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Editorial on the Research Topic

Organ cross talk and its impact on the clinical course in multiple trauma
and critical illness
Communication between different body compartments that can also affect remote

tissues has gained increasing interest. This so-called “organ-cross-talk” seems to be of

major relevance after multiple trauma (MT) and critical illness (CI). In this context,

systemic effects of injuries to different body compartments have been shown to be far

greater than the sum of the isolated traumatic insults and posttraumatic dysfunction of

primarily unaffected organs. This underscores the importance of a holistic research

approach when studying the complex biology and pathophysiology in this field.

Posttraumatic and/or post-surgical inflammation have a substantial impact on patient

outcome. Maleitzke et al. presented rare data on clinically relevant laboratory parameters in

patients suffering from penetrating trauma. Aside from the injury severity score (ISS), the authors

found that AST, CRP, erythrocyte count, pH, lactate, aPTT and K+ were useful for identifying

patients at risk and adjusting surgical and ICU algorithms early on. Both detrimental and

regenerative roles of inflammatory mediators have been described in numerous pre-clinical

studies and experimental settings. For example, Ragipoglu et al. investigated the role of mast cells

that have the potential to trigger local and systemic inflammation in bone repair in a murine

model. The authors found that combined trauma resulted in compromised bone repair in mast-

cell component mice. It was concluded that mast cells could represent a potential target for new

treatment options to improve fracture healing in patients with multiple trauma. Another murine

model, presented by Mkrtchian et al., investigated the role of extracellular vesicles (EVs) as

potential mediators transferring information from the injured tissue to remote organs, including

the brain. The authors concluded that surgical procedures alter the cargo of circulating EVs in the

blood, thus regulating metabolic processes. Zhang et al. reported on systemic inflammatory

consequences and focused on traumatic brain injury (TBI). As the brain and the spleen are

connected via autonomic innervation and by soluble mediators, the authors hypothesized that
frontiersin.org0156
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ethanol intoxication (EI), the most common comorbidity of TBI,

influences the peripheral inflammatory response. They concluded that

TBI induces rapid maturation of immunomodulatory functions of

dendritic cells that is enhanced by EI prior to TBI.

Lackner et al. demonstrated cardiac alterations after hip fracture

with enhanced myocardial expression of HMGB1, TLR2/4, TNF,

IL1-b and NLRP3, as well as considerable alterations in the

myocardial expression of glucose and fatty acid transporters

(HFABP, GLUT4) in middle-aged (52-week-old) mice.

Hemorrhagic shock (HS) and hypoperfusion influence the

immunologic reaction in MT. As lung co-morbidities can

aggravate tissue hypoxia via alveolar hypoxia, Wepler et al.

hypothesized that glucocorticoid receptor (GR) function in mice

and pre-traumatic cigarette smoke (CS) exposure would further

impair hemodynamic stability and organ function after HS. As the

authors were not able to explain whether the observed metabolic

acidosis or increased lipolysis was responsible for the trend towards

lower catecholamine requirements in CS-exposed mice, further

studies are warranted. Halvachizadeh et al. studied the role of

occult hypoperfusion (OH), defined by persistent lactic acidosis

despite normalization of vital parameters. In a porcine model, the

authors found that OH is associated with decreased local circulation

and increased local inflammation in the injured soft tissue of the

extremity in polytrauma, thus probably reflecting the severity of

local soft tissue injuries and potentially guiding treatment strategies.

Following extensive trauma surgery, Teuben et al. recorded a shift

in composition of the bone marrow (BM) neutrophil pool, which was

associated with relative circulatory neutropenia in a porcine

polytrauma model. Moreover, the authors reported that the

CXCR4high-neutrophil subset became overrepresented, possibly

reflecting remigration of aged neutrophils into the BM. These

findings may contribute to the development of novel interventions

aimed at modifying the trauma-induced response in BM. Air

embolism is a serious and underdiagnosed complication during

invasive medical procedures. Storm et al. investigated the role of air

embolism in a porcine model of thromboembolism. The authors

described activation of complement mainly at the level of C3, with

subsequent cytokine release, and concluded that C3-inhibition might

represent a therapeutic approach to attenuate this response.

A feared complication in MT remains the development of sepsis

and multi organ dysfunction syndrome (MODS). Nakanishi et al.

focused on the prolonged physical dysfunction in MT patients and

investigated the role of neutrophils in muscle atrophy in murine

sepsis. They found that sepsis is causal for infiltration of neutrophils

in muscles, leading to muscle atrophy and weakness. Of note, these

findings were reversed by neutrophil depletion. Gray et al. also

reported data from a murine sepsis model. The authors investigated

the V-domain Immunoglobulin Suppressor of T cell Activation

(VISTA) as it is a potential candidate for strategic targeting in

sepsis. The group proposed a protective Treg-mediated role for

VISTA by which inflammation-induced tissue injury is suppressed

and improves survival in early-stage sepsis. The authors concluded

that enhancing VISTA expression or adoptively transferring VISTA

+ Tregs in early-stage sepsis may represent a novel therapeutic

approach to ameliorate inflammation-induced death. Patel et al.
Frontiers in Immunology 0267
focused on macrophage migration inhibitory factor (MIF) in MT

patients and a rat model of HS and the potential of MIF inhibitor

ISO-1 to reduce MODS in this model. The authors described

increased MIF levels in MT patients and HS rats. Whereas MIF

caused organ injury and/or dysfunction and hypotension in rats,

treatment with ISO-1 attenuated organ injury and dysfunction, and

reduced the activation of NF-kB and NLRP3 pathways in the rat

kidney and liver. Thus, the authors pointed out that MIF inhibitors

may be used as a potential therapeutic approach for MODS after

trauma and/or hemorrhage. Sulforaphane (SFN) was also reported

to exert beneficial immunomodulatory effects in a murine model of

HS and resuscitation as described by Liang et al. They proved that in

vivo SFN treatment can decrease HS/resuscitation-induced hepatic

ischemia-reperfusion injury and modulate the activity of Kupffer

cells via an Nrf2-dependent pathway. To better understand the role

of complement component 1 inhibitor (C1-INH), Nielsen et al.

established a novel porcine model of ischemia-reperfusion injury

(IRI) by cross-clamping the thoracic aorta. The authors evaluated

the global changes occurring in organ function, systemic

inflammatory response and organ damage with or without

treatment with C1-INH-concentrate. Although C1-INH treatment

did not have any significant effects, probably due to its low

specificity and efficacy in inhibiting complement, the model itself

was found to be valid for future testing of drugs to combat IRI.

Messerer et al. conducted a study to investigate possible drug

effects in a porcine model of HS. The group investigated the role of the

H2S donor sodium thiosulfate (Na2S2O3, STS). As the authors had

previously found beneficial effects in mice and pigs with co-morbidities

such as coronary artery disease, they conducted a prospective,

randomized, controlled, blinded experimental study to address the

effects of STS in cardiovascular healthy pigs. However, Na2S2O3 did not

show any benefits in healthy organisms undergoing HS. Lupu et al.

focused on complement activation and Toll-like-receptor signaling

immediately after trauma. They assessed the efficacy of the combined

inhibition therapy of complement factor C5 and TLR co-receptor

CD14 on thrombo-inflammation and organ damage in a 72-h porcine

model of MT and found that combined C5 and CD14 inhibition

limited the catecholamine demand, the inflammatory response, and

signs of organ damage after experimental polytrauma, which might

indicate a promising therapeutic approach. Shah et al. focused on

multi-system inflammation and organ dysfunction after trauma and

HS in a murine model. By hypergraph analysis and principal

component analysis of 20 proteins sampled from the heart, gut, lung,

liver, spleen, kidney and systemic circulation, the authors found that

IL-17A was present persistently in all tissues at all sampled time points

(except for its absence in the plasma at 0.5 h) in the wild type strain

compared to TLR4-null (TLR4 -/-) animals. The authors concluded

that trauma and HS induced the efflux of Th17 cells from the

circulation and into specific tissues, suggesting a complex, content-

specific role for TLR4 and type 17 immunity following trauma and HS.

In conclusion, this Research Topic presents the latest scientific

insights on immunological and cellular reactions among different

organs after severe trauma or during the further clinical course of

critically ill patients. The data presented will deepen our understanding

of the underlying mechanisms in regard to organ-cross-talk as well as
frontiersin.org
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potentially improving the treatment of patients post trauma or during

intensive care. We thank all authors for their contribution.
Author contributions

KH, TM, MH-L, and FH defined the topic of this Research

Topic. All authors contributed to the article and approved the

submitted version.

Acknowledgments

The article was proofread by Proof-Reading-Service.com,

Devonshire Business Centre, Works Road, Letchworth Garden

City, SG6 1GJ, United Kingdom.
Frontiers in Immunology 0378
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1195371
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology | www.frontiersin.

Edited by:
Klemens Horst,

University Hospital RWTH Aachen,
Germany

Reviewed by:
Sandra Kraemer,

University Hospital RWTH Aachen,
Germany

Johannes Greven,
University Hospital RWTH Aachen,

Germany

*Correspondence:
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Surgical interventions rapidly trigger a cascade of molecular, cellular, and neural signaling
responses that ultimately reach remote organs, including the brain. Using a mouse model
of orthopedic surgery, we have previously demonstrated hippocampal metabolic,
structural, and functional changes associated with cognitive impairment. However, the
nature of the underlying signals responsible for such periphery-to-brain communication
remains hitherto elusive. Here we present the first exploratory study that tests the
hypothesis of extracellular vesicles (EVs) as potential mediators carrying information
from the injured tissue to the distal organs including the brain. The primary goal was to
investigate whether the cargo of circulating EVs after surgery can undergo quantitative
changes that could potentially trigger phenotypic modifications in the target tissues. EVs
were isolated from the serum of the mice subjected to a tibia surgery after 6, 24, and 72 h,
and the proteome and miRNAome were investigated using mass spectrometry and RNA-
seq approaches. We found substantial differential expression of proteins and miRNAs
starting at 6 h post-surgery and peaking at 24 h. Interestingly, one of the up-regulated
proteins at 24 h was a-synuclein, a pathogenic hallmark of certain neurodegenerative
syndromes. Analysis of miRNA target mRNA and corresponding biological pathways
indicate the potential of post-surgery EVs to modify the extracellular matrix of the recipient
cells and regulate metabolic processes including fatty acid metabolism. We conclude that
surgery alters the cargo of circulating EVs in the blood, and our results suggest EVs as
potential systemic signal carriers mediating remote effects of surgery on the brain.
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INTRODUCTION

There is a growing body of evidence that aseptic tissue injuries
including surgery are closely associated with rapid onset of
structural and functional changes within the brain,
predominately in regions involved in cognitive processes, that
are dependent on periphery-to-brain signaling pathways (1–4).
Using an animal model of orthopedic surgery, we have
previously shown a profound astrocytic response in the
hippocampal area entailing morphological, metabolic, and
functional alterations in neuronal circuits involved in
cognitive processing, including synaptic transmission and
plasticity (5, 6). However, the nature of the systemic signals
traveling to the brain and triggering the aforementioned
functional alterations remains largely unknown. We have
suggested that the surgery-mediated activation of the innate
immune system, which, within hours, orchestrates an adaptive
systemic inflammatory response (7) might be responsible for
such periphery-to-brain signaling. While such instantaneous
activation of the immune system is suggested to produce
rapid changes on the molecular and cellular levels in the
brain, the periphery-to-brain communication pathways
associated with more long-lasting cognitive and behavioral
effects remain unknown.

Emerging evidence suggests an important role of extracellular
vesicles (EVs) in inter-cellular-tissue communications including
periphery-to-brain signaling (8–10). It may therefore be
hypothesized that EV-dependent signaling provides an
alternative pathway that is responsible for long-term changes
in higher brain functions after surgery (5, 6).

Circulating EVs can be produced by a variety of tissues,
however, one of the main sources is the blood immune cells.
These EVs are suggested to serve as important modulators of
innate and adaptive immune responses (11). In addition, several
studies indicate that peripheral inflammation can modify the
cargo of the immune cell-produced EVs that can in an
endocrine-like manner regulate intracellular processes in the
distant tissues, including the brain (12).

Here, in this first exploratory study, we have mapped the
proteome and miRNAome of circulating EVs at different time
points after mouse orthopedic surgery to establish a potential
correlation/association with the temporal kinetics of the surgery-
triggered systemic inflammatory response, brain dysfunction as
previously described in a surgical animal model.
MATERIALS AND METHODS

Animals
14–16 weeks old male C57BL6 (Janvier, Germany) mice were
housed five per cage under temperature- and humidity-
controlled conditions in a 12 h light/dark cycle and fed
standard rodent chow and water ad libitum.

All experiments were approved by the Local ethics
Committee for Animal Research of Stockholm North and
Karolinska Institutet in Sweden.
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Surgery
The open stabilized tibia fracture was performed as previously
described (5). Briefly, under the isoflurane anesthesia (2.1%
inspired concentration in 0.30 FiO2) and analgesia
(buprenorphine, 0.1 mg/kg, s.c.) a longitudinal incision was
made on the left hind paw and the muscles were disassociated.
A 0.38 mm stainless steel pin was then inserted in the
intramedullary canal with the subsequent osteotomy. The
wound was irrigated, sutured with 6-0 Prolene, and mice were
allowed to recover in a warm box before returning to the home
cage. The temperature was monitored and maintained at 37°C
with the aid of a warming pad and temperature-controlled lights
(Harvard Apparatus).

Animals from the surgery pool were randomly divided into
three groups depending on the time point at which the blood
sampling was performed: 6- (S6h), 24- (S24h), and 72 h (S72h)
post-surgery. Each experimental group included 6 animals (in
the mass spectrometry and NTA analysis the C6h group
consisted of 7 animals). The S24h and S72h groups received a
daily dose of analgesia to avoid possible effects of pain on the
brain. Control mice received an equal volume of saline (s.c.). To
avoid experimental variation over time, control animals from the
same batch of animals were assigned to each of the groups (C6h
and C24-72h) and received a daily injection of saline (s.c).

Serum Sampling
Animals were deeply anesthetized with pentobarbital (0.1 ml, ip)
and blood was collected from the left ventricle of the heart with a
23-G needle attached to a 1 ml syringe and immediately
transferred to a 1.5-ml Eppendorf tube. Blood was allowed to
coagulate at room temperature for 45 min and posteriorly
centrifuged at 3000 g for 10 minutes at 4°C. Supernatants
(sera) were stored at -80°C until further use.

Isolation of Extracellular Vesicles
EVs were isolated using the commercial kit ExoQuick ULTRA
(System Biosciences Inc., Mountain View, CA).

Following the manufacturer’s protocol serum samples were
cleared by centrifugation for 10 min at 12 000 g and transferred
to a new tube. Immediately after that 67 µl of the ExoQuick
buffer A was added to the 250 µl of the cleared serum, the mix
was incubated for 30 min at 4°C and centrifuged at 3000 g for 10
min at 4°C. The supernatant was saved for further analyses as the
EV-depleted serum (dEVs). EV-containing pellet was
resuspended in the 200 µl of Buffer B and EVs were isolated
using the purification columns from the kit in 500 µl of elution
buffer. Both the EV isolated fraction and the dEV serum were
stored at ‐80°C until further use.

We have submitted all relevant data of our experiments to the
EV-TRACK knowledgebase (EV-TRACK ID: EV210383) (13).

Nanoparticle Tracking Analysis
The size and particle concentration of the serum EVs were
determined by nanoparticle tracking analysis(NTA) using an
LM10 platform with an sCMOS camera from NanoSight Ltd.
The samples were diluted in sterile-filtered PBS to a particle
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concentration of 5x108 – 5x109 particles/ml and analyzed with
camera level 14 and detection threshold 3. For each sample, four
consecutive videos were recorded in RT while injecting the
sample with a syringe pump (speed 50).

The average from the four consecutive videos for each sample
was calculated and posteriorly used for the visualization of the
results as Concentration (particles/ml) vs. Particle Size (nm).

Due to a large number of samples (N=31), the NTA analysis
was performed in two different sessions (run 1 and run 2). In run
1 we included the S6h (N=6) group together with its
corresponding control group (C6h, N=7). In run 2 we included
C24-72h (N=6), S24h (N=6), and S72h (N=6).

Negative Stain Transmission
Electron Microscopy
Three microliters of the EV sample were applied on glow
discharged carbon-coated and formvar stabilized 400 mesh
copper grids (Ted Pella) and incubated for approximately 30s.
Excess of the sample was blotted off and the grid was washed
with MilliQ water prior to the negative staining using 2%
uranyl acetate. Transmission electron microscopy (TEM)
imaging was done using Hitachi HT7700 (Hitachi High-
technologies) transmission electron microscope operated at
100 kV equipped with a 2kx2k Veleta CCD camera (Olympus
Soft Imaging System).

Small RNA Sequencing
RNA isolation. RNA was isolated from all groups (N=6 in each
group). Total RNA was extracted from the 200 µl of EVs
fractions using the Exosomal RNA isolation kit from Norgen
Biotek Corp. (Nordic BioSite AB, Täby, Sweden). RNA was
eluted in a 25 µl of elution buffer and RNA concentrations
were determined by Qubit 4 fluorometer (Invitrogen).

Library preparation. RNA quality was controlled with Agilent
Bioanalyzer 2100 (Agilent, Palo Alto, CA) equipped with the
small RNA chip. Small RNA libraries were constructed using the
NEXTFLEX® Small RNA-Seq Kit v3 (Bioo Scientic Corp.,
Austin, Texas, USA) according to the manufacturer’s protocol.
Libraries were prepared with a starting amount of 2.3 ng of RNA
and amplified in 22 PCR cycles. Amplified libraries were purified
by running an 8% TBE gel and size-selected for insert sizes of
15-40 nt (library sizes of 143-168 bp).

Sequencing. All samples were pooled in equimolar ratio and
sequenced on the Illumina NextSeq 500/550 high output flowcell,
with a 75- cycle kit, single read for 84 cycles plus 7 cycles for the
index read. Library construction, quality control, and sequencing
were completed at the Genomics Core Facility, Institute of
Molecular Biology GmbH (IMB), Mainz, Germany.

Bioinformatic analysis. The raw sequence reads in FastQ
format were cleaned from adapter sequences and size-selected
for 14-34 base-long inserts (plus 8 random adapter bases) using
cutadaptv.2.4 (http://cutadapt.readthedocs.org) with parameters
‘-j 8 -a TGGAATTCTCGGGTGCCAAGG -m 22 -M 42’
followed by quality checks with FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc). Read alignment
to the mouse GRCm38/mm10 genome from Gencode release
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M25 (ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_
mouse/release_M25) with concomitant trimming of the 8
random bases was performed using Bowtiev.1.2.2 (https://
bowtie-bio.sourceforge.net).

For miRNA-focused analysis, the genome-aligned reads in
SAM format were selected in the size range 20-24 bases using
GNUAwkand Samtoolsv.1.10 (https://www.htslib.org),
converted into sorted BAM files with Samtools, and read
counts were summarized either per miRNA locus or per
mature miRNA using featureCountsusing miRNA annotation
either from Gencode M25 or from miRbase v.22 (ftp://mirbase.
org/pub/mirbase/22/genomes/mmu.gff3). The miRbase
annotation was converted from GFF3 into GTF format for
use with featureCountsusing, the Bioconductor package
rtracklayerin R v.3.6.0.

The expression of miRNAs was normalized as counts per
million reads (CPM). The value of 10 CPM was chosen as a cut-
off margin for filtering out the low-expression genes. Differential
expression analysis was carried out with DESeq2 v.1.26.0
(https://bioconductor.org/packages/release/bioc/html/DESeq2.
html) as implemented in the online tool iDEP (http://
bioinformatics.sdstate.edu/idep) using a significance cut-off of
5% false discovery rate (FDR). Since no statistical difference was
found between the two control groups (C6h and C24-72h), in
order to simplify the miRNA differential expression analysis,
only one set of controls (C6h, N=6) was selected and hereafter
referred to as Control.

The fold change (FC) threshold for selecting differentially
expressed genes was ≥1.5. Heat maps of differentially expressed
genes and principal component analysis (PCA) using log2
normalized CPM expression values were generated using
Qlucore Omics Explorer 3.2 (Qlucore, Lund, Sweden). Log2-
transformed CPM values were used to generate Volcano plots
(RStudio v 1.4.1717, PBC).

The miRNA sequencing data have been deposited in NCBI’s
Gene Expression Omnibus (14) and are accessible through GEO
Series accession number GSE115440).

Liquid Chromatography-Tandem Mass
Spectrometry–Based Proteome Analysis
Protein identification and quantification were carried out at the
Proteomics Biomedicum core facility, Karolinska Institutet
(https://ki.se/en/mbb/proteomics-biomedicum). Details of the
sample preparation, peptide labeling with TMTpro mass tag
reagent and subsequent separation of labeled peptides on EASY-
Spray C18 column and mass spectra acquisition on Orbitrap Q
Exactive HF mass spectrometer (ThermoFisher Scientific) are
described in the Supplementary File S1. As the TMT-labeled
experiments allow a maximum of 16 samples that could be
analyzed simultaneously, the data were acquired from two
independent runs, with C6h and S6h samples assigned for the
first run, and the C24-72h, S24h and S72h samples assigned for
the second run. Acquired raw data files were analyzed using
Proteome Discoverer v2.4 (ThermoFisher Scientific) with
Mascot Server v2.5.1 (Matrix Science Ltd., UK) search engine
against mouse protein database (SwissProt). Initial search results
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were filtered with 5% FDR using the Percolator node in
Proteome Discoverer. Quantification was based on the reporter
ion intensities, which were log2 and quantile normalized and
analyzed for the differential expression of proteins with
GraphPad Prism (v. 9.1.1) using multiple unpaired t-tests
analysis with FDR set to 5%. Quantile normalized and log2-
transformed protein abundances were used to generate Volcano
plots (RStudio v 1.4.1717, PBC).

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (15) partner
repository with the dataset identifier PXD030167

miRNA qPCR
TaqMan® Advanced miRNA Assays (Applied Biosystems,
ThermoFisher Scientific) were used for validation of miRNA-
seq results. cDNA templates from the selected EV total RNA
samples were prepared using the TaqMan® Advanced miRNA
cDNA Synthesis kit. The resulting cDNAs were amplified using
7500 Real-Time PCR System (Applied Biosystems, ThermoFisher
Scientific) and the following TaqMan® Advanced miRNA Assays:
mmu-miR-143-3p (assay ID, mmu480935_mir), mmu-miR-499-
5p (mmu482780_mir), mmu-miR-375-3p (mmu48114_mir),
mmu-miR-1a-3p (mmu482914_mir), mmu-miR-541-
5p (mmu481211_mir).

All samples were amplified in triplicate. Mmu-miR-103-3p
was chosen as the housekeeping miRNA based on the analysis of
expression stability of several miRNAs using the RefFinder tool
(https://www.heartcure.com.au/reffinder/). The relative
abundance of each miRNA was estimated according to the
2–DDCt method.

Bead-Based Purification of EVs
Streptavidin-coated magnetic beads (SVMS-40-10, Spherotech)
were coated with the biotinylated CD63 (clone MEM-259,
BioSite Flow), CD9 (clone HI9a, Biolegend), and CD81 (clone
M38, BioSite Flow) antibodies as it is described elsewhere (16).
EVs (15 µg of total protein) from C24-72h and S24h groups were
incubated overnight with antibody-coated beads. A sample with
no EVs was included as a negative control. Beads were recovered
on a magnetic stand, resuspended in RIPA buffer (Abcam)
including protease and phosphatase inhibitors (Roche),
sonicated, vortexed, and centrifugated at 10000 g. The
supernatant containing EVs’ proteins was collected for the a-
synuclein immunodetection.

Western Blot
EVs, dEVs, and serum samples were solubilized with 2% SDS or
RIPA buffer and thoroughly vortexed. Protein concentration was
determined using the micro BCA Protein Assay Kit (Thermo
Scientific) and samples containing equal amounts of protein (5 µg)
were resolved by SDS-PAGE and transferred to a PVDF
membrane (Invitrogen). Depending on the secondary antibodies
(HRP- or IRDye-conjugated) protein bands were detected using
either enhanced chemiluminescence reagents (GE Healthcare)
and ChemiDoc MO analyzer (Bio-Rad) or Odyssey infrared
fluorescence detection system (LI-COR, Lincoln, NE, USA).
Frontiers in Immunology | www.frontiersin.org 41112
The following primary antibodies were used at a 1:500
dilution: CD81 (sc-166029, Santa Cruz Biotechnology), HSP70
(ab181606, Abcam), CD63 (ab59479, Abcam), a-syn (610786,
BD Bioscience).

Statistics
For the statistical analyses of miRNA qPCR experiments we have
used ANOVA one-way test followed by Dunnett’s multiple
comparisons test (Graph Pad Prism v. v. 9.1.1). Data are
presented as means ± SEM. P<0.05 was considered significant.
RESULTS

Characterization of EVs
EVs were isolated from the blood serum with further
characterization of EVs and analyses of the EV cargo as
schematically presented in Figure 1.

Isolated EVs were characterized using different approaches:
transmission electron microscopy (TEM), Nanoparticle
Tracking Analysis (NTA), and immunochemical detection of
EV enriched proteins (western blot).

TEM was performed in C24-72h (N=4) and S24h (N=4)
groups and no differences were observed regarding the number,
morphology, and size of the detected particles (data not shown).
Figure 2A shows a representative TEM image from a control
mouse demonstrating the presence of particles ranging from 30
to 150 nm, which is a common pattern for the EVs isolated using
the ExoQuick kit (17). In addition, these particles appear to be
encircled by the membranous structures, identifying them as
typical extracellular vesicles (Figure 2A, right panel).

NTA analysis, which determines the size distribution and the
number of isolated particles (particles/ml), was performed on all
samples but in two different sessions (run 1 or run 2; see
Methods). The size distribution of the isolated EVs’ particles
was similar for all the experimental groups, independently of the
assigned session. In all cases, the averaged particle size
distribution ranged between 50-200 nm with the size of the
most frequently detected particle (mode) close to 100 nm
(Figure 2B). The average concentration of the particles was
also similar between the control and surgical groups within the
same session (run1: C6h vs S6h and run 2: C24-72h vs S24h and
S72h). However, we found considerable differences in the
number of particles detected during the different sessions
(Figure 2B). This difference is probably due to the intrinsic
high variability associated with the NTA method itself, which
makes this method not suitable for the comparison of particle
concentrations between the groups.

Finally, two EV enriched proteins, CD63 and CD81, known to
be located on the surface of EVs, and an intra-vesicular protein,
HSP70 were identified in the lysed EVs by western blot
(Figure 2C). At the same time, the abundant serum protein,
albumin was substantially depleted from the EV fraction
(Figure 2C). It can be concluded that all the above-mentioned
EV characteristics including the size and morphology of isolated
particles, and the presence of EV enriched proteins are identical
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to the ones described by other groups using similar isolation
methods (17).

Surgery Effects on the Proteome of
Serum EVs
The EV proteome was investigated using the LC-Tandem Mass
Spectrometry approach (for details see Materials and Methods
and Supplementary File S1). Analysis of the acquired data
identified 343 proteins in the samples from the first run (C6h
and S6h) and 417 proteins in the samples from the second run
(C24-72h, S24h and S72h) (see Materials and Methods)
(Supplementary Tables S1, S2). Although several of them can
be related to the pool of common serum proteins (albumin,
apolipoproteins, and various chains of immunoglobulins), the
gene ontology (GO) analysis identified many GO cellular
component terms that can be specifically associated with EVs
(Table 1). The most prominent EV-related groups are the late
endosome lumen, blood microparticle, and the integrin alpha9-
beta1 complex. The latter includes three integrins: Itgb1, Itgb3,
Frontiers in Immunology | www.frontiersin.org 51213
and Itga2b, characteristic EV surface proteins that facilitate the
interaction of EVs with the extracellular matrix of the target
tissues and even function as organotropic cues (18).

Comparison of the different experimental groups using the
principal component analysis (PCA) demonstrates separation of
the 6- and 24 h post-surgery group from the corresponding control
samples, C6h and C24h-72h, respectively (Figure 3). Based on these
data it was expected that most of the differentially expressed
proteins would appear in the 24 h samples. Indeed, the
expression levels of 12 proteins were found to be significantly
different from the controls (FC>1.5, FDR<0.05) (Figure 4A,
Supplementary Table S3). In addition, three different isoforms of
glycogen phosphorylase (PYG) were also differentially expressed at
6 h post-surgery, of which the muscle isoform remains up-
regulated even after 24 h (Figure 4A and Supplementary Table
S3). These data can be better represented by the Volcano plots that
enable quick visual identification of the up-and down-regulated
proteins (Figure 4B). Interestingly, one of the top up-regulated
proteins in the 24 h group was a-synuclein (a-syn), a protein whose
FIGURE 1 | Flowchart of the study design. Mice were subjected to tibia surgery, blood was collected from the control and surgery animals after 6, 24, and 72 h
post-surgery. Isolated blood serum was used for the purification of EVs using the ExoQuick ULTRA kit. EVs were characterized by Nanoparticle Tracking Analysis
(NTA), transmission electron microscopy (TEM), and identification of EV enriched proteins by western blot. EVs’ proteome and miRNAome were investigated by LC/
MS and RNA-seq and findings were validated by qPCR and western blot.
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expression is largely associated with neural tissues (right panel in
Figures 4B, C).

To confirm the EV origin of the a-syn we have analyzed
serum, EVs, and dEVs samples from C24-72h and S24h groups
by western blot. The a-syn signal was detected in the EV fraction
from the 24 h surgical mouse, whereas it was absent in the serum
and dEVs samples (Figure 4D). In the EVs from the control
mouse, the signal was weak but detectable in all the samples.
These data are complemented by yet another western blot
analysis of the EVs that were additionally purified using
magnetic beads coated with CD63, CD9, CD81 antibodies (see
Materials and Methods). a-syn was identified in such enriched
EVs from both control and 24 h surgical groups (Supplementary
Figure S1). However, contrary to the MS data, we did not
observe similar quantitative changes between the control and
surgical mice. This is probably due to several reasons, such as the
semiquantitative nature of the western blot and the difficulty to
Frontiers in Immunology | www.frontiersin.org 61314
accurately quantify the low protein amounts after the
EV enrichment.

Surgery Effects on the miRNAome of
Serum EVs
Next-generation sequencing of small RNA libraries detected a mix
of various RNA species including approximately 10% of mature
miRNAs (Figure 5A). After removing miRNAs below the
expression threshold (see Materials and Methods) the remaining
252 miRNAs were chosen for further analysis (Supplementary
Table S4). PCA demonstrates clear separation of the control
samples from the S24h and S72h groups, whereas the S6h group
was clustered closer with the control samples (Figure 5B). At the
same time, there is a partial overlap between the 24 and 72 h
groups. Further analysis confirmed this trend, revealing the
presence of 50 dysregulated miRNAs (FC>1.5, FDR<0.05) in the
EVs from the S24h group (Supplementary Table S5). The surgery
A

B C

FIGURE 2 | Characterization of circulating EVs. (A) TEM image of the isolated particles, scale bar, 500 nm. Encircled are representative spherical particles. White
arrows indicate putative lipid bilayers of EVs. The dotted insert is represented in higher magnification on the right panel. (B) Representative size distribution profile of
isolated particles and their concentrations estimated by NTA. However, no differences in the control vs. S6h and the control vs, S24h and S72h comparisons were
detected. (C) Western blot identification of EV enriched proteins and albumin. SDS-PAGE for CD63 western blot was run under non-reducing conditions. dEV,
serum depleted of EVs, S, serum.
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effect declines after 72 h as judged by the lower number of
dysregulated miRNAs (21) observed in the S72h group
(Figure 6A and Supplementary Table S5). These data are
graphically interpreted by the plot showing temporal kinetics of
the fold changes of dysregulated miRNAs with peak values at 24 h,
which decrease after 72 h almost to the baseline levels (Figure 6B
and Supplementary Table S5), and by the corresponding Volcano
plots (Figure 6C). Interestingly, only four out of 21 dysregulated
miRNAs at 72 h post-surgery were not differentially expressed at
24 h (Figure 6D), which indicates the lasting, though declining
effect of surgery on miRNA expression.

The heatmap presented in Figure 6E offers an even more
nuanced view of the surgery effects. Thus, in addition to the
already shown PCA clustering of control and experimental groups
(control/C6h and S24h/S72h), the hierarchical clustering of
miRNAs reveals two distinct clusters where cluster 1 includes
down-regulated, and cluster 2, up-regulated at 24- and 72
h miRNAs.

miRNAs from circulating EVs are suggested to be involved in
the post-transcriptional regulation in the target tissues (20). The
Frontiers in Immunology | www.frontiersin.org 71415
miRNAs from both clusters were examined by the DIANA-
miRPath online tool (21) that combines the prediction of
miRNA target mRNAs (based on experimental data) with the
analysis of the extent of enrichment of these genes in the different
biological pathways. The bar graphs in Figure 7A show several
KEGG pathways that are predicted to be regulated by the
miRNAs from both clusters. A number of these pathways are
involved in lipid metabolism, ECM-receptor interaction, gap
junction, and various signal transduction pathways.

In order to validate the miRNA sequencing findings, we have
estimated the expression of several differentially expressed miRNAs
using the qPCR approach. Overall, the pattern of changes of the
expression levels for the selected miRNAs was similar between the
RNA-seq and qPCR analyses (Supplementary Figure 2).

Finally, it should be concluded that there is certainly a
synergism in the temporal kinetics of the changes in the
expression levels of both EV cargo molecules, proteins, and
miRNA, as judged by the significant correlation between the
numbers of both classes of dysregulated molecules at each post-
surgery time point (Figure 8).
TABLE 1 | Gene ontology (cellular component category) analysis of the differentially expressed EV proteins at 24 h post-surgery.

