauma. The four animals were grouped together as there
was no variability in treatment effect between the first, pilot
evaluation animal and the other three animals.

Tissue sample harvest, RNA isolation, and cDNA
synthesis

After 72 h, the animals were sacrificed and lung samples
from all four groups, sham+3 experimental groups were
collected from the right upper lobe. Samples were snap fro-
zen in microcentrifuge tubes (Biotix, San Diego, CA, USA)
using liquid nitrogen and transferred to —80°C. Samples were
lysed in Trizol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) using a Qiagen Tissue Lyser LT (Qiagen, Venlo,
The Netherlands) for 5 min at 50 oscillations after which
the homogenate was either directly used for RNA isolation,
or stored at —80°C for later use. Chlorophorm phenol RNA
isolation was performed using GlycoBlue (Thermo Fisher
Scientific, Waltham, MA, USA) as co-precipitant accord-
ing to the manufacturer’s instructions. The RNA isolates
were analysed for quantity and purity using spectrophotom-
etry (Biodrop pLite+, Biochrom, Holliston, MA, USA).
Thresholds for A260/A230 (>1.7) and A260/A280 (>1.8)
ratios were used for RNA sample quality assessment. The
Monarch® RNA Cleanup Kit (New England Biolabs, Ips-
wich, MA, USA) was applied for RNA purification when
necessary. The miRCURY LNA RT Kit (Qiagen, Venlo, The
Netherlands) was used to transcribe 40 ng of template RNA
for each individual sample into cDNA following the manu-
facturer's instructions.



Immune modulation mimics damage control orthopaedics’ upregulation of anti-inflammatory...

Page 50f 14 356

miRNA expression

Twelve miRNAs, associated with pulmonary contusion and
inflammation, ARDS, and (blunt)chest trauma were selected
for study. The selected miRNAs were miR-19a-3p, —21-5p,
—23a-3p, —27a-3p, —30b-3p, —34a-5p, —126a-3p, —146a-3p,
—150-3p, —155-5p, —181a-5p, and —223-3p. The expression
of each of this miRNA was evaluated in lung tissue sam-
ples from individual each animal corresponding to all n=4
included groups. The miRNA expression was determined
using customized Qiagen (Qiagen, Venlo, The Netherlands)
miRCURY qPCR primer assays. A list containing the Gene
Globe identification numbers of the respective primers is
provided in the Dataverse repository (https://doi.org/10.348
94/TIWYZE). The miRNA expression levels were assessed
by the quantification cycle (C,) value using a CFX96 real-
time quantitative PCR system (Bio-Rad, Munich, Ger-
many). Two housekeeping genes, namely miR-103a-3p
and U6snRNA were tested. U6snRNA was selected based
on performance and obtained results. An upregulation was
represented by the fold regulation value as calculated by the
272AC method, while a downregulation was represented by
the negative inverse of the calculated 222, fold regulation
values of>1.5 or<—1.5 were considered significant.

mRNA target prediction

An extensive literature review was conducted to identify
mRNAs of interest related to (pulmonary) inflammation,
pulmonary contusion, endothelial dysfunction, and leuko-
cyte infiltration. Cellular signalling pathways involved in
survival, proliferation, and cellular communication, as well
as tissue remodelling were considered. The miRanda Target
Scanner algorithm version 3.3a (http://www.microrna.org)
was used to predict potential targets. This algorithm consid-
ers sequence complementarity based on positive-weighted
local alignment, which evaluates miRNA-mRNA sequence
matching, and free energy of the duplex structure to mea-
sure the stability. It also examines interspecies sequence
conservation. The predicted miRNA-mRNA interactions
were visualized using Cytoscape 3.10.0 (http://cytoscape.o

rg).
Function of predicted genes

Functional enrichment analyses (Gene Ontology; GO) were
performed on the predicted target genes using the ShinyGO
bioinformatic platform (ShinyGO 0.80; http://bioinforma
tics.sdstate.edu/go/). Significantly enriched GO terms sig
nify a biological process, cellular component, or molecu-
lar function in which a substantial proportion of the pre-
dicted mRNA targets is implicated. The enrichment score,

representing the degree of over-representation of a specific
GO term in the target gene set compared to the reference
set, was typically determined as the negative logarithm of
the corresponding false discovery rate (FDR; cut-off 0.05).

Periodic acid schiff (PAS) staining

Lung sections were stained following the IHC World stain-
ing protocol (IHC World LLC., Woodstock, NY, USA). In
short, the samples were deparaffinized, oxidized in 0.5%
periodic acid solution, and rinsed with distilled water. The
slides were placed in Schiff reagent for 15 min after which
they were rinsed in lukewarm water for 5 min. A counter-
stain with Mayer’s haematoxylin for 1 min was used, after
which the samples were washed with water for 5 min, dehy-
drated and mounted with Ultrakitt (J.T. Baker, Phillipsburg,
NJ, USA). Images were captured using a Fritz slide scanner
(Precipoint GmbH, Garnich, Germany).

In situ hybridisation of specific miRNAs

Based on the obtained miRNA expression results, in situ
hybridisation (ISH) was performed for the most up- and
downregulated miRNAs, i.e., of miR-30b-3p and —126a-3p,
respectively. The ISH experiments were executed in RNAse-
free conditions, according to the manufacturer’s protocols.
Lung tissue was embedded in paraffin, cooled to —5°C using
aEG1130 Cold Plate (Leica Biosystems, Wetzlar, Germany)
and sectioned 5—8 pum thick using a microtome (RM2035
BioCut, Leica Biosystems, Wetzlar, Germany). In situ
hybridisation was performed using Qiagen’s double-DIG
miRNA detection probes for miR-30b-3p and —126a-3p fol-
lowing the miRCURY LNA miRNA detection kit protocol
(Qiagen, Venlo, The Netherlands). A scramble probe and the
U6 snRNA detection probe were used as negative and posi-
tive control respectively.