Gene onthology_cell component Fold enrichment FDR

late endosome lumen (GO:0031906) 54.02 3.83E-02
other organism part (GO:0044217) 54.02 3.79E-02
membrane attack complex (GO:0005579) 54.02 1.02E-07
fibrinogen complex (GO:0005577) 54.02 1.34E-06
myosin II filament (GO:0097513) 54.02 3.04E-03
integrin alpha9-beta1 complex (GO:0034679) 54.02 3.75E-02
blood microparticle (GO:0072562) 43.22 2.55E-08
spherical high-density lipoprotein particle (GO:0034366) 40.52 4.12E-06
intermediate-density lipoprotein particle (GO:0034363) 36.02 6.07E-04
proteasome core complex, alpha-subunit complex (GO:0019773) 33.77 8.03E-05
extrinsic component of external side of plasma membrane (GO:0031232) 30.01 1.19E-04
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Proteins are ranked according to the fold enrichment of the corresponding cellular component term (http://geneontology.org/).
A B

FIGURE 3 | Principal component analysis (PCA) of the proteomic data of circulating EVs. LC/MS produced quantitative proteomic data (protein abundances) were
quantile normalized, log2-transformed, and used by Qlucore software for creating the PCA plots. (A) Control and 6 h post-surgery (S6h) experimental group form
individual clusters. (B) Control and S24h groups are completely separated whereas the S72h group overlaps with the control samples.
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DISCUSSION

The principal aim of the present study was to determine whether
surgical trauma, as represented by the mouse orthopedic surgery
model is capable of modifying the cargo composition of circulating
EVs, which would constitute a first step towards the elucidation of
the potential role of EVs as active systemic mediators of surgery-
induced periphery-to-brain communication.

We have, indeed, found statistically significant differences in
the proteome and miRNAome of circulating EVs within the first
72 h after surgery. Their temporal appearance coincides with
both the pattern of initiation and resolution of the systemic
cellular and humoral inflammatory response and with the brain
structural, metabolic, functional, and behavioral changes
observed after orthopedic surgery in mice (5–7).

Proteomic profiling of the circulating EVs revealed that three
proteins, i.e., brain, skeletal muscle, and liver isoforms of PYG,
Frontiers in Immunology | www.frontiersin.org 81516
were rapidly up-regulated after surgery (Figure 4B). PYG is an
enzyme involved in the breakdown of glycogen to glucose and as
such essential for the maintenance of glucose homeostasis. The
expression of PYG isozymes is not strictly tissue-specific (22),
therefore it is difficult to pinpoint the precise tissue origin of EVs
in our study.

Nevertheless, the surgery-injured muscles can be suggested as
the most probable source of EVs carrying these proteins. Similarly,
the increased levels of the same set of proteins were detected in the
circulating EVs following yet another tissue injury (cardiacmuscle)
after the chemotherapy treatment (23). Therefore, the release of
these EV-localized PYG isoforms appears to be an early indicator of
tissue injury. Inaddition, the enrichmentofEVsbyPYGsmightalso
occur due to the increased glycogenolysis in the muscle and liver,
which is often observed during stress (24).

Alternatively, the increase of the brain isoform of PYG in the
EVs may reflect the metabolic state of the brain after surgery.
A B

C D

FIGURE 4 | Differential expression of proteins in the post-surgery circulating EVs. (A) Bar diagram representing the number of differentially expressed proteins in the
6, 24, and 72 h post-surgery groups compared to the control values as assessed by GraphPad Prism (v. 9.1.1) using multiple unpaired t-tests analysis with FDR <
0.05 and fold change (FC) > 1.5. (Materials and Methods). (B) Volcano plots showing the differentially expressed proteins at 6h (left) and 24h (right) post-surgery
compared to their corresponding control groups (C6h and CS24-72h). Dotted lines represent FC > 1.5 threshold (log2-FC) and FDR <0.05 (-log10FDR), respectively.
(C) Differential expression of a-synuclein in the EVs from S24h and S72h groups using log2-transformed LC/MS data. (D) a-synuclein expression validation by
western blot. Mouse brain (hippocampus) homogenate was used as a positive control. SDS-PAGE was run under non-reducing conditions. dEV, serum depleted of
EVs, S, serum. Snca in the 24h Volcano plot is the official gene symbol for a-synuclein (a-syn). **p < 0.005, ***p < 0.0005.
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A B

FIGURE 5 | RNA mapping and miRNA PCA. (A) The averaged RNA-seq data from the control samples were used to map RNA categories [sRNAbench webserver
(19)]. (B) Principal component analysis of the circulating EVs’ miRNA data. Normalized miRNA read counts [Counts Per Million reads (CPM)] were log2-transformed
and used by Qlucore software to create a PCA plot. 24 h and 72 h post-surgery groups cluster together and are separated from the control whereas the 6 h group
clusters with the control.
A B

D E

C

FIGURE 6 | Differential expression of miRNAs in the post-surgery circulating EVs. (A) Bar diagram representing the number of differentially expressed miRNAs in
the 6, 24, and 72 h post-surgery groups compared to control values as assessed by DESeq2 analysis (FDR<0.05 and fold change (FC)>1.5; see Materials and
Methods). (B) Post-surgery temporal kinetics of the differentially expressed miRNAs. Each line represents an individual differentially expressed miRNA. (C) Volcano
plots showing the differentially expressed proteins at 24- (left) and 72 h (right) post-surgery compared to the control group (Control). The dotted lines represent FC >
1.5 threshold (log2-FC) and FDR <0.05 (-10logFDR), respectively. (D) Venn diagram showing the overlap between the differentially expressed miRNAs at 24 and 72
h post-surgery. (E) The log2-transformed CPM values of differentially expressed miRNAs at 24 and 72 h and the same miRNAs from the control and S6h groups
were used to generate heatmap (Qlucore). Cluster 1 (blue) and cluster 2 (red) include down-regulated and up-regulated miRNAs at 24 and 72 h, respectively.
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Indirect evidence confirming this hypothesis is our data on the
modified glucose and glutamate metabolism in the hippocampus
accompanied by changes in lactate levels at the same time points
after surgery (6).

The most prominent changes in the EVs’ protein cargo occur at
24 h post-surgery when 12 proteins were found up-regulated.
Mining the functions and tissue expression profiles of these
Frontiers in Immunology | www.frontiersin.org 101718
proteins allows conditional division of this group into two
clusters: proteins related to the muscle structure and function
[Myosin Heavy Chain 1, 4, and 7 (Myh1, Myh4, Myh7), PYGm,
Titin (Ttn), Actin, Alpha Skeletal Muscle (Acta1)] and proteins
involved in the acute-phase response to stress [Serpina3g,
Serpina3n, Serpina3a, Serum Amyloid P-Component (Apcs),
Inter-Alpha-Trypsin Inhibitor Heavy Chain H4 (Itih4)]. The
FIGURE 7 | Pathway analysis of differentially expressed miRNAs. Down- (cluster 1 from Figure 6E) and up-regulated (cluster 2 from Figure 6E) at 24 h post-
surgery miRNAs were analyzed by the miRPath online tool (see Materials and Methods) that determines the miRNA target mRNAs (based on experimental data) and
analyses the overrepresentation of these genes in the different KEGG pathways.
FIGURE 8 | Correlation analysis between the differentially expressed protein and miRNA data sets. Temporal kinetics of the differential expression of EVs’ proteins
and miRNAs demonstrates a high degree of correlation as to the Pearson’s linear correlation coefficient (GraphPad Prism).
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muscle-related cluster represents the same tendency that was
detected already at the 6 h time point, that is the profound
disruption of the surrounding tissues, including the muscle
upon tibia surgery. Considering the known activation of the
inflammatory response after surgery (25, 26) the elevation of
levels of many acute-phase proteins from the second cluster is
also not surprising. For instance, the circulating levels of Itih4 were
found elevated after the surgical trauma as shown using yet
another animal model of surgery (27). It can be therefore
suggested that post-surgery EVs might also spread inflammatory
signals to remote organs.

One of the differentially expressed proteins at 24 h post-surgery
is a-syn, which cannot be categorized into either of these two
subgroups. a-syn is expressed predominantly in neurons and
mostly localizes at the presynaptic terminal where it regulates
vesicle turnover (28). The aggregated form of a-syn is a hallmark
of a group of neurodegenerative diseases, including PD and
dementia with Lewy bodies (DLB) (29). However, a-syn is also
expressed in peripheral tissues, including muscle cells (30) and
blood cells, such as erythrocytes and platelets (31–33) whereas
lesser amounts are found in peripheral blood mononuclear cells
(PBMC) (34). This suggests potential source tissues of the a-syn
found in the circulating EVs. One possibility is that it is
released into EVs from the damaged muscles along with the
abovementioned muscle proteins. It can also be hypothesized
that PBMCs activated after surgery can shed “inflammatory”
EVs carrying a-syn as one of the cargo molecules.

Up-regulation of a-syn in the circulating EVs after surgical
trauma prompts an intriguing hypothesis that associates EV-born
a-syn with acceleration and/or exacerbation of neurodegenerative
diseases (35, 36) and the risk for late-onset dementia (37, 38) after
surgery. Consistent with this hypothesis different preclinical and
clinical studies demonstrated thata-syn bearing EVs are capable of
amplifying and propagating PD-related pathology (39–42). In
addition, it was also reported that LPS-induced peripheral
inflammation may potentiate the delivery of erythrocyte-
produced EVs containing a-syn across the BBB (43).

However, further detailed studies are certainly needed to explore
this hypothesis and decipher possible clinical implications of a-syn
up-regulation in the circulating EVs after surgery.

Whereas the protein fraction of EV cargo can potentially
provide more information on the tissue origin of EVs, the
miRNAs endowed with a strong post-transcriptional regulation
potential are important for understanding and predicting the
phenotypic changes of the recipient cells and tissues. It should be
noted that despite the same temporal pattern of differential
expression (Figure 8) the number of dysregulated miRNAs at
24 h post-surgery is significantly higher than the number of
proteins at the same time point. Moreover, these changes do not
completely subside as in the case with proteome but remain at a
certain, albeit lower level at 72 h post-surgery, which might be
indicative of a functionally more important role of EVs’miRNAs
as compared to proteins, with a wider temporal window
of action.

Analysis of the miRNA differential expression at 24 h post-
surgery revealed an explicit pattern of biological pathways that
Frontiers in Immunology | www.frontiersin.org 111819
these miRNAs (via their target mRNAs) may affect in the
putative recipient tissue(s). Thus, the set of down-regulated
miRNAs is involved in several pathways, the majority of which
are unified by a common theme - regulation of extracellular
matrix (ECM) (Figure 7). Interestingly, this set includes only few
miRNAs out of 27 down-regulated miRNAs (mmu-miR-29c-3p,
mmu-miR-145a-3p, mmu-miR-148a-3p, mmu-miR-29a-3p,
mmu-miR-25-3p) (Supplementary Figure S3, left panel).
Nearly the same set of miRNAs is also associated with a much
broader scope pathway, the PI3K/AKT/mTOR signaling. The
ECM components targeted by miRNAs are represented by a
group of various collagens and their cell receptors, namely
integrins. Notably, different members of the human miR-29
family that were found down-regulated in this study, are
known to have anti-fibrotic properties (44) due to their
capacity to interact with many mRNAs coding for ECM
proteins. It can therefore be suggested that down-regulation of
these miRNAs in the EVs could stimulate the synthesis of ECM
proteins in the target tissue(s), a process that is closely associated
with wound healing, especially at the initial stages (45). In line
with this, it was reported that various cargo molecules of
circulating EVs including miRNAs are capable of modulating
this pathway (46), and therefore might facilitate healing at the
injury site.

Such up-regulation of ECM components is reminiscent of
ECM re-modeling upon the metastatic process when tumor EVs
are preparing the “soil” for the arriving cancer cells - a metastatic
niche formation (47, 48). Considering the involvement of the
same set of miRNAs in the regulation of PI3K/AKT/mTOR
pathway (Supplementary Figure S3, left panel) it is tempting to
speculate that such “soiling” of the recipient tissue might
represent an important first step facilitating the following
activation of the PI3K/AKT/mTOR system with the very same
miRNAs. However, due to the immense complexity of this
pathway and uncertain target tissues of post-surgery EVs, it is
difficult so far to predict specific miRNA-mediated effects via
such a mechanism.

In addition to the 27 down-regulated EV miRNAs, 23 up-
regulated miRNAs were found associated with several KEGG
pathways. Again, it is just a few miRNAs in this group that are
driving most of the regulatory functions. These are four different
mmu-let miRNAs and mmu-miR-339-5p, mmu-miR-423-5p
that are involved in several pathways linked to the fatty acid
metabolism, along with yet another group of miRNAs (mmu-
miR-181a-5p, mmu-miR-26b-5p, mmu-miR-26a-5p, mmu-
miR-378a-3p, mmu-miR-181c-5p, mmu-miR-378c) that is
connected with the phosphatidylinositol signaling system
(Supplementary Figure S3, right panel). The same group of let
miRNAs can also regulate the ECM (Supplementary Figure S2,
right panel). Interestingly, the same pathway is targeted by
down-regulated miRNAs (see above), however, let miRNAs
can modulate translation of only a few collagen mRNAs,
whereas the down-regulated miRNAs target many more ECM
components including integrin receptors.

As indicated above, most pathways linked to the up-regulated
miRNAs are related to the fatty acid metabolism and involve
January 2022 | Volume 12 | Article 824696

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mkrtchian et al. Surgery Modifies Circulating Extracellular Vesicles
mRNAs coding for both the enzymes participating in the fatty
acid catabolism and the elongation and saturation of fatty acids.
Therefore, it can be predicted that the overall effect of the
miRNA up-regulation in the EVs would be the suppression of
the fatty acid catabolism in the putative recipient tissue(s).

Interestingly, consistent with this prediction, unpublished
hippocampal gene expression and metabolomic data from our
laboratory indicate partial replacement of glucose as an energy
source by fatty acids at 6 h post-surgery, whereas these changes
were largely reversed 72 h after surgery and lipid catabolism was
even decreased.

As in the case of down-regulated miRNAs, the group of up-
regulated miRNAs is involved in the modulation of yet another
complex multifunctional signal transduction pathway,
phosphatidylinositol-dependent signaling. Similar to the PI3K/
AKT/mTOR pathway, this signaling cascade is an active actor in
many physiological and pathological intracellular events, which,
on one hand, allows prediction of the active functional role of the
post-surgery EVs in the various distant tissues, but, on the other
hand, makes it equally difficult to envision any specific
downstream effects.

In both up- and down-regulated miRNA groups, the miRPath
pathway analysis tool singled out only a few dysregulated
miRNAs that were considered to drive main metabolic effects.
However, it cannot be ruled out that other differentially
expressed miRNA might also modify gene expression in target
cells. For instance, one of the top (FDR ranking) down-regulated
at 24 h mmu-miR-143-3p is predicted to be involved in lipid and
carbohydrate metabolism. Yet another top down-regulated
mmu-mir-541-5p target is predicted to modify the MAPK
signaling pathway (results not shown).

It should be mentioned that this study is not devoid of certain
limitations. Thus, it is difficult to separate the effects of surgery
and anesthesia without a corresponding experimental group of
animals subjected only to anesthesia. We have previously
demonstrated that the systemic immune activation in response
to orthopedic surgery in mice is independent of the isoflurane
anesthesia (7, 49). Nevertheless, it is still an open question if the
modification of EVs composition under the same conditions is
following the same pattern.

Another confounding factor is the use of only male animals in
the study. We have unpublished yet data where we could not
detect any sex differences in the behavioral experiments using the
same tibia surgery model.

Proteomic data indicated a-synuclein as differentially
expressed in the 24 h surgery samples. Western blot validation
revealed a protein band slightly larger in size as compared to the
brain positive control (Figure 4D). We believe that this size
difference can be attributed to the different tissue sources of the
protein and/or to the potential posttranslational modification(s)
(50). However, more sensitive methods, such as immunoelectron
microscopy might be needed to confirm the presence of the
protein in the EVs.

Finally, there is an ongoing debate concerning the choice of
the EV isolation method. The choice is largely dictated by the
tissue type, available amounts, throughput options, suitability for
Frontiers in Immunology | www.frontiersin.org 121920
various downstream applications, and the research question to
be addressed. Taking all of these and also many comparative
studies (17, 50–54) into account, we chose to use the commercial
kit ExoQuick ULTRA. The ULTRA version enriches for EVs and
has a relatively high yield, important for the small sample
volumes obtained from mice. The disadvantage of using the
ExoQuick, as well as similar precipitation methods is that it
might produce certain amounts of contaminating proteins and
also miRNAs associated with lipoproteins. However, whereas the
gold standard EV isolation method, the ultracentrifugation could
have provided with more refined EV fraction, it would had been
not possible to apply using the minute amounts of mouse blood
serum. The same reasoning can be applied to the other methods,
such as size-exclusion chromatography (SEC), density gradient,
affinity chromatography, etc. Interestingly, a comparison of SEC
with the ExoQuick ULTRA using the identical serum volumes
(250 µl) demonstrated the isolation of nearly the same set of EV-
related proteins (17).

With the current study, we began to explore the hypothesis of
circulatory EVs as potential mediators of the physiological effects
of surgical trauma. The main question of the current project,
whether the surgery is capable of modifying the expression of
cargo molecules in circulating EVs, can be answered now
positively. Moreover, differential expression of a specific set of
miRNAs in the “surgical” EVs suggests that they can be involved
in the regulation of several metabolic pathways, such as ECM-
receptor interaction and lipid metabolism in the recipient tissues,
which is consistent with our data on hippocampal metabolic and
functional dysregulation after surgery (5, 6). Another interesting
finding is the increased levels of a-syn in the circulating EVs
after surgery, which might have potential long-term neurological
consequences. We conclude that surgery alters the EV
composition in the blood, which paves the way for further
studies on the functional effects of these EVs on the brain.
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and Resuscitation
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Our research explores the immunomodulatory effects of sulforaphane (SFN), a well-known
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway agonist, on the sterile
inflammation of and ischemia-reperfusion injuries to the liver after hemorrhagic shock
(HS) followed by resuscitation (R). Male C57/BL6 wild-type and transgenic ARE-luc mice
were exposed to mean arterial pressure-controlled HS. Fluid resuscitation was performed
after 90 min of HS, and SFN was administrated intraperitoneally after that. The animals
were sacrificed at 6 h, 24 h, and 72 h after resuscitation, and their livers were extracted to
perform H&E staining and myeloperoxidase (MPO) activity analysis. The Kupffer cells were
isolated for cytokines profile measurements and Nrf2 immunofluorescence staining.
Further, the ARE-luc mice were used to assess hepatic Nrf2 activity in vivo. We
identified that SFN-activated Kupffer cells’ Nrf2 pathway and modulated its cytokines
expression, including TNF-a, MCP-1, KC/CXCL1, IL-6, and IL-10. Furthermore, SFN
mitigated liver ischemia-reperfusion injury, as evidenced by the downregulation of the
Suzuki score and the enhanced hepatic Nrf2 activity. The in vivo SFN treatment decreased
neutrophils infiltration, as shown by the decreased MPO levels. Our study shows that SFN
can decrease HS/R-induced hepatic ischemia-reperfusion injury and modulate the activity
of Kupffer cells via an Nrf2-dependent pathway.

Keywords: hemorrhagic shock/resuscitation, liver, ischemia-reperfusion injury, cytokines, Kupffer Cells, sulforaphane,
Nrf2, KEAP1
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INTRODUCTION

Hemorrhagic shock (HS) remains one of the leading causes of
death in traumatized patients (1) and negatively affects multiple
organs of survivors by causing hypoxia, cell damage, and organ
failure. This process is accompanied by a sterile inflammatory
response that includes an overwhelming oxidative stress reaction
(2). For the liver, as a central organ in homeostasis, a deficiency
in blood supply may disrupt the hepatic cellular metabolism,
leading to liver dysfunction and even failure, which is a fatal
complication that leads to increased mortality rate. Hepatic
Kupffer cells are well known to play a central role in these
processes (3–5). As local resident macrophages, Kupffer cells
serve as a major source of proinflammatory cytokines and
reactive oxygen species (ROS), which are liberated during the
early stages of HS (6).

The nuclear factor erythroid 2-related factor 2 (Nrf2) has
been proven to exert hepatoprotective effects in case of toxin
induced hepatitis. It belongs to the family of basic region leucine
zipper (bZIP) transcription factors. In homeostatic conditions,
Nrf2 is sequestered in the cytosol via the physical attachment of
the N-terminal domain to the Kelch-like ECH-associated protein
1 (Keap1), which, in turn, causes the inhibition of Nrf2 activity
(7). Upon the increased occurrence of oxidants, Nrf2 dissociates
from Keap1 and translocate into the nucleus, interacts with the
antioxidant response element (ARE), which is a DNA motif
located in the upstream promoter regions, and, finally, mediates
the expression of several antioxidant enzymes (8). Due to the
aforementioned aspects, Nrf2 has been considered as a target for
new therapeutic approaches in the treatment of several liver
diseases (9).

Sulforaphane (SFN), a natural isothiocyanate, is a well-known
Nrf2 pathway agonist (10). It has been reported that SFN
activates Nrf2 activity in peritoneal macrophages and exerts
anti-inflammatory effects via the inhabitation of TNF-a, IL-1b,
COX-2, and iNOS expression in a murine model (11). In our
previous publication, we reported the beneficial effects of in vivo
SFN administration on lung ischemia-reperfusion damage and
the systemic inflammatory response in an isolated murine HS/R
model (12). It was indicated that SFN exerts anti-inflammatory
effects by down-regulating multiple pro-inflammatory alveolar
macrophages (AMs) generated cytokines, during which process
accompanies AMs’ Nrf2 pathway activation.

In this study, we investigated the effects of SFN on HS/R-
induced liver damage because compared to other organs, the
liver is actually well-protected from general ischemic injury due
to its dual blood flow system. This system assures a rescue
circulation since the blood received by the liver is shared
between the portal vein and the hepatic artery (13, 14).
Additionally, the highly permeable sinusoids of the liver allow
increased oxygen diffusion to hepatocytes, increasing oxygen
extraction to levels approaching 90% (15). However, the severe
hypovolemia that occurs in the course of hemorrhagic shock can
overcome even these robust supportive mechanisms and
consequently damage the liver. This is of importance because
the liver is the central organ of metabolism, and therefore a
dysfunction of the hepatocytes has further serious consequences
Frontiers in Immunology | www.frontiersin.org 22324
for the entire body. Because Nrf2 activity has been shown to be
beneficial in a variety of liver injury models (9, 16–18) not only
because of its cytoprotective and antioxidant properties but also
because of its marked influence on metabolic pathways (19–21),
the investigation of the effects of SFN-induced Nrf2 activity in
our HS/R model was of great interest.

Our present study will elucidate the possible effects of SFN on
l iver inflammation af ter i so lated HS/R and Nrf2-
related mechanisms.
MATERIALS AND METHODS

With regard to the 3R-criteria by Russell and Burch (22), the
presented results are taken from a larger project of which partial
data have been published already (12).

Animal Care and Experimental Design
Our research was approved by the North Rhine-Westphalia
Animal Welfare Committee (AZ 84-02.04.2017.A269). We
selected male C57/BL6 wild-type (WT) mice (Charles Rivers
Laboratories, Germany) and transgenic ARE-luc mice (Cgene,
Oslo, Norway) that were 8–10 weeks old and weighed 20–30 g.

All the animals were kept for more than one week to prevent
stressive factors from interfering with the stress/inflammation-
related measurements. In total, 78 WT mice were divided into
five groups (control, sham, HS/R, sham + SFN, and HS/R + SFN)
and tested at three points of time (6 h, 24 h, and 72 h) after HS/R
(Table 1). The number of animals was set by statistical power
analysis via setting the confidence level at 95%, which ensured 6
animals per group was rational and statistically significant
(http://powerandsamplesize.com/Calculators/Compare-k-
Means/1-Way-ANOVA-Pairwise-1-Sided; https://clincalc.com/
stats/samplesize.aspx). The control animals were sacrificed
immediately to obtain samples, and the experimental mice
were sacrificed at 6 h, 24 h, and 72 h post resuscitation. The
sham animals were sacrificed at 6 h, 24 h, and 72 h post
operation. Thoracotomy (with anesthesia using pentobarbital
and desflurane) was performed, and the mice were
exsanguinated via cardiac puncture. Liver tissues were collected
fromWT mice for myeloperoxidase (MPO) testing, hematoxylin
and eosin (H&E) staining, and Suzuki score calculation. Kupffer
cells were isolated and cultured for cytokine measurement. In
total, 24 ARE-luc mice were allocated to each group (six per
group) for testing the hepatic Nrf2 activity at 0 h (before surgical
procedure), 6 h, and 24 h post HS/R and sham surgery. Each of
ARE-luc mice was tested 3 times before sacrificed.

Anesthesia and Induction of HS/R
Analgesia was performed via preoperative (30 min)
buprenorphine (Temgesic®, 0.05–0.1 mg/kg/body weight, s.c.)
injection. The inhalation anesthesia was initiated with
Desflurane (6%, MAC 50) in an induction box, and the
anesthesia was maintained by inhalation anesthesia (1.5%,
MAC 50). The mice were placed on a warming pad in a supine
position. A unilateral incision of about 1 cm was made to expose
February 2022 | Volume 13 | Article 822895
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the femoral artery of the left femur, which was intubated with a
sterile PE-10 polyethylene catheter (Braintree Scientific Inc.,
USA). Heparin (Baxter Healthcare Corporation, Deerfield, IL)
(0.5 IU/g BW each) was used as an anticoagulant in the syringe
during blood withdrawal and 90-min HS. The volume of blood
withdrawal was shown in supplementary mater ia l
(Supplementary Table S1). The catheter was connected to a
digital blood pressure monitor (Digi-Med ®, Louisville, KY,
USA), and the HS condition (MAP of 35–45 mmHg) was
maintained for 90 min. The withdrawn blood was reinfused
via infusion pump along with a 0.9% saline solution (two times
the volume of the drawn blood) to perform resuscitation (0.2 ml/
min). Protamine (0.5 IU/g BW each) was injected immediately
after resuscitation via the catheter to counteract the heparin’s
effects. Finally, the PE catheter was removed, and the artery was
ligated. Additional buprenorphine (0.05–0.1 mg/kg) was
administered every 6–8 h post-surgery. The sham mice
underwen t the same surg i c a l p rocedure w i thout
blood withdrawal.

SFN Administration
SFN (CAS registry number:142825-10-3) (50 mg/kg) was
injected intraperitoneally after resuscitation in the Sham + SFN
and HS/R + SFN groups. The solvent for SFN (0.9% saline) was
used as the vehicle. The first SFN injection was 1.5h after
hemorrhagic shock and resuscitation. In 6h and 24h groups,
SFN was administrated once at 1.5h, while in 72h groups, SFN
was injected 3 times at 1.5h, 24h and 48h.

Bioluminescence Imaging (BLI) of Hepatic
Nrf2 Activity
The hepatic Nrf2 activity in vivo was evaluated with the male
ARE-luc transgenic mice. The transcription of the luciferase gene
is controlled by ARE, and the bioluminescence directly correlates
with the Nrf2 activity. Measurements were performed three
times for each mouse: Control measurements were performed
before surgery for the determination of the baseline levels.
Further measurements were performed at 6 h and 24 h after
HS/R or sham surgery. A 200ml D-luciferin solution (containing
4 mg of D-luciferin; Synchem, Switzerland) was injected
intraperitoneally under Desflurane inhalation anesthesia 10
min before testing, as described by Fet et al. (23). The front
upper abdominal hepatic area was selected as the region of
interest (ROI), and the images were recorded using a Xenogen
Ivis® Lumina System. The Living Image Software 2.5 (Caliper
Life Sciences, California) was used to quantify the photons
emitted. The signal intensity was quantified as the sum of all
photons counts per second within the ROI with reference to the
Frontiers in Immunology | www.frontiersin.org 32425
background luminescence of the lower limbs. The results were
presented as average radiance (photons/second/square
centimeter/steradian: p/s/cm2/sr).

Liver H&E Staining and Ischemia-
Reperfusion Injury Evaluation
The right lateral lobes of the livers of the WT mice were excised
under sterile conditions immediately after euthanasia and
embedded in paraffin before H&E staining were performing.
The liver tissues were sliced into 5–7 mm thick pieces using a
microtome (Leica Biosystems, Heidelberger, Germany).
Histological observation was performed using an optical
microscope (Carl Zeiss, Jena, Germany) with a magnification
of 200 times. Two independent researchers (WL and JG) assessed
the acute liver injury scores according to the Suzuki
standards (24).

MPO Testing
The accumulation of polymorphonuclear leukocytes in the livers
was assessed by MPO activity. The left medial lobe of the livers
from theWTmice were snap frozen in liquid nitrogen and stored
at -80°C before MPO testing. The radioimmunoprecipitation
(RIPA) assay buffer was used to prepare tissue homogenates by
tissue lysis. An MPO-enzyme-linked immunosorbent assay
(ELISA) kit (Hycultec GmbH, Beutelsbach, Germany) was used
according to the manufacturer’s instructions.

Isolation and Immunostaining of Kupffer
Cells’ Nuclear Nrf2 Translocation and
Cyto-Plastic Keap1
The Kupffer cells were isolated with collagenase digestion and
Percoll gradient centrifugation as previously described (25). The
remaining lobes of the livers from the WT mice were perfused by
HBSS (Thermo Fisher Scientific, USA) via the portal vein before
removal. Thereafter, the liver tissues were incubated in a
collagenase IV solution (Worthington, Lakewood) for 15 min
at 37°C. Some of the isolated Kupffer cells was transferred to a
six-well plate with a cell count of 5 × 105 per well and cultured in
an incubator (37°C, 95% humidity, and 5% CO2) for 24 h before
the supernatant culture medium was stored at -80°C for
ELISA testing.

The other two aliquots of Kupffer cells were immediately fixed
with 4% paraformaldehyde Phosphate buffered saline (PBS)
s o l u t i o n ( pH = 7 . 4 ) a t r o om t emp e r a t u r e f o r
immunofluorescence staining. The fixed Kupffer cells were
then permeabilized with PBS containing 0.25% Triton X-100.
After blocking with PBS containing 10% goat serum, the cells
were incubated with anti-Nrf2 antibody (Abcam 137550,
TABLE 1 | Groups distribution of WT and ARE-luc mice.

Termination post-intervention Genotype Control Sham + vehicle Sham + SFN HS/R + vehicle HS/R + SFN

0 h C57/BL6 (WT) 6
6 h C57/BL6 (WT) 6 6 6 6
24 h C57/BL6 (WT) 6 6 6 6
72 h C57/BL6 (WT) 6 6 6 6
24 h C57/BL6 (ARE-luc) 6 6 6 6
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England, 1:500) and anti-Keap1 antibody (Abcam 139729,
London, England, 1:200) separately overnight. Then, the
Kupffer cells were stained with goat anti-rabbit IgG H&L
(DyLight1 488, Abcam 96895, 1:500) pre-adsorbed secondary
antibodies for 1 h at room temperature. The nuclei were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI). The
subcellular localization of Nrf2 and cytoplastic Keap1 was
observed in 20 microscopic fields (5–10 cells/field) by two
independent researchers (WL and JG) with confocal
fluorescence microscopy (Zeiss Axiovert 200M, Germany).
Quantitative analyses of the mean density of fluorescence in
the nuclei and cytoplasm were performed with the AxioVision
Rel. 4.8 software (Carl Zeiss MicroImaging, LLC).

Assessment of Cytokines in Kupffer Cells’
Culture Supernatant
The Kupffer cells’ culture supernatant was tested for TNF-a,
IL-6, human macrophage chemoattractant protein-1 (MCP-1),
keratinocyte (KC), granulocyte macro-phage colony-stimulating
factor (GM-CSF), and IL-10. These cytokine and chemokine
levels were evaluated using mouse premixed multi-analyte kits
(R&D System Inc., Minneapolis, MN, USA) according to the
manufacturer’s manuals.

Serum ALT and AST Levels
Serum ALT and AST levels were tested with auto-biochemical
analyzer by a well-trained technician and were expressed as U/L.

Statistical Analysis
The Shapiro–Wilk test was used to determine the data distribution.
Normally distributed data were expressed as mean ± SD.
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The interquartile range (IQR) was used if the data were non-
normally distributed. Differences between the groups were
determined by one-way ANOVA followed by Tukey’s post hoc
test for normally distributed data, and the non-normally
distributed data were assessed using the Kruskal-Wallis test
followed by Dunn’s post hoc test. The statistical significance
threshold for all analyses was set at p < 0.05. The statistical
calculations were performed using SPSS (version 24.0.0; IBM,
Armonk, NY, USA).
RESULTS

SFN’s Effects on Hepatic Nrf2-ARE Activity
The BLI of the transgenic ARE-luc mice demonstrated that the
average luminescence after HS/R was significantly increased
from the baseline level of 1.2 ± 0.3×106 p/s/cm2/sr to a peak
level of 7.2 ± 0.9 × 106 p/s/cm2/sr at 6 h post HS/R (p < 0.01). The
SFN-treated HS/R mice showed enhanced hepatic Nrf2-ARE
activity compared to the vehicle-treated mice, with a peak level
being observed at 6 h after resuscitation (23.9 ± 3.1 × 106 p/s/
cm2/sr) (p < 0.01). The hepatic region of the sham animals also
showed increased Nrf2-ARE activity after SFN treatment.
However, the peak level of luminescence was much lower than
that of the HS/R animals (3.1 ± 0.8 ×106 p/s/cm2/sr) (Figure 1).

Effects of SFN on Nrf2 Translocation Into
Kupffer Cells’ Nuclei
The average fluorescence intensity of Nrf2 in the Kupffer cells’
nuclei of the HS/R mice was significantly higher than that of the
sham animals at 6 h (p < 0.01) and 24 h (p < 0.05) after HS/R.
A

B

FIGURE 1 | Bioluminescence emission of the liver region of ARE-luc mice (n=6 in each group). The ARE-luc transgenic mice underwent an HS/R or sham operative
procedure. The luciferase activity in vivo was measured via BLI after the intraperitoneal injection of luciferin preoperatively (0 h) and post operatively (6 h and 24 h).
The red ellipses mark the selected ROIs used to evaluate signal intensity. (A) The representative animals for each group and time point. High signal intensities were
also observed around the neck, chest, and the nasal and oral cavity. (B) The in vivo hepatic luciferase activity was recorded as the average radiance in photons per
second per cm2 per steradian (p/s/cm2/sr), which represents the mean values for six animals and the standard deviation (*p < 0.05, **p < 0.01; One-way ANOVA
followed by Tukey’s post hoc test).
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The highest Nrf2 nuclear accumulation for the HS/R animals was
observed at 6 h post resuscitation. The SFN treatment significantly
elevated the average fluorescence intensity of nuclear Nrf2 at 6 h
(p < 0.01), 24 h (p < 0.01), and 72 h (p < 0.05). The Kupffer cells’
average nuclear Nrf2 fluorescence intensity for the shammice was
not significantly affected by SFN treatment (Figure 2). Negative
control of immunofluorescence is shown in supplementary
material (Supplementary Figure S1).

Immunofluorescence Imaging of Kupffer
Cells’ Cytoplasmic Keap1
The average fluorescence density of the Kupffer cells’ cytoplasmic
Keap1 of the HS/R mice was significantly higher than that of the
sham animals at 6 h (p < 0.01) post fluid resuscitation. SFN
treatment after HS/R significantly up-regulated the average
fluorescence density of cytoplasmic Keap1 at 6 h (p < 0.01),
24 h (p < 0.01), and 72 h (p < 0.05). The average fluorescence
density of the Kupffer cells’ cytoplasmic Keap1 of the sham mice
was not modulated by SFN treatment (Figure 3).

SFN’s Effects on the Cytokine Secretion of
Kupffer Cells
HS/R led to significant enhancement in the Kupffer cell secretion
of TNF-a, IL-6, MCP-1, KC, GM-CSF and IL-10 at three time
points (6 h, 24 h, and 72 h) as compared to the sham group. The
Kupffer cells of the mice that underwent in vivo SFN treatment
after HS/R showed a significantly decreased expression of TNF-a
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(6 h), IL-6 (6 h and 24 h), MCP-1 (6 h), KC (6 h, 24 h, and 72 h),
and IL-10 (24 h and 72h) compared to the vehicle-treated
groups, while GM-CSF secretion was not significantly altered
(Figure 4). The cytokine secretion of the sham mice was not
influenced by SFN treatment.

SFN’s Effects on Hepatic MPO Activity
The HS/R induced significantly elevated MPO activity at 6 h (p <
0.05), 24 h (p < 0.01), and 72 h (p < 0.05) post HS/R as compared
to the sham animals. The in vivo SFN treatment was associated
with a significant reduction in hepatic MPO activity as compared
to the vehicle-treated animals at 6 h (p < 0.01) and 24 h (p < 0.05)
post HS/R. The application of SFN had no significant effect on
the MPO activity of the sham mice in our experiment (Figure 5).

Histological Analysis and Serum ALT and
AST Level
Abnormal histological changes in the sham animals were
minimal, with typical liver tissue sections that showed clear
liver lobule structures. The HS/R animals showed varying
degrees of inflammatory cell infiltration, loss of liver lobule
tissue structure, including necrosis, steatosis, portal vein
congestion, and interstitial edema, or haemorrhage. Overall,
our research demonstrated a significantly higher acute liver
Suzuki injury score in the HS/R animals than the sham
animals (6 h, 24 h, and 72 h; p < 0.01). In vivo SFN
administration is associated with a significant decrease in the
A

B

FIGURE 2 | Immunofluorescence analysis of Nrf2 nuclear translocation (n=6 in each group). (A) Kupffer cells were isolated from the WT mice that underwent the
different experimental procedures and were fixed immediately. Nrf2 was probed with a primary anti-Nrf2 antibody and visualized with a goat anti-Rabbit DyLightH 488-
conjugated secondary antibody. The nuclei were stained with DAPI. The images were taken using confocal fluorescence microscopy. (B) The quantitative analyses of
the mean intensity of fluorescence (l = 488nm) in the nuclei were performed with the AxioVision Rel. 4.8 software (Carl Zeiss Micro Imaging, LLC) (*p < 0.05, **p < 0.01;
One-way ANOVA followed by Tukey’s post hoc test).
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A

B

FIGURE 3 | Immunofluorescence analysis of cytoplasmic Keap1 (n=6 in each group). (A) Kupffer cells were isolated from the WT mice of different groups and fixed
immediately. Keap1 was targeted with a primary anti-Keap1 antibody and visualized with a goat anti-Rabbit DyLightH 488-conjugated secondary antibody. The nuclei
were stained with DAPI, and the images were taken using confocal fluorescence microscopy. (B) The quantitative analyses of the mean density of fluorescence in the
nuclei were performed with the AxioVision Rel. 4.8 software (Carl Zeiss Micro Imaging, LLC) (*p < 0.05, **p < 0.01; One-way ANOVA followed by Tukey’s post hoc test).
A B C

D E F

FIGURE 4 | Cytokines secreted by Kupffer cells (n=6 in each group). The TNF-a (A), IL-6 (B), MCP-1(C), KC/CXCL1 (D), GM-CSF (E), and IL-10 (F) levels in C57/
BL6 WT mouse plasma following HS/R or sham surgery with the HS/R + SFN group or sham + SFN group or without the administration of SFN (HS/R groups or sham
groups). The results are expressed in pg/mL as mean ± SD. (*p < 0.05, **p < 0.01; the data of 6h group in graph (A) were analyzed by Kruskal-Wallis test followed by
Dunn’s post hoc test, and others were obtained with use of one-way ANOVA followed by Tukey’s post hoc test).
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Suzuki injury score at 72 h post-HS/R (p < 0.01) as compared to
the HS/R animals that were treated with the vehicle (Figures 6A,
B). The HS/R induced significantly elevated serum ALT level at
Frontiers in Immunology | www.frontiersin.org 72829
6 h, 24 h and 72 h (all p < 0.01) as compared to the sham groups.
SFN treatment was associated with a significant reduction of
serum ALT level as compared to the vehicle-treated animals at
6 h, 24 h and 72h (all p < 0.01) post HS/R. Serum AST
significantly elevated at 6 h (p < 0.01), 24 h (p < 0.05) and 72
h (p < 0.01) post HS/R. SFN treatment down-regulated serum
AST level as compared to the vehicle-treated animals at 72h (p <
0.01) post HS/R (Figures 6C, D).
DISCUSSION

HS is associated with an overwhelming formation of ROS, which
promotes the liberation of multiple cytokines by hepatic localized
Kupffer cells (26). Nrf2 is widely recognized as a key protective
pathway against oxidative stress and hepatic inflammation (27).
However, the potential beneficial effects of SFN, one of the most
well-known Nrf2-ARE pathway agonists, for isolated HS/R-
induced liver ischemia-reperfusion injury and sterile
inflammation have not yet been sufficiently explored.
FIGURE 5 | Hepatic MPO activity (n=6 in each group). C57/BL6 WT mice
following HS/R or sham surgery with HS/R + SFN or sham + SFN or without the
administration of SFN (HS/R groups or sham groups). The results are expressed
as pg/ml, data = mean ± SD (*p < 0.05, **p < 0.01; One-way ANOVA followed
by Tukey’s post hoc test).
A

B

C D

FIGURE 6 | (A) H&E staining liver (n=6 in each group; 200× magnification). H&E staining was performed to visualize cells and determine pathophysiological changes in
them (blue arrows: hepatocyte necrosis; black arrows: hepatocyte vacuolation and steatosis; red arrows: portal vein congestion; white arrows: neutrophil infiltration). Scale
bar = 50mm. (B) The liver injury score (according to the Suzuki standard). The liver injury score was calculated according to the scoring system that ranged from 0 to 5,
as mentioned above. Every field of the sample was evaluated by two independent observers (*p < 0.05, **p < 0.01; Kruskal-Wallis test followed by Dunn’s post hoc test).
ALT (C) and AST (D) levels in C57/BL6 WT mouse plasma were expressed in U/L as mean ± SD. (n=6 in each group; *p < 0.05, **p < 0.01; One-way ANOVA followed
by Tukey’s post hoc test).
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The main results of our study can be summarized as follows:

1. In vivo SFN administration significantly promotes hepatic
Nrf2-ARE activity. After HS/R it contributes to both, Kupffer
cells’ cytoplasmic Nrf2-Keap1 disintegration and, in turn,
Nrf2 translocation into their nuclei.

2. In vivo SFN treatment downregulates the isolated HS/R-
induced proinflammatory cytokines, including TNF-a,
MCP-1, IL-6, and KC as well as the anti-inflammatory
cytokine IL-10 expressed by Kupffer cells.

3. In vivo SFN administration alleviates liver ischemia-
reperfusion injury post HS/R and decreases MPO level.

Kudoh et al. (28) reported that the depletion of Nrf2 in mice
aggravated hepatic inflammation and oxidative stress after
ischemia and reperfusion (I/R), while the activation of Nrf2
significantly prevented hepatic damage. Accordingly, the results
presented in the current study with increased Nrf2 activity after
HS/R might be considered a compensative protective mechanism.
The Kupffer cells’ Nrf2 was most significantly translocated into the
nucleus at 6 h post HS/R, while it showed reduced nucleus Nrf2
density later. Accordingly, the mean density of the cytoplastic
Keap1 fluorescence showed a similar trend. This finding could be
based on higher levels of possibly induced oxidative stress which
might occur immediately after HS/R. Nevertheless, the observed
natural Nrf2 activation seems to be insufficient to protect the liver
from I/R damage. In fact, SFN promotes the expression of
endogenous antioxidants, which are able to reduce oxidative
stress. In this context, SFN has been shown to reduce oxidative
stress and inflammation by activating Nrf2. Alam et al. and
Fragoulis et al. (9, 29) demonstrated that SFN treatment modifies
the Keap1 cysteine residues and promotes its disintegration with
Nrf2, which, in turn, exerts potent Nrf2 pathway activating effects.
The protective function of Nrf2 with regard to the oxidative stress
on liver injuries is well described (30). In line with the current
literature, we observed that in vivo SFN treatment promoted
Kupffer cells’ Nrf2 disintegration with Keap1. This was
accompanied by an activated Kupffer cell Nrf2 pathway even
beyond the very early phase (6 h after HS/R) and a decreased
secretion of multiple proinflammatory cytokines, which may help
attenuate I/R damage in the liver.

The local inflammatory status of the liver is profoundly
affected by Kupffer cells. Previous studies reported that Nrf2
suppresses the macrophage-based inflammatory response by
blocking proinflammatory cytokine transcription and acts as
an upstream regulator of cytokine production (31). In this
context, Kobayashi et al. (32) also found that Nrf2 interferes
with the transcriptional upregulation of IL-6 via binding to the
proximity of the gene and inhibits RNA Pol II recruitment in
macrophages. This leads to a decreased secretion of IL-6, which
is in line with the findings of this study.

It is well known that TNF-a activates cell-death pathways
(33), and, therefore, the decrease in Kupffer cells’ TNF-a
expression of SFN-treated mice at 6 h post HS/R might be
beneficial for alleviating hepatic necrosis. The Kupffer cells-
produced IL-10 reached peak levels at 72 h post HS/R, while
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the proinflammatory cytokines’ peak levels all occurred at 6 h.
This may be interpreted as a classic counter balance mechanism,
which was also demonstrated in polytrauma patients (SIRS/
CARS) (34). Unexpectedly, we found not only pro- but also
anti-inflammatory was down regulated by SFN. However, the
ration of IL-6/IL-10 of HS/R group in 6h is 23.2, which is 17.8 of
HS/R+SFN group. It showed that the degree of IL-6 decrease was
much higher than that of IL-10 and indicated SFN exhibited
anti-inflammatory properties for liver I/R injury. SFN did not
show direct effects on IL-10 production at 6 h after HS/R but
demonstrated a significant down-regulating effect on IL-10 at 24
h and 72 h. This could be caused directly by SFN itself or, more
likely, could be driven by the lower proinflammatory trigger due
to the decreased levels of proinflammatory cytokines. GM-CSF
promotes inflammation in various inflammatory diseases and is
generally assumed to be an efficient activator of M1 macrophage
polarization (35). KC is a classical marker that indicates a
potential transition from the alternative M2 to a more M1
proinflammatory phenotype (36). By contrast, IL-10 promotes
reduced M1 macrophage activation and increased M2
macrophage activation (37). Thus, we can conclude that it is
possible that sterile inflammation following isolated HS/R
induces more Kupffer cells to polarize to the proinflammatory
M1 phenotype and leads to the generation of more
proinflammatory cytokines. Furthermore, Kupffer cell-
produced GM-CSF may result in a positive feedback loop that
augments M1 polarization (38). Nakasone et al. (31) found SFN
to exert effects on the phenotypic differentiation of macrophages
at non-cytotoxic concentration. SFN has the effect of shifting
monocytes to specific M2-type macrophages or convert M1-
polarized cells into M2 macrophages via a MAPK-related
mechanism, which maybe another underlying explanation for
our findings. Our findings indicate that SFN may yield the
beneficial effects of promoting Kupffer cells’ Nrf2 activation
and modulating the expression of various cytokines that can
potentially alleviate isolated HS/R-induced hepatic I/R injuries.

Oxidative stress and elevated inflammatory cytokines not
only lead to harmful systemic effects but also potentially
damage local organ tissue. Regarding the liver, inflammatory
changes result in severe centrilobular congestion and hepatic
dysfunction that are characterized by necrosis and vacuolization
(39). Serum AST and ALT levels are the most useful indicators of
liver cell injury (40). We observed significantly increase of ALT
and AST post HS/R accompanying liver tissue injury as
compared with sham animals.

In our study, SFN treatment for HS/R animals also led to
significantly elevated Nrf2 activity of the liver tissues as
compared to untreated animals. This was accompanied by
significantly reduced Suzuki scores, MPO, ALT and AST levels
post resuscitation. The alleviation of the liver injury may be
closely related to possible lower levels of the oxidative stress
which is indirectly indicated the determined higher Nrf2-ARE
pathway activation, nevertheless not indicating the oxidative
stress levels directly. Although MPO produced by both Kupffer
cells and neutrophils, as document by literature, MPO is mainly
derived from neutrophil infiltration following liver tissue injury
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(41). In our present research, we found SFN exerts protective
effect and attenuate necrosis, which may help reduce neutrophil
infiltration and MPO level. The peak MPO level in the liver
tissues at 6 h after HS/R may be also closely related to the
elevated Kupffer cells’ production of chemokines, especially
MCP-1 and KC. We found SFN down-regulated Kupffer cells
produced MCP-1 and KC, which may help reduce MPO level.
Overwhelming oxidative stress promotes higher neutrophil
infiltration in liver tissues as well. In addition, there is evidence
showing that vascular endothelial function may be disrupted by
neutrophil MPO via oxidative stress (42), which may be related
to the severe portal venous congestion that we found in the HS/R
mice. SFN administration decreased the liver MPO level at 6 h
and 24 h after HS/R, which may also attribute to the Nrf2
pathway activation.

For the first time, SFN as a well-known Nrf2 pathway agonist,
was applied to a rodent isolated HS/R model to observe its effects
on Kupffer cells participating in hepatic sterile inflammation.
Nevertheless, our study obtained positive results for SFN
treatment of HS/R it underlies minor limitations. First, all
operations are performed under general anesthesia in animals,
which may cause regulation of cell damage. To avoid an
unwanted bias, we included suitable sham and control groups
in the experimental setup to be able to calculate and subtract
possible shifts of the baseline from the data of the experimental
groups. Furthermore, our research only studied the role of SFN
in the early 72 hours post HS/R. The role of SFN in the late HS/R
and the possibility of clinical application should be further
confirmed. Finally, although designed to provide a clinically
feasible setting, the complex injury pattern of our model is
affected by many variables (such as drugs, infusions, diet,
sample collection, etc.), and these variables may also affect
the results.
CONCLUSION

In conclusion, our present study demonstrated that in vivo SFN
treatment down-regulates the proinflammatory cytokines
expressed by Kupffer cells after isolated HS/R. This might serve
as a potential therapeutic way to protect the liver from
overwhelming local sterile inflammation and ischemia-
reperfusion damage induced by isolated HS/R. SFN’s hepatic
protective mechanism may be closely related with the Nrf2-ARE
pathway activation of Kupffer cells and liver tissues. Further
Frontiers in Immunology | www.frontiersin.org 93031
studies are required to elucidate the specific mechanisms and
potential clinical applications of SFN.
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The consequences of systemic inflammation are a significant burden after traumatic brain
injury (TBI), with almost all organs affected. This response consists of inflammation and
concurrent immunosuppression after injury. One of the main immune regulatory organs,
the spleen, is highly interactive with the brain. Along this brain–spleen axis, both nerve
fibers as well as brain-derived circulating mediators have been shown to interact directly
with splenic immune cells. One of the most significant comorbidities in TBI is acute ethanol
intoxication (EI), with almost 40% of patients showing a positive blood alcohol level (BAL)
upon injury. EI by itself has been shown to reduce proinflammatory mediators dose-
dependently and enhance anti-inflammatory mediators in the spleen. However, how the
splenic immune modulatory effect reacts to EI in TBI remains unclear. Therefore, we
investigated early splenic immune responses after TBI with and without EI, using gene
expression screening of cytokines and chemokines and fluorescence staining of thin
spleen sections to investigate cellular mechanisms in immune cells. We found a strong
FLT3/FLT3L induction 3 h after TBI, which was enhanced by EI. The FLT3L induction
resulted in phosphorylation of FLT3 in CD11c+ dendritic cells, which enhanced protein
synthesis, maturation process, and the immunity of dendritic cells, shown by pS6, peIF2A,
MHC-II, LAMP1, and CD68 by immunostaining and TNF-a expression by in-situ
hybridization. In conclusion, these data indicate that TBI induces a fast maturation and
immunity of dendritic cells which is associated with FLT3/FLT3L signaling and which is
enhanced by EI prior to TBI.

Keywords: traumatic brain injury, spleen, FLT3, dendritic cell, ethanol
INTRODUCTION

Traumatic injury to the brain has acute, large-scale systemic consequences (1) that affect almost all
organs and may lead to a compromised function of the heart, lung, gastrointestinal tract, liver,
kidney, bones, lymphoid organs, and others, without direct systemic injury or infection (2, 3). The
systemic response to TBI is characterized by inflammation and, at the same time, a net systemic
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https://www.frontiersin.org/articles/10.3389/fimmu.2022.824459/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.824459/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.824459/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:florian.oldeheuvel@gmail.com
https://doi.org/10.3389/fimmu.2022.824459
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.824459
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.824459&domain=pdf&date_stamp=2022-02-24


Zhang et al. Splenic Dendritic Cells in TBI
immunosuppression (4–6). Although brain injury results in a
systemic increase of inflammatory mediators and cytokines in
both patients (7–9) and rodent models of TBI (10–12), there
remains ample evidence point ing toward systemic
immunosuppression post-TBI, with a decrease in immune cells
in the periphery (13–18). Generalized immunosuppression is
highly relevant on clinical grounds, since it may contribute to an
enhanced vulnerability to infections observed after severe
tissue injury.

The spleen is one of the most important immune regulatory
organs, involved not only in red blood cell clearance but also in
the facilitation of interactions between antigen-presenting cells
(APCs) and T and B lymphocytes (19). Prior investigation of the
brain–spleen axis has revealed the interaction and regulation of
splenic responses initiated by the central nervous system by
either circulating mediators whose receptors are located on APCs
(20) or by autonomic nerve fibers associated with splenic
immune cells (21). There have been reports of sympathetic and
parasympathetic fibers innervating dendritic cells (DCs) in the
spleen (22). Furthermore, vagus nerve stimulation can reduce
macrophage-induced TNF alpha release in the spleen through a
so-called cholinergic anti-inflammatory pathway (23). However,
it remains poorly understood whether the spleen is directly and
rapidly involved in the early response to TBI.

Ethanol intoxication (EI) is a frequent comorbidity in brain
injury, with almost 40% of patients showing a positive blood
alcohol level (BAL) upon admission (24). Notably, the largest
majority of patients showing EI in the context of TBI are not
chronic alcohol consumers but rather young and often episodic
weekend drinkers (the so-called “drink-and-drive” patients).
Recent studies revealed that acute EI can have beneficial effects
on the neuroimmunological response following experimental
TBI (25–27), these findings have been supported by clinical
evidence (28–30). However, some clinical studies have reported
the opposite (31, 32). Animal models have demonstrated that
high doses of EI reduce spleen size (33) and pro-inflammatory
cytokines IL-1b and IL-6 but increase the anti-inflammatory
cytokine IL-10 (34). Furthermore, EI has been shown to
suppress antigen presentation by DCs (35), reflecting the
immunosuppressive effects of ethanol intoxication on the spleen.

Is acute EI posited to interfere or rather to amplify the TBI-
induced systemic immunoregulation, and in particular, is EI
modulating TBI-induced immune reactions in the spleen? Given
the high prevalence of EI in TBI patients, this question has direct
clinical relevance. In this study, we investigated the effect of a
single high-dose ethanol exposure prior to experimental TBI in
adult mice with a focus on the immediate immunological
responses in the spleen.
MATERIAL AND METHODS

Animals, Traumatic Brain Injury Model,
and Ethanol Treatment
This study represents a post-hoc analysis of spleen samples
obtained from previous studies (25, 26, 36, 37). Investigations
Frontiers in Immunology | www.frontiersin.org 23435
with these samples have never been reported before, and this
study was undertaken in accordance with the 3R principle, to
reduce the number of mice in animal experimentation but
increase the scientific output from animal sacrifice. These
experiments have been approved by Ulm University Animal
Experimentat ion Oversight Committee and by the
Regierungspräsidium Tübingen (license number 1222). Male
wild-type mice (B6-SJL) were bred locally under standard
housing conditions (24°C, 60%–80% humidity, 12/12 light/
dark cycle, with ad libitum access to food and water). TBI was
performed on wild-type (WT) male mice aged p60–90, in
agreement with epidemiological data in human TBI (38–40).
Experimental TBI was performed as previously reported (25, 26,
36, 37). Briefly, mice were administered buprenorphine (0.1 mg/
kg by subcutaneous injection) and anesthetized with sevoflurane
(2.5% in 97.5% O2), after which the mice were subjected to a
closed head weight drop TBI model. Animals were positioned in
the weight-drop apparatus, and the TBI was delivered by a
weight of 333 g free falling from a height of 2 cm, targeting the
parietal bone (41). Directly after the TBI, mice were administered
100% O2, and apnea time was monitored. Control mice (sham
group) had the same treatment and procedures (analgesia,
anesthesia, skin incision, and handling), but without the
trauma being administered. Ethanol treatment was performed
as previously described (42, 43). Briefly, 100% synthesis grade
ethanol was diluted in 0.9% NaCl saline to a final dilution of 32%
volume/volume (32 µl of 100% ethanol and 68 µl of saline). Mice
(20–25 g) were administered a volume of 400–500 µl of diluted
ethanol (to obtain a concentration of 5 g/kg) by oral gavage 30
min before TBI. Four experimental groups were investigated:
saline administered, subjected to sham surgery (saline-sham, SS);
saline administered, subjected to TBI (saline-TBI, ST); ethanol
administered, subjected to sham surgery (ethanol-sham, ES); and
ethanol administered, subjected to TBI (ethanol-TBI, ET).

Tissue Isolation
Three hours post-trauma, mice were euthanized by cervical
dislocation and organs were harvested for further processing.
The spleen was dissected quickly and snap frozen in dry ice
for further processing. Tissue was used for either RNA isolation
and quantitative RT-PCR, for tissue sectioning and
immunofluorescence staining.

RNA Isolation and Quantitative RT-PCR
RNA was isolated from the spleen using QIAzol (Qiagen,
Germany) by disrupting and homogenizing the tissue in 1 ml
QIAzol, after which 200 µl of chloroform was added and
vortexed for 15 s. The samples were placed at RT for 10 min
and centrifuged for 10 min 12,000×g at 4°C to achieve phase
separation. The top layer (containing RNA) was moved to
another tube and precipitated with the same amount of
isopropanol. The samples were placed at RT for 10 min and
centrifuged for 10 min 12,000×g at 4°C. The isopropanol was
removed and 1 ml of 75% ethanol in DEPC-treated dH2O was
added and mixed. The samples were centrifuged for 10 min
8,000×g at 4°C, ethanol was removed, and the samples were air
dried. The RNA pellet was redissolved in 20 µl RNAse-free
February 2022 | Volume 13 | Article 824459
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dH2O. RNA concentration was determined by NanoDrop.
Reverse transcription was performed by adding 5 µl random
hexamers (Biomers, Germany) to 0.75mg RNA (total volume 40
µl diluted in dH2O) and incubated for 10 min at 70°C. The
samples were placed on ice and a master mix of 0.5µl reverse
transcriptase (Promega, Germany), 0.5 µl RNase Inhibitor
(RiboLock, Thermo Scientific, Germany), 2 µl dNTPs
(Genaxxon, Germany), and 12 µl reverse transcriptase buffer
(Promega, Germany). The samples were incubated for 10 min at
RT and placed in a water bath for 45 min at 42°C. The samples
were incubated for 3 min at 99°C, placed on ice, and frozen until
further use.

The primers used in the present study were designed using
the primer blast tool from NCBI (National Center for
Biotechnology Information, USA), and sequences were found
through the NCBI nucleotide search tool, GenBank. Sequences
were copied into the primer blast tool and parameters were set
to achieve the most optimal PCR product for the in-house
lightcycler (Roche LightCycler 480 II). Briefly, the PCR product
size was set from a minimum of 70 to a maximum of 140, the
primer melting temperature (Tm) was set at 60°C ± 3°C, the
exon junction span was set at no preference, and finally,
the correct organism (Mus musculus) was set. The primer
pair with the most optimal Tm, self-complementarity, and
self-3′ complementarity was chosen. The chosen primer pairs
were double-checked in the primer blast tool, to ensure
specificity for the target gene. Primers were ordered from
Biomers (Germany) and were validated, by performing a run
on test samples together with the corresponding controls
(samples without RNA and samples without reverse
transcriptase) to verify the Ct value and thereby the
selectivity and functioning of the primer before using them
for the experiments. The detailed list of the primer sequences
for each gene tested is reported in Supplementary Table 1.

qPCR was performed on the LightCycler 480 II (Roche) with
the Power PCR TB green PCR master mix (Takara, Japan). Two
microliters of sample cDNA was used in a total volume of 10 µl
(3 µl primer mix and 5 µl of TB green) in a 96-well plate, all
samples were duplicated, and the housekeeping gene GAPDH
was used as a control (for a complete overview of cytokine
sequences, see Supplementary Table 1). The Ct values obtained
from the lightcycler were normalized according to the following
equation: 2−DCt (DCt = Cttarget gene − CtGapdh) =
relative mRNA.
Tissue Sectioning and
Immunofluorescence Staining
Frozen spleen tissue was embedded in OCT (Tissue-Tek, The
Netherlands), and 10 mm sections were cut with the cryostat and
mounted on glass slides. Slides were stored for 24 h at −80°C and
washed in 1× PBS, followed by a 10-min fixation step of the
sections in 4% PFA. Target retrieval was performed in sodium
citrate buffer pH 8.5, followed by blocking of the sections in
blocking buffer (3% BSA, 0.3% Triton X-100; PBS) for 2 h at RT.
The primary antibodies (for a complete overview of antibodies
used, see Supplementary Table 2) were diluted in blocking buffer
Frontiers in Immunology | www.frontiersin.org 33536
and incubated for 48 h at 4°C, followed by 3 × 30 min washes in
PBS at RT. The secondary antibodies were diluted in blocking
buffer and incubated for 2 h at RT, followed by 3 × 30 min washes
in PBS, and the sections were mounted using Fluorogold prolong
antifade mounting medium (Invitrogen, Germany).

Single mRNA In-Situ Hybridization
Fluorescence in-situmRNA hybridization was used as previously
reported (44) in agreement with the manufacturer’s instructions
(ACDBio, RNAscope, Newark, CA, USA fluorescence in-situ
hybridization for fresh frozen tissue, all reagents and buffers were
provided by ACDBio), with small modifications (25). Briefly,
frozen spleen tissue was embedded in OCT (Tissue-Tek, the
Netherlands), and 10 mm sections were cut with the cryostat and
mounted on Superfrost Plus glass slides. Slides were stored for
24 h at −80°C and fixed for 10 min in 4% PFA at 4°C. Sections
were covered by protease IV and incubated for 30 min at 40°C
followed by 2 × 2 min washing in PBS. Both probes (TNF-a and
ADRB2) were added and incubated for 4.5 h at 40°C followed by
2 × 2 min washing step with wash buffer. Then, amplification 1
was added to the sections and incubated for 30 min at 40°C
followed by 2 × 2 min washing step with wash buffer. Next,
amplification 2 was added to the sections and incubated for
15 min at 40°C followed by 2 × 2 min washing step with wash
buffer. As a final amplification step, amplification 3 was added
and incubated for 30 min at 40°C followed by 2 × 2 min washing
step with wash buffer. Finally, the detection step was performed
by adding detection reagent 4A to the sections and incubated for
45 min at 40°C followed by 2 × 2 min washing step with wash
buffer, and then, the sections were blocked in blocking buffer (3%
BSA, 0.3% Triton X-100; PBS) for 1 h at RT followed by an
overnight incubation with primary antibodies diluted in blocking
buffer. The sections were washed 3 × 30 min in PBST and
incubated with secondary antibodies diluted in blocking buffer
for 2 h at RT. A final washing step 3 × 30 min in PBST was
performed and the sections were counterstained with DAPI and
mounted using Fluorogold prolong antifade mounting medium
(Invitrogen, Germany).

Image Acquisition and Image Analysis
Immunofluorescence staining was imaged with a Keyence BZ-
X800 microscope (Keyence, Japan) equipped with a ×100 oil
objective, and a single optical section with 3 × 3 tile scan was
made spanning an area covering a splenic follicle and the red
pulp. Acquisition parameters were set to avoid hyper- or
hyposaturation and kept constant for each experimental set.
Images were merged with the BZ-II analyzer software
(Keyence, Japan) and analyzed using the ImageJ software.
Fluorescence intensity was assessed by manually tracing the
CD11c+ cells and measuring the mean gray value. Density was
assessed by using the ImageJ plugin cell counter. The analyzed
marker was assessed as high or low expressing, by thresholding
the signal. Each picture was analyzed by making a ratio between
total CD11c+/CD45+ cells and the imaged marker or the ratio
between CD11c−/CD45+ cells and the imaged marker.

Single mRNA in-situ hybridization images were acquired
using an LSM-710 (Carl Zeiss, Germany) microscope with a
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×40 oil objective with optical thickness fitted to the optimum
value. A z-stack of 8 images were acquired at 1,024 × 1,024 pixel
resolution and 16-bit depth. Acquisition parameters were set to
avoid over- and undersaturation and kept the same for each
experimental set. TNF-a and beta-2 adrenergic receptor
(ADRB2) mRNA density in CD11c+ cells were assessed by
using the ImageJ plugin cell counter.
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Statistical Analysis
Statistical analysis for the gene expression data sets (Figures 1, 2)
was performed using the IBM software suite, using a two-way
multivariate ANOVA (with Wilk’s l parameter), because the
experiment included multiple dependent variables (cytokines or
chemokines) and two independent variables (TBI and ethanol
treatment). The post-hoc comparisons were performed with
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FIGURE 1 | Ethanol intoxication (EI) enhances the selective cytokine expression after traumatic brain injury (TBI). Cytokine expression screening in the spleen of
saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–D) Bar plots show the relative expression of Th2 cell and
anti-inflammatory markers: IL-13, IL-4, IL-10, and IL-19. IL-13 expression showed a significant downregulation after TBI (SS vs. ST; p < 0.0005); ethanol
pretreatment did not alter the TBI-induced effect on IL-13 (ST vs. ET; p > 0.05). IL-4, IL-10, and IL-19 were not affected by any treatment. (E–H) Bar plots show the
relative expression of Th1 cell and pro-inflammatory markers: IL-12, IL-17, IL-23a, and IFN-y. TBI with or without ethanol pretreatment showed no significant
differences. (I–L) Bar plots show the relative expression of dendritic cell (DC)–monocyte-specific mediators: FLT3, FLT3R, CX3CL1, and CX3CR1. TBI resulted in a
significant increase of FLT3 (SS vs. ST; p < 0.037), FLT3L (SS vs. ST; p < 0.045), and CX3CR1 (SS vs. ST; p < 0.01). Ethanol pretreatment resulted in a further
significant enhancement of FLT3 (ST vs. ET; p < 0.026) and CX3CL1 (ST vs. ET; p < 0.006). Data shown as bar plots and individual data points. Group size: SS N =
8, ES N = 10, ST N = 14, ET N = 13. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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two-way ANOVA with Tukey’s post-hoc correction. All groups
were tested for normality using the Shapiro–Wilk test.
Correlation matrices of gene expression data were made with
the Prism analysis suite (GraphPad Prism version 8), and
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Pearson r coefficient and p-values for every correlation were
assessed. For the histological datasets, two-way ANOVA was
performed with Tukey’s post-hoc comparison, since two
independent treatments were done (saline/ethanol and sham/
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FIGURE 2 | Splenic chemokine expression shows a fast response to TBI and EI. Chemokine expression data in the spleen of saline sham (SS), ethanol sham
(ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–D) Bar plots show the relative expression of modulators of DC biology: CCL2,
CCL3, CCL4, and CCL12. TBI resulted in a significant upregulation of CCL3 (SS vs. ST; p = 0.028), and ethanol pretreatment significantly reduced the TBI-
induced CCL3 expression (ST vs. ET; p = 0.0006). Ethanol by itself resulted in a significant downregulation of CCL2, independent of TBI (SS vs. ES, p = 0.0021;
ST vs. ET, p = 0.014). ET resulted in a significant upregulation of CCL4 compared with SS (SS vs. ET; p = 0.042). CCL12 expression was not affected by any
treatment. (E–H) Bar plots show the relative expression of modulators of Th cells: CCL1, CCL22, CXCL10, and CCL20. TBI resulted in a significant upregulation
of CCL1 (SS vs. ST; p = 0.019) and CCL22 (SS vs. ST; p = 0.039), and ethanol pretreatment significantly reduced the TBI-induced CCL1 expression (ST vs. ET;
p = 0.037) but not for CCL22 (ST vs. ET; p = 0.35). ET resulted in a significant downregulation of CXCL10 compared with SS (SS vs. ET; p = 0.014). CCL10
expression was not affected by any treatment. (I–L) Bar plots show the relative expression of modulators of leukocytes and NK cells: CCL6, CCL24, CXCL3,
and CXCL16. TBI with or without ethanol pretreatment showed no significant differences. Data shown as bar plots and individual data points. Group size: SS N
= 8, ES N = 10, ST N = 14, ET N = 13. *p < 0.05; **p < 0.01; ***p < 0.001.
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TBI). Statistical significance was set at p <0.05 after multiple-
comparison correction.
RESULTS

TBI Induces a Rapid and Selective
Induction of Cytokine Upregulation in the
Spleen, Enhanced by Concomitant EI
Systemic immune functions are quickly modulated by the
occurrence of neurological conditions through pathways
conceptualized as the “brain–spleen axis” (45–47). We set out
to verify if any rapid modification in the splenic immune
responses would take place upon mild/moderate TBI and, most
importantly, if the comorbidity of EI would significantly interact
with such responses.