In short, the samples were deparaffinized and rehydrated
using NeoClear-xylene substitute, descending serial dilu-
tions of ethanol, and nuclease-free water (Qiagen, Venlo,
The Netherlands). Subsequently, samples were incubated for
10 min at 37°C with proteinase K (SigmaAldrich, St. Louis,
MO, USA) in a Dako hybridizer (Dako Colorado, Inc., Fort
Collins, CO, USA). The slides were then washed twice with
sterile PBS (Thermo Fisher Scientific, Waltham, MA, USA)
after which they were incubated with the hybridisation mix
containing the detection probes or controls for 60 min at
55°C in the Dako hybridizer. The working concentration
used was 40 nM for the miRNA detection probes and the
scramble probe, and 1 nM for the LNA U6 snRNA detection
probe, as recommended by the manufacturer. After hybridi-
sation, the slides were thoroughly washed with 5X, 1X, and
0.2X SSC buffer (Thermo Fisher Scientific, Waltham, MA,
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USA) at 55°C. Blocking was carried out with 1% BSA (Sig-
maAldrich, St. Louis, MO, USA) solution for 15 min at room
temperature prior to a 1 h incubation with anti-DIG (dilution
1:800). The samples were washed with PBS and incubated
for 2 h at 30°C in a humidity chamber with freshly prepared
AP substrate. Afterwards, AP-stop solution was applied to
the samples followed by a counterstaining with fast red
(Merck, Darmstadt, Germany) for 4 min and then washed
for 10 s with a 1% acetic acid solution. Lastly, samples were
dehydrated in an increasingly concentrated ethanol series
before being mounted with UltraKit mounting media (J.T.
Baker, Leicestershire, UK). Images were captured using a
Fritz slide scanner (Precipoint GmbH, Garnich, Germany).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
version 9.1.1 (GraphPad Software, San Diego, CA, USA).
Data are reported as mean with standard deviation or stan-
dard error of the mean, as appropriate. Normality of the data
was assessed using the Shapiro—Wilk test, after which either
a one-way ANOVA or Kruskal-Wallis test was applied, fol-
lowed by Holm-Sidak's or Dunn’s post-hoc test for multiple
comparisons. In this study, a significance level of p<0.05
was considered statistically significant. Significant differ-
ences were displayed as * p<0.05, ** p<0.01, and ***
p<0.001.
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Fig. 1 MicroRNAs are differentially expressed among the three treat-
ment groups; Early Total Care (ETC), Damage Control Orthopaedics
(DCO), and ETC+C5/CD14 inhibition. Bar charts represent the mean
expression level from the specific miRNA, accompanied by the stan-
dard error of the mean. Gray dotted lines represent the fold regulation
threshold of <—1.5 or>1.5, below or above which a miRNA was con-
sidered significantly deregulated. Significant differences in expression
levels between groups are indicated as follows * p<0.05, ** p<0.01,
*#%p<0.001
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Results

One animal in the ETC group did not survive the full 72-h
observation period of the experiment. It experienced cardiac
arrest 60 h after trauma induction and did not respond to
immediate resuscitation. Consequently, the collected data
from this animal was excluded from the analysis, resulting
in n="7 animals included in the ETC group instead of the
planned n=8.

Establishing a miRNA signature of blunt chest
trauma

From the 12 evaluated miRNAs, miR-146a-3p, did not
show expression in any of the investigated groups. Among
the remaining 11 miRNAs, a common trend was observed
in which the fold regulation of the ETC group was consis-
tently the lowest, followed by that of the ETC+C5/CD14
inhibition group, and superseded by that of the DCO group
(Fig. 1).

Eight out of the 11 detected miRNAs were significantly
downregulated in the ETC group, while in the DCO group
four of 11 resulted significantly upregulated. The most evi-
dent downregulations in the ETC group were miR-126a-3p
and miR-223-3p with fold regulation values of =3 and —2.9,
respectively. In the DCO group, miR-23a-3p and miR-
30b-3p were most upregulated with fold regulation values
of 1.9 and 2.0, respectively. Additional treatment with C5/
CD14 inhibition drug to the animals that received ETC did
not result in significant miRNA deregulation. However, the
C5/CD14 inhibition drugs normalized miRNA expression
to that of the sham group, as shown by the fold regulation
values ranging between —0.3 to 0.2.

mRNA target predictions

In total, 105 targets were identified for the 11 miRNAs that
were confirmed as aberrantly regulated (Fig. 2). These tar-
gets were mainly involved in (post-traumatic) inflamma-
tion, such as a variety of toll-like receptors and pro- and
anti-inflammatory cytokines; the recruitment and activation
of immune cells, such as CD-3, —4, and —86; the coagula-
tion and complement cascades, such as von Willebrand fac-
tor, protein C and various complement factors; and finally,
tissue regeneration, such as fibroblast growth factor receptor
2 and platelet-derived growth factor. Multiple targets related
to different aspects of blunt chest trauma overlapped among
the different miRNAs. For example, miR-30b-3p, —34a-
5p, —150-3p, and —181a-5p showed most miRNA-mRNA
interaction matches in terms of inflammation. Furthermore,
miR-181a-5p, —30b-3p, and —34a-5p showed the most
mRNA interactions concerning the coagulation cascade,
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Fig. 2 mRNA target prediction results for each miRNA detected in the lung tissue of polytraumatised pigs. Schematic representation generated
with Cytoscape. MiRNAs are depicted in grey ovals, surrounded by their predicted mRNA targets
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and miR-150-3p, —27a-3p, and —30b-3p were most involved
in the complement system.

Bioinformatic analyses

Functional enrichment analyses (GO) were conducted to
examine the biological significance of the predicted mRNA
targets regarding the polytrauma model and the treatment
groups. Most significantly enriched terms for each of the
three GO categories (i.e., biological process, cellular com-
ponent, and molecular function) are depicted in Fig. 3.
The immune response after trauma was highly represented
among the enriched biological process terms (Fig. 3A).
Also, the cellular component terms showed several links
to the trauma and treatment, such as the membrane attack
complex, extracellular matrix, and several plasma mem-
brane components (Fig. 3B). Lastly, the enriched molecu-
lar function terms mainly focused on cytokine activity and
binding, and ubiquitin-like protein ligase binding (Fig. 3C).