As an entry point, we screened the induction of the mRNA of
several cytokines (with the acknowledged limitation that mRNA
levels may not directly represent protein levels) in whole-spleen
extracts obtained 3 h after TBI (or sham surgery), pretreated (30
min) either with saline or with ethanol (5 g/kg).

We considered three sets of cytokines: prototypical Th1-
cellular-immunity-directed, pro-inflammatory mediators (IL-
12, IL-17, IL-23a, and IFN-y); prototypical Th2-B-cell-directed,
anti-inflammatory mediators (IL-4, IL-10, IL-13, and IL-19); and
prototypical DC–monocyte mediators (FLT3, FLT3L, CX3CL1,
and CX3CR1) (48–51). Surprisingly, we identified a significant
effect of both the TBI itself and EI (two-way MANOVA; TBI: F =
7.379, Wilks’ l = 0.253, p = 0.0001; EI: F = 4.599, Wilks’ l =
0.352, p = 0.0001), and the interaction of the two parameters
showed no significance in the two-way MANOVA (F = 1.801,
Wilks’ l = 0.581, p = 0.09). This could be attributed (two-way
ANOVA, Tukey corrected) to the significantly increased
expression of FLT3L upon TBI alone (F(3, 34) = 9.771; SS vs.
ST; 100 ± 27 vs. 163 ± 44; p = 0.045; Figure 1I), FLT3 (F(3, 36) =
4.266; SS vs. ST; 100 ± 46 vs. 239 ± 119; p = 0.037; Figure 1J), and
CX3CR1 (F(3, 41) = 6.825; SS vs. ST; 100 ± 16 vs. 134 ± 18; p =
0.01; Figure 1L), whereas IL-13 was significantly downregulated
(F(3, 37) = 7.499; SS vs. ST; 100 ± 35 vs. 42 ± 16; p = 0.0005;
Figure 1A). Ethanol intoxication before TBI resulted in a
significant further enhancement of the expression of FLT3L
(ST vs. ET; 163 ± 44 vs. 233 ± 56; p = 0.026; Figure 1I) and
CX3CL1 (ST vs. ET; 98 ± 25 vs. 168 ± 53; p = 0.006; Figure 1K),
whereas FLT3 and CX3CR1 were unaltered in ET compared with
ST (FLT3: ST vs. ET, 239 ± 119 vs. 266 ± 124, p = 0.93, Figure 1J;
CX3CR1: ST vs. ET, 134 ± 18 vs. 146 ± 34, p = 0.52, Figure 1L).
Most notably, no effect was observed on any of the other
cytokines considered.

These screening data not only point toward a rapid activation
of splenic immune cells upon TBI but also reveal a pattern
compatible with a selective effect on innate immunity.

Rapid Modulation of the Splenic
Chemokine Pattern by TBI and by EI/TBI
We sought to confirm and further extend the rapid effect of TBI
on splenic immune cells, particularly on DCs. We assessed the
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expression of a set of chemokines known to be strong modulators
of innate immune responses (52, 53). The focus was set,
particularly on DC biology (and other APCs: CCl2, CCL3,
CCl4, and CCL12) (54–56), Th cells (CCL1, CCL20, CCL22,
and CXCL10) (57–60), or leukocytes and NK cells (CCL6,
CCl24, CXCL3, and CXCL16) (61–64). We could identify a
significant effect of TBI (two-way MANOVA: F = 4.494, Wilks’
l = 0.357, p = 0.0001) and EI (F = 4.956, Wilks’ l = 0.335, p =
0.0001), and the interaction of the two parameters showed no
significant effect in the two-way MANOVA (F = 1.776, Wilks’
l = 0.585, p = 0.099). However, post-hoc analysis (Tukey
corrected) showed that TBI alone significantly increased the
expression of CCL3 (F(3, 37) = 8.910; SS vs. ST; 100 ± 13 vs.
161 ± 42; p = 0.028; Figure 2B), CCL1 (F(3, 39) = 4.156; SS vs. ST;
100 ± 63 vs. 244 ± 116; p = 0.019; Figure 2E), and CCL22
(F(3, 37) = 7.483; SS vs. ST; 100 ± 30 vs. 159 ± 47; p = 0.039;
Figure 2F). On the other hand, concomitant EI significantly
downregulated CCL3 (ST vs. ET; 161 ± 42 vs. 84 ± 42; p = 0.0006;
Figure 2B) and CCL1 (ST vs. ET; 244 ± 116 vs. 134 ± 101; p =
0.037; Figure 2E), but CCL22 was unaffected by EI and remained
upregulated (ST vs. ET; 159 ± 47 vs. 128 ± 50; p = 0.35;
Figure 2F). The ET group presented a distinct chemokine
profile: a significant upregulation of CCL4 was observed only
in the ET group but not in the ST and ES groups alone (F(3, 39) =
6.093; SS vs. ET, 100 ± 35 vs. 155 ± 54, p = 0.042; Figure 2C).
Conversely, the ET group displayed the downregulation of
CXCL10 expression (F(3, 41) = 3.458; SS vs. ET; 100 ± 78 vs.
37 ± 18; p = 0.014; Figure 2G). Finally, ethanol exposure alone
caused a downregulation of CCL2 in both sham and TBI groups
(F(3, 36) = 9.679; SS vs. ES, 100 ± 61 vs. 29 ± 25, p = 0.0021; ST vs.
ET, 66 ± 37 vs. 17 ± 8, p = 0.014; Figure 2A).

As an additional exploration of the complex immunological
interactions taking place in the spleen upon TBI with or without
concomitant EI, we performed a cross-correlation analysis of the
expression levels of the tested cytokines and chemokines
(Supplementary Data File 1). We detected a significant
correlation among the expression levels of IL-17, IL-23, IL-19,
and IFN-g (known to constitute a unified pathway) (65, 66) in ST
and ET samples, underscoring the relevance of this cytokine
module in TBI. Interestingly, FLT3 and FLT3L expression was
correlated in ET but not in ST samples. Furthermore, the
expression levels of several chemokines (such as CCL2, CCL3,
and CCL4 vs. CCL1, CCL20, and CCL24) were significantly
correlated in ET but not in ST samples, further underscoring
the peculiar immunological milieu determined by the
concomitant TBI and EI.

These data not only confirm the rapid engagement of the
brain–spleen axis upon TBI but also show that EI displays a
substantial modulatory effect on innate and adaptive immunity,
particularly on APCs.

TBI Induces the Phosphorylation of FLT3
and Its Downstream Signaling Partner BTK
in DCs, Which Are Both Enhanced by EI
Our expression screening indicated a possible upregulation of
FLT3 signaling in association with a cytokine pattern compatible
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with the involvement of DCs. Considering the well-known role
of FLT3/FLT3L in regulating DC immunobiology (67), we
sought direct confirmation of enhanced Flt3 engagement in
splenic DCs upon TBI and ET. For this a im, we
immunostained thin sections of the spleen from the four
treatment groups for the pan-DC marker CD11c (21), for the
pan-leukocyte marker CD45 (68), and phosphorylated FLT3
(pFLT3, Y589/591; Figure 3A). In agreement with the
expression of CD45 in DC subpopulations (69), >95%
of CD11c+ cells were also CD45+ (Supplementary
Figures 1D, E). Phospho-FLT3 immunoreactivity was highly
inhomogeneous in the spleen sections, with a comparatively
small number of cells highly positive for pFLT3 localized
around follicles and a minor number of cells with moderate
pFLT3 immunoreactivity scattered in the parenchyma. Initial
immunostainings revealed that CD11c density was not altered by
TBI or concomitant EI (two-way ANOVA, F(3, 12) = 0.9360; p =
0.45; Supplementary Figures 1B, C). Co-immunostaining with
CD11c and CD45 revealed that nearly all the pFLT3high cells
(upon binning) were CD45+ (Supplementary Figures 1F, G).
However, when investigating the density of pFLT3high cells in
CD45+/CD11c− subpopulations (labeling leukocytes other than
DC), we found no significant difference among treatment groups
(two-way ANOVA, F(3, 12) = 0.8446; p = 0.50; Supplementary
Figures 1F, G). Although the fluorescence intensity of pFLT3 in
CD11c+ DCs was not altered across the four treatment groups
(two-way ANOVA, F(3, 588) = 2.541; p = 0.06; Figure 3B), the
number of pFLT3high/CD11c+ cells was significantly affected by
TBI and treatment (two-way ANOVA, F(3, 12) = 45.84; p <
0.0001), and post-hoc comparison (Tukey corrected) revealed a
significant increase in pFLT3high/CD11c+ cells after TBI alone
(SS vs. ST; 20% ± 1% vs. 48% ± 4%; p < 0.0001; Figure 3C) and,
interestingly, a substantial further enhancement in ET (ST vs.
ET; 48 ± 4% vs. 65 ± 3%; p = 0.0061; Figure 3C), confirming that
ST alone and, in particular, ET strongly induce FLT3 signaling in
DCs. In order to verify that the phosphorylation of the FLT3
receptor corresponded to the functional engagement of signal
transduction pathways, we monitored the phosphorylation of
Bruton’s tyrosine kinase (BTK), an established downstream
target of FLT3 (70). Immunostaining of thin spleen sections
for phosphorylated BTK (pBTK, Y223; Figure 3D) revealed a
pattern closely resembling that of pFLT3. The fluorescence
intensity of pBTK in CD11c+ cells showed a significant
difference between treatment groups (two-way ANOVA, F(3,
444) = 123.5; p < 0.0001), and a post-hoc comparison (Tukey
corrected) showed a significant increase after TBI (SS vs. ST; 44 ±
9 vs. 48 ± 9; p = 0.0008; Figure 3E). ET resulted in a further
increase of pBTK fluorescence intensity (ST vs. ET; 48 ± 9 vs. 62
± 11; p < 0.0001; Figure 3E). Likewise, quantification of the
number of pBTKhigh/CD11c+ cells revealed a significant effect in
the treatment groups (two-way ANOVA, F(3, 12) = 68.07; p <
0.0001), due to the massive increase of pBTKhigh/CD11c+ cells in
the ST compared with the SS group (Tukey’s post-hoc; SS vs. ST;
31% ± 6% vs. 58% ± 5%; p < 0.0001; Figure 3F), which was
further increased in the ET group (ST vs. ET; 58% ± 5% vs. 67% ±
2%; p = 0.022; Figure 3F). Taken together, these data
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demonstrate that TBI causes fast (3 h) elevation of the
phosphorylation of the FLT3 receptor (and its downstream
target BTK) in splenic DCs and that this effect is substantially
amplified by concomitant EI. Since CD11c+ cells were nearly
always CD45+, we performed further investigations using the
CD11c marker alone to identify DC.

TBI and Concomitant EI–TBI Strongly
Induce Protein Synthesis in Splenic DCs
Activation of DCs is characterized by a substantial remodeling of
their metabolic rates and is particularly associated with the
upregulation of protein synthesis (71) which, in turn, brings
about the long-term adaptation of the cellular metabolism to the
immune function (72). Since FLT3 is a strong regulator of mTor
(73), a major driver of protein synthesis, we set out to determine
if the upregulation of FLT3 signaling observed upon TBI, and
enhanced by ET, was accompanied by the activation-associated
increase in protein synthesis. First, we considered the levels of
phosphorylated S6 ribosomal protein (pS6), a proxy of mTOR
activation directly involved in increasing ribosomal translation of
mRNA. Immunostaining of thin spleen sections for
phosphorylated-S6 (pS6, S235/236; Figure 4A) revealed a
diffuse immunopositivity in the cytoplasm in nearly every cell;
however, upon TBI, CD11c+ cells stood out for having a massive
increase in pS6 immunofluorescence intensity (two-way
ANOVA, F(3, 465) = 418.3; p < 0.0001). The post-hoc
comparison (Tukey corrected) showed a significant increase
after TBI (SS vs. ST; 44 ± 6 vs. 70 ± 13; p < 0.0001; Figure 4B)
and further enhanced in the ET group (ST vs. ET; 70 ± 13 vs. 98 ±
23; p < 0.0001; Figure 4B). This effect corresponded to the
significant increase in the number of CD11c+ displaying high
levels of pS6 (two-way ANOVA, F(3, 12) = 26.09; p < 0.0001) due
to the substantial elevation of pS6 occurring after TBI (Tukey’s
post-hoc; SS vs. ST; 32% ± 4% vs. 58% ± 8%; p = 0.0002;
Figure 4C) but not further increased in ET compared with ST
alone (ST vs. ET; 58% ± 8% vs. 65% ± 7%; p = 0.34; Figure 4C).
Thus, ET magnifies the increased pS6 levels in all sensitive
CD11c+ cells upon TBI but does not increase the number of
cells responding to TBI itself.

Furthermore, the levels of the cellular stress-related
phospho-eIF2A (71, 74) show a significant difference in
fluorescence intensity in CD11c+ cells within treatment
groups (two-way ANOVA, F(3, 444) = 8.553; p < 0.0001,
Figure 4D) due to a significant increase upon TBI (Tukey’s
post-hoc; SS vs. ST; 48 ± 10 vs. 54 ± 10; p < 0.0001; Figure 4E),
again with no difference between ET and ST (ST vs. ET; 54 ± 10
vs. 52 ± 11; p = 0.78; Figure 4E). Colocalization of peIF2Ahigh

cells with CD11c+ cells reveals a significant difference within
treatment groups (two-way ANOVA, F(3, 12) = 40.50; p <
0.0001). The post-hoc comparison (Tukey corrected) shows a
significant increase after TBI (SS vs. ST; 39% ± 8% vs. 60% ± 4%;
p = 0.0001; Figure 4F) with a further increase in ET compared
with ST alone (ST vs. ET; 60% ± 4% vs. 67% ± 6%; p = 0.01;
Figure 4F). Thus, TBI induces a substantial increase in protein
synthesis, with some alteration of cap-dependent translation in
DCs, and this effect is amplified by EI.
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FIGURE 3 | TBI induced the phosphorylation of FLT3 and the downstream signaling partner BTK is further enhanced by EI. Immunofluorescence staining of pFLT3
and pBTK with DC marker CD11c on thin spleen sections of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma.
(A–C) Immunofluorescence staining of pFLT3 colocalized with CD11c resulted in no significant difference in fluorescence intensity between treatment groups (p =
0.06). However, the amount of FLT3high/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p < 0.0001) and a further significant enhancement in the
ET group (ST vs. ET; p = 0.006). (D–F) Immunofluorescence staining of pBTK colocalized with CD11c resulted in a significant increase in fluorescence intensity upon
TBI (SS vs. ST; p = 0.0008), with a further significant increase in the ET group (ST vs. ET; p = 0.006). Likewise, the number of BTKhigh/CD11c+ cells revealed a
significant increase after TBI (SS vs. ST; p < 0.0001) with a further significant increase after ET (ST vs. ET; p < 0.0001). Data shown as scatter plots or bar plots with
individual data points. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar overview: 50 µm; scale
bar insert: 20 µm.
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FIGURE 4 | TBI induced the metabolic rate and protein synthesis is further enhanced by EI. Immunofluorescence staining of pS6-RP and peIF2A with DC marker
CD11c on thin spleen sections of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–C)
Immunofluorescence staining of pS6-RP colocalized with CD11c resulted in a significant increase in fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with a
significant enhancement in the ET group (ST vs. ET; p < 0.0001). The amount of pS6-RPhigh/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p <
0.0001), but no significant difference in the ET group (ST vs. ET; p = 0.34). (D–F) Immunofluorescence staining of peIF2A colocalized with CD11c resulted in a
significant increase in fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with no difference in the ET group (ST vs. ET; p = 0.78). The number of peIF2Ahigh/
CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p = 0.0001), with a further significant increase in the ET group (ST vs. ET; p = 0.0107). Data shown
as scatter plots or bar plots with individual data points. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. *p < 0.05; ****p < 0.0001; ns, not significant. Scale bar
overview: 50 µm; scale bar insert: 20 µm.
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TBI and EI Cooperate to Enhance the
Maturation of Splenic DCs
DC maturation occurs on stimulation with pathogen-associated
molecular patterns or danger-associated molecular patterns
(PAMPs or DAMPs) (75, 76). Maturation of DCs is
accompanied by an increase of antigen presentation and by
lysosomal activity. Antigen presentation of DCs (and
macrophages) can be visualized by quantifying MHC-II
expression in CD11c+ cells (77). Furthermore, enhanced
antigen presentation in DC has been associated with increased
phagocytic and lysosomal activity, and upregulation of lysosomal
markers, including CD68 and LAMP1, has been associated with
increased antigen presentation and induction of T-cell responses
(78–81). We wondered if the signaling events and metabolic
reprogramming observed in splenic DCs after TBI also
corresponded to the appearance of a “mature” APC phenotype.
Spleen sections were stained for MHC-II and CD11c
(Figure 5A), which reveals a high amount of MHC-II in DCs
upon TBI, resulting in a significant increase of fluorescence
intensity within treatment groups (two-way ANOVA, F(3, 444)

= 118.0; p < 0.0001). Post-hoc analysis (Tukey corrected)
indicated a significant increase after TBI (SS vs. ST; 26 ± 9 vs.
41 ± 11; p < 0.0001; Figure 5B) with a further increase in the ET
group (ST vs. ET; 41 ± 11 vs. 45 ± 13; p < 0.0001; Figure 5B).
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Furthermore, when assessing the density of colocalizing MHC-
IIhigh with CD11c+ cells, we found a significant increase within
treatment groups (two-way ANOVA, F(3, 12) = 60.83; p < 0.0001)
due to a massive increase upon TBI (Tukey corrected; SS vs. ST;
44% ± 6% vs. 74% ± 5%; p < 0.0001; Figure 5C) and a further
increase in the ET group (ST vs. ET; 74% ± 5% vs. 84% ± 4%; p =
0.045; Figure 5C). Thus, both the number of CD11c+ cells
expressing MHC-II and the levels of such expression increase
upon TBI and are further increased by EI.

We also assessed the lysosomal activity of splenic DCs by
investigating CD68 and LAMP1 in our samples (82, 83).
Immunostaining of CD68 and CD11c (Figure 6A) on spleen
sections revealed a significant difference in intensity within
treatment groups (two-way ANOVA, F(3, 444) = 79.68; p <
0.0001) with a strong increase after TBI (Tukey corrected, SS
vs. ST; 36 ± 13 vs. 51 ± 13; p < 0.0001; Figure 6B) and an even
further enhancement in the ET group (ST vs. ET; 51 ± 13 vs. 63 ±
22; p < 0.0001; Figure 6B). When assessing the density of
CD68high cells colocalized with CD11c+ DCs, the treatment
resulted in a significant difference within groups (two-way
ANOVA, F(3, 12) = 41.25; p < 0.0001) due to TBI which
resulted in an increase in the amount of CD68high/CD11c+
cells in the spleen (SS vs. ST; 25% ± 9% vs. 36% ± 6%; p =
0.0007; Figure 6C) and a further significant increase in ET (ST
A B

C

FIGURE 5 | TBI induces antigen presentation on DCs, which is further enhanced by EI. Immunofluorescence staining of MHC-II with DC marker CD11c on thin
spleen sections of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–C) Immunofluorescence staining of
MHC-II colocalized with CD11c resulted in a significant increase in fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with a significant enhancement in the ET
group (ST vs. ET; p < 0.0001). Likewise, the amount of MHC-IIhigh/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p < 0.0001), with a significant
enhancement in the ET group (ST vs. ET; p = 0.045). Data shown as scatter plots or bar plots with individual data points. Group size: SS N = 5, ES N = 5, ST N = 5,
ET N = 5. *p < 0.05; ****p < 0.0001. Scale bar overview: 50 µm; scale bar insert: 20 µm.
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FIGURE 6 | Lysosomal activity in DCs is increased by TBI and further enhanced by EI. Immunofluorescence staining of CD68 and LAMP1 with DC marker CD11c
on thin spleen sections of saline sham (SS), ethanol sham (ES), saline TBI (ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A–C) Immunofluorescence
staining of CD68 colocalized with CD11c resulted in a significant increase in fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with a significant enhancement
in the ET group (ST vs. ET; p < 0.0001). The amount of CD68high/CD11c+ cells revealed a significant increase after TBI (SS vs. ST; p = 0.0007), with a significant
enhancement in the ET group (ST vs. ET; p = 0.002). (D–F) Immunofluorescence staining of LAMP1 colocalized with CD11c resulted in a significant increase in
fluorescence intensity upon TBI (SS vs. ST; p < 0.0001), with a significant increase in the ET group (ST vs. ET; p < 0.0001). The number of LAMP1high/CD11c+ cells
revealed a significant increase after TBI (SS vs. ST; p = 0.0007), with a further significant increase in the ET group (ST vs. ET; p = 0.01). Data shown as scatter plots
or bar plots with individual data points. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar overview:
50 µm; scale bar insert: 20 µm.
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vs. ET; 36% ± 6% vs. 46% ± 9%; p = 0.002; Figure 6C). Similarly,
immunostaining of LAMP1 and CD11c (Figure 6D) on spleen
sections revealed a significant effect on intensity within treatment
groups (two-way ANOVA, F(3, 444) = 214.9; p < 0.0001) due to a
significant increase upon TBI (Tukey corrected; SS vs. ST; 24 ± 6
vs. 38 ± 12; p < 0.0001; Figure 6E), and a further significant
increase was detected in the ET group (ST vs. ET; 38 ± 12.3 vs.
49.2 ± 7.6; p < 0.0001; Figure 6E). The density of LAMP1high cells
colocalized with CD11c+ cells exhibited a significant effect
within the treatment groups (two-way ANOVA, F(3, 12) =
43.02; p < 0.0001). The post-hoc comparison within the
treatment groups (Tukey corrected) showed a strong
significant upregulation after TBI (SS vs. ST; 30% ± 4% vs.
54% ± 6%; p = 0.0007; Figure 6F) and a further significant
enhancement in ET (ST vs. ET; 54% ± 6% vs. 67% ± 8%; p = 0.01;
Figure 6F). The convergence of MHC-II, LAMP1, and CD68
upregulation indicates that upon TBI, APC functions are
upregulated in splenic DCs and they are further enhanced by
concomitant EI.

TBI Strongly Induces the Immunogenic
Function of Splenic DCs
The increased antigen presentation and lysosomal activity on
CD11c+ DC, shown by the increase in MHC-II, CD68, and
LAMP1, strongly suggest that TBI and EI induce a rapid
maturation of splenic DC. However, the functional aspects of
these mature DCs after TBI remain unclear. Initial evidence
suggested that immature DCs are tolerogenic to T cells and
mature DCs increase T-cell response and immunity (84, 85);
however, other evidence points toward mature DCs with
tolerogenic function (86, 87). To further explore the
immunostimulatory phenotype of splenic DC in trauma, we
assessed the expression levels of TNF-a in CD11c+ DCs. TNF-a
is upregulated in DC by interaction with antigens and by
stimulation of TLRs, and it is a major inducer of T-cell
responses (88–90). We also considered the expression of the
beta-2 adrenergic receptor, a marker associated with tolerogenic
DC (91–93), under the hypothesis that expression of beta-2
adrenergic receptor and TNF-a should be inversely correlated.
Fluorescence single mRNA in-situ hybridization was performed
on spleen sections for ADRB2 and TNF-a (Figure 7A). Density
analysis of single mRNA TNF-a in CD11c+ DCs revealed a
significant difference within treatment groups (two-way
ANOVA, F(3, 267) = 79.5; p < 0.0001), due to a strong increase
after TBI (Tukey corrected, SS vs. ST; 13 ± 6 vs. 22 ± 8; p < 0.0001;
Figure 7B), with a further increase in the ET group (ST vs. ET; 22
± 8 vs. 29 ± 10; p < 0.0001; Figure 7B). Furthermore, when
assessing ADRB2 in CD11c+ DCs, density analysis revealed a
significant difference within treatment groups (two-way ANOVA,
F(3, 267) = 18.99; p < 0.0001), due to a significant decrease after TBI
(Tukey corrected, SS vs. ST; 14 ± 5 vs. 10 ± 4; p < 0.0001;
Figure 7C). Interestingly, the ET group showed a strong increase
in ADRB2 compared with the ST group (ST vs. ET; 10 ± 4 vs. 16 ±
7; p < 0.0001; Figure 7C). These data suggest that TBI induces an
increase in immunogenic function of splenic DCs, shown by the
increased TNF-a expression and decreased ADRB2 expression.
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Upon EI, the immunogenic function is further enhanced, shown
by the increased TNF-a expression; however, the increase of
ADRB2 suggests a simultaneous high sensitivity to adrenergic
dampening of inflammation after EI.
DISCUSSION

Our data show that shortly (3 h) after TBI, splenic DCs undergo
a maturation process that involves FLT3/FLT3L signaling,
enhanced protein synthesis, increased phagocytotic and
lysosome activity as well as upregulated expression of MHC-II,
and finally, increased inflammatory properties, shown by TNF-a
expression. Most notably, in the case of concomitant high-dose
EI, the maturation process is enhanced, with increased
expression of FLT3L and larger fractions of CD11c+ cells
displaying elevated protein synthesis and signs of immune
function activation, however with a simultaneous increased
ADRB2 expression. Thus, not only does the TBI set in motion
events that influence an important compartment of the systemic
immune response, and even though concomitant EI is capable of
substantially amplifying these cascades, it also simultaneously
shows a rapid autonomic innervation.

Maturation of DCs is conceptualized as the phenotypic
change from a state characterized by high endocytic capacity,
low expression of co-stimulatory molecules and MHC-II, and
weak induction of T-cell responses (immature dendritic cells) to
a state of downregulated phagocytosis, high expression of MHC-
I and MHC-II, and effective stimulation of naive T cells (77).
Furthermore, maturation of DCs also involves a substantial
remodeling of their metabolism, with increased mTOR-
dependent protein synthesis (71, 73) and increased use of
glycolytic pathways (94). DC maturation is also associated with
a significant modification in the protein degradation flux, with
upregulation of lysosomal markers such as LAMP3 (78) but
reduced autophagy (95). Furthermore, the maturation process is
intertwined with the upregulation of cytokine secretion such as
TNF-a (88) and IL-12 (96). Therefore, with the demonstration of
increased FLT3 phosphorylation, upregulation of protein
synthesis markers, and increased expression of MHC-II and
lysosomal proteins LAMP1 and CD68, we believe to provide
substantial evidence to state that TBI induces a quick
upregulation of the splenic DC maturation process, from
steady-state cells to effective APCs. Several other markers are
commonly applied to the study of DC maturation, such as CD40,
CD80, and CD86 (97), which are often upregulated along with
MHC-II [e.g., (98–100)]. These markers were not included in the
present study and further characterization of the phenotype of
splenic DC cells activated upon TBI may reveal their dynamics.

What drives such an induction of maturation? The
maturation process of DCs is set in motion, among others, by
PAMPs or DAMPs (75, 76), i.e., proteins released either by
bacterial or viral pathogens, or by damaged tissue of the body.
Indeed, the levels of brain tissue proteins and damaged markers
are already elevated at 3 h in the serum of mice subject to TBI
(including GFAP, NSE, S100B, and NFL) (37, 101). In particular,
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HMGB1, an alarmin located in the nucleus of neurons and glial
cells and released upon brain tissue disruption (102, 103), is
highly and rapidly elevated in serum after TBI (104, 105). Not
only has HMGB1 been found to contribute to local
neuroinflammation upon neurotrauma (106, 107), but also it is
induced in non-cerebral tissues post-TBI and contributes to the
subsequent systemic inflammation following TBI (10). Notably,
HMGB1 is also a major inducer of DC maturation, an effect that
appears to be relevant in the context of lung injury (through
mTOR signaling) (108) and in liver injury (109). Nevertheless,
recent evidence has demonstrated the strong involvement of the
autonomic system in controlling splenic responses through
adrenergic and cholinergic inputs (20, 22, 45, 110, 111).
Moreover, the adrenergic activation of DCs is rather associated
with limited expression of MHC-II and CD86 but strongly
increases the secretion of IL-10 (112). Likewise, adrenergic
stimulation of DCs substantially decreases the release of IL-12
and, in turn, suppresses the secretion of IFN-g by Th1
Frontiers in Immunology | www.frontiersin.org 134546
lymphocytes (92). Thus, a role for the autonomic innervation
in contributing to TBI-induced splenic DC maturation may take
place along with the effect of systemic blood-borne cytokines.

What are the possible consequences of TBI-induced
maturation of splenic DCs on local and systemic immune
activation following brain injury? The net effect of the
activation of the brain–spleen axis in TBI (either by circulating
cytokines or by the dys-autonomia associated with TBI) seems to
be detrimental, since immediate splenectomy results in an
improved survival, reduced brain, and systemic cytokine
response, ameliorated brain edema, and preservation of
cognitive abilities in experimental rat TBI (4, 113). These
effects were correlated with the decrease in NF-kB activation at
the injury site (114). Similar beneficial effects of splenectomy
have been reported in the context of spinal cord injury (SCI)
(115) and stroke (20). However, the actual contribution of DC
maturation may not necessarily be detrimental and may strongly
depend on their activation status (immature, semi-mature, or
A B

C

FIGURE 7 | TBI enhances TNF-a expression in splenic DCs and EI shows high sensitivity to adrenergic dampening. Fluorescence in-situ mRNA hybridization of
TNF-a and beta-2 adrenergic receptor (ADRB2) with co-staining of DC marker CD11c on thin spleen sections of saline sham (SS), ethanol sham (ES), saline TBI
(ST), and ethanol TBI (ET)-treated mice 3 h after trauma. (A, B) Fluorescence in-situ hybridization of TNF-a resulted in a significant increase in mRNA density upon
TBI (SS vs. ST; p < 0.0001), with a significant enhancement in the ET group (ST vs. ET; p < 0.0001). (A–C) Fluorescence in-situ hybridization of ADRB2 resulted in a
significant decrease in mRNA density upon TBI (SS vs. ST; p < 0.0001); however, ET shows a significant increase (ST vs. ET; p < 0.0001). Data shown as
scatterplots. Group size: SS N = 5, ES N = 5, ST N = 5, ET N = 5. ****p < 0.0001. Scale bar overview: 50 µm; scale bar insert: 10 µm.
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mature) (77). It was shown that DCs pulsed with myelin-basic
protein could drive a protective T-cell response in SCI (116); on
the other hand, autoimmune responses following TBI are
associated with detrimental outcomes (117). Interestingly, DC
maturation is impaired in SCI patients (118). Thus, our findings
suggest that TBI causes a rapid recruitment of DCs in the spleen.
Given the central role of these cells as APCs, they may be
substantial contributors to the systemic imbalance of immune
functions following TBI.

What is the contribution of EI-driven enhanced DC
maturation upon TBI? EI has been reported to be dose-
dependently associated with a reduced inflammatory response
(with decreased cellular inflammation and altered cytokine
pattern) at the injury site (25–27) in murine TBI models.
Importantly, EI also rapidly (already at 3 h) dampens the
systemic inflammatory response triggered by TBI. In
particular, in murine TBI, the levels of HMGB1 and IL-6 are
decreased in the liver of mice subject to ET compared with TBI
alone (but IL-1b is upregulated) (10). In contrast, in the lungs, EI
decreases the levels of HMGB1, IL-6, IL-1b, and TNF-a, while it
moderately increases IL-10 (10). In line with this evidence, EI is
associated with reduced systemic IL-6 levels and less pronounced
leukocytosis in human TBI patients (119) and in patients after
major traumas (including TBI) (120), as well as increased levels
of IL-10 (121). Our findings suggest that EI results in an
increased number of splenic DCs undergoing a maturation
process, driven by increased FLT3 phosphorylation and
demonstrated by the larger fraction of CD11c+ cells displaying
upregulated protein synthesis (pS6) and lysosomal markers
(LAMP1, CD68) as well as the induction of high levels of
TNF-a mRNA. It must be stressed that our model takes into
consideration an acute consumption of a high dose of ethanol
(“binge”), and therefore, our findings are not directly comparable
with the reports of reduced DC ability to stimulate T cells upon
chronic ethanol exposure (122, 123). Nevertheless, the
combination of in-vitro and in-vivo data about the effects of EI
on trauma-associated inflammation suggests an overall
immunosuppressive effect of EI, in agreement with the impact
of chronic ethanol on DC function. If this extrapolation is sound,
then the enhanced maturation of splenic DCs seen in EI/TBI
samples may result in a DC phenotype with inflammation-
resolution properties. This hypothesis is supported by the
observed upregulation of the beta-2 adrenergic receptor in DC.
Nevertheless, the combination of increased TNF-a and ADRB2
mRNA (not previously described) may correspond to a peculiar
state of activation characterized by high immune-stimulatory
properties and, at the same time, quick dampening from
autonomic innervation. Thus, the impact of EI-driven
expansion of DC maturation may ultimately contribute to the
reduced systemic immune reactivity seen in TBI upon
ethanol intoxication.

The present work is not without limitations. First, the
ultimate evaluation of the DC function would require an active
immunization protocol in vivo or an ex-vivo naive T-cell
stimulation assay, which was beyond the technical scope of the
present project. Second, the use of CD11c+ marker does not
Frontiers in Immunology | www.frontiersin.org 144647
distinguish the subpopulation of myeloid DC or the
plasmacytoid DC; we have nevertheless maintained a
consistent selection of the region of interest in correspondence
of the marginal zone (124).

In conclusion, our findings show that induction of maturation
markers in splenic DC takes place rapidly after TBI and is highly
correlated with the phosphorylation of FLT3; we further
demonstrate that concomitant EI amplifies the maturation
process of splenic DC post-TBI. Thus, our findings identify
DC as a new player in the immunomodulation occurring upon
EI in TBI.
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Supplementary Figure 1 | CD11c+ DC density is unaffected by TBI and EI. FLT3
phosphorylation remains unaltered in CD45+/CD11c- cells. Immunofluorescence
staining of thin spleen sections of saline-sham (SS), ethanol-sham (ES), saline-TBI
(ST) and ethanol-TBI (ET). (A) Immunofluorescence staining of CD11c in control
groups reveals inhomogeneous distribution in thin spleen sections. With a high
localisation around the follicles. (B, C) Density of CD11c+ cells remain unaltered 3h
between treatment groups (p = 0.45). (D, E) Immunofluorescence staining of
CD11c and CD45 shows that 95.3% of CD11c+ cells are CD45+. (F, G)
immunofluorescence staining of CD45, CD11c and pFLT3 reveals unaltered
phosphorylation levels of FLT3 in CD45+/CD11c- cells between treatment groups
(p = 0.50). Data shown as barplots with individual data points. Group size: SS N = 5,
ES N = 5, ST N = 5, ET N = 5. Scale bar overview A: 200 µm; scale bar insert A: 50
µm; scale bar overview B and D: 50 µm; scale bar insert D: 20 µm; scale bar
overview B: 50 mm; scale bar insert F: 20 mm.
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Supplementary Table 1 | Primer sequences used for gene expression analysis
(RT-qPCR).

Supplementary Table 2 | Primary and secondary antibodies used for
immunostaining (IF).

Supplementary Data File 1 | Correlation matrices corresponding to Figures 1,
2. Correlation matrices to investigate possible correlation between cytokine and
chemokine expression patterns within the treatment groups saline-sham (SS),
ethanol-sham (ES), saline-TBI (ST) and ethanol-TBI (ET). A significant correlation in
both ST and ET was detected between IL-19 and IL-17 (ST: p < 0.0001; ET: p <
0.0001), IL-19 and IL-23a (ST: p = 0.0011; ET: p < 0.0001), IL-19 and IFN-y (ST: p <
0.0001; ET: p < 0.0001), IL-17 and IL-23a (ST: p = 0.0002; ET: p < 0.0001), IL-17
and IFN-y (ST: p < 0.0001; ET: p < 0.0004) and between IL-23a and IFN-y (ST: p =
0.0011; ET: p = 0.0011). FLT3L was significantly correlated with FLT3 in the ET
group, but not in the ST group (p = 0.0028). A significant correlation only in ET, but
not ST, was detected between CCL2 and CCL1 (p = 0.012), CCL2 and CCL20 (p =
0.018), CCL3 and CCL1 (p = 0.0005), CCL3 and CCL22 (p = 0.049), CCL3 and
CCL20 (p = 0.015), CCL4 and CXCL10 (p = 0.007), CCL4 and CCL20 (p = 0.044),
CCL4 and CCL24 (p = 0.005). Data shown as correlation matrices with Pearson r
coefficient and p-values for every correlation individually.
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Kristin Pettersen4, Anne Landsem4, Bent Aksel Nilsen1,3, Knut Dybwik1, Tonje Braaten3,5,
Erik W. Nielsen1,2,3,6 and Tom E. Mollnes4,6,7,8,9
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Introduction: Air embolismmay complicate invasive medical procedures. Bubbles trigger
complement C3-mediated cytokine release, coagulation, and platelet activation in vitro in
human whole blood. Since these findings have not been verified in vivo, we aimed to
examine the effects of air embolism in pigs on thromboinflammation.

Methods: Forty-five landrace pigs, average 17 kg (range 8.5-30), underwent intravenous
air infusion for 300 or 360 minutes (n=29) or served as sham (n=14). Fourteen pigs were
excluded due to e.g. infections or persistent foramen ovale. Blood was analyzed for white
blood cells (WBC), complement activation (C3a and terminal C5b-9 complement complex
[TCC]), cytokines, and hemostatic parameters including thrombin-antithrombin (TAT)
using immunoassays and rotational thromboelastometry (ROTEM). Lung tissue was
analyzed for complement and cytokines using qPCR and immunoassays. Results are
presented as medians with interquartile range.

Results: In 24 pigs receiving air infusion, WBC increased from 17×109/L (10-24) to 28 (16-
42) (p<0.001). C3a increased from 21 ng/mL (15-46) to 67 (39-84) (p<0.001), whereas TCC
increased only modestly (p=0.02). TAT increased from 35 µg/mL (28-42) to 51 (38-89)
(p=0.002). ROTEM changed during first 120 minutes: Clotting time decreased from 613
seconds (531-677) to 538 (399-620) (p=0.006), clot formation time decreased from 161
seconds (122-195) to 124 (83-162) (p=0.02) and a-angle increased from 62 degrees (57-68)
to 68 (62-74) (p=0.02). In lungs from pigs receiving air compared to sham animals, C3a was
34 ng/mL (14-50) versus 4.1 (2.4-5.7) (p<0.001), whereas TCC was 0.3 CAU/mL (0.2-0.3)
versus 0.2 (0.1-0.2) (p=0.02). Lung cytokines in pigs receiving air compared to sham animals
were: IL-1b 302 pg/mL (190-437) versus 107 (66-120), IL-6 644 pg/mL (358-1094) versus
org March 2022 | Volume 13 | Article 83963215152
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25 (23-30), IL-8 203 pg/mL (81-377) versus 21 (20-35), and TNF 113 pg/mL (96-147) versus
16 (13-22) (all p<0.001). Cytokine mRNA in lung tissue from pigs receiving air compared to
sham animals increased 12-fold for IL-1b, 121-fold for IL-6, and 17-fold for IL-8 (all p<0.001).

Conclusion: Venous air embolism in pigs activated C3 without a corresponding C5
activation and triggered thromboinflammation, consistent with a C3-dependent
mechanism. C3-inhibition might represent a therapeutic approach to attenuate this response.
Keywords: air embolism, porcine model, complement, inflammation, cytokines, coagulation, thromboinflammation
INTRODUCTION

Venous air embolism, a condition where air inadvertently enters
the bloodstream, may complicate many medical and surgical
interventions (1–3), or bubbles may form in the bloodstream
during rapid decompression when diving (4). Animal studies
and human case reports have shown that air embolism triggers
acute pulmonary hypertension and hamper pulmonary gas
exchange (5–7). Air may also transverse the pulmonary
circulation, enter the arterial circulation, disrupt blood
circulation, and cause organ ischemia and damage, such as
acute myocardial infarction or stroke (6, 8, 9). Patient case
reports have described prolonged severe inflammation after
air embolism (6, 10), and one case report described a
suspected link between perioperative air embolism and
disseminated intravascular coagulation, albeit with an
unknown pathophysiological mechanism (11). In vitro
experiments in human serum and heparinized blood have
shown that air activates C3 to C3(H20), also termed iC3 (12–
14), and in vitro studies in lepirudin anticoagulated human
whole blood have shown that air emboli trigger a complement
C3-driven thromboinflammation (15), which is attenuated by C3
inhibition (15). Ex vivo rat studies have shown how air emboli
trigger a pulmonary inflammation involving both monocytes
and granulocytes and complement (16), recent in vivo studies of
divers suffering from decompression sickness have shown how
microbubbles trigger an acute inflammation (17), and human
in vivo and in vitro studies of bubble-oxygenators has shown that
bubbles activate C3 in fully heparinized blood (12). Heparin
anticoagulation, however, precludes detailed studies into
thromboinflammation and is known to interact with
complement in a dosage-dependent manner (18, 19). Despite
the numerous in vitro, ex vivo, and in vivo studies on air emboli,
the role of the complement system in the air-induced
thromboinflammation has to our knowledge, not previously
been examined in detail in vivo in minimally anticoagulated
larger animals.

Measures for the prevention, detection, and immediate
treatment of air embolism are well described (3). However,
on units; CFT, clot formation time; IL,
M, non-activated thromboelastometry
tational thromboelastometry; TAT,
erminal complement complex; TNF,
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these measures only address the immediate emergency
treatment and do not address the management of air-induced
thromboinflammation. Based on our recent in vitro human
whole blood study (15), we hypothesize that C3 activation
plays a key role and that C3 inhibition can attenuate the
detrimental thromboinflammatory effects of air embolism.
Unfortunately, no C3 inhibitor shown to work in swine is
available for therapeutic use in porcine studies. Thus, this
hypothesis remains untested.

The aim of this exploratory study was to examine the effects of
venous air embolism on the complement system, the cytokine
network, and coagulation in vivo in a porcine model.
MATERIALS AND METHODS

We developed a novel porcine model of venous air embolism
based on previous animal studies by Durant, Oppenheimer, and
Vik (5, 20, 21). The protocol was approved by The Norwegian
Animal Research Authority (FOTS ID9466) and performed per
the Norwegian Laboratory Animal Regulations and EU directive
2010/64/EU.
Anesthesia, Instrumentation,
and Monitoring
We retrieved 45 Norwegian domestic landrace pigs weighing on
average 17 kg (range 8.5-30 kg) from two local farms. Before
retrieval, the animals were selected to undergo venous air
infusion or serve as sham animals. The animals were
anesthetized with azaperone 4 mg, ketamine 500 mg, and
atropine 0.5 mg intramuscularly. An iv. cannula was placed
in an ear vein, and anesthesia was maintained with a
continuous infusion of morphine 2 mg/kg/h, midazolam 0.15
mg/kg/h, and pentobarbital 4 mg/kg/h. We endotracheally
intubated the pigs with a Portex ID 6 mm endotracheal tube
(Smiths Medical International Ltd, Kent, United Kingdom) and
ventilated them with a tidal volume of 10-15 mL/kg, a
respiratory rate of 20/minute, an inspired oxygen fraction of
21%, and a positive end-expiratory pressure of 0 cmH2O using
a Datex-Ohmeda Engström Carestation intensive care
ventilator (GE Healthcare, Madison, WI).

We placed a pediatric 9T esophageal echo probe (General
Electric, Horten, Norway) in the esophagus and connected it to a
Vivid 7 pro echo doppler machine (General Electric). Using
March 2022 | Volume 13 | Article 839632
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sterile cut-down technique, we inserted a 4 Fr. 8 cm Leadercath
arterial catheter (Vygon Ltd., Swindon, UK) in the right carotid
artery, an 8 Fr. Avanti+ Vascular Sheath Introducer (Cordis, Santa
Clara, CA), and a 7.5 Fr. Swan-Ganz CCOmbo pulmonary artery
catheter (Edwards Lifesciences Corporation, Irvine, CA) in the
right external jugular vein, a 4 Fr. 8 cm PiCCO thermodilution
catheter (Pulsion/Getinge, Gothenburg, Sweden) in the femoral
artery, and a suprapubic catheter with a temperature sensor in the
bladder. The pulmonary artery catheter, sheath introducer, and
arterial cannula were connected to a TruWave x3 T001660A
Pressure Monitoring Set (Edwards Lifesciences Corporation),
and the PiCCO catheter was connected to a PV8215 PiCCO
Monitoring Kit (Pulsion). Both systems were connected to a
pressurized 500 mL Ringer’s acetate bag (Fresenius Kabi, Oslo,
Norway) with 1250 IU Heparin (LEO Pharma AS, Oslo, Norway)
added to a final concentration of 2.5 IU/mL. A continuous
infusion of 3 mL/h of heparinized Ringer’s acetate was delivered
through each of the four pressure lines, i.e., 30 IU Heparin pr hour
was administered to the animals. If flushing of the catheters was
needed, normal saline was used. The catheters were not flushed
with heparinized Ringer. After instrumentation, the animals were
stabilized for thirty minutes before starting the air infusion or
sham observation.

We recorded continuous invasive arterial, pulmonary, and
venous blood pressures, ECG, plethysmographic arterial
saturation (SpO2), end-tidal expired CO2 (EtCO2), and hourly
intermittent cardiac output by thermodilution using an Intellivue
MP70 monitor (Philips Healthcare, Cambridge, CA) as per
manufacture’s instructions. Additionally, hourly intermittent
and continuous cardiac output was measured using the Pulsion
Pulsed index Continuous Cardiac Output PiCCO2 monitor
Frontiers in Immunology | www.frontiersin.org 35354
(Pulsion) as per manufactures instructions. Before the
experiments, we performed echocardiography, and throughout
the experiments, cardiac function and buildup of air and thrombi
in the pulmonary artery and systemic egress of air were
monitored using continuous echocardiography.

Exclusion Criteria
Animals with infections, either observed upon retrieval or
diagnosed at the post-mortem lung autopsy or defined as a
white blood cell count or complement C3a level three standard
derivations above mean baseline values, were excluded (Figure 1).
Animals with persistent foramen ovale, detected by preoperative
echocardiography with an agitated saline injection or by post-
mortem autopsy, and animals with iatrogenic complications, such
as ventricular fibrillation upon inflation of the pulmonary artery
catheter or vessel injury due to cannulation, were excluded from
the study. Also, one animal in the sham group was excluded due to
severe volvulus, which became evident during the observation
period, and one due to an unintended infusion of air through an
unpurged intravenous line.

Air Infusion
After instrumentation and baseline blood sampling, we
administered a continuous air infusion of 3-7 mL/kg/hour by
syringe driver through an ear vein. The infusion rate was either
maintained or increased with 1-2 mL/kg every sixty minutes for
300 minutes (21 pigs) or 360 minutes (3 pigs) or until the
animals died (Figure 2A). The air infusion protocol was based on
previous studies (5, 20, 21) and titrated to cause severe
hemodynamic instability, but not systemic egress of air
embolism or the death of the animals. Initially, a 360-minute
FIGURE 1 | Experimental flowchart. Forty-five Norwegian landrace pigs from two farms were selected by convenience sampling to undergo 300 or 360 minutes of
titrated air infusion or serve as sham animals. Animals with infections, pulmonary emboli during animal preparation, persistent foramen ovale, ventricular fibrillation,
iatrogenic venous air embolism, limb ischemia, or iatrogenic aortic rupture were excluded. Ten pigs receiving air infusion died due to the air infusion after a median
infusion time of 243 minutes. Animals alive at the end of the experiments were euthanized. Blood was sampled at regular intervals throughout the experiments, and
lung tissue was sampled post-mortem. Blood and lung samples were analyzed as detailed in the figure.
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observation time was chosen to allow adequate time for the
synthesis of cytokines. To reduce the preterm mortality of
animals, this was reduced to 300 minutes after the initial
experiments. We adjusted the respiratory tidal volume,
respiratory rate, and inspired oxygen fraction throughout the
experiments to maintain arterial pH 7.34-7.40 and SpO2 above
90%. We infused 2-3 mL/kg/h of Ringer’s acetate to compensate
for insensible fluid losses. If mean arterial pressure dropped
below 55 mmHg, we administered repeated boluses of 100 mL
Ringer’s acetate and infused noradrenaline (Abcur, Helsingborg,
Frontiers in Immunology | www.frontiersin.org 45455
Sweden) in the range 0.01 to 0.8 mg/kg/minute. Animals still alive
at the end of the experiment were euthanized by intravenous
injection of 30-50 mmol potassium chloride (B. Braun,
Melsungen, Germany).

Blood and Tissue Sampling and Analysis
We sampled arterial blood from the carotid artery at baseline
(just before the air infusion was started at zero minutes), after 30,
60, 180, 240, and 300 minutes of air infusion, and at the end of
the experiments. Approximately 100 mL of blood was sampled
A

B

FIGURE 2 | Air infusion protocol and survival curves. (A) Twenty-four pigs received intravenous air infusion based on body weight. The infusion rate was increased
hourly. Each point represents one pig. The horizontal lines indicate the median infusion rate. Error bars span the interquartile range. Animals are only included in the
graph until death. Pigs alive at each sample point are listed below the graph. (B) Kaplan-Meier survival curve of the animals that received air infusion (solid line) and
sham animals (dotted line). Pigs that received air infusions died after a median of 300 minutes (IQR 249-320). All sham animals lived until the end of the observation
period of either 300 (n=6) or 360 minutes (n=1).
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from the animals throughout the experiments. The blood was
sampled using a Vacutainer closed vacuum system, Vacuette
EDTA tubes and 3.2% sodium-citrate tubes, and serum tubes
with gel (all Vacuette, Greiner Bio-One GmbH Frickenhausen,
Germany), and a safePICO heparinized blood gas syringe
(Radiometer, Copenhagen, Denmark). To avoid unintended
contamination of the samples with heparin from the line flush
solution, 5 mL of blood was aspirated into a sterile syringe
immediately before sampling. Additionally, after drawing blood
into the heparinized blood gas syringe, 2 mL of blood was drawn
and discarded before subsequent sampling. Blood drawn on
heparinized syringes was analyzed immediately after drawing
for lactate, pH, pO2, and pCO2 on the ABL80 Flex blood gas
analyzer (Radiometer, Copenhagen, Denmark). A set of EDTA
tubes were stored at room temperature for up to 8 hours and
analyzed for white blood count using the ADVIA 2120i (Siemens
Healthcare GmbH, Erlangen, Germany) or IDEXX ProCyte Dx
(IDEXX Laboratories, Westbrook, ME). A set of EDTA tubes
were immediately centrifuged at 4°C at 1500 g for 15 min and
plasma isolated and frozen at -80°C for later analysis of
complement and cytokines, as detailed below. PAXgene tubes
were carefully tilted ten times, left at room temperature for a
minimum of two hours, frozen at -20°C overnight, and then at
-80°C until RNA extraction and cytokine mRNA analysis.

Post-mortem, we opened the thorax and sampled tissue from
the lower lobe of the left lung. These samples were snap-frozen on
dry ice in NUNC tubes (Thermo Scientific, Roskilde, Denmark)
with no additive for further homogenization and analysis.

Homogenization of Lung Tissue
For cytokine mRNA analysis, approximately 20 mg of tissue was
transferred to gentleMACS M-tubes (Miltenyi Biotec, Bergisch
Gladbach, Germany), and 800 µL Trizol reagent (Thermo Fisher
Scientific, MA) was added to the samples. The samples were
homogenized using program 7 on the Dispomix homogenizer
(Miltenyi Biotec). After homogenization, the samples were left at
RT for 5 minutes, centrifuged at 1,400 g for two seconds, and
transferred to 1.5 mL Eppendorf PCR Clean Safe-Lock Tubes
(Eppendorf, Enfield, CT) and stored at -80°C for later mRNA
isolation and PCR analysis.

For complement analysis, approximately 100 mg of tissue was
transferred to gentleMACS M-tubes, and a mixture of 10 µL
Protease Inhibitor Cocktail Set I (Merck KGAA, Darmstadt,
Germany) and 1 mL CytoBuster Protein Extraction Reagent
(Millipore Sigma, Burlington, MA) was added to the samples, and
the samples were homogenized using program 7 on the Dispomix
homogenizer (Miltenyi Biotec). After homogenization, the samples
were incubated for 5 minutes on ice, centrifuged for 20 minutes at
2,500 g at 4°C, and the supernatant was transferred to 1 mL Matrix
tubes (Thermo Fisher Scientific) and stored at -80°C for later
analysis. Likely, receptor-bound C3a detached during the lysis
process, making it available for subsequent ELISA detection.

Analysis of Complement in Plasma and
Lung Tissue
We measured complement C3a using ELISA with porcine-
specific C3a monoclonal antibodies as previously described in
Frontiers in Immunology | www.frontiersin.org 55556
detail (22). The antibody binds to a neoepitope exposed when
C3a is cleaved off C3, and the assay only detects free C3a in the
fluid phase. We measured TCC using ELISA with the anti-
human-C9 neoepitope antibody clone aE11 produced in-house
as capture antibody and a porcine cross-reacting anti-human C6,
Quidel (San Diego, CA) as detection antibody as described in
detail (23, 24). We have previously documented that the aE11
cross-reacts with porcine TCC (23).

Analysis of Cytokines in Plasma
We analyzed EDTA plasma for the following cytokines using
immunoassays: Tumor necrosis factor (TNF) and interleukin (IL)-
6 using the Porcine TNF and IL-6 Quantikine sandwich ELISA kit
(R&D Systems Inc.) with optical density measured by Infinite
M200 Pro microplate reader (Tecan Trading AG, Switzerland);
IL-1b, IL-6, and IL-8 using a porcine MILLIPLEX map Kit
(Merck, EMD Millipore Corporation, Billerica, MA) and IL-10
using Invitrogen ProcartaPlex Multiplex Porcine Immunoassay
(Bender MedSystems GmbH, Vienna, Austria), and the
fluorescence intensity analyzed on a Bio-Plex 200 Multiplex
Analyzer (Bio-Rad Laboratories). All analyses were performed in
accordance with the manufacturer’s instructions.

Analysis of Cytokines in Lung Tissue
We analyzed samples of homogenized lung tissue for IL-6 using
the Milliplex map Kit (Merck) and IL-10 using Invitrogen
ProcartaPlex Multiplex Immunoassay for Porcine assay (Bender
MedSystems GmbH, Vienna, Austria). The fluorescence intensity
was analyzed on a Bio-Plex 200 Multiplex Analyzer (Bio-Rad
Laboratories). We analyzed the homogenized tissue for TNF, IL-
1b, and IL-8 using Quantikine sandwich ELISA kits (R&D
Systems Inc.) and measured the optical density using an Infinite
M200 Pro microplate reader (Tecan Trading AG). All analyses
were performed in accordance with the manufacturer’s
instructions. Results are given pr. mL homogenate.

Analysis of Cytokine mRNA in Lung Tissue
Paxgene blood, 1.5 mL, was transferred to 2 mL Eppendorf
tubes (Eppendorf) and centrifuged at 5,000 g, 10 min. The
supernatant was carefully poured from each tube, and the
pellet was resuspended in 1 mL nuclease-free water. The
RNA was re-pelleted by centrifugation at 5,000 g for 10
minutes. MagMAX for Stabilized Blood Tubes RNA Isolation
Kit (Thermo Fisher Scientific) was used for total RNA isolation
in accordance with the manufacturer’s instructions. The
extracted RNA was eluted in 50 µL of Elution Buffer,
quantified using Thermo Scientific Nanodrop 2000 (Thermo
Fisher Scientific), and controlled with the Agilent 2100
Bioanalyzer (Agilent Technologies Santa Clara, CA). The
mean RNA Integrity Number was 9.6.

RNA was extracted from homogenized lung tissue using
TRIzol Reagent and RNeasy MinElute Cleanup kit (Qiagen,
Hilden, Germany) and subsequent DNase treatment (Thermo
Fisher Scientific) as described previously (25). RNA was
quantified using the NanoDrop 2000 and integrity controlled
using the Agilent 2100 BioAnalyzer. The mean RNA integrity
number was 8.1.
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For gene expression studies, the TaqMan RNA-to-Ct 1-step Kit
(Thermo Fisher Scientific) was used. The amount of input RNAwas
25 ng in a total volume of 20 µL. Cycling conditions were set
according to the kit insert, and qPCR was run in triplicates for each
candidate gene in MicroAmp Fast 96-Well Reaction Plates (all
reagents from Thermo Fisher Scientific) using QuantStudio 6 Flex
Real-Time PCR System instrument (Thermo Fischer Scientific).
Predeveloped TaqMan porcine gene expression assays (Thermo
Fisher Scientific) for the following candidate genes were used:
IL-1b (Ss03393804_m1), IL-8 (Ss03392437_m1), and TNF
(Ss03391318_g1). IL-6 (PIG_IL6) was custom-made by Thermo
Fisher Scientific. Ribosomal Protein S 18 (Ss03391029_g1) was used
as endogenous control and was stably expressed in all samples. The
relative quantification (RQ) of cytokine mRNA expression was
calculated using the comparative cycle threshold (2-DDCt) method.
All results are presented as fold change (RQ) compared to
sham animals.

Analysis of Thrombin-Antithrombin
Complex (TAT) in Plasma
We quantified the TAT in EDTA plasma using the human
Enzygnost TAT micro (Siemens Healthcare Diagnostics Products
GmbH, Marburg, Germany), documented to cross-react with
porcine TAT (26) in accordance with the manufacturer’s
instructions. The optical density was measured using an Infinite
M200 Pro microplate reader (Tecan Trading AG).

Whole Blood Rotational
Thromboelastometry (ROTEM)
We used the ROTEM delta (Tem Innovations GmbH, Munich,
Germany) to analyze the kinetic of the clot formation. Citrated
blood sampled at 0, 30, 60, and 120 minutes of air infusion were
incubated at 37°C for five minutes and analyzed using the non-
activated thromboelastometry test (NATEM) according to the
manufacturer’s instructions. 300 µL citrated blood was added in
a disposable cup with 20 µL star-TEM reagents containing CaCl2
(Tem Innovations GmbH). The clot formation was detected by
inhibition of the movement of the pin in the cup, and several
parameters were measured or calculated. Clotting time (CT, in
seconds), clot formation time (CFT, in seconds), a-angle (in
degrees), and maximum clot formation (MCF, in millimeters)
were analyzed in this study.

Data Analysis and Statistical Methods
All data was collected and organized, and missing values were
imputed in Microsoft Excel for Mac version 16.54 (Microsoft
Inc., Redmond, CA). In animals that died before 300 minutes
of observation, missing data were imputed using the Last-
Observation-Carried-Forward method. Changes from baseline
were calculated for leukocytes, TAT, and ROTEM readouts,
and RQ were calculated for cytokine mRNA qPCR in Microsoft
Excel. Statistical analysis and data charting was done in Prism
for macOS version 9.3.0 (Graphpad Software, La Jolla, CA).
Results from post-mortem analysis of lung cytokines, cytokine
mRNA, and complement in pigs receiving air infusion were
compared with sham animals using the two-tailed Mann-
Whitney U-test. Changes from baseline to time of death in
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plasma complement, TAT, and leukocytes and changes from
baseline to 120 minutes of observation in whole blood ROTEM
were analyzed using the Wilcoxon matched-pairs signed-rank
test. All analyses were corrected for multiple comparisons
using Benjamini and Hochberg’s original false discovery rate
(FDR) method with an FDR of 1%. A p-value <0.05 was
considered significant. Results are presented as medians with
interquartile range. Graphs of repeated samples are presented
as changes from baseline. As our data did not follow a
Gaussian, data are presented as medians with interquartile
range. qPCR relative quantifications are presented as geometric
means with 95% CI.

Five pigs had one or more plasma TCC results below the
lower detection limit, and one pig had lung tissue TCC results
below the lower detection limit. These missing values were
imputed with a random number between 0.01 and the lower
detection limit. Six pigs had lung cytokines results below the
lower detection limit but with reliable results on the extrapolated
standard curve. These results were included in the analysis. One
lung tissue IL-8 analysis failed and yielded no result. This missing
value was replaced with the median lung tissue IL-8 from all pigs.
One pig had an erroneous ROTEM baseline reading due to a
heparin bolus given shortly before the baseline sampling. The
baseline ROTEM for this animal was imputed by averaging the
ROTEM readings thirty minutes before and thirty minutes after
baseline sampling.
RESULTS

Animals Included in the Study
Fourteen of 45 animals were excluded from the study due to
infections, open foramen ovale, or perioperative adverse events
(Figure 1). Twenty-four animals receiving air infusion and seven
sham animals were included in the study. Baseline observations
sampled after the initial instrumentation but before air infusion
did not differ between pigs allocated to air infusion and sham
animals (Table 1).

Despite careful titration of the air infusion, ten of the 24
animals (42%) receiving air infusion died before the end of the
experiments with a clinical picture of acute right heart failure,
after a median of 243 minutes (IQR 240-261) (Figure 2B).
Fourteen of the 24 animals receiving air infusion, and all sham
animals lived until the end of the experiments. The last
observations were carried forward for the ten animals that died
before 300 minutes of observation.

Complement in Plasma and Lung Tissue
In pigs receiving air infusion, baseline median plasma C3a was 21
ng/mL (IQR 15-46). Plasma C3a increased steadily after 120
minutes of air infusion and was 3.2-fold higher (67 ng/mL [IQR
39-84]) at death than at baseline (p<0.001) (Figure 3A). In sham
animals, no C3a increase was observed during the observation
period. In pigs receiving air infusion, baseline median plasma
TCC was 0.8 CAU/mL (IQR 0.6-1.1). During the experiment,
plasma TCC increased to a lesser extent and was 1.25-fold higher
(1.0 CAU/mL [IQR 0.7-1.4]) at death than at baseline (p=0.02)
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(Figure 3B). In sham animals, no TCC increase was observed
during the observation period.

In post-mortem lung tissue samples from pigs that received
air infusion, median C3a was 34 ng/mL (IQR 14-50) versus 4.1
ng/mL (IQR 2.4-5.7) in sham animals (p<0.001) (Figure 3C),
and median TCC was 0.3 CAU/mL (IQR 0.2-0.3) in pigs that
received air infusion versus 0.2 CAU/mL (IQR 0.1-0.3) in the
sham animals (p=0.02) (Figure 3D).

White Blood Cell Count
In pigs receiving air infusion, baseline median plasma white blood
cell count was 17·109 cells/L (IQR 10-24). Plasma white blood cell
count increased steadily after 120 minutes of air infusion and was
1.6-fold higher (28·109 cells/L [IQR 16-42]) at death than at
baseline (p<0.001) (Figure 4A). In sham animals, only a slight
increase in white blood cell count was noted.

Cytokines in Plasma and Lung Tissue
During the experiments, no significant changes in plasma
cytokines were observed in pigs receiving air infusion or sham
animals. In contrast, in pigs receiving air infusion compared to
sham animals, the post-mortem mean lung tissue cytokines
mRNA expressions were increased: 12-fold for IL-1b, 121-fold
for IL-6, and 17-fold for IL-8 (all p<0.001) (Figure 4B). The TNF
mRNA expression did not differ between the groups. In line with
the mRNA findings, the median lung tissue cytokines measured
as protein in pigs receiving air infusion compared to sham
animals were: IL-1b 302 pg/mL (IQR 190-437) versus 107 pg/
mL (IQR 66-120), IL-6 644 pg/mL (IQR 358-1094) versus 25 pg/
mL (IQR 23-30), IL-8 203 pg/mL (IQR 81-377) versus 21 pg/mL
(IQR 20-35), and TNF 113 pg/mL (IQR 96-147) versus 16 pg/mL
(IQR 13-22) (all p<0.001) (Figure 4C). Thus, TNF increased as
measured by protein but not by mRNA.

Coagulation
In pigs that received air infusion, baseline median clotting time
was 613 seconds (IQR 531-677) (Figure 5A), baseline median
clot formation time was 161 seconds (IQR 122-195) (Figure 5B),
and baseline median a-angle was 62 degrees (IQR 57-68)
(Figure 5C). Already after 30 minutes of air infusion, clotting
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time and clot formation time had decreased and a-angle
increased, and after 120 minutes of air infusion, both clotting
time and clot formation time were significantly reduced
compared to baseline, to 538 seconds (IQR 399-620) and 124
seconds (IQR 83-162) (p=0.006 and p=0.02, respectively). The a-
angle significantly increased compared to baseline, to 68 degrees
(IQR 62-74) (p=0.02). In contrast, in sham animals, neither
clotting time, clot formation time, or a-angle changed
significantly during the observation period (Figures 5A–C).
The maximum clot formation did not change significantly
during the experiments.

In pigs that received air infusion, baseline median TAT was
35 µg/mL (IQR 28-42). TAT increased after 180 minutes of air
infusion and continued to increase throughout the experiments
(Figure 5D). At the end of the experiments, median TAT was
1.5-fold higher (51 µg/mL [IQR 38-89]) than at baseline
(p=0.002). In contrast, TAT remained at baseline in sham
animals throughout the observation period.
DISCUSSION

In this study, we have shown in vivo in a porcine model how
venous air embolism triggered a thromboinflammation with
activation of the complement system, leukocytosis, release of
proinflammatory cytokines, and activation of coagulation.
Notably, air embolism triggered a relatively selective and robust
C3 activation as measured by C3a, without a corresponding C5
activation, as measured by TCC.