Fig. 3 Functional enrichment

Lung tissue structure and components as
determined by PAS staining

Tissue sections from the sham group consisted of well-
defined, evenly distributed, and unobstructed alveoli with
thin and delicate septa. Bronchiole branches were visible,
accompanied by vasculature, and peribronchial connective
tissue was homogeneously distributed with little to no leu-
kocyte infiltrations. Physiological PAS-positive layers could
be identified on the insides of alveoli and beneath epithelial
and endothelial bronchiole layers, indicative of surfactant
and basement membrane components (Fig. 4).

In the ETC group, the parenchyma showed marked histo-
logical changes compared to the sham group. In fact, in the
ETC tissue sections, only a few alveoli, bronchioles, and
vessels were visible due to excessive inflammation, as seen
by the large congestions and infiltrations with inflammatory
cells, as well as the formation of hyaline membranes. Dif-
fuse PAS-positive areas were identified in ETC samples,

analyses of the predicted mRNA
targets. Only miRNA with signifi-
cantly deregulation in lung tissue
where considered. Significantly
enriched gene ontology terms

are listed in three categories: (A)
biological process, (B) cellular
component, and (C) molecular
function (ranked by -log,,(FDR))
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Fig. 4 Periodic Acid Schiff (PAS) staining of the
investigated groups, i.e., sham, Early Total Care
(ETC), Damage Control Orthopaedics (DCO),
and combined ETC+C5/CD14 inhibition drugs.
Each row depicts two different magnifications per
respective treatment group
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reflecting great quantities of mucin and inflammatory cell
secretions, such as glycoproteins, which are critical for tis-
sue repair.

In samples from the DCO group, alveolar, bronchial,
and vascular structures delineated in a sharper manner as
compared to the ETC group. Also, inflammatory cell infil-
trations and interstitial edema were observed, albeit to a
lesser degree and more focal in nature as compared to the
ETC group. PAS-positive structures were limited to thick-
ened linings in the alveoli and bronchioles, representing

12

increased mucus production. Tissue sections corresponding
to the combined therapy group (i.e., ETC+C5/CD14 inhibi-
tion drug) showed more diffuse infiltrations of granulocytes
and macrophages than those of the DCO group, but less
than the ETC group, consistent with the qPCR results. The
same applied to the alveoli, bronchioles, and vasculature,
which were still largely visible, although the alveolar septa
were thickened by interstitial edema and the formation of
hyaline membranes. Although to a lesser extent than in the
ETC group, the perivascular space and bronchioles stained
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positive for PAS, indicating increased vascular permeability
and excess mucus production, respectively.

miRNA tissue localisation by ISH

The expression of miR-30b-3p and miR-126a-3p in lung
tissue was confirmed with ISH, as depicted in Fig. 5. miR-
30b-3p exhibited a higher abundance compared to miR-
126a-3p, consistent with the qPCR findings, which indicated
that miR-30b-3p was the most upregulated, whereas
miR-126a-3p was the most downregulated. Regarding
the tissue and cellular distribution of these miRNAs, both
similarities and distinct differences were observed. In all
treatment groups, both miRNAs displayed similar tissue
distributions within the alveoli, with increased localisation
around alveolar epithelial cell types —1 and —2. Addition-
ally, both miRNAs were enriched near inflammatory cells;
however, miR-30b-3p was predominantly associated with
granulocytes, whereas miR-126a-3p was primarily local-
ized near macrophages. Distinct expression patterns were
noted in other lung structures. miR-30b-3p exhibited strong
localisation along the inner lining of the bronchioles but
was scarcely detectable in the surrounding vasculature. In
contrast, miR-126a-3p was highly expressed in the vascu-
lar endothelium but absent in the respiratory epithelium of
the bronchioles. These expression patterns corroborate the
qPCR results and highlight the cell type-specific upregula-
tion of distinct miRNAs following blunt chest trauma.

Discussion

Surgical invasiveness is a well-known contributor to pulmo-
nary complications in polytrauma patients [23], particularly
during the early post-traumatic phase. In such cases, these
respiratory complications have been shown to directly cor-
relate with increased mortality rates [5]. The present study
investigated the expression of 12 miRNAs with known asso-
ciation to pulmonary contusion and inflammation, ARDS,
and (blunt) chest trauma in a polytrauma model in pigs. The
detected miRNA expression was correlated with two differ-
ent surgical treatment strategies and a novel immune-mod-
ulating drug-based therapy. Relevantly, the porcine model
used in this study is highly translational, exhibiting a poly-
trauma scenario that closely mimics the in-patient situation
[24].

We found that miR-21-5p, —23a-3p, —27a-3p, —30b-
3p, —126a-3p, —150-3p, —155-5p, —181a-5p, and —223-3p
were significantly deregulated in lungs of the polytrauma-
tised animals; their expression specifically correlated to the
treatment administered. Reduced surgical invasiveness led
to a significant upregulation of anti-inflammatory miRNAs
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in the DCO group, such as miR-21-5p, —23a-3p, —27a-3p,
and —30b-30, all of which exhibit relevant functions in pul-
monary inflammation. MiR-21-5p, for example, is an anti-
inflammatory miRNA whose downstream impact lies in the
suppression of pro-inflammatory factors, such as tumour
necrosis factor but also Toll-like receptor signalling [25].
This miRNA is also known to stimulate the expression of
IL-10, a potent anti-inflammatory mediator, as well as pro-
moting the polarization of macrophages from the M1- to the
M2-phenotype [25]. Both, miR-23a-3p and —27a-3p, have
been investigated in murine lung injury models, where it
was shown that overexpression of these miRNAs attenuate
parenchymal apoptosis and reduce the expression of pro-
inflammatory cytokines [26, 27]. Relevantly, the upregula-
tion of miR-30b-3p in the plasma from critically ill septic
patients is a known predictor for survival [28]. This indi-
cates its involvement in systemic inflammatory complica-
tions and warrants further research in the fields of blunt
chest trauma and polytrauma.

Our histology and in situ hybridisation results confirmed
the miRNA expression findings. It was shown that reduced
surgical invasiveness led to the preservation of pulmonary
parenchyma. Taken together, these results also match clini-
cal observations in which immune status has proven to be a
major factor in clearing patients for definitive fracture sur-
gery [29].

Other two miRNAs, miR-126a-3p and —223-3p, were sig-
nificantly downregulated in the ETC group, without show-
ing significant deregulations in the DCO group. Research
has shown several links between miR-126a-3p and pulmo-
nary pathologies, both acute and chronic, but its function is
not yet fully understood. For example, studies on (chronic)
respiratory diseases have shown the pro-inflammatory roles
of miR-126a-3p. Whereas, a protective role of systemically
applied miR-126a-3p mimics on pulmonary function has
been demonstrated in a murine model of multiple organ dys-
function [30, 31]. In a different study, Shou et al. showed
that the overexpression of miR-126a-3p in vitro supported
macrophage polarization from M1- to M2-phenotype [32].
These results are in line with those of our ISH experiments,
where miR-126a-3p showed the most abundance in the vas-
cular endothelium and around macrophages. Interestingly,
miR-223-3p showed a similar expression pattern to that of
miR-126a-3p. Both miRNAs have been proposed as bio-
markers in several pathologies, including thrombotic risks
in myocardial infarction patients [33]. They are both present
in platelets in human blood, and the ratio of their expression
values can be used to predict endpoints in cardiovascular
events [33]. The biological activity of these two miRNAs
seems to be also interrelated during impaired respiratory
events. MiR-223-3p has shown protective effects on pulmo-
nary inflammation in both in vitro and in vivo studies. First,
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Fig. 5 In situ hybridisation of miR-30b-3p and miR-126a-3p for all combined ETC+C5/CD14 inhibition drugs. Dark blue=miR-30b-3p,
the investigated groups, i.e., sham (including the scramble control), purple=miR-126a-3p, red=counterstaining with fast red
Early Total Care (ETC), Damage Control Orthopaedics (DCO), and
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by inhibiting several cellular signalling pathways which
are key for inflammation, such as the nuclear factor kappa
beta and the nucleotide-binding domain, leucine-rich—con-
taining family, pyrin domain—containing-3 inflammasome
pathways. Second, and similarly to miR-126a-3p, it actively
promotes the polarization of macrophages to the M2-phe-
notype [34]. The reduced expression of this miRNA may
therefore be disadvantageous in the acute post-traumatic
phase. However, research in ARDS patients has shown that
serum expression levels of miR-223-3p increase signifi-
cantly between days three and seven of hospitalization, sug-
gesting that the 72 h time of observation after polytrauma
in our study may be too early to expect a physiological
increase in the expression of this miRNA [35]. Increasing
the expression of this miRNA over time, either physiologi-
cally or therapeutically, may therefore be beneficial given
its multifactorial effect on pulmonary inflammation and
regeneration [36].

Overall, the C5/CD14 inhibition drug-based therapy con-
sistently alleviated the effect of enhanced surgical invasive-
ness in the ETC group as seen from the expression profiles of
all detected miRNAs. These results show that the systemic
application of this immune-modulating therapy as a novel
drug-based approach in the management of polytrauma
may be beneficial, influencing local tissue responses after
trauma. Our results also demonstrated that the drug success-
fully addresses relevant target organs. Relevantly, the C5/
CD14 inhibition in the ETC group led to miRNA expres-
sion levels that were similar to those of the DCO group.
Hence, immune modulation, e.g. by C5/CD14 inhibition,
may allow for the application of earlier definitive fracture
fixation in severely traumatized patients.

Albeit the relevant translational aspect of the porcine
polytrauma model used here, this study presents several
limitations. The model features a fixed endpoint of 72 h after
trauma, thereby excluding possible investigation of miRNA
expression kinetics over time. In addition, a small group
size was used in the drug-based therapy group. However,
the data obtained was revealing and reproducible, guaranty-
ing further investigations into the benefits of this drug asso-
ciated with respiratory performance in polytrauma settings.
Lastly, the present model encompasses several components
that can contribute to the development of trauma-induced
coagulopathy, including major tissue trauma, haemorrhagic
shock, subsequent transfusion, and prolonged immobili-
zation. Research from our own group has already shown
that increased surgical invasiveness does enhance trauma
induced coagulopathy, while the applied drug-based therapy
has shown to reduce the thrombo-inflammatory response at
the 72 h timepoint [19, 37]. However, future pre-clinical
models could entail monitoring of the coagulation system

@ Springer

15

over time to gain more insights into the potential risks of
thromboembolic events.

Conclusion

In this study, the expression of miRNAs with a known rela-
tion to respiratory function was demonstrated in lung tissue
from polytraumatised pigs. The involvement of miR-21-5p,
—23a-3p, —27a-3p, —30b-3p, —126a-3p, —150-3p, —155-5p,
—181a-5p, and —223-3p in (patho)physiological responses
after blunt chest trauma was demonstrated. Our data indi-
cated that a correlation exists between the expression of
these miRNAs in lung tissue with the surgical invasiveness
used for fracture stabilization. External fixation resulted in
significant upregulations of various anti-inflammatory and
tissue regenerative miRNAs in the lung tissue, while intra-
medullary nailing caused opposing expression dynamics. It
was shown that C5/CD14 inhibition drug therapy is benefi-
cial in reducing the risk of pulmonary complications after
polytrauma and subsequent surgery. The combination of the
C5/CD14 inhibiting drug and the ETC surgical treatment,
mitigated the known negative effects of the surgical inva-
siveness in ETC. Besides regulation of aberrantly expressed
miRNAs, the preservation of functional pulmonary paren-
chyma was shown for this combinatory approach.

In short, this study showed that miRNAs play a vibrant
role in chest trauma and that the use of an immune-suppres-
sive therapy may allow for earlier definitive fracture fixation
with a better overall outcome. Further research on the long-
term effects of immune-modulating therapies in the early
post-traumatic phase is required before clinical translation
to improve the post-trauma course and outcome.

Acknowledgements Belinda Freiin von Miinchhausen thanks the
ERASMUS+ programme for her internship. The work described here
was supported by the German Research Foundation (DFG, Deutsche
Forschungsgemeinschaft), project number 429837092 and by the
Province of Limburg, Limburg Invests in its Knowledge Economy
(LINK).