The complement system is an integral part of the innate
immune system, protecting the body against invading pathogens
and endogenous cellular damage. The system consists of several
plasma peptides, which bind to antibodies, lectins, or foreign
surfaces, resulting in classical, lectin, or alternative pathway
activation, respectively (27). It has previously been shown that
air activates the complement system mainly through the
alternative pathway (14, 15) by hydrolysis of C3 to generate C3
(H2O), also termed C3b-like or iC3 (14). This initial alternative
C3 activation generates the C3(H2O)B, where factor B is cleaved
by factor D to form Ba, which is released, and Bb, which together
TABLE 1 | Characteristics of pigs included in the study at baseline1.

Pigs receiving air infusion (n=24)
Median (IQR)

Sham animals (n=7)
Median (IQR)

p2

Weight kg 17 (10-24) 11 (9.5-22) 0.8
ROTEM
Clotting time (CT) seconds 613 (531-677) 519 (453-604) 0.2
Clot formation time (CFT) seconds 161 (122-195) 133 (126-167) 0.6
a-angle degrees 57 (62-68) 66 (59-68) 0.6
Maximum clot formation (MCF) millimeter 64 (59-73) 65 (63-68) 0.6

Biochemistry
White blood cell count (WBC) x10/9L 17 (10-24) 16 (11-18) 0.6

ELISA
Thrombin-antithrombin complex (TAT) µg/mL 35 (28-42) 23 (16-29) 0.2
C3a ng/mL 21 (15-46) 12 (7.9-20) 0.2
TCC CAU/mL 0.8 (0.6-1.1) 0.7 (0.3-0.8) 0.4
Ma
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1Sampled after 30 minutes after instrumentation, before air infusion (T0). 2Wilcoxon signed-rank test. p values corrected for multiple comparisons using Benjamin and Hochberg’s
FDR method.
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with properdin (P) binds to C3(H2O) and forms the first
alternative C3 convertase, C3(H2O)BbP. This convertase
further activates C3 to be cleaved to C3b and C3a, and the
final alternative pathway C3 convertase C3bBbP is formed.
Under normal circumstances, C3bBbP forms the C5-
convertase (C3b2BbP), which catalyzes the formation of the
terminal C5b-9 complement complex (TCC). Activated C3-
and C5-split products have been shown to interact with
thrombocytes and leukocytes (28, 29) and may potentially
trigger a thromboinflammation involving both leukocytes,
platelets, and coagulation. Interestingly, and in line with our
previous in vitro findings in human whole blood (15), we
discovered that air embolism predominantly activated C3 with
Frontiers in Immunology | www.frontiersin.org 85859
only a minor C5 activation, contrary to what is otherwise
observed in general when complement is activated, for
example, by bacteria or damage or pathogen-associated
molecular patterns. The C5a-C5aR axis is known to play an
important role in complement-mediated thromboinflammation
associated with a wide array of diseases (27, 30), and the
monoclonal anti-C5 antibody eculizumab has been used
clinically for many years to treat complement-driven diseases,
such as paroxysmal nocturnal hemoglobinuria and atypical
hemorrhagic uremic syndrome (31). C3a receptors have been
shown on both platelets and activated astrocytes, neutrophils,
and monocytes (32, 33), and we have previously shown how C3
inhibition attenuates air-induced thromboinflammation (15).
A

B D

C

FIGURE 3 | Complement activation products in plasma and lung tissue. (A) Plasma C3a was measured at regular intervals throughout the experiments. C3a
increased significantly from baseline in animals receiving air infusion (solid line) but not in sham animals (dotted line). (B) Plasma TCC measured at regular intervals
throughout the experiments increased significantly from baseline in animals receiving air infusion (solid line) compared to the sham animals (dotted line). (C) In lung
tissue sampled post-mortem, C3a was significantly higher in animals receiving air infusion than in sham animals. (D) In lung tissue sampled post-mortem, TCC was
slightly but statistically significantly higher in animals receiving air infusion than sham animals. Dots in panels (A, B) and horizontal lines in panels (C, D) represent
medians. Error bars span the interquartile range. Note Y-axis is split in panel (A) The two-tailed Mann-Whitney test was used between groups, and the Wilcoxon
signed ranks test for within-group comparisons. P-values in panels (A, B) are corrected for multiple comparisons using Benjamin and Hochberg’s FDR method.
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FIGURE 4 | Blood White Cell Count and Lung cytokines. (A) White blood cells were counted at regular intervals throughout the experiments. After sixty minutes of
air infusion, white blood cells increased significantly from baseline in animals receiving air infusion (solid line) but not in sham animals (dotted line). (B) In lung tissue
sampled post-mortem cytokine mRNA was analyzed using qPCR, and results were calculated using the 2-DDCt method. (C) In lung tissue sampled post-mortem,
cytokines were measured using ELISA or multiplex. Animals receiving air infusion are represented as closed circles and solid lines, and sham animals as open circles
and dotted lines. Circles in panel (A) and horizontal lines in panel (C) represent medians, and error bars span the interquartile range. The horizontal lines in panel (B)
represent the geometric means, and error bars span the 95% CI of the mean.
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Recently, a specific C3 inhibitor, pegcetacoplan (Empaveli,
Apellis Pharmaceuticals, Waltham, MA), was approved to treat
paroxysmal nocturnal hemoglobinuria (34), and further studies
should evaluate if C3 inhibitors can be used to dampen
thromboinflammation triggered by air embolism.

The aforementioned observed relative selective C3 activation
without a corresponding C5 activation is most likely related to
the mechanism by which air activates C3. The efficacy of the
complement system convertases depends on whether the C3
activation occurs on the solid phase, where C3 binds to surfaces
to generate a potent convertase, or in the fluid phase, where a less
potent convertase is formed. As mentioned above, air bubbles
have been shown to generate a fluid-phase C3 convertase in vitro
in plasma experiments (14), and it is reasonable to assume that
an identical fluid-phase convertase is formed in vivo in pigs
with air embolism. The formation of a less efficient fluid-phase
convertase could explain why the C5 convertase is insufficiently
generated, which we documented with limited TCC formation
compared to C3 activation. This contrasts the complement
activation otherwise seen. For example, in a porcine study of
polymicrobial sepsis (35), both C3a and TCC increased
substantially, with C3a appearing first followed by TCC (22).
Frontiers in Immunology | www.frontiersin.org 106061
Another interesting imbalance between C3 and C5 convertase
potency occurs when autoantibodies, nephritic factors (NeFs)
form against the complement convertases, as recently reviewed
(36). NeFs may bind to the C3, C4, or C5 convertase (C3NeF,
C4Nef, and C5Nef, respectively). NeF binding stabilizes the
convertases, resulting in pathological ongoing complement
activation. As with air embolism, we have previously shown
that some C3NeFs activate C3 without a corresponding C5
activation (37). NeFs cause an autoimmune kidney failure in
patients, particularly if the C5 is activated (36).

The imbalance between C3 and C5 activation is important
concerning the potential treatment of patients with air embolism.
Most complement-mediated diseases involve the C5a or the C5b-
9, and treatment involves inhibition of C5 to keep the C3 open
for complement-driven bacterial defense. However, in the case of
venous air embolism, C3 inhibition would be required to reduce
the thromboinflammatory response effectively. It remains to be
shown if other pathophysiological conditions are similarly
mainly driven by C3 activation with only a modest activation
of C5.

In our study, we measured C3a using an ELISA assay with a
porcine-specific antibody (22) and TCC using a human assay
A C

DB

FIGURE 5 | Coagulation. Whole blood was drawn from the animals every half hour for the first two hours of the experiments, and the coagulation was analyzed
using rotational thromboelastometry (ROTEM). In animals receiving air infusion, a significant reduction from baseline in the clotting time (A) and clot formation time (B)
and a significant increase from baseline in the a-angle (C) was observed. These parameters mainly remained at baseline in sham animals, albeit with a pronounced
heterogenicity. (D) Plasma was drawn from the animals throughout the experiments and analyzed for thrombin-antithrombin (TAT) using ELISA. TAT increased
significantly from baseline in pigs receiving air infusion and remained at baseline in sham animals. Solid line represents pigs receiving air infusion. Dotted lines are
sham animals. Circles represent medians, and error bars span the interquartile range.
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shown to work well in swine (23, 24), as no reliable porcine C5a
assay is commercially available. This is a reasonable approach, as
C5a and TCC (sC5b-9) are released in equimolar concentration
in plasma. TCC has a plasma half-life of 50-60 minutes (38)
compared to C5a with a half-life of one minute (23), making it a
robust marker of terminal pathway activation. Further details on
assays for the detection of complement activation products in
humans and animals are reviewed in detail (39).

In pigs that received air infusion, but not in sham animals, we
found increased levels of proinflammatory cytokines in lung
tissue, increased circulating white blood cells, and coagulation
system activation. Combined with our human in vitro findings
(15), we have shed new light on the mechanisms for
inflammation, coagulation, and the interplay between
complement, inflammation, and coagulation. Our data suggest
that complement activation played an important role mainly
through the activation of C3. In vitro, we showed how selective
inhibition of C3 reduced complement activation, cytokine
release, and coagulation. Most of the inflammatory mediators
were purely mediated by C3-activation, but a few were C5a
dependent. The majority of mediators were abolished by C3
inhibition. Thus, there is a theoretical rationale for C3 inhibition
as a treatment of air embolism in vivo. Unfortunately, as no
inhibitor reacting with porcine C3 is currently available
largescale for in vivo studies, we could not verify these findings
in our porcine model.

The accumulation of C3a and increased cytokine
concentrations in lung tissue of pigs with air embolism
indicates the importance of the lungs in the pathophysiology of
venous air embolism and air-induced thromboinflammation.
Venous air emboli are transported with the bloodstream to the
lung capillaries, where the air is absorbed into the alveoli and
exhaled. However, large amounts of air may overwhelm the
lung’s filtering capacity, occlude the capillaries and obstruct
blood flow, trigger a local inflammatory process, or transverse
the lungs to the systemic circulation (7, 9, 40). In humans, air
bubbles have been shown to activate the alternative complement
pathway in vivo, ex vivo, and in vitro (12, 14, 15). We suggest that
lodged air bubbles in the pig’s lung capillaries activated C3 by a
similar mechanism and subsequently triggered inflammation
and coagulation alike in humans. This would explain the
increase in lung tissue cytokines and circulating white blood
cells observed in pigs receiving air infusion. The pulmonary
inflammation may have triggered lung edema. The combination
of air bubbles, thrombi, and edema may have further hampered
blood flow and gas exchange, resulting in pulmonary
hypertension, a drop in end-tidal CO2, and acute right heart
failure, as we and others have found in animals studies and
human cases (6, 20, 41, 42).

In our study, air infusion triggered coagulation, measured by
ROTEM and TAT. We recently showed in vitro in human whole
blood that coagulation was activated through a complement-
dependent mechanism, where C3 activation played a pivotal role,
and through a complement-independent mechanism, which we
did not identify in detail (15). We speculate that air embolism
activated the coagulation through similar mechanisms in vivo in
Frontiers in Immunology | www.frontiersin.org 116162
pigs. The ROTEM and TAT results were most likely diminished
and underestimated, as we had to administer a heparin infusion
of approximately 30 IU/h to avoid coagulation of arterial and
venous lines and the buildup of thrombi on the pulmonary artery
catheter. Additionally, in animals receiving air infusion, but not
in sham animals, we also had to administer intermittent heparin
boluses of approximately ten IU due to thrombi in the
pulmonary artery catheter.

Despite many similarities between humans and pigs, human
immunoassays may not reliably cross-react and work in pigs. In
this study, we limited complement readouts to C3a and TCC,
and we used only cytokine assays shown to work in pigs as
detailed in (43). Many commercial immunological assays,
including complement and cytokine assays, are marketed as
working in pigs. Over the years, we have thoroughly tested
most available complement assays, comparing them to the
reliable C3a and TCC assays described above and in (22–24);
disappointingly, in such comparisons, most assays failed to
detect complement activation reliably. Likewise, we have
recently studied porcine-specific cytokine assays, finding that
many of these are also unreliable (43).

Our study has some limitations; it was a single-center, non-
randomized, and non-blinded exploratory study. The animals
were assigned to air infusion or to serve as sham animals at the
examiner’s discretion. However, we do not suggest that these
limitations affected our results.

Despite careful titration of the air infusion, several animals
died before the intended 300 minutes of air infusion, with most
premature deaths occurring between 240 and 300 minutes of air
infusion (Figure 2). These premature deaths could have been
mitigated by using a less-aggressive air infusion protocol, for
example, by not increasing the infusion rate after 180 minutes of
air infusion or by terminating the experiments after 180 minutes
of air infusion. However, we titrated the air infusion to maximize
the effects of air embolism on the thromboinflammation to allow
for complement production and time for the synthesis of
cytokines. It is possible that reducing the air infusion or
shortening the experiments would have reduced complement
readouts and yielded lower post-mortem cytokine levels.
However, we measured cytokines by mRNA and by protein
quantification, enabling us to detect cytokines with high
sensitivity. Cytokine mRNA forms rapidly before proteins are
synthesized, but, as we observed concerning TNF and IL-1b, may
also be downregulated and thus not detected by PCR when
proteins are still present and detected by ELISA in the tissue. In
our study, pigs that died prematurely were more inflammatory
affected than animals surviving the experiment, and it is unlikely
that premature death impacted our results negatively.
CONCLUSION

Venous air embolism triggered thromboinflammation in vivo in
pigs, reflected by increased plasma complement C3 activation,
leukocytosis, and coagulation. Furthermore, post-mortem
pulmonary tissue homogenates revealed increased C3a and
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cytokines IL-1b, IL-6, IL-10, and TNF, and increased synthesis of
IL-1b, IL-6, IL-8, and IL-10 mRNA. A corresponding terminal
pathway activation did not follow the C3 activation. These
findings align with previous in vitro human whole blood
studies, suggesting that C3-inhibition is relevant for further
studies in the treatment of venous air embolism.
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2 Division of Surgical Research, Department of Surgery, Brown University, Providence, RI, United States

Sepsis is a systemic immune response to infection that is responsible for ~35% of in-
hospital deaths and over 24 billion dollars in annual treatment costs. Strategic targeting of
non-redundant negative immune checkpoint protein pathways can cater therapeutics to
the individual septic patient and improve prognosis. B7-CD28 superfamily member V-
domain Immunoglobulin Suppressor of T cell Activation (VISTA) is an ideal candidate for
strategic targeting in sepsis. We hypothesized that immune checkpoint regulator, VISTA,
controls T-regulatory cells (Treg), in response to septic challenge, thus playing a protective
role/reducing septic morbidity/mortality. Further, we investigated if changes in morbidity/
mortality are due to a Treg-mediated effect during the acute response to septic challenge.
To test this, we used the cecal ligation and puncture model as a proxy for polymicrobial
sepsis and assessed the phenotype of CD4+ Tregs in VISTA-gene deficient (VISTA-/-) and
wild-type mice. We also measured changes in survival, soluble indices of tissue injury, and
circulating cytokines in the VISTA-/- and wild-type mice. We found that in wild-type mice,
CD4+ Tregs exhibit a significant upregulation of VISTA which correlates with higher Treg
abundance in the spleen and small intestine following septic insult. However, VISTA-/-

mice have reduced Treg abundance in these compartments met with a higher expression
of Foxp3, CTLA4, and CD25 compared to wild-type mice. VISTA-/- mice also have a
significant survival deficit, higher levels of soluble indicators of liver injury (i.e., ALT, AST,
bilirubin), and increased circulating proinflammatory cytokines (i.e., IL-6, IL-10, TNFa, IL-
17F, IL-23, and MCP-1) following septic challenge. To elucidate the role of Tregs in VISTA

-/-

sepsis mortality, we adoptively transferred VISTA-expressing Tregs into VISTA-/- mice. This
adoptive transfer rescued VISTA-/- survival to wild-type levels. Taken together, we
propose a protective Treg-mediated role for VISTA by which inflammation-induced
tissue injury is suppressed and improves survival in early-stage murine sepsis. Thus,
enhancing VISTA expression or adoptively transferring VISTA+ Tregs in early-stage sepsis
may provide a novel therapeutic approach to ameliorate inflammation-induced death.
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Gray et al. VISTA+ Tregs in Sepsis
1 INTRODUCTION

Despite exhaustive research on sepsis over the last 50 years (1)
there remains no effective patho-physiological treatment options
nor molecular methods of diagnosis. The incidence of sepsis has
not improved, with sepsis accounting for ~35% of non-cardiac
deaths during intensive care unit hospitalization, accounting for
~1 in 5 deaths worldwide (2), and it was the consensus cause of
death assigned to those dying from COVID-19 infection (3). At
>24 billion dollars in annual treatment costs, sepsis presents an
economic as well as a healthcare burden (4). Historically, sepsis
clinical trials have targeted the initial pro-inflammatory response
by inhibiting cytokines in septic patients (5, 6). Efficacy was not
universal, and treatment predisposed patients to fatal secondary
infections (7).

Immune checkpoint blockade (ICB) has been used to
ameliorate disease pathology with greater precision and success
than many immune-directed therapies (8). Our laboratory,
among others, has demonstrated that negative checkpoint
regulator (NCR) targeting improves survival in preclinical
sepsis models, but success has been limited in clinical trials (9–
15). Strategic targeting of non-redundant NCR pathways has the
potential to cater therapeutics to the individual septic patient and
improve prognosis (16–18).

B7-CD28 superfamily member V-domain Immunoglobulin
Suppressor of T cell Activation (VISTA) is an ideal candidate for
such potential strategic targeting in sepsis (18, 19). VISTA is a
55–65-kDa type 1 transmembrane protein and has unique
biology that set it apart from all other NCRs (20, 21).

VISTA can act as a receptor or a ligand binding in VISTA :
VISTA interactions, with VSIG-3, or with PSGL-1 depending on
the cell it is expressed on (22, 23). VISTA regulation is also
temporally distinct, acting as the earliest NCR of peripheral
tolerance. Under steady-state conditions, VISTA promotes
quiescence of naïve CD4+ T cells to prevent self-reactivity (24).
Under inflammatory conditions, VISTA suppresses effector
CD4+ T cell function (17, 20), maintains the T regulatory cell
(Treg) pool size, and promotes induced Treg (iTreg) generation
(25). This CD4+ T cell-specific modularity makes VISTA a
specific and non-redundant regulator of the acute T cell
response (24–27).

Septic patients experience a reduced number/frequency of
splenic and thymic T cells, decreased cytokine production, and
increased expression of exhaustion markers (28, 29). In murine
sepsis models, there is a significant loss of CD4+ T cell frequency
which impacts survival (30). Our laboratory, among others, has
demonstrated that Tregs play an indispensable role in the acute
septic response, resolving inflammatory tissue damage and
improving survival (31–34).

Based on the findings from our laboratory and others, we set
out to determine if the immune checkpoint regulator VISTA
controls T-regulatory cells (Treg), in response to septic challenge,
thus playing a protective role and reducing septic morbidity/
mortality. Further, we investigated if changes in morbidity/
mortality were due to a Treg-mediated effect during the acute
response to a septic challenge.
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2 MATERIAL AND METHODS

2.1 Mice
Male C57BL/6 mice were purchased from Jackson Laboratories
(Bar Harbor, ME, USA). Animals obtained from our outside
vendor were acclimated no less than 7 days, and often longer
[maximum ~5 weeks], prior to utilizing these animals in the
studies described here. During this period, they were housed in
the Rhode Island Hospital (RIH) rodent facility (12-h: 12-h light/
dark cycle, 23°C–25°C, 30%–70% humidity) where they received
standard care and diet (standard rodent chow)/water ad libitum.
All protocols were carried out in the morning (8–11 a.m.) and
were performed in accordance with the National Institutes of
Health guidelines and as approved by the Animal Use
Committee of Rhode Island Hospital (AWC# 5064-18 & 5054-
21). VISTA-/- mice were produced at the Brown University
Transgenic Facility using CRISPR/Cas9 technology. Guide
RNA sequences for the 5′ deletion site:

395_Vsir_ex2upsgRNA1: CTTAGTAACAAGACCCACAT
396_Vsir_ex2upsgRNA2: GCTTAGTAACAAGACCCACA
Guide RNA sequences for the 3′ deletion site:
398_Vsir_ex7sgRNA1: ATGTGCACTTGATCTATGGC

(18-mer)
399_Vsir_ex7sgRNA2: GTGCCTAAAAGACTGTCCAA
The initial genotyping strategy and PCR results for G1 and F0

generations are described in Supplemental Figure 1. A routine
genotyping of VISTA-/- mice was performed on tail biopsy
samples collected after weaning. Tail samples were processed
for PCR and treated with custom 25-nmol DNA oligos from
Integrated DNA Technologies (Coralville, IA, USA). Following
PCR amplification, samples were run on an SDS-Page gel and
imaged for gene deletion analysis and validation. Male mice with
appropriate base-pair deletion were used for downstream
studies. All mice were housed, bred, and maintained at the
Rhode Island Hospital Central Research Facilities.

2.2 Patients
Septic/critically ill patients who were admitted to trauma and
surgical intensive care units, between July of 2018 and February
of 2020, were enrolled in this study per institutional review board
approval at Rhode Island Hospital (IRB study # 413013).
Inclusion criteria for the study were trauma or sepsis-related
critical illness requiring ICU admission. Patients were excluded
from the study if they were pregnant or had previous lymphoma
or leukemia diagnosis. Patient demographics from the day of
blood draw were used to calculate the Acute Physiology of
Chronic Health Evaluation II (APACHE II) score (Table 1).
Healthy volunteers (age- and sex-matched) were enrolled in this
study to serve as the control group.

2.3 CLP Model
Cecal ligation and puncture (CLP) as described previously (35–
37) was performed on wild-type C57BL/6 and VISTA-/- male
mice aged 8–10 weeks. Following midline laparotomy, the cecum
was ligated ~1 cm above the cecal tip and punctured twice with a
22-G needle. Cecal contents were extruded into the
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intraperitoneal cavity. The abdomen was closed using a sterile
PDO suture. Mice were treated with lidocaine on the muscle
layer and a subcutaneous injection of 1 ml Lactated Ringer’s
solution. The choice of male animals was made to maximize our
ability to initially see an experimental difference septic response
based on previous reports that male mice did poorer in response
to these experimental stressors of septic (CLP) challenge than
pro-estrus stratified female mice (38, 39). Mice were euthanized
24 h post procedure (based on the experiment as described in
Figure 1), and tissues were harvested for downstream studies.
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2.4 Flow Cytometry
2.4.1 Mouse Cell Phenotyping
The spleen, thymus, and intestine were harvested from mice 24 h
following sham or CLP procedure. The spleen and thymus tissues
were homogenized using frosted slides, and red blood cells were
lysed using a Na+Cl- gradient. Small intestinal tissue was processed
using the Lamina Propria Dissociation Kit (Miltenyi Biotec,
Bergisch Gladbach, Germany: cat# 130-097-410) according to
the manufacturer protocol. The total cell number from each
sample was assessed using Trypan blue stain and
TABLE 1 | Patient demographics.

Healthy Controls Patients p-value

Number 8 8 –

Age 48.5 +/- 17.2 58.8 +/- 16.6 0.25
Male gender 5 (62.5%) 6 (75%) 0.62
WBC – 10.8 +/- 5.0 × 106/ml –

APACHE II score – 19.9 +/- 5.2 –

Mortality – 2 (25%) –

Active infection – 7 (87.5%) –
March 2022 | Volume 13 | Article
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FIGURE 1 | Experimental timeline for study. (A) WT and VISTA-/- mice underwent sham or CLP procedure, and tissues/blood were harvested for downstream
analysis via flow cytometry or spectrophotometry. (B) WT and VISTA-/- mice underwent a CLP procedure, and survival was tallied for 14 days. Surviving mice were
euthanized on the 15th day. (C) WT mice were injected with Jurkat Tregs, and tissues were harvested 2 days postinjection for downstream analysis and validation of
adoptive transfer via flow cytometry. (D) VISTA-/- mice were injected with Jurkat Tregs then underwent CLP 2 days postinjection, and survival was tallied for 14 days.
Surviving mice were euthanized on the 15th day.
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hemacytometer counting at ×10 magnification. Samples were
diluted to 106 cells/ml in FACS buffer (2 mM EDTA, 0.5% BSA,
PBS), Fc blocked, and stained with the following monoclonal anti-
mouse antibodies: CD4-BV421 (BioLegend, San Diego, CA, USA,
Cat# 100438, RRID : AB_11203718), CD8a-BV510 (BioLegend
Cat# 100752, RRID : AB_2563057), CD69-FITC (Miltenyi Biotec
Cat# 130-103-950, RRID : AB_2659081), PD-1H/VISTA-PE
(BioLegend Cat# 143708, RRID : AB_11150599), CD25-PE/
Cyanine7 (BioLegend Cat# 101916, RRID : AB_2616762), and
CD152/CTLA-4-PerCP/Cyanine5.5 (BioLegend Cat# 106316,
RRID : AB_2564474). Following initial staining, cells were fixed
using 4% paraformaldehyde and permeabilized using the True
Nuclear Transcription Buffer Set (BioLegend: cat# 424401)
according to the manufacturer’s protocol. Permeabilized cells
were stained with anti-mouse FOXP3-Alexa Fluor 647
(BioLegend: cat# 126408). To compensate for spectral overlap,
UltraComp eBeads Plus Compensation Beads (Thermo Fisher
Scientific, Waltham, MA, USA: cat# 01-3333-41) were used
according to the manufacturer’s protocol. Fluorescence minus
one (FMO) controls were used to determine positive expression
gates during analysis using FlowJo software.

2.4.2 Human Cell Phenotyping
Whole blood was drawn from patients and healthy controls,
collected in heparin-treated tubes, treated with Ficoll Histopaque-
1077, and centrifuged to isolate leukocytes. The leukocyte layer was
isolated, washed with PBS, and centrifuged. Cells were counted
using a hemacytometer and Trypan blue then diluted to 106 cells/
ml in FACS buffer (2 mM EDTA, 0.5% BSA, PBS). Cells were Fc
blocked and stained with the following monoclonal anti-human
antibodies: CD3-VioBlue (Miltenyi Biotec: Cat# 130-113-133,
RRID : AB_2725961) and VISTA-APC (Thermo Fisher
Scientific: Cat# 17-1088-42, RRID : AB_2744704). Fluorescence
minus one (FMO) control was used to determine positive
expression gates during analysis using FlowJo software.

2.4.3 Adoptive Transfer Validation
For adoptive transfer, the pMSCV-mouse Foxp3-EF1a-GFP-T2A-
puro stable Jurkat cell line (System Biosciences, Palo Alto, CA,
USA: cat# TCL110C-1), referred to as Jurkat Tregs, was harvested
from culture, pelleted via centrifugation, and resuspended in HBSS
(Thermo Fisher: cat# 24020117) at 2 × 106 cells/400 µl. 400 µl of
Jurkat Treg suspension or HBSS vehicle control was loaded into a
syringe and administered to mouse via intraperitoneal injection.
Spleen, thymus, and small intestine samples were harvested 48 h
post adoptive transfer and processed as described in the previous
section. Cells were stained with CD4-BV421 (BioLegend: Cat#
100438, RRID : AB_11203718) and VISTA/PD-1H-APC
(BioLegend: Cat# 143709, RRID : AB_11219607). A FMO
control was used to determine VISTA-positive expression gates
during analysis using FlowJo software.

2.5 Colorimetric Assays for Morbidity
Study
To assess indices of tissue injury, blood was collected from mice
24 h following sham or CLP procedure via cardiac puncture
using a heparin-coated syringe. Blood sample was centrifuged at
Frontiers in Immunology | www.frontiersin.org 46768
10,000 rpm, and supernatant (plasma) was collected and stored
at -80°C. For tissue injury assays, plasma was analyzed using the
following kits according to the manufacturer’s protocol: Urea
Nitrogen (BUN) Colorimetric Detection Kit (Invitrogen,
Carlsbad, CA, USA, cat# EIABUN), Creatine Kinase Activity
Assay Kit (Sigma-Aldrich, St. Louis, MO, USA: cat# MAK116),
Alanine Aminotransferase (ALT) Activity Assay Kit (Sigma-
Aldrich: cat# MAK052), Aspartate Aminotransferase (AST)
Activity Assay Kit (Sigma-Aldrich: cat# MAK055), Amylase
Assay Kit (Colorimetric) (Abcam, Cambridge, MA, USA: cat#
ab102523), and Bilirubin Assay Kit (Direct Colorimetric)
(Abcam: cat# ab235627).

2.6 Multiplex Cytokine Analysis
Plasma samples were collected and stored as described in the
previous section. To assess the cytokine concentration in plasma
samples, the following multiplex kits were used according to the
manufacturer’s instruction: LEGENDplex Mouse Inflammation
Panel (13-plex) with a V-bottom plate (BioLegend, cat# 740446)
and LEGENDplex MU Th Cytokine Panel (12-plex) with VbP
VO3 (BioLegend, cat# 741044). Multiplex experiments were
carried out using MACSQuant Analyzer 10 (Miltenyi Biotec).
Data were analyzed using the LEGENDplex software
suite (BioLegend).

2.7 In Vitro Viability Assay
Jurkat Tregs were cultured in RPMI complete medium with 13F3
(Bio X Cell, Lebanon, NH, USA, Cat# BE0310, RRID :
AB_2736990) or Ig control (Bio X Cell Cat# BE0091, RRID :
AB_1107773) for 30 min at 37°C, 5% CO2 then stained with
alamarBlue (Bio-Rad, Hercules, CA, USA: product code
BUF012A) according to the manufacturer’s protocol. Sample
absorbance was measured every 24 h for 7 days using the Bio-
Rad spectrophotometer. Viability was calculated according to the
manufacturer’s protocol.

2.8 In Vitro Cytokine Analysis
Jurkat Tregs were cultured in RPMI complete medium with 13F3
(Bio X Cell Cat# BE0310, RRID : AB_2736990) or Ig control (Bio
X Cell Cat# BE0091, RRID : AB_1107773) overnight at 37°C, 5%
CO2. Treated cells were then stimulated with 5 µl of plasma from
CLP mouse for 2 h prior to harvest from culture. Cells were
centrifuged, and supernatant was collected for multiplex analysis
using LEGENDplex MU Th Cytokine Panel (12-plex) with VbP
VO3 (BioLegend: cat# 741044) according to the manufacturer’s
protocol. Multiplex experiments were carried out using
MACSQuant Analyzer 10 (Miltenyi Biotec). Data were
analyzed using LEGENDplex software suite (BioLegend).

2.9 Statistical Analysis
Statistical significance between two groups was determined using
either a two-tailed Student’s unpaired t test for parametric data
or the Mann–Whitney U test for the non-parametric test.
Statistical significance between multiple groups was determined
using either an ordinary one-way ANOVA for parametric data or
the Kruskal–Wallis test for non-parametric data. Alpha was set
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to 0.05 as the cutoff for statistical significance using Prism 9.3.0
(GraphPad Software) statistical software.
3 RESULTS

3.1 VISTA Expression Inversely Correlates
With T-Cell Population Abundance in
Septic Mice and Critically Ill Patients
Several research groups have shown that during acute sepsis
progression there is a significant loss in T cell abundance in the
spleen and thymus in both the murine CLP model (29, 40–42)
and septic patients (43–46). In this study, we found that C57BL/6
wild-type (WT) mice exhibited a higher VISTA expression on
CD4+ T cells (Figure 2A) and reduced CD4+ T cell population
abundance (Figure 2B) in the spleen following septic challenge.

We enrolled a total of 8 critically ill patients from the trauma
and surgical ICUs at a single level-1 trauma center. There was no
significant difference between patients and healthy controls
regarding gender or age. 87.5% of patients had an active
ongoing source of infection at the time of draw, 62.5% required
mechanical ventilation, and 37.5% were actively on vasopressor at
the time of draw. 25% required dialysis due to critical illness. The
average APACHE II score for the population was 19.9 (Table 1).
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Sources of infection included necrotizing soft tissue infections of
the lower extremities, intra-abdominal abscesses after perforated
hollow viscus injuries, and bacteremia. 75% of enrolled patients
met systemic inflammatory response syndrome (SIRS) criteria,
63% met sepsis criteria, and 38% met septic shock criteria (47).

We found that critically ill patients experience a higher VISTA
expression on circulating CD3+ T cells (Figure 2C) despite reduced
CD3+ T cell population abundance (Figure 2D) in circulation. These
results suggest that the relationship between VISTA expression and
T-cell abundance observed in our murine model of sepsis appear to
have a potential correlate in the critically ill septic patient. To further
explore the role of VISTA in the sepsis-induced T-cell response and
better understand its potential contribution to septic morbidity, we
created a global VISTA gene-deficient (VISTA-/-) mouse strain using
CRISPR/Cas9 technology that could be examined to address this
question (Figures 2E, F).