Author contributions BFvM wrote the initial draft. BFvM and CJPS
performed the laboratory analyses and BFvM did the calculations and
first interpretation. RVMG, JG, UM, KH performed the porcine experi-
ments, TEM provided the drugs, MHL, FH, MvG, and ERB supervised
the study, MvG provided the idea for the study, RVGM performed a
first revision of the draft, MvG and ERB substantially revised the draft
until the final draft, all authors checked and approved the final draft.

Funding Open Access funding enabled and organized by Projekt
DEAL. Belinda Freiin von Miinchhausen received a stipend from the
ERASMUS +programme for her internship at the department cBITE in
MERLN at Maastricht University. Markus Huber-Lang and Frank Hil-
debrand were supported by the German Research Foundation (DFG,
Deutsche Forschungsgemeinschaft), project number 429837092. Mar-
tijn van Griensven and Carlos Julio Peniche Silva were supported by
the Province of Limburg in the scope of the program “Limburg Invests



Immune modulation mimics damage control orthopaedics’ upregulation of anti-inflammatory...

Page 13 0of 14 356

in its Knowledge Economy (LINK)”.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Stolberg-Stolberg J, Katthagen JC, Hillemeyer T, Wiebe K,
Koeppe J, Raschke MJ. Blunt chest trauma in polytraumatized
patients: predictive factors for urgent thoracotomy. J Clin Med.
2021;10(17):3843. https://doi.org/10.3390/jcm10173843.

2. Veysi VT, Nikolaou VS, Paliobeis C, Efstathopoulos N, Gian-
noudis PV. Prevalence of chest trauma, associated injuries
and mortality: a level i trauma centre experience. Int Orthop.
2009;33(5):1425-33.  https://doi.org/10.1007/s00264-009-0746
-9.

3. Sereide K. Three decades (1978-2008) of advanced trauma life
support (ATLS™) practice revised and evidence revisited. Scand
J Trauma Resusc Emerg Med. 2008;16(1):19. https://doi.org/10.1
186/1757-7241-16-19.

4. Huber-Lang M, Lambris JD, Ward PA. Innate immune responses
to trauma. Nat Immunol. 2018;19(4):327—41. https://doi.org/10.1
038/s41590-018-0064-8.

5. Pape HC, Moore EE, McKinley T, Sauaia A. Pathophysiology in
patients with polytrauma. Injury. 2022;53(7):2400—12. https://doi
.org/10.1016/j.injury.2022.04.009.

6. Force* TADT. Acute respiratory distress syndrome: the berlin
definition. JAMA. 2012;307(23):2526-33. https://doi.org/10.100
1/jama.2012.5669.

7. Pape HC, Pfeifer R. Safe definitive orthopaedic surgery (SDS):
repeated assessment for tapered application of early definitive
care and damage control?: an inclusive view of recent advances
in polytrauma management. Injury. 2015;46(1):1-3. https://doi.or
2/10.1016/j.injury.2014.12.001.

8. Karasu E, Nilsson B, Kohl J, Lambris JD, Huber-Lang M. Tar-
geting complement pathways in polytrauma- and sepsis-induced
multiple-organ dysfunction. Front Immunol. 2019;10:543. https:/
/doi.org/10.3389/fimmu.2019.00543.

9. van Griensven M, Ricklin D, Denk S, et al. Protective effects

of the complement inhibitor compstatin CP40 in hemorrhagic

shock. Shock. 2019;51(1):78-87. https://doi.org/10.1097/SHK.0

000000000001127.

Ricklin D, Reis ES, Mastellos DC, Gros P, Lambris JD. Comple-

ment component C3 - the “Swiss Army Knife” of innate immunity

16

11.

12.

14.

17.

18.

19.

20.

21.

22.

23.

24.

25.

and host defense. Immunol Rev. 2016;274(1):33-58. https://doi.o
rg/10.1111/imr.12500.

Barratt-Due A, Thorgersen EB, Egge K, et al. Combined inhibi-
tion of complement (C5) and CD14 markedly attenuates inflam-
mation, thrombogenicity, and hemodynamic changes in porcine
sepsis. J Immunol. 2013;191(2):819-27. https://doi.org/10.4049
/jimmunol.1201909.

Huber-Lang M, Barratt-Due A, Pischke SE, et al. Double block-
ade of CD14 and complement C5 abolishes the cytokine storm
and improves morbidity and survival in polymicrobial sepsis in
mice. J Immunol. 2014;192(11):5324-31. https://doi.org/10.404
9/jimmunol.1400341.

Gustavsen A, Nymo S, Landsem A. Combined inhibition of com-
plement and CD14 attenuates bacteria-induced inflammation in
human whole blood more efficiently than antagonizing the Toll-
like receptor 4-MD2 complex. J Infect Dis. 2016;214(1):140-50.
https://doi.org/10.1093/infdis/jiw100.

Egge KH, Thorgersen EB, Lindstad JK, et al. Post chal-
lenge inhibition of C3 and CD14 attenuates Escherichia coli-
induced inflammation in human whole blood. Innate Immun.
2014;20(1):68-77. https://doi.org/10.1177/1753425913482993.
Barratt-Due A, Pischke SE, Nilsson PH, Espevik T, Mollnes
TE. Dual inhibition of complement and Toll-like receptors
as a novel approach to treat inflammatory diseases-C3 or C5
emerge together with CD14 as promising targets. J Leukoc Biol.
2017;101(1):193-204. https://doi.org/10.1189/j1b.3VMR0316-13
2R.

Skjeflo EW, Sagatun C, Dybwik K, et al. Combined inhibition of
complement and CD14 improved outcome in porcine polymicro-
bial sepsis. Crit Care. 2015;19:415. https://doi.org/10.1186/s1305
4-015-1129-9.

O’Brien J, Hayder H, Zayed Y, Peng C. Overview of microRNA
biogenesis, mechanisms of actions, and circulation. Front Endo-
crinol. 2018;9:402. https://doi.org/10.3389/fendo.2018.00402.
Dutta RK, Chinnapaiyan S, Unwalla H. Aberrant micrornaomics
in pulmonary complications: implications in lung health and dis-
eases. Mol Ther Nucleic Acids. 2019;18:413-31. https://doi.org/
10.1016/j.0mtn.2019.09.007.