Le Tulzo et al. found that T cells become polarized into
functionally distinct helper T-cell subsets in sepsis (44), and it is
well documented that the regulatory T-cell (Treg) subset increases
during the acute septic response (46, 48, 49). In light of this, we
chose to initially determine how VISTA impacted sepsis-induced
Treg polarization by comparing the CD4+Foxp3+ Treg

populations in WT as opposed to VISTA-/- mice via flow
cytometry (Supplementary Figure 2).
A B C

E F

D

FIGURE 2 | VISTA+CD4+ T cells in mouse splenocytes and VISTA+CD3+ lymphocytes in patient blood increase following experimental or clinical sepsis.
(A) Summary graph of VISTA+ CD4+ T cells in the wild-type mouse spleen. (B) Summary graph of CD4+ T cell frequency in the wild-type mouse spleen.
(C) Summary graph of VISTA+ CD3+ T cell frequency in the peripheral blood lymphocytes. (D) Summary graph of CD3+ T cell frequency in the peripheral blood.
(A–D) Summary graphs show mean ± SEM [WT-sham: n = 13, WT-CLP: n = 16]; significance **p < 0.01, ***p < 0.001. (E) Initial process (Strategy) for producing
embryos deficient in the ~11.3-kb region containing exon (ex) 2 to exon 7 of the VISTA gene on mouse chromosome 10 with CRISPR/Cas9 followed by NHEJ-
mediated repair. (F) Results of initial heterozygous cross of VISTA-/+ founder mice resulting from CRISPR/Cas9 technology that produced homozygous VISTA-/- mice
for breeding (PCR genotyping strategy: 403/412: 11,745 bp from WT and ~0.4 kb from VISTA deletion alleles).
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3.2 CD4+ Treg Abundance Increases
Following Septic Challenge, But the CD4+

Treg Population Is Significantly Smaller in
Peripheral T-Cell Compartments of
VISTA-/- Mice Compared to WT Mice
We found that in the WT spleen, there is a significant increase in
total proportion of CD4+ Tregs and VISTA+CD4+ Tregs following
CLP (Figures 3A–C). VISTA-/- mice exhibit decreased
abundance of total CD4+ Tregs in the spleen (Figures 3B, C).
In the thymus, we observe no change in VISTA expression on the
Treg populations between sham and CLP WT mice
(Supplementary Figures 3A, D); however, VISTA-/- mice have
higher total abundance of CD4+ Tregs and CD4+CD8+ Tregs

compared to WT mice (Supplementary Figures 3B, E). In the
intraepithelial compartment of the small intestine, the frequency
of VISTA+CD4+ Tregs increases significantly following CLP
(Figure 4A) and VISTA-/- mice have less CD4+ Tregs under
steady-state (sham) and inflammatory (CLP) conditions
compared to WT mice (Figures 4B, C). We did not observe
any trends in the lamina propria compartment of the small
intestine (Supplementary Figure 4).

3.3 CD4+ Tregs Demonstrate Compensatory
Upregulation of Several Checkpoint
Proteins and Suppressive Factors
in VISTA-/- Mice
The loss in CD4+ Tregs in VISTA-/- mice lead us to ask if the cell-
surface expression signature, as it related to suppressive function
of these cells, was altered by CLP. In the spleen, Foxp3, CTLA4,
and CD25, but not CD69, are significantly upregulated on CD4+

Tregs in VISTA-/- mice compared to WT mice under steady-state
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and inflammatory conditions (Figures 5A–D). In the thymus
(Figures 6A–G), CD25 is significantly upregulated on CD4+ Tregs

in VISTA-/- mice compared to WT mice under steady state and
inflammatory conditions (Figure 6C). CD4+ Tregs upregulate
CD69 following CLP in WT and VISTA-/- mice (Figure 6D).
We also found that Foxp3, CTLA4, and CD25 are significantly
upregulated on CD4+CD8+ Tregs in WT mice compared to
VISTA-/- mice under steady-state and inflammatory conditions
(Figures 6E–G). In the lamina propria compartment, we observe a
significant upregulation of CTLA4 on CD4+ Tregs in VISTA

-/- mice
(Supplementary Figure 5B). However, this trend is not observed
in the small intestinal intraepithelial compartment
(Supplementary Figure 6).

3.4 VISTA-/- Mice Have Higher Th17-
Related Cytokine Production Compared to
WT Mice Following Septic Challenge
To expand from the Treg phenotyping described above, we
sought to measure the abundance of several cytokines in
circulation implicated in the helper T cell response
(Figures 7A–J). We found that VISTA-/- mice have
significantly higher circulating IL-17F and IL-23 compared to
WT mice post CLP (Figures 7G, I).

3.5 Compensatory Upregulation of Foxp3,
CTLA4, and CD25 on Peripheral Treg
Populations Correlates With Decreased
Survival in VISTA-/- Mice
Based on the apparent compensatory upregulation of suppressive
Treg mediators, we decided to compare the mortality and
morbidity of VISTA-/- as opposed to WT mice when subjected
A B

C

FIGURE 3 | VISTA expression correlates with CD4+ Treg population increase following CLP and VISTA-/- mice fail to expand the CD4+Treg population in the spleen.
(A) Summary graph of VISTA+ CD4+ Treg frequency in the spleen. (B) Summary graph of CD4+ Treg frequency in the spleen and (C) representative flow cytometry
plots comparing fluorescence minus one (FMO) control, sham (WT), CLP (WT), and CLP (VISTA-/-) samples. Summary graphs show mean ± SEM [WT-sham: n = 8,
WT-CLP: n = 8, VISTA-/–sham: n = 8, VISTA-/- -CLP: n = 13]; significance *p < 0.05; **p < 0.01.
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to CLP (Figures 8A–J). We found that VISTA-/- mice had
significantly decreased survival, which coincided with increased
blood bilirubin, ALT, and AST 24 h following CLP (Figures 8A,
D–G). VISTA-/- mice also present a more proinflammatory
systemic cytokine profile (Figures 9A–J). These mice exhibit
higher circulating IL-6, IL-10, TNF-a, and MCP-1 compared to
WT mice post CLP (Figures 9C, D, G, I).

3.6 Adoptive Transfer of VISTA-Expressing
Tregs to VISTA-/- Mice Rescues Survival to
WT Levels Following CLP
To establish the contribution of VISTA+ Tregs to survival in
murine sepsis, we chose to adoptively transfer pMSCV-mouse
Foxp3-EF1a-GFP-T2A-puro stable Jurkat cells, hereby referred
to as Jurkat Tregs, into VISTA-/- mice prior to CLP. 48 h post
adoptive transfer, Jurkat Tregs accumulate in the spleen, thymus,
and small intestine (Supplementary Figures 7A–D) and express
high levels of VISTA (Supplementary Figures 7E–H). Based on
these results, we performed the adoptive transfer 48 h before CLP
and then subsequently assessed overall survival. We found that,
following Jurkat Treg adoptive transfer, VISTA-/- mice had
comparable survival to WT mice post CLP (Figure 10A).

3.7 In Vitro, VISTA Blockade Reduces
Jurkat Treg Viability and Cytokine
Production
In addition to establishing the relevance of VISTA-expressing
Tregs in septic mouse morbidity/mortality, we wanted to uncover
how VISTA expression/ligation might be directly impacting Treg

function. To do this, we again utilized the Jurkat Treg cell line for
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mechanistic in vitro studies. Jurkat Tregs were pretreated with a
commercially available VISTA-neutralizing antibody, 13F3, or
antibody control then stained with alamarBlue. alamarBlue is a
redox indicator used to measure metabolic activity as a readout
for viability. The concentration of alamarBlue was assessed via a
spectrophotometer every 24 h for 7 days. We found that there
was a significant reduction in viability following treatment and
this reduction was maintained for 7 days without additional 13F3
treatment (Figure 10B). Upon in vitro acute stimulation of
Jurkat Tregs with plasma from septic mice, these cells produce
several helper T cell-related cytokines (Figures 10C–I) but failed
to produce IFN-g, IL-4, or IL-17A (Supplementary Figure 8).
Interestingly, 13F3-treated Jurkat Tregs produce lower levels of
IL-9, IL-10, and IL-17F following acute stimulation
(Figures 10E, F, H).
4 DISCUSSION

Since its initial discovery, VISTA has been implicated in diverse
immune-related pathologies driven by both innate and adaptive
cells (20–27, 50–54). In a preliminary study, we found that septic
mice and critically ill patients exhibit a higher proportion of
VISTA+ T cells as compared to healthy controls. Based on these
results, we set out to determine the impact of VISTA expression
on regulatory T cells (Tregs) in murine sepsis. The CD4+ Treg

plays a vital role in peripheral tolerance, regulation of effector
cells, and prevention of bystander tissue damage under
inflammatory and steady-state conditions as reviewed by
Corthay (55). In sepsis, peripheral Tregs increase significantly
A B
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FIGURE 4 | VISTA expression correlates with CD4+ Treg population increase following CLP and VISTA-/- mice fail to expand the CD4+ Treg population in the intestinal
intraepithelial compartment. (A) Summary graph of VISTA+ CD4+ Treg frequency in the small intestine. (B) Summary graph of CD4+ Treg frequency in the small
intestine and (C) representative flow cytometry plots comparing fluorescence minus one (FMO) control, sham (WT), CLP (WT), and CLP (VISTA-/-) samples. Summary
graphs show mean ± SEM [WT-sham: n = 3, WT-CLP: n = 3, VISTA-/-sham: n = 4, VISTA-/- -CLP: n = 4]; significance *p < 0.05; **p < 0.01.
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and correlate with patient outcomes and lymphoproliferative
pathology as reviewed by Jiang et al. (56, 57).

4.1 The Treg Population Is Composed of
Several Subpopulations That Arise From
Diverse Stimuli and Developmental
Programs
The Treg classification as a distinct T cell lineage has been a point of
contention due to the inherent plasticity of Tregs and the lack of a
definitive “Treg” marker as effector T cells can transiently express
Treg markers upon activation. Forkhead/winged-helix transcription
factor box P3 (Foxp3) is arguably the most reliable Treg marker in
mice and was used to delineate effector T cells and Tregs in this study
(55, 58, 59). CD4+Foxp3+ T cells are potent suppressors of effector
CD4+ T cells, CD8+ T cells, natural killer (NK) cells, dendritic cells
(DCs), and B cells under inflammatory conditions (55).
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4.2 VISTA Plays a Role in T-Cell Polarizing
Cytokine Production and CD4+ Treg
Abundance in Sepsis
In this study, we found that VISTA expression and total CD4+

Treg abundance increase significantly during the acute septic
response. Further, this increase in peripheral Treg abundance is
dependent on VISTA expression. We also found that VISTA
expression plays a role in orchestrating the cytokine response to
septic challenge. Cytokines provide contextual immunologic cues
that shape cell lineage determination and plasticity. Higher levels
of IL-17F, IL-6, and IL-23 promote CD4+ T cell polarization
toward a Th17 phenotype, and higher concentrations of these
cytokines may explain the reduced Treg abundance observed in
VISTA-/- mice (60, 61). Previous studies found that VISTA
regulated the Treg–Th17 polarization axis in mice (25), further
supporting our results in the context of sepsis.
A B

C D

FIGURE 5 | Expression of suppressive markers is upregulated on CD4+ Tregs in the spleen of VISTA-/- mice. Median fluorescence intensity (MFI) of (A) Foxp3,
(B) CTLA4, (C) CD25, and (D) CD69 on CD4+ Tregs in the spleen. Summary graphs show mean ± SEM [WT-sham: n = 3, WT-CLP: n = 3, VISTA-/-sham: n = 4,
VISTA-/- -CLP: n = 4]; significance *p < 0.05; ***p < 0.001.
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4.3 VISTA-/- Mice Experience
Compensatory Upregulation of Several
Endogenous Mediators of Treg
Suppression Such as CTLA4, Foxp3, and
CD25 Under Steady-State Conditions
Interestingly, CTLA4 expression regulates the turnover and
maintenance of Tregs at steady state while Foxp3 regulates Treg

function and lineage commitment (62–64). A steady-state Treg pool
is requisite for preventing autoimmune lymphoproliferative
pathology (65). Several groups have shown that VISTA-/- mice
do not exhibit overt autoimmune pathologies under tolerogenic
conditions (26, 53, 66). Therefore, we posit that the higher baseline
expression of CTLA4, Foxp3, and CD25 in VISTA-deficient CD4+

Tregs represents an inherent compensatory mechanism to sustain
peripheral tolerance under tolerogenic conditions.

4.4 In the Acute Immune Response to
Infection, as Observed With Our Murine
Model of Sepsis, Compensatory
Upregulation of CTLA4, Foxp3, and CD25
by CD4+ Tregs Is Insufficient
An explanation may lie in the efficacy of CTLA4, Foxp3, and/or
CD25-mediated suppression in our model. CD4+ Tregs utilize diverse
contact-dependent and independent mechanisms to exert immune
Frontiers in Immunology | www.frontiersin.org 97273
suppression (35–37, 67, 68). For example, CTLA4-expressing Tregs
bind to B7-1/2 on antigen-presenting DCs, promoting trans-
endocytosis of B7-1/2 and preventing DC-mediated activation of
effector T cells. CD25 scavenges IL-2 from the environment, reduces
IL-2 activation of effector T cells via competitive inhibition, and
regulates the function of mature DCs (69).

Another mechanism by which Tregs exert immune suppression is
by directly polarizing the monocyte lineage commitment from M1
to M2 macrophages (69, 70). M1 macrophages produce
proinflammatory cytokines and exacerbate inflammation-derived
tissue injury in sepsis (71). Two potent M1 cytokines, IL-6 and
MCP-1, are highly upregulated in VISTA-/- mice following septic
challenge. M1-mediated pathology is particularly profound in the
liver during infection (72), which may explain the increased acute
liver injury observed in septic VISTA-/- mice.

4.5 Higher M1-Associated Cytokines and
Apparent Liver Injury in VISTA-/- Mice
Represents a Possible Lapse in the
Suppressive Capacity of VISTA-/- Tregs
Despite Compensatory Upregulation of
CTLA4, Foxp3, and CD25
To determine if VISTA-/- Tregs contribute to the survival deficit
observed in VISTA-/- mice, we adoptively transferred VISTA-
A B C D

E F G H

FIGURE 6 | Expression of suppressive markers is upregulated on CD4+ Tregs and is downregulated on CD4+CD8+ Tregs in the thymus of VISTA-/- mice. Median
fluorescence intensity (MFI) of (A) Foxp3, (B) CTLA4, (C) CD25, and (D) CD69 on CD4+ Tregs in the thymus. Median fluorescence intensity (MFI) of (E) Foxp3,
(F) CTLA4, (G) CD25, and (H) CD69 on CD4+CD8+ Tregs in the thymus. Summary graphs show mean ± SEM [WT-sham: n = 3, WT-CLP: n = 3, VISTA-/-sham: n =
4, VISTA-/- -CLP: n = 4]; significance *p < 0.05; **p < 0.01; ***p < 0.001.
March 2022 | Volume 13 | Article 861670

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Gray et al. VISTA+ Tregs in Sepsis
overexpressing Jurkat Tregs into VISTA-/- mice prior to septic
challenge. We found that addition of Jurkat Tregs into VISTA-/-

mice rescues survival to wild-type levels. Upon VISTA blockade
in vitro, the Jurkat Tregs exhibited reduced proliferative capacity
and production of IL-9 and IL-10. Treg-derived IL-9 plays a
significant role in recruiting other suppressive immune cells,
such as mast cells, to suppress bystander tissue damage as
observed in a murine nephrotoxic serum nephritis model (73).
Treg-derived IL-10 is required to regulate effector T cells during
acute inflammation (74, 75).

A recent study was published demonstrating a survival benefit
upon VISTA antibody blockade prior to CLP (76). Importantly,
in the Tao et al. study they utilizedWTmice. However, it has also
been shown that VISTA-gene-deficient mice have a
Frontiers in Immunology | www.frontiersin.org 107374
predisposition to proinflammatory immune activation in
several disease contexts (17, 20, 26, 66). Based on prior studies
and our results, we believe that the VISTA-gene-deficient mice
develop a predisposition to proinflammatory tissue injury that is
exacerbated by CLP, thus resulting in a survival deficit.
Consequently, acute VISTA blockade with an exogenous
antibody in a developmentally normal WT mouse, as used in
the Tao et al. study, might yield different results than observed in
VISTA-/- mice in our study.

In conclusion, we found that WT mice have increased
VISTA+CD4+ Tregs and increased total CD4+ Tregs in the
spleen and small intestine post CLP. This increase in total
CD4+ Treg abundance is lost in VISTA-/- mice; however,
VISTA-/- CD4+ Tregs have a higher expression of Foxp3,
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FIGURE 7 | VISTA-/- mice have significantly higher levels of several Th17 cytokines following septic challenge. (A–J) Plasma cytokine concentration of wild-type and
VISTA-/- mice. Summary graphs show mean ± SEM [WT-sham: n = 5, WT-CLP: n = 5, VISTA-/-sham: n = 5, VISTA-/- -CLP: n=5]; significance #p = 0.05; *p < 0.05;
**p < 0.01; ****p < 0.0001.
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A B C
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FIGURE 8 | VISTA-/- mice have significantly worse survival and morbidities following septic challenge. (A) 14-day survival following CLP [WT: n = 28, VISTA-/-: n =
26]. (B) Creatine kinase activity [WT-sham: n = 9, WT-CLP: n = 9, VISTA-/-sham: n = 10, VISTA-/- -CLP: n = 10]. (C) blood urea nitrogen [WT-sham: n = 4, WT-CLP:
n = 9, VISTA-/-sham: n = 5, VISTA-/- -CLP: n = 8]. (D) a-Amylase activity [WT-sham: n = 5, WT-CLP: n = 6, VISTA-/-sham: n = 5, VISTA-/- -CLP: n = 6]. (E) Direct
bilirubin concentration [WT-sham: n = 3, WT-CLP: n = 3, VISTA-/-sham: n = 3, VISTA-/- -CLP: n = 4]. (F) alanine aminotransferase activity [WT-sham: n = 4, WT-CLP:
n = 8, VISTA-/-sham: n = 4, VISTA-/- -CLP: n = 8]. (G) Aspartate aminotransferase activity [WT-sham: n = 4, WT-CLP: n = 8, VISTA-/-sham: n = 4, VISTA-/- -CLP: n =
8] from plasma samples of wild-type and VISTA-/- mice. (B–G) Summary graphs show mean ± SEM; significance *p < 0.05; **p < 0.01.
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FIGURE 9 | VISTA-/- mice have significantly higher levels of several proinflammatory cytokines following septic challenge. (A–J) Plasma cytokine concentration of
wild-type and VISTA-/- mice. Summary graphs show mean ± SEM [WT-sham: n = 10, WT-CLP: n = 10, VISTA-/-sham: n = 10, VISTA-/- -CLP: n = 10]; significance
#p = 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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CTLA4, and CD25 relative to WT mice. VISTA-/- mice also have
an altered cytokine profile including higher IL-6, IL-10, TNF-a,
IL-17F, IL-23, and MCP-1 relative to WT mice. VISTA-/- mice
have higher indices of acute liver injury (i.e., bilirubin, ALT, and
AST) and reduced survival post CLP compared to WT mice.
Interestingly, we were able to rescue VISTA-/- survival to WT
levels by adoptively transferring VISTA-expressing Jurkat Tregs

into VISTA-/- mice prior to CLP. In addition, treating Jurkat Tregs

with a VISTA-neutralizing antibody in vitro, reduced viability
and cytokine production. We can conclude from these
experiments that VISTA expression plays a pivotal role in
promoting acute CD4+ Treg survival/stability and regulating the
cytokine milieu in acute sepsis to confer a survival benefit.

4.6 Future Considerations
This study has raised questions as to the mechanism by which
VISTA promotes Treg survival. Interestingly, Foxp3 and VISTA
are both under the transcriptional regulation of p53 and HIF-1a.
In fact, p53-Foxp3 and HIF1a-Foxp3 induction are
Frontiers in Immunology | www.frontiersin.org 127576
indispensable for protective Treg suppression under
inflammatory conditions (24, 77–79). The tentative
relationship between VISTA and Foxp3 expression provide an
additional line of query regarding Treg plasticity.

Another area for further investigation concerns the effector
immune cells that are non-redundantly regulated by VISTA+

Tregs. Based on results from this study, VISTA may act as a non-
redundant marker for the Treg subset responsible for regulating
M1/M2 polarization and limiting acute liver injury in sepsis.
More work must be done to fully elucidate these mechanisms;
however, we think this study contributes a novel perspective on
checkpoint regulator, VISTA, in the acute sepsis response.
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Aorta Revealed Substantial
Cardiopulmonary,
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Effect of C1-Inhibitor Treatment
Erik Waage Nielsen1,2,3,4*, Yoav Miller2, Ole-Lars Brekke5,6, Joost Grond5,
Anh Hoang Duong7, Hilde Fure5, Judith Krey Ludviksen5, Kristin Pettersen5,
Leon Reubsaet7, Rigmor Solberg7, Harald Thidemann Johansen7

and Tom Eirik Mollnes5,6,8,9

1 Department of Anesthesia and Intensive Care Medicine, Nordland Hospital, Bodø, Norway, 2 Institute of Clinical Medicine,
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Ischemic injury worsens upon return of blood and innate immunity including the
complement system play a central role in ischemia-reperfusion injury (IRI) as in thoracic
aortic surgery. Complement component1 inhibitor (C1-INH) has been shown to reduce IRI
and is a broad-acting plasma cascade inhibitor. We established a new porcine model of
IRI by cross-clamping the thoracic aorta and evaluated the global changes occurring in
organ function, systemic inflammatory response and organ damage with or without
treatment with C1-INH-concentrate. Twenty-four piglets (8.8-11.1 kg) underwent 45
minutes clamping of the thoracic aorta at the Th8 level. Upfront 12 piglets received human
saline and 12 received C1-INH (250 IU/kg) intravenously. Three sham animals received
thoracic opening without clamping. Reperfusion lasted 5 hours. We studied ten
cardiorespiratory markers, three hematologic markers, eleven inflammatory markers,
and twelve organ damage markers over the whole experimental period. Postmortem
tissue homogenates from seven organs were examined for inflammatory markers
and analysed by two-way repeated-measures ANOVA, area under the curve or
unpaired t-tests. By excluding sham and combining treated and untreated animals, the
markers reflected a uniform, broad and severe organ dysfunction. The mean and range
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fold change from before cross-clamp onset to maximum change for the different groups of
markers were: cardiorespiratory 1.4 (0.2-3.7), hematologic 1.9 (1.2-2.7), plasma
inflammatory 19.5 (1.4-176) and plasma organ damage 2.9 (1.1-8.6). Treatment with
C1-INH had only a marginal effect on the IRI-induced changes, reaching statistical
significance only for the plasma complement activation product TCC (p=0.0083) and
IL-4 (p=0.022) and INF-a (p=0.016) in the colon tissue. In conclusion, the present novel
model of porcine global IRI is forceful with regards to central markers and could generally
be applicable for pathophysiological studies. C1-INH treatment had no significant effect,
but the model allows for future testing of other drugs attenuating IRI globally.
Keywords: complement - immunological terms, Kallikrein - kinin system, porcine (pig) model, C1-INH (C1 inhibitor),
C1-INH concentrate, ischemi/reperfusion injury, ANOVA & factor analysis
INTRODUCTION

Ischemia-reperfusion injury (IRI) is tissue damage caused by
returning blood to organs temporarily deprived of circulation.
IRI arises in coronary and cerebral infarctions, trauma, surgery
and transplantation. Global IRI have been studied by clamping
the aorta in various rat, rabbit and dog models. The translational
value to humans are limited from small animal models and could
advantageously be studied in large animals, where pig is a highly
relevant animal model.

Several porcine models of thoracic aortic clamping have been
described. However, these models have focused on the effect of
single organs and not taken into account the global IRI from all
organs affected by the clamping. Studies are described for the
effects on cardiac (1, 2), renal (3, 4), hepatic (5), limb (6), spinal
cord (7), and pulmonary IRI (8).

We aimed to establish a new porcine model for thoracic aortic
cross-clamping using light weight piglets to allow for a minimal
use of costly experimental therapeutics, while preserving
translational value of the model. Such a model is highly
relevant since thoracic aortic aneurysm surgery often require
clamping of aorta. We have shown that the inflammatory
reaction in such patients is largely mediated through the lectin
complement pathway (9).

In IRI, reactive oxygen species and innate inflammation
exacerbate ischemic injury through e.g. increased complement
activation (10). Complement 1 inhibitor (C1-INH) controls the
physiological activity of both the classical and lectin pathway of
complement, and several studies show that C1-INH reduces IRI
in animal models and in patients (10). In addition, C1-INH is by
far the most important suppressor of bradykinin production
from the kallikrein-kinin system, and would inhibit bradykinin-
mediated inflammation in pigs (11), capillary leakage and
pain (12).

The aim of the present study was to establish a novel and
clinically relevant IRI pig model of aortic clamping. Secondly, to
investigate the effect of IRI on cardiovascular, hematologic,
inflammatory and organ damage markers during ischemia and
for a five hour observation period, and thirdly, how these effects
were modified by supraphysiological amounts of human C1-INH
administered before clamping.
org 28081
MATERIALS AND METHODS

Animal Handling
This study was approved by the National Animal Research
Authority (FOTS-ID-8197). We performed the experiments
under the Norwegian Laboratory Animal Regulations and the
EU directive 2010/63/EU. Animals were healthy Specific
Pathogen Free Norwegian landrace pigs from one farm close to
the University and the operation theatre. The study was led by
well-trained staff with over 10 years of experience in porcine
anaesthesia. In total, 27 Norwegian Landrace pigs (mean weight:
9.9 ± 0.6 kg), 2 females (one in each treatment group) and 25
males were included in the study. The pigs received
intramuscular anaesthesia consisting of 500 mg ketamine, 40
mg azaperone and 0.5 mg atropine blended in a 20 ml injection
set at the farm maintaining spontaneous respiration. They were
weighed and received one intravenous line in each ear.
Anaesthesia was deepened with intravenous ketamine 50-100
mg and continuous infusion of 1 mg/kg/h midazolam and 1.1 µg/
kg/h remifentanil. Prior to 45 minutes of aortic clamping, 12
animals received a bolus of saline solution and 12 animals
received human C1-INH (250 U/kg). The dose was based on
our previous study on the amount C1-INH needed to inhibit the
complement activation (13), and other in vivo studies (14). Three
sham animals received thoracic opening without aortic clamping
or infusion. Intravenous boluses of 2-100 ml nitroprusside (200
µg/ml) and 3-5 ml propofol (10 mg/ml) were administered to
adjust mean arterial pressure (MAP). After release of the aortic
cross-clamp remifentanil was switched to fentanyl 66 µg/kg/h.

Monitoring
In short, animals were endotracheally intubated and received an
arterial line in the left carotid artery, a central venous catheter in
the left external jugular vein, a pulmonary catheter in the right
external jugular vein and a suprapubic catheter for monitoring
and sample collection purposes.

Aortic Clamping
A mini thoracotomy at the level of Th8 was performed, ribs
opened with a Finochietto Retractor and the descending thoracic
aorta was exposed. After manual palpation, aorta was occluded
April 2022 | Volume 13 | Article 852119
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with a medium sized Satinsky vascular clamp. Surgery was
followed by a stabilization period of 30 minutes. Prior to aortic
clamping the MAP was reduced to 30-40 mmHg with help of
sodium nitroprusside and propofol bolus doses. In order to
complete this severe period of ischemia, it was necessary to use
potent vasopressors and vasodilators with quick and large
adjustments. After initiation of clamping, total ischemia of the
lower extremities was confirmed with an ultrasound Doppler of
the femoral artery. The immediate increase in MAP after
initiation of clamping was stabilized at 80-100 mmHg during
the 45-minute ischemic period using in average 80.8 mg propofol
and 13.3 mg nitroprusside. Noradrenaline was initiated after 35
minutes of ischemia to elevate blood pressure before release of
the aorta clamp. Tribonate® 30 ml was administered at the 45-
minute ischemia mark in anticipation of a fall in pH. The cross-
clamp was removed and replaced by digital pressure and both the
surgeon and anaesthetist carefully monitored end-tidal CO2-
values, heart rate and blood pressure. The anaesthetist used
noradrenaline bolus doses to control blood pressure at this
crucial time. It normally took around 10 minutes before digital
pressure could be fully released and vital signs stabilized. The aim
at this point was to keep MAP above 50 mmHg. If the dose of
noradrenaline infusion reached 3.2 µg/kg/min a continuous
infusion of vasopressin was added at a concentration of 1 U/
ml with a start rate of 0.5 ml/h. In average 13.35 mg
noradrenaline and 7.83 U vasopressin were used. If pH-values
dropped below 7.2 boluses of 10 ml Tribonate® were
administered, in average 44.6 ml. The average amount of
infused Ringer Acetate was 694 ml. Neither of the above
mentioned regimens were statistically different between the
two groups. Overall, the hemodynamic management was
performed in accordance with clinical practice, although
experimental treatment of pigs cannot fully mimic the
clinical situation.

Hemodynamic and Respiratory
Parameters
Heart rate (HR) and mean arterial pressure (MAP) were
measured using an arterial catheter (Millar Instruments,
Houston TX). Mean pulmonary artery pressure (MPAP) was
measured using a pulmonary catheter (Edwards Lifesciences,
Irvine, CA). Animals were ventilated using the Pulmonetic
System® LTV 1000 ventilator (Pulmonetic Systems,
Minneapolis, MN). Fraction of inspired oxygen (FiO2),
respiratory minute volume (MV) and peak respiratory pressure
were adjusted to normal saturation, pH and end-tidal CO2

(ETCO2) values when possible. Registration of hemodynamic
and respiratory values, as well as blood sampling were done at
the following time-points relative to start of reperfusion: -75
minutes (baseline), -50 minutes (before cross-clamp onset), -5
minutes (gradual release of clamp), 0 minutes (start reperfusion),
and 60, 120, 180, 240 and 300 minutes after start of reperfusion.

Blood Analyses
Arterial blood gases and lactate were analysed directly on site
using an epoc® Blood Analysis System (Epocal, Ottowa, ON).
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Haematological parameters were analysed in EDTA-blood on
the ADVIA® 2120i System (Siemens healthineers, Eschborn,
Germany). Biochemical parameters were analysed in
heparinized plasma on the ADVIA® 1800 Chemistry System
(Siemens healthineers, Tarrytown, NY). For the analyses of
inflammatory and coagulation parameters EDTA and citrated
blood samples were cooled and centrifuged at 1500 x g for 15
minutes immediately after collection and the obtained plasma
was frozen at -80°C. Cytokines were analysed in EDTA-plasma
using a 9-plex assay (eBioscience, San Diego, CA). C3a was
measured in EDTA-plasma as previously described in detail (15).
Soluble Terminal Complement Complex (TCC) levels were
measured in EDTA-plasma using an in-house ELISA (16).
Kallikrein activity was measured as measured by cleavage of
the peptide substrate S-2302 (Pro-Phe-Arg-pNA) and calculating
the increase in O.D. at 405 nm in citrate plasma as previously
described (17). PAI-1 was measured in citrate plasma by ELISA
(Molecular Innovations, Novi, MI). TAT was measured in citrate
plasma (Siemens Healthineers, Newark, DE).

Cytokines in Tissue Homogenates
After 300 minutes of reperfusion, animals were euthanized by
intravenous injection of potassium chloride. Biopsies were
harvested from the left ventricle, left lung, liver, left kidney,
spleen, small intestine and colon. Biopsies were rinsed in ice-cold
saline and snap-frozen on dry-ice prior to storage at -80°C.
Biopsies were homogenized and prepared for analysis as
described previously (18). Tumour necrosis factor (TNF),
interleukin (IL)-1-b, IL-4, IL-6, IL-8, IL-10, IL-12p40,
interferon (IFN)-a and IFN-g-levels were analysed using 9-
plex (eBioscience, San Diego, CA).

Statistical Analyses
GraphPad Prism 8.4.3 (San Diego, CA, USA) was used for result
handling and statistical analyses. Longitudinal time data in graphs
were expressed as median and interquartile range. Markers of
physiological organ function, systemic inflammatory response and
organ damage were analysed using two-way repeated measures
ANOVA with Geisser-Greenhouse correction and mixed effects
analysis in case of missing values, as well as with t-test of the area
under the curve calculated in Excel. Cytokine values from tissue
homogenates were log-transformed and analysed using
independent t-tests. P-values < 0.05 were considered significant.
RESULTS

A broad panel of markers changed considerably from before
cross-clamp onset and showed a uniform pattern in both C1-
INH-treated and untreated animals. The variation in time course
of each marker is shown. The only marker that was significantly
reduced by C1-INH treatment was TCC. To show the magnitude
of the total response, we present the fold change (FC) of the
markers in treated and untreated animals combined, excluding
sham animals. The change is from 50 minutes before the start of
IRI (approximately 5 minutes before cross-clamp onset) until
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maximal change of marker value during the following
observation period. FC for each marker is mean of maximal
values after clamping in all animals divided by mean value before
clamping. Each marker´s name in the Figure panels is succeeded
by the FC in parenthesis when meaningful.

Cardiorespiratory Markers
Twelve cardiorespiratory markers were investigated. The
absolute values and time course of MAP, MPAP, HR, FiO2,
Resp Min Vol, and ETCO2 are presented in Figures 1A–F. In
Frontiers in Immunology | www.frontiersin.org 48283
addition, the fold change is presented as text in parenthesis after
each marker´s name. Taken together, the mean with range fold
change was 1.4(1–2). The temperature, pH, lactate, Base Excess,
PaO2 and glucose are presented in Figures 2A–F. The fold
change is in parenthesis. Taken together the mean with range
fold change of these markers was 1.65 (0.2-3.7).

Hematologic Markers
The absolute values and time course of three hematologic
markers are presented in Figures 3A–C. The fold change is in
A B

C D

E F

FIGURE 1 | Cardiorespiratory response I. (A) Mean arterial pressure (MAP), (B) mean pulmonary arterial pressure (MPAP), (C) heart rate (HR), (D) fraction of inspired
oxygen (FiO2), (E) respiratory minute volume (Resp Min Vol), and (F) end-tidal CO2 (ETCO2) were measured in 24 piglets undergoing 45 minutes of clamping of the
thoracic aorta at the Th8 level. Upfront 12 piglets received human saline and 12 received C1-INH (250 IU/kg) intravenously, respectively. Three sham animals
received thoracic opening without clamping. Reperfusion started at 0 minutes and lasted 5 hours. Longitudinal time data are expressed as median and interquartile
range. “Ischemia” indicates the 45 minutes period of clamping. NaCl and C1-INH-groups were combined when there were no differences in the fold change (FC)
calculation. FC is the change from before cross-clamp onset to maximum change.
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parenthesis. Taken together, hematocrit, white blood cells, and
platelets had a mean and range fold change of 1.9 (1.2-2.7).