Lupu L, Horst K, Greven J, et al. Simultaneous C5 and CD14
inhibition limits inflammation and organ dysfunction in pig poly-
trauma. Front Immunol. 2022;13:952267. https://doi.org/10.3389
/fimmu.2022.952267.

Percie du Sert N, Hurst V, Ahluwalia A, et al. The ARRIVE
guidelines 2.0: updated guidelines for reporting animal research.
PLoS Biol. 2020;18(7):¢3000410. https://doi.org/10.1371/journal
.pbi0.3000410.

Zhou N, Groven RVM, Horst K, et al. Pulmonary miRNA expres-
sion after polytrauma depends on the surgical invasiveness and
displays an anti-inflammatory pattern by the combined inhibition
of C5 and CD14. Front Immunol. 2024;15:1402571. https://doi.o
rg/10.3389/fimmu.2024.1402571.

Group Polytrauma Update Guideline Group. Level 3 guideline
on the treatment of patients with severe/multiple injuries: AWMF
register-nr. 012/019. Eur J Trauma Emerg Surg. 2018;44(1):3—
271. https://doi.org/10.1007/s00068-018-0922-y.

Ranieri VM, Rubenfeld GD, Thompson BT, et al. Acute
respiratory distress syndrome: the Berlin Definition. JAMA.
2012;307(23):2526-33. https://doi.org/10.1001/jama.2012.5669.
Groven RVM, Mert U, Greven J, et al. Early total care and dam-
age control orthopaedics result in partially contrasting patterns
of microRNA expression at the fracture site and in the systemic
circulation. Bone Joint J. 2025;107(2):193-203. https://doi.org/1
0.1302/0301-620x.107b2.Bjj-2024-0160.R3.

Vicente DA, Schobel SA, Anfossi S, et al. Cellular micrornas
correlate with clinical parameters in multiple injury patients. J

@ Springer


https://doi.org/10.1111/imr.12500
https://doi.org/10.1111/imr.12500
https://doi.org/10.4049/jimmunol.1201909
https://doi.org/10.4049/jimmunol.1201909
https://doi.org/10.4049/jimmunol.1400341
https://doi.org/10.4049/jimmunol.1400341
https://doi.org/10.1093/infdis/jiw100
https://doi.org/10.1093/infdis/jiw100
https://doi.org/10.1177/1753425913482993
https://doi.org/10.1189/jlb.3VMR0316-132R
https://doi.org/10.1189/jlb.3VMR0316-132R
https://doi.org/10.1186/s13054-015-1129-9
https://doi.org/10.1186/s13054-015-1129-9
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1016/j.omtn.2019.09.007
https://doi.org/10.1016/j.omtn.2019.09.007
https://doi.org/10.3389/fimmu.2022.952267
https://doi.org/10.3389/fimmu.2022.952267
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.3389/fimmu.2024.1402571
https://doi.org/10.3389/fimmu.2024.1402571
https://doi.org/10.1007/s00068-018-0922-y
https://doi.org/10.1001/jama.2012.5669
https://doi.org/10.1302/0301-620x.107b2.Bjj-2024-0160.R3
https://doi.org/10.1302/0301-620x.107b2.Bjj-2024-0160.R3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jcm10173843
https://doi.org/10.1007/s00264-009-0746-9
https://doi.org/10.1007/s00264-009-0746-9
https://doi.org/10.1186/1757-7241-16-19
https://doi.org/10.1186/1757-7241-16-19
https://doi.org/10.1038/s41590-018-0064-8
https://doi.org/10.1038/s41590-018-0064-8
https://doi.org/10.1016/j.injury.2022.04.009
https://doi.org/10.1016/j.injury.2022.04.009
https://doi.org/10.1001/jama.2012.5669
https://doi.org/10.1001/jama.2012.5669
https://doi.org/10.1016/j.injury.2014.12.001
https://doi.org/10.1016/j.injury.2014.12.001
https://doi.org/10.3389/fimmu.2019.00543
https://doi.org/10.3389/fimmu.2019.00543
https://doi.org/10.1097/SHK.0000000000001127
https://doi.org/10.1097/SHK.0000000000001127

356 Page 14 of 14

B. Freiin von Miinchhausen et al.

26.

27.

28.

29.

30.

31

Trauma Acute Care Surg. 2022;93(4):427-38. https://doi.org/10
.1097/ta.0000000000003708.

Yang J, Mao M, Zhen Y-y. Mirna-23a has effects to improve lung
injury induced by sepsis in vitro and vivo study. Biomed Pharma-
cother. 2018;107:81-9. https://doi.org/10.1016/j.biopha.2018.07.
097.

JuM, Liu B, He H, et al. MicroRNA-27a alleviates LPS-induced
acute lung injury in mice via inhibiting inflammation and apop-
tosis through modulating TLR4/MyD88/NF-kB pathway. Cell
Cycle. 2018;17(16):2001-18. https://doi.org/10.1080/15384101.
2018.1509635.

Reithmair M, Buschmann D, Marte M, et al. Cellular and extra-
cellular miRNAs are blood-compartment-specific diagnostic tar-
gets in sepsis. J Cell Mol Med. 2017;21(10):2403—11. https://doi.
org/10.1111/jemm.13162.

Pfeifer R, Klingebiel FK, Halvachizadeh S, Kalbas Y, Pape HC.
How to clear polytrauma patients for fracture fixation: results of a
systematic review of the literature. Injury. 2023;54(2):292-317. h
ttps://doi.org/10.1016/j.injury.2022.11.008.

Wang C, Feng D, Dong S, He R, Fan B. Dysregulated circulating
microRNA-126 in chronic obstructive pulmonary disease: link-
age with acute exacerbation risk, severity degree, and inflamma-
tory cytokines. J Clin Lab Anal. 2022;36(3):e24204. https://doi.o
rg/10.1002/jcla.24204.

Zou Q, Liu C, Hu N, Wang W, Wang H. Mir-126 ameliorates mul-
tiple organ dysfunction in septic rats by regulating the differentia-
tion of Th17/Treg. Mol Biol Rep. 2022;49(4):2985-98. https://do
1.0rg/10.1007/s11033-022-07121-w.

Authors and Affiliations

Belinda Freiin von Miinchhausen'~?

-Rald V. M. Groven??3

Umit Mert3® . Tom Eirik Mollnes*>® . Markus Huber-Lang®
Martijn van Griensven'® . Elizabeth R. Balmayor?

P4 Elizabeth R. Balmayor

erosadobalma@ukaachen.de

Belinda Freiin von Miinchhausen
belinda.freiin.von.muenchhausen@rwth-aachen.de

Rald V. M. Groven
rgroven@ukaachen.de

Carlos J. Peniche Silva
c.penichesilva@maastrichtuniversity.nl

Johannes Greven
jereven@ukaachen.de

Umit Mert
uemit.baran. mert@gmail.com

Tom Eirik Mollnes
t.e.mollnes@medisin.uio.no

Markus Huber-Lang
markus.huber-lang@uniklinik-ulm.de

Klemens Horst
khorst@ukaachen.de

Frank Hildebrand
fhildebrand@ukaachen.de

@ Springer

17

32. Shou X, Wang Y, Jiang Q, Chen J, Liu Q. MiR-126 promotes M1
to M2 macrophage phenotype switching via VEGFA and KLF4.
PeerJ. 2023;11:e15180. https://doi.org/10.7717/peerj.15180.

33. Hromadka M, Motovska Z, Hlinomaz O, et al. MiR-126-3p and
MiR-223-3p as biomarkers for prediction of thrombotic risk in
patients with acute myocardial infarction and primary angio-
plasty. J Pers Med. 2021. https://doi.org/10.3390/jpm11060508.

34. ShiM, Lu Q, Zhao Y, et al. MiR-223: a key regulator of pulmo-
nary inflammation. Front Med. 2023;10:1187557. https://doi.org/
10.3389/fmed.2023.1187557.

35. Narute P, Seam N, Tropea M, et al. Temporal changes in microrna
expression in blood leukocytes from patients with the acute respi-
ratory distress syndrome. Shock. 2017;47(6):688-95. https://doi.
org/10.1097/shk.0000000000000806.

36. Lee LK, Medzikovic L, Eghbali M, Eltzschig HK, Yuan X. The
role of micrornas in acute respiratory distress syndrome and sep-
sis, from targets to therapies: a narrative review. Anesth Analg.
2020;131(5):1471-84. https://doi.org/10.1213/ane.00000000000
05146.

37. Mert U, Groven RVM, Greven J, et al. Damage control ortho-
paedics induced less trauma-induced coagulopathy than
early total care in a porcine polytrauma model. Eur Surg Res.
2024;65(1):115-22. https://doi.org/10.1159/000541399.

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

- Carlos J. Peniche Silva'® - Johannes Greven?
- Klemens Horst*® - Frank Hildebrand?

Martijn van Griensven
M.vanGriensven@maastrichtuniversity.nl

Department of Cell Biology-Inspired Tissue Engineering,
MERLN Institute for Technology-Inspired Regenerative
Medicine, Universiteitssingel 40, 6229 ER Maastricht, The
Netherlands

Experimental Orthopaedics and Trauma Surgery, RWTH
Aachen University Hospital, Pauwelsstrafle 30,
52074 Aachen, Germany

Department of Orthopedic, Trauma- and Reconstructive
Surgery, RWTH Aachen University Hospital, Pauwelsstrafle
30, 52074 Aachen, Germany

Research Laboratory, Nordland Hospital Bode, Parkveien 95,
8005 Bodg, Norway

Department of Immunology, Oslo University Hospital and
University of Oslo, Sognsvannsveien 20, 0372 Oslo, Norway

Institute of Clinical and Experimental Trauma Immunology,
University Hospital Ulm, Helmholzstrae 8/1, 89081 Ulm,
Germany


https://doi.org/10.7717/peerj.15180
https://doi.org/10.3390/jpm11060508
https://doi.org/10.3389/fmed.2023.1187557
https://doi.org/10.3389/fmed.2023.1187557
https://doi.org/10.1097/shk.0000000000000806
https://doi.org/10.1097/shk.0000000000000806
https://doi.org/10.1213/ane.0000000000005146
https://doi.org/10.1213/ane.0000000000005146
https://doi.org/10.1159/000541399
https://doi.org/10.1097/ta.0000000000003708
https://doi.org/10.1097/ta.0000000000003708
https://doi.org/10.1016/j.biopha.2018.07.097
https://doi.org/10.1016/j.biopha.2018.07.097
https://doi.org/10.1080/15384101.2018.1509635
https://doi.org/10.1080/15384101.2018.1509635
https://doi.org/10.1111/jcmm.13162
https://doi.org/10.1111/jcmm.13162
https://doi.org/10.1016/j.injury.2022.11.008
https://doi.org/10.1016/j.injury.2022.11.008
https://doi.org/10.1002/jcla.24204
https://doi.org/10.1002/jcla.24204
https://doi.org/10.1007/s11033-022-07121-w
https://doi.org/10.1007/s11033-022-07121-w
http://orcid.org/0009-0009-1412-0218
http://orcid.org/0000-0001-8733-289X
http://orcid.org/0000-0002-2290-8269
http://orcid.org/0000-0003-2856-4804
http://orcid.org/0000-0001-6125-6040
http://orcid.org/0000-0002-5785-802X
http://orcid.org/0000-0003-2359-6516
http://orcid.org/0000-0002-7162-6153
http://orcid.org/0000-0001-7729-9838
http://orcid.org/0000-0001-5104-9881
http://orcid.org/0000-0002-0484-4847

Erklirung § 5 Abs. 1 zur Datenaufbewahrung

Hiermit erklére ich, Belinda Freiin von Miinchhausen, dass die dieser Dissertation zu Grunde
liegenden Originaldaten

- bei meiner Betreuerin, Elizabeth Rosado-Balmayor, Lehr- und Forschungsgebiet
Experimentelle Orthopidie und Unfallchirurgie, des Universititsklinikums Aachen,

hinterlegt sind.



Erkldrung gemaR § 5 Abs. (1) und (2), und § 11 Abs. (3) 12. der Promotionsordnung

Hiermit erklare ich, Belinda Freiin von Miinchhausen, an Eides statt, dass ich_ den wesentlichen Anteil an der
Publikation:

Belinda Freiin von Miinchhausen, Rald V.M. Groven, Carlos J. Peniche Silva, Johannes Greven, Umit Mert, Tom
Eirik Mollnes, Markus Huber-Lang, Klemens Horst, Frank Hildebrand, Martijn van Griensven, Elizabeth R.
Balmayor: Immune modulation mimics damage control orthopaedics’ upregulation of anti-inflammatory
miRNA-21/23a/27a and miRNA-30b in the lung after polytrauma in pigs; European Journal of Emergency and
Trauma Surgery, 2025, Band 51, Artikelnummer 356, geleistet habe.

Die Anteile an der Arbeit waren wie folgt:

Kandidatin Prakt. Prakt. Kooperationspartner Doktor | Doktor ™
Betreu Betreu mutter vater §
er er g
BFvM! RG2? CPS3 JG* UMS | TEMS MHL’ KH8 FH? ERB10 MvG! | %
Studiendesign/ 15 15 40 30 100
Konzeption
Datenerhebung 65 30 5 100
Daten-auswertung 80 10 10 100
Durchfiihrung der 55 20 10 5 5 5 100
Experimente
Statistische 100 100
Auswertung
Bereitstellung von 5 10 15 70 100
Materialien
Interpretation der 50 15 10 10 15 100
Daten-auswertung
Verfassung des 100 100
Manuskripts
Korrektur des 25 5 5 5 5 5 5 5 15 25 100
Manuskripts
1BFvM: Belinda Freiin von Miinchhausen 4JG: Johannes Greven MHL: Markus Huber-Lang ~ '°ERB: Elizabeth Rosado Balmayor
2RG: Rald Groven SUM: Umit Mert 8KH: Klemens Horst IMVG: Martijn van Griensven
3CPS: Carlos Peniche Silva STEM: Tom Erik Mollnes FH: Frank Hildebrand

Aus diesem wesentlichen Anteil ergibt sich selbstverstandlich die Stellung als Erstautorin.

Belinda Freiin von Minchhausen (Doktorandin)

Als Doktormutter bestatige ich die Angaben von Belinda Freiin von Miinchhausen.

Univ. Prof. Dr. Elizabeth Rosado Balmayor




Lebenslauf

BELINDA FREIIN VON MUNCHHAUSEN

AUSBILDUNG
Seit 01.02.2026

03.12.2025
08.10.2018 — 19.11.2025
01.04.2023 —31.12.2023

30.05.2018

BERUFSPRAKTIKA

30.06. -19.10.2025
10.03. —29.06.2025
15.11.24 - 09.03.25

09.01. - 11.02.2024
15.11.-29.11.2023
20.06. - 04.07.2022
15.05. - 16.06.2022
23.02. - 24.03.2021
01.08. - 28.08.2020

Zw. 2018 - 2024
Zw. 2019 — 2024

FORDERUNGEN
18.11.24 —12.01.25

01.06.2023
22.05.-22.09.2023

01.12.22-30.11.23

Fremdsprachen

Arztin in Weiterbildung, Klinik fiir Anisthesiologie, Uniklinik
Diisseldorf

Arztliche Approbation, Bezirksregierung Koln
Modellstudiengang Medizin der RWTH Aachen

Dissertation ,,Jmmune modulation mimics damage control
orthopaedics’ upregulation of anti-inflammatory miRNA-21/23a/27a
and miRNA-30b in the lung after polytrauma in pigs”

Prof. Dr. Elizabeth Rosado-Balmayor, Experimentelle Orthopédie und
Unfallchirurgie, RWTH Aachen

Prof. Dr. Martijn van Griensven, MERLN Institute, Maastrichte
University

Allgemeine Hochschulreife, Heinrich-von-Gagern-Gymnasium,
Frankfurt am Main

Praktisches Jahr

Innere Medizin: Universitétsspital Ziirich, Schweiz
Anésthesiologie: Uniklinik RWTH Aachen
Chirurgie: Mitchell’s Plain Hospital, Kapstadt, Stidafrika
St. Elisabeth Krankenhaus, Geilenkirchen, RWTH Aachen

Famulaturen

Notaufnahme, St. Anne’s Hospital, Liuli, Tansania
Diagnostische und interventionelle Radiologie, UK Aachen
Praxis fiir plastisch-ésthetische Chirurgie, Dr. Kauder, Berlin
Andésthesiologie, Intensiv- und Schmerzmedizin, UK Frankfurt
Praxis fiir Allgemeinmedizin, Dr. Lichtenfels, Maintal

Unfall- und Wiederherstellungschirurgie, Charité Berlin

Studentische Hilfskraft

Karl Kolb Scientific and Technical Supplies GmbH & Co KG
Studierendenunterricht und Blutentnahmedienst, UK Aachen

PROMOS-Stipendium, Mitchell’s Plain Hospital, Cape Town
University

DGOOC-Doktorandenstipendium, Deutsche Gesellschaft fiir
Orthopédie und Unfallchirurgie

ERASMUS+ Praktikumsférderung, MERLN Institute, Maastricht
University

TANDEMmed Mentoring Programm, Fachbereich Anésthesiologie,
RWTH Aachen

Englisch (C1), Spanisch (A2), Latinum, Graecum

20



	﻿Immune modulation mimics damage control orthopaedics’ upregulation of anti-inflammatory miRNA-21/23a/27a and miRNA-30b in the lung after polytrauma in pigs
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Animal ethics, care, and group allocation
	﻿Polytrauma induction and resuscitation
	﻿Experimental treatments
	﻿Tissue sample harvest, RNA isolation, and cDNA synthesis
	﻿miRNA expression
	﻿mRNA target prediction
	﻿Function of predicted genes
	﻿Periodic acid schiff (PAS) staining
	﻿In situ hybridisation of specific miRNAs
	﻿Statistical analysis

	﻿Results
	﻿Establishing a miRNA signature of blunt chest trauma
	﻿mRNA target predictions
	﻿Bioinformatic analyses
	﻿Lung tissue structure and components as determined by PAS staining
	﻿miRNA tissue localisation by ISH

	﻿Discussion
	﻿Conclusion
	﻿References