Inflammatory Markers
Eleven inflammatory markers were investigated. The absolute
values and time course of complement activation measured by
C3a, TCC and kallikrein activity are presented in Figures 4A–C.
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The fold change is in parenthesis. Taken together, the mean with
range fold change of the inflammatory markers was 3.6 (2.5-4.4).
The classical proinflammatory cytokines TNF, IL-1b, IL-6, and
IL-8 are presented in Figures 5A–D. The fold change is in
parenthesis. Except for IL-8, the mean and range fold change of
these cytokines taken together was 4.3 (1.8-7.5). The regulatory
cytokines and interferons, IL-10, IL-12p40, IFNa, and IFNg are
A B

C D

E F

FIGURE 2 | Cardiorespiratory response II. (A) Temperature, (B) pH, (C) lactate, (D) Base Excess, (E) PaO2, and (F) Glucose were measured in 24 piglets
undergoing 45 minutes of clamping of the thoracic aorta at the Th8 level. FC for Ph was calculated with absolute numbers of hydrogen ions. Upfront 12 piglets
received human saline intravenously and 12 received C1-INH (250 IU/kg), respectively. Three sham animals received thoracic opening without clamping. Reperfusion
started at 0 minutes and lasted 5 hours. Longitudinal time data are expressed as median and interquartile range. “Ischemia” indicates the 45 minutes period of
clamping. NaCl and C1-INH-groups were combined when there were no differences in the fold change (FC) calculation. FC is the change from before cross-clamp
onset to maximum change.
April 2022 | Volume 13 | Article 852119

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Nielsen et al. Novel Porcine IRI-Model Without C1-Inhibitor-Effect
presented in Figures 6A–D. The fold change is in parenthesis.
Taken together, the mean with range fold change was 3.7
(1.4-8.9).

Biochemical and Organ Damage Markers
Plasma proteins, kidney, and muscle markers were investigated.
The absolute values and time course of total protein, albumin,
creatinine, carbamide, myoglobulin, and CK are presented in
Figures 7A-F. The fold change is in parenthesis. Taken together,
the mean with range fold change was 2.5 (1.1-7.2). The following
general and specific organ damage markers were measured:
ALAT, ASAT, gGT, ALP, bilirubin, and lipase. The absolute
values and time course are presented in Figures 8A–F. The fold
change is in parenthesis. Taken together, the mean with range
fold change was 3.2 (1.4-8.6).

Cytokines in Tissue Analysis
Eight organs were investigated for cytokines in postmortem
biopsies. In seven organs there was no difference between the
Frontiers in Immunology | www.frontiersin.org 68485
treated and untreated groups. In the colon, IL-4 and IFN-a
showed a significant reduction in the C1-INH-treated group
compared to the non-treated group (p=0.022 and 0.016,
respectively) (Figures 9A, B).
DISCUSSION

The developed novel porcine model of ischemia-reperfusion
injury after thoracic aorta cross-clamping produced robust
results and proved to be a forceful and reliable model for the
assessment of large scale IRI. The animals receiving thoracic
aorta cross-clamping showed signs of severe large-scale ischemia
with substantial lactic acidosis and, typical for porcine models,
pulmonary hypertension. Keeping animals stable was
challenging due to the severity of ischemia, but it was
manageable. Despite severe hemodynamic changes, the animals
in general responded in a uniform way. The effects of the IRI on
A B C

FIGURE 3 | Hematology. (A) Hematocrit, (B) white blood cells (WBC), and (C) platelets were measured in 24 piglets undergoing clamping of the thoracic aorta at
the Th8 level. Upfront 12 piglets received human saline intravenously and 12 received C1-INH (250 IU/kg), respectively. Three sham animals received thoracic
opening without clamping. Reperfusion started at 0 minutes and lasted 5 hours. Longitudinal time data are expressed as median and interquartile range. “Ischemia”
indicates the 45 minutes period of clamping. NaCl and C1-INH-groups were combined when there were no differences in the fold change (FC) calculation. FC is the
change from before cross-clamp onset to maximum change.
A B C

FIGURE 4 | Complement and kallikrein activation. (A) C3a, (B) terminal C5b-9 complement complex (TCC), and (C) kallikrein activity were measured in plasma of 24
piglets undergoing clamping of the thoracic aorta at the Th8 level. Upfront 12 piglets received human saline intravenously and 12 received C1-INH (250 IU/kg),
respectively. Three sham animals received thoracic opening without clamping. Reperfusion started at 0 minutes and lasted 5 hours. Longitudinal time data are
expressed as median and interquartile range. “Ischemia” indicates the 45 minutes period of clamping. NaCl and C1-INH-groups were combined when there were no
differences in the fold change (FC) calculation. FC is the change from before cross-clamp onset to maximum change. * meaning: Probability of randomly seeing such
a difference after C1-inhibitor treatment.
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blood and tissue markers also showed uniformity, supporting the
value of the model and its potential for future testing of drugs
aimed to restrict systemic IRI.

We did not see any significant effects of treatment with C1-
INH on the damage from IRI in our model. Other animal studies
have previously shown effect of C1-INH on IRI (19–22). These
studies may not be fully comparable as few of them are in pigs,
and most importantly do not involve a larger part of the body in
a near systemic way. Our model is global and one of the most
forceful models described, where all sub-diaphragmatic organs
are virtually devoid of blood supply for 45 minutes. Therefore,
the IRI in our model could be so severe that some inhibitors,
including C1-INH, are inefficient.

Furthermore, blood in intercostal arteries and their branches
could bypass the aortic clamping in some species. Also the aortic
trifurcation in pigs could result in variable aortic retrograde flow
compared to humans (23).Thus, interspecific differences could
explain why human C1-INH did not improve outcome in our
study. Finally, minor differences in the glycosylation of the C1-
INH-protein could be of importance. An IRI study in mice found
plasma-derived C1-INH, as we have used in the present study,
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inferior to recombinant human C1-INH (24). On the other hand,
half-life of a recombinant human C1-Inhibitor produced in
rabbits with a distinctive glycosylation (Ruconest, Pharming)
had a shorter half-life in pigs than humans (14). However, the
half-life of plasma-derived C1-inhibitor as we used in our study,
administered both i.v. and subcutaneously to pigs had half-lives
of more than 24 hours (25). Therefore C1-inhibitor levels are
expected to remain high during our study period.

We have experienced in several in vitro studies that
pharmacological inhibition of classical complement activation
using C1-INH require extensively high doses, up to 20 times the
physiological concentration (13). To the extent that the classical
complement pathway plays an important role in IRI, this is in
line with Ziccardi who 40 years ago found C1-INH to poorly
inhibit when immunoglobulins were involved (26). Therefore,
the dose of C1-INH per kg could have been insufficient to inhibit
complement activation in severe IRI. Although some studies
show effect of a lower (27) and some with higher doses up to 500
U/kg C1-INH (28), the reperfused organs were smaller, varying
from skin flaps to kidneys and part of the heart. This makes a
comparison of the studies difficult. In some models, researchers
A B

C D

FIGURE 5 | Proinflammatory cytokines. (A) Tumour necrosis factor (TNF), (B) interleukin (IL)-1b, (C) IL-6, and (D) IL-8 were measured in plasma of 24 piglets
undergoing clamping of the thoracic aorta at the Th8 level. Upfront 12 piglets received human saline intravenously and 12 received C1-INH (250 IU/kg), respectively.
Three sham animals received thoracic opening without clamping. Reperfusion started at 0 minutes and lasted 5 hours. Longitudinal time data are expressed as
median and interquartile range. “Ischemia” indicates the 45 minutes period of clamping. NaCl and C1-INH-groups were combined when there were no differences in
the fold change (FC) calculation. FC is the change from before cross-clamp onset to maximum change.
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infuse C1-INH intra-arterially, directly into the targeted organs,
increasing the dose pr kg tissue considerably. But even then, C1-
INH can be inefficient. In a porcine infarction model Schreiber et
al. found no effect of intracoronary infusion of 500 units C1-INH
(29). However, the model by Schreiber et al. differed importantly
from earlier models in that C1-INH was given after ischemia and
during reperfusion. In our study C1-INH was infused prior to
ischemia. Taken together, lack of effect in our global and forceful
model due to too low C1-INH concentration cannot be
totally excluded.

Supraphysiological doses of C1-INH have previously been
reported to induce a procoagulant state which could have
masked a positive effect by C1-INH (30). However, an in vitro
study by our group found the opposite showing a dose-
dependent anticoagulant effect of C1-INH in human whole
blood (31). Our in vivo data from the present study also
suggests a tendency towards an anticoagulatory effect, showing
a non-significant tendency towards a reduction in TAT by C1-
INH treatment. This could be explained by inactivation of FXII
resulting in inhibition of the contact system by C1-INH, which
could play a more significant role in IRI in this model. Cacci et al.
suggested that thrombin inhibition by C1-INH might play a
Frontiers in Immunology | www.frontiersin.org 88687
more important role in cases of severe inflammation as other
major anticoagulatory systems are reduced in this state (32).
Taken together, procoagulant effects of the C1-INH-infusion in
the present study is an unlikely explanation for the observed lack
of effect.

Publication biases could lead to overestimates of beneficial
effects of C1-INH in IRI and underestimate negative results.
According to Fanelli the proportion of positive results in the
scientific literature in general increased to 85.9% in 2007 with a
yearly increase of 6%, constant across most of the disciplines and
countries (33). Therefore, our finding of limited effect of C1-INH
in global ischemia is in our opinion an important contribution to
the current literature. C1-INH is often placed on the list of
complement inhibitors. Our study supports a general notion that
C1-INH is not an efficient therapeutic, except for the
reconstitution of patients with C1-INH deficiency. In our
opinion, C1-INH should not be placed on the list of specific
inhibitors for complement inhibition in the future, as we also
have reviewed previously (34).

The present study raises the question which therapeutic
targets could potentially reduce IRI.in vivo According to the
danger model introduced by Matzinger, an inflammatory
A B

C D

FIGURE 6 | Regulatory cytokines and interferons. (A) Interleukin (IL)-10, (B) IL-12p40, (C) interferon (IFN)-a, and (D) IFN-g were measured in plasma of 24 piglets
undergoing clamping of the thoracic aorta at the Th8 level. Upfront 12 piglets received human saline intravenously and 12 received C1-INH (250 IU/kg), respectively.
Three sham animals received thoracic opening without clamping. Reperfusion started at 0 minutes and lasted 5 hours. Longitudinal time data are expressed as
median and interquartile range. “Ischemia” indicates the 45 minutes period of clamping. NaCl and C1-INH-groups were combined when there were no differences in
the fold change (FC) calculation. FC is the change from before cross-clamp onset to maximum change.
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response involving innate immunity and complement can be
expected in IRI (35). Therefore we anticipate a possible beneficial
effect of combined inhibition of CD14 and complement C5 in
IRI. In pediatric kidney transplant recipients, C5 inhibition with
eculizumab prior to graft reperfusion was shown to improve
early graft function, graft morphology and early graft survival
indicating a reduction in IRI (36). There are also several other
therapies available including highly specific complement
Frontiers in Immunology | www.frontiersin.org 98788
inhibitors, as well as drugs targeting key upstream innate
immune recognition molecules (34).

Our aim to establish a new porcine model for thoracic aortic
cross-clamping using light weight piglets to allow for a minimal
use of costly experimental therapeutics, while preserving
translational value of the model is also a limitation of the
study. The model is focused on the acute response and do not
cover late complications.
A B

C D

E F

FIGURE 7 | Biochemical and organ damage markers I. (A) Total protein, (B) albumin, (C) creatinine, (D) carbamide, (E) myoglobin, and (F) creatine kinase (CK)
were measured in serum of 24 piglet undergoing clamping of the thoracic aorta at the Th8 level. Upfront 12 piglets received human saline intravenously and 12
received C1-INH (250 IU/kg), respectively. Three sham animals received thoracic opening without clamping. Reperfusion started at 0 minutes and lasted 5 hours.
Longitudinal time data are expressed as median and interquartile range. “Ischemia” indicates the 45 minutes period of clamping. NaCl and C1-INH-groups were
combined when there were no differences in the fold change (FC) calculation. FC is the change from before cross-clamp onset to maximum change.
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FIGURE 8 | Biochemical and organ damage markers II. (A) Alanine aminotransaminase (ALAT), (B) aspartate aminotransferase (A
(E) bilirubin, and (F) lipase were measured in serum of 24 piglets undergoing clamping of the thoracic aorta at the Th8 level. Upfr
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CONCLUSION

This study describes a novel, forceful model of porcine IRI that
did not respond significantly to adequate C1-INH treatment but
should allow for future testing of other drugs that could attenuate
global IRI.
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Haemorrhagic Shock-Induced
Multiple Organ Dysfunction in Rats
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Elisabeth Zechendorf4, Daniel Hinkelmann4, Sandra Kraemer4, Christian Stoppe5,
Massimo Collino6, Debora Collotta6, Gustavo Ferreira Alves6, Hanna Pillmann Ramos3,
Regina Sordi3, Ingo Marzi7, Borna Relja7,8, Gernot Marx4, Lukas Martin1,4*†

and Christoph Thiemermann1†

1 William Harvey Research Institute, Barts and The London School of Medicine and Dentistry, Queen Mary University of
London, London, United Kingdom, 2 Gifu University Graduate School of Medicine, Department of Emergency and Disaster
Medicine Gifu University Hospital Advanced Critical Care Center, Gifu, Japan, 3 Department of Pharmacology, Universidade
Federal de Santa Catarina, Florianópolis, Brazil, 4 Department of Intensive Care and Intermediate Care, University Hospital
RWTH Aachen, Aachen, Germany, 5 Department of Anesthesiology & Intensive Care Medicine, University Hospital Würzburg,
Würzburg, Germany, 6 Department of Neurosciences “Rita Levi Montalcini”, University of Turin, Turin, Italy, 7 Department of
Trauma, Hand and Reconstructive Surgery, University Hospital Frankfurt, Goethe University, Frankfurt, Germany, 8 Experimental
Radiology, Department of Radiology and Nuclear Medicine, Otto-von-Guericke University, Magdeburg, Germany

Objective: The aim of this study was to investigate (a) macrophage migration inhibitory
factor (MIF) levels in polytrauma patients and rats after haemorrhagic shock (HS), (b) the
potential of the MIF inhibitor ISO-1 to reduce multiple organ dysfunction syndrome
(MODS) in acute (short-term and long-term follow-up) HS rat models and (c) whether
treatment with ISO-1 attenuates NF-kB and NLRP3 activation in HS.

Background: The MODS caused by an excessive systemic inflammatory response
following trauma is associated with a high morbidity and mortality. MIF is a pleiotropic
cytokine which can modulate the inflammatory response, however, its role in trauma is
unknown.

Methods: TheMIF levels in plasma of polytrauma patients and serum of rats with HS were
measured by ELISA. Acute HS rat models were performed to determine the influence of
ISO-1 on MODS. The activation of NF-kB and NLRP3 pathways were analysed by
western blot in the kidney and liver.

Results: We demonstrated that (a) MIF levels are increased in polytrauma patients on
arrival to the emergency room and in rats after HS, (b) HS caused organ injury and/or
dysfunction and hypotension (post-resuscitation) in rats, while (c) treatment of HS-rats
with ISO-1 attenuated the organ injury and dysfunction in acute HS models and (d)
reduced the activation of NF-kB and NLRP3 pathways in the kidney and liver.
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Conclusion: Our results point to a role of MIF in the pathophysiology of trauma-induced
organ injury and dysfunction and indicate that MIF inhibitors may be used as a potential
therapeutic approach for MODS after trauma and/or haemorrhage.
Keywords: haemorrhagic shock, ischaemia-reperfusion, ISO-1, macrophage migration inhibitory factor, multiple
organ dysfunction syndrome, trauma
INTRODUCTION

Trauma is one of the leading causes of death and disability in young
people aged under 44 and exceeds the number of deaths caused by
HIV, tuberculosis and malaria combined (1). Globally, injuries are
responsible for over 9% of all mortalities and annually there are
approximately 6 million trauma-related deaths (1, 2). Trauma-
associated haemorrhage and haemorrhagic shock (HS) account
for nearly 40% of all trauma deaths and is a key driver of
multiple organ dysfunction (MODS) (3–7).

Whilst the number of early post-injury deaths have decreased in
recent years secondary to improved care in the pre-hospital setting,
there has been an accompanying increase in deaths attributed to
MODS during the late post-injury phase (4, 8, 9). The mechanisms
contributing to MODS include (a) an excessive systemic
inflammatory response secondary to the release of damage-
associated molecular patterns (DAMPs) from extensive tissue
damage and (b) ischaemia-reperfusion (I/R) injury (8, 10).

DAMPs activate the immune system, leading to the release of
cytokines which can cause organ injury and dysfunction (11).
Moreover, raised cytokine levels are linked to worse prognosis in
critically ill patients (12–14). One such cytokine is macrophage
migration inhibitory factor (MIF) which is pro-inflammatory and
possesses chemokine-like properties by promoting the expression or
production of several pro-inflammatory mediators including IL-1b,
IL-2, IL-6, IL-8, IL-12, IFN-g, nitric oxide, TNF-a, cyclooxygenase 2
and matrix metalloproteinases (15–23). Consequently, further
leukocytes are directed to the site of injury and/or infection (24–
26).MIFalsohasarole incounter-regulating the immunosuppressive
and anti-inflammatory effects of glucocorticoids (27, 28).

It has previously been shown that MIF concentration in the
plasma/serum of trauma patients was higher than that of healthy
controls (29, 30) and serum MIF levels in blunt trauma patients
with MODS were significantly greater than patients without
MODS (31, 32). Currently, there are no specific pharmacological
treatments which prevent the onset of MODS associated with HS.
Therefore, the aim of this study was to investigate the effects of
blocking MIF activity with the inhibitor ISO-1 [(S,R)-3-(4-
hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester]
on the HS-induced MODS in rats.
METHODS

MIF Gene Expression in Human
Whole Blood
Original data was obtained under Gene Expression Omnibus
(GEO) accession GSE36809, published by Xiao and colleagues
org 29293
(33). RNA was extracted from whole blood leukocytes of severe
blunt trauma patients (n = 167) over the course of 28 days and
healthy controls (n = 37) and hybridised onto an HU133 Plus 2.0
GeneChip (Affymetrix) according to the manufacturer’s
recommendations. The dataset was reanalysed for MIF
gene expression.

Ethical Statement
Blood samples of 208 patients were collected after written
informed consent was obtained from either the patient or a
nominated legally authorised representative. Samples were
collected between 2010-2014 from University Hospital
Frankfurt of Goethe-University and approved by an
institutional ethics committee (Number 312/10) in accordance
with the declaration of Helsinki and following STROBE-
guidelines (34).

For the short-term follow-up acute HS model, all animal
procedures were approved by the Animal Welfare Ethics Review
Board of Queen Mary University of London and by the Home
Office (Licence number PC5F29685). For the long-term follow-
up acute HS model, all animal procedures were approved by the
Universidade Federal de Santa Catarina Institutional Committee
for Animal Use in Research (Licence number 7396250219) in
accordance with the Brazilian Government Guidelines for
Animal Use in Research. All in vivo experiments are reported
in accordance to ARRIVE guidelines.

Patient Study Population and
Sample Collection
Blood samples from patients (18-80 years) with blunt or
penetrating trauma and ISS ≥ 16 were obtained on Day 0
(arrival to the emergency room); Day 2; Day 5 and Day 7.
Exclusion criteria were patient death in the emergency room or
within 24 h of hospital admission, known pre-existing
immunological disorders, treatment with immunosuppressive
or anti-coagulant medication, burns, concomitant acute
myocardial infarction and thromboembolic events. Blood
samples were collected in pre-chilled ethylenediaminetetraacetic
acid tubes (BD vacutainer, Becton Dickinson Diagnostics, Aalst,
Belgium) and kept on ice. Blood was centrifuged at 2,000 g for
15 min at 4°C to separate serum and stored at −80°C for
further analysis.

Experimental Design
Male Wistar rats (for short-term follow-up acute model: Charles
River Laboratories Ltd., UK; for long-term follow-up acute
model: Universidade Federal de Santa Catarina, Brazil)
weighing 250-350 g were kept under standard laboratory
April 2022 | Volume 13 | Article 886421
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conditions and received a chow diet and water ad libitum. ISO-1
(25 mg/kg; Tocris, UK) was diluted in 5% DMSO + 95% Ringer’s
Lactate (vehicle) and rats were treated (i.v. in short-term follow-
up and i.p. in long-term follow-up) upon resuscitation.

Acute Haemorrhagic Shock Model
(Short-Term Follow-Up)
The pressure-controlled short-term follow-up acuteHSmodel was
performed as previously described (35–38). Briefly, forty rats were
anaesthetised with sodium thiopentone (120 mg/kg i.p. initially
and 10mg/kg i.v. for maintenance as needed and randomised into
four groups (n = 10 per group): Sham + vehicle; Sham + ISO-1 (25
mg/kg), HS + vehicle; HS + ISO-1 (25mg/kg) using the GraphPad
online random number generator. The investigator was blinded to
the intervention (vehicle or ISO-1) and treatment group allocation
was revealed following data analysis. Analgesia was not
administered as the rats remain anaesthetised for the duration of
the experiment (non-recovery procedure) and as such do not
expect the animals to feel pain. Adequacy of anaesthesia was
ascertained throughout the experiment by testing the pedal
reflex. No animals died during the course of the study, thus all
data have been included. Blood was withdrawn to achieve a fall
in mean arterial pressure (MAP) to 35 ± 5 mmHg, which
was maintained for 90 min. At 90 min after initiation of
haemorrhage (or when 25% of the shed blood had to be
reinjected to sustain MAP at 35 ± 5 mmHg), resuscitation was
performedwith the shed blood over a period of 5 min. At 4 h post-
resuscitation, blood was collected for the measurement of
biomarkers of organ injury/dysfunction (MRC Harwell Institute,
Oxfordshire, UK) and organs for ex vivo analysis. Sham-operated
rats were used as control and underwent identical surgical
procedures, but without haemorrhage or resuscitation. Detailed
description of the short-term follow-upmodel can be found in the
supplemental (Supplemental Figure 1A).

Acute Haemorrhagic Shock Model
(Long-Term Follow-Up)
The pressure-controlled long-term follow-up acute HS model
was performed as previously described (36). Briefly, thirty rats
were administered analgesia with tramadol (10 mg/kg i.p.)
15 min prior to anaesthesia induction with ketamine and
xylazine (100 mg/kg and 10 mg/kg i.m. respectively) and
randomised into three groups: Sham + vehicle (n = 6); HS +
vehicle (n = 12); HS + ISO-1 (25 mg/kg; n = 12) using the
GraphPad online random number generator. The investigator
was blinded to the intervention (vehicle or ISO-1) and treatment
group allocation was revealed following data analysis. Adequacy
of anaesthesia throughout the experiment was ascertained by
testing the pedal reflex. No animals died during the course of the
study, thus all data have been included. Blood was withdrawn to
achieve a fall in MAP to 40 ± 2 mmHg, which was maintained for
90 min. At 90 min after initiation of haemorrhage (or when 25%
of the shed blood had to be reinjected to sustain MAP at 40 ± 2
mmHg), resuscitation was performed with the shed blood over a
period of 5min plus 1.5 mL/kg Ringer’s lactate. At 24 h post-
resuscitation, blood was collected for the measurement of
Frontiers in Immunology | www.frontiersin.org 39394
organ injury/dysfunction parameters (Hospital Universitário
Professor Polydoro Ernani de São Thiago, Brazil) and organs
for ex vivo analysis. Sham-operated rats were used as control
and underwent identical surgical procedures, but without
haemorrhage or resuscitation. Detailed description of the long-
term follow-up model can be found in the supplemental
(Supplemental Figure 1B).

MIF ELISA
Human MIF plasma levels (R&D SYSTEMS Human MIF
DuoSet) and rat MIF serum levels from the acute HS (short-
term follow-up) model (Cusabio Biotech, Wuhan, China) were
detected by commercially available ELISAs according to the
manufacturer protocol. Detection occurred at 450 nm and 540
nm using iMark® microplate absorbance reader (BioRad).
Further details can be found in the Supplemental Table 1.

Western Blot Analysis
Semi-quantitative immunoblot analysis was carried out in kidney
and liver samples as previously described (36). Detailed
description of the method can be found in the supplemental.

CD68 Immunohistochemical Staining
Lung tissue sections were deparaffinised and hydrated and
stained for CD68. Detailed description of the method can be
found in the supplemental.

Quantification of Myeloperoxidase Activity
Determination of myeloperoxidase activity in lung and liver
tissue samples was performed as previously described (36).
Detailed description of the method can be found in
the supplemental.

Statistical Analysis
All figures are expressed as median with range of n observations,
where n represents the number of animals/experiments/subjects
studied. Measurements obtained from the vehicle and ISO-1
treated animal groups were analysed by one-way ANOVA
followed by a Bonferroni’s post-hoc test on GraphPad Prism
8.0 (GraphPad Software, Inc., La Jolla, CA, USA). The
distribution of the data was verified by Shapiro-Wilk normality
test, and the homogeneity of variances by Bartlett test. When
necessary, values were transformed into logarithmic values to
achieve normality and homogeneity of variances. To investigate
the relationship between the variables, Pearson correlation r was
performed. P<0.05 was considered statistically significant.
RESULTS

MIF Gene Expression Is Elevated in
Trauma Patients
Xiao and colleagues (33) compared genome-wide expression in
leukocytes from trauma patients against matched healthy
controls. We reanalysed this dataset for MIF expression. When
compared to healthy controls, MIF expression was significantly
April 2022 | Volume 13 | Article 886421
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elevated at all time points except Day 1 (p<0.05; Supplemental
Figure 2). An initial increase was noted at 12 h followed by a
later peak at Day 7. MIF expression remained elevated at Day 28,
the latest timepoint measured.

MIF Gene Expression Does Not Differ
Between Uncomplicated and Complicated
Recovery Patient Groups
Xiao and colleagues (33) also stratified their trauma patient
cohort into uncomplicated (recovery in <5 days) and
complicated (recovery after 14 days, no recovery by Day 28 or
death) to further identify genotypic differences. We reanalysed
this dataset for MIF expression using this stratification. When
comparing uncomplicated and complicated patients, there were
no significant differences at any of the timepoints measured
(p>0.05; Supplemental Figure 3).

Plasma MIF Levels Are Elevated in
Polytrauma Patients and Associated With
Longer Stay in ICU and Hospital
To investigate the role of MIF in trauma, 208 patients were
included in the study. Detailed patient characteristics can be
found in Table 1. Polytrauma patients showed significantly
increased MIF levels on Day 0 (on arrival to the emergency
room, 12398 ± 1262 pg/mL) compared to Day 2 (2866.9 ±
377.8 pg/mL), Day 5 (2335.7 ± 203.4 pg/mL) and Day 7 (2114.6 ±
165.3 pg/mL) (all p<0.001; Figure 1A). Furthermore, we found a
weak positive correlation between MIF levels on Day 0 and both
hospital (r = 0.22, n = 199, p<0.01; Figure 1C) and ICU (r = 0.26,
n = 198, p<0.01; Figure 1D) stays. MIF levels on Day 0 were not
correlated with baseline characteristics such as age (r = -0.05, n =
200, p = 0.49) and sex (r = -0.07, n = 200, p = 0.3) and only weakly
correlated with ISS score (r = 0.15, n = 177, p<0.05) (Figure 1B).

MIF Levels Are Elevated in Serum of
Rats After Induction of Acute HS
(Short-Term Follow-Up)
Having found elevated plasma MIF levels in patients with
trauma-haemorrhage, we investigated whether haemorrhage
alone (in the absence of physical trauma) is sufficient to drive
increases in MIF. To address this question, we used a model of
Frontiers in Immunology | www.frontiersin.org 49495
severe haemorrhage followed by resuscitation in the rat. When
compared to sham-operated rats, haemorrhage followed by
resuscitation resulted in a significant increase in MIF levels
(p<0.001; Figure 2A). Although ISO-1 has been reported to
inhibit the effects, rather than the formation, of MIF in vivo, we
report here that treatment of HS rats with ISO-1 resulted in a
significantly lower MIF level when compared to HS rats treated
with vehicle (p<0.05; Figure 2A). Administration of ISO-1 to
sham-operated rats had no effect onMIF levels (p>0.05; Figure 2A).

Treatment With ISO-1 Improves HS-
Induced Circulatory Failure in Acute HS
(Short-Term Follow-Up)
To investigate the effects of ISO-1 on circulatory failure, MAP
was measured from the completion of surgery to the termination
of the experiment. Baseline MAP values were similar amongst all
four groups. Rats subjected to HS demonstrated a decline in
MAP which was ameliorated by resuscitation, but still remained
lower than that of sham-operated rats during resuscitation (at
the equivalent time points, Figure 2B). When compared to
sham-operated rats, HS-rats treated with vehicle exhibited a
more pronounced decrease in MAP over time post-
resuscitation. In contrast, MAP of HS-rats treated with ISO-1
was significantly higher than HS-rats treated with vehicle 4 h
post-resuscitation (p<0.001; Figure 2B).

Treatment With ISO-1 Attenuates HS-
Induced Organ Damage in Acute HS
(Short-Term Follow-Up)
Having demonstrated that treatment with ISO-1 improves HS-
induced circulatory failure, we next explored whether ISO-1
attenuates MODS associated with HS in rats. When compared to
sham-operated rats, rats subjected to HS and treated with vehicle
displayed increases in serum urea (p<0.001; Figure 3A) and
creatinine (p<0.001; Figure 3B) and a decrease in creatinine
clearance (p<0.001; Figure 3C) indicating the development of
renal dysfunction. When compared to sham-operated rats, vehicle
treated HS-rats exhibited significant increases in both ALT
(p<0.001; Figure 3D) and AST (p<0.001; Figure 3E) indicating
the development of hepatic injury, while the increases in amylase
(p<0.001; Figure 3F) and CK (p<0.001; Figure 3G) denote
pancreatic and neuromuscular injury, respectively. The significant
increase in LDH (p<0.001; Figure 3H) in HS-rats treated with
vehicle confirmed tissue injury whilst the increase in lactate
(p<0.001; Figure 3I) indicated decreased transport of oxygen to
the tissues developing from the state of hypoperfusion. Treatment of
HS-rats with ISO-1 significantly attenuated the renal dysfunction,
hepatic injury, pancreatic injury, neuromuscular injury and general
tissue damage caused by HS (all p<0.05; Figures 3A–I). As HS
causes macrophage infiltration into the lungs, we measured CD68+

positive cells as a marker formacrophage invasion.When compared
to sham-operated rats (21.75 ± 2.29 per field), HS-rats treated with
vehicle displayed a significant increase in macrophage count
(47.33 ± 8.75 per field, p<0.05). Treatment with ISO-1 in HS-rats
did not result in a significant decrease inmacrophage count (35.90 ±
4.30 per field; Supplemental Figure 4).
TABLE 1 | Trauma patient clinical characteristics.

Trauma (n = 208)

Age (year) (IQR) 47.0 (31-60)
Male sex (%) 156 (75.0)
SOFA (points) (IQR) 5.00 (1.0-7.0)
APACHE II (points) (IQR) 16.0 (6.0-22.0)
ISS score (points) (IQR) 23.0 (17.0-32.0)
LOS ICU (days) (IQR) 8.0 (4.0-15.0)
LOS In-hospital (days) (IQR) 19.0 (13.0-29.0)
MIF D0 [pg/ml] (IQR) 6839 (3713-14205)
MIF D2 [pg/ml] (IQR) 1598.0 (1080.0-2555.5)
MIF D5 [pg/ml] (IQR) 1137.0 (650.0-1960.0)
MIF D7 [pg/ml] (IQR) 1331.9 (814.2-2158.5)
Data are presented as n (%) or median (IQR). D0/2/5/7: Day 0/2/5/7; ICU, intensive care
unit; IQR, interquartile ranges (Q1-Q3); LOS, length of stay.
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Serum MIF Levels Are Strongly Associated
With Clinical Chemistry and MAP in Acute
HS (Short-Term Follow-Up)
Having shown rats subjected to HS had elevated serum MIF levels,
we wished to elucidate whether this observed increase correlates
with clinical chemistry parameters (measured in serum collected 4 h
post-resuscitation) and MAP (measured at 4 h post-resuscitation
before sample collection). There was a positive correlation between
MIF and all clinical chemistry parameters (p<0.05; Supplemental
Figure 5 shown in blue, r values range from 0.64 – 0.77), with the
strongest correlations between AST (r = 0.77) and LDH (r = 0.72).
There was a negative correlation between MIF and MAP (p<0.05;
Supplemental Figure 5 shown in red, r = -0.66).

Treatment With ISO-1 Attenuates Hepatic
and Renal NF-kB Activation in Acute HS
(Short-Term Follow-Up)
The effect of MIF inhibition on the activation of the signalling
events leading to the activation of NF-kB, was investigated in the
Frontiers in Immunology | www.frontiersin.org 59596
kidney and liver. When compared to sham-operated rats, HS-
rats treated with vehicle had significant increases in the
phosphorylation of IKKa/b at Ser176/180 (p<0.001; Figure 4A
and p<0.001; Figure 4B) and translocation of p65 to the nucleus
(p<0.001; Figure 4C and p<0.05; Figure 4D). Treatment with
ISO-1 significantly attenuated the increases in hepatic and renal
phosphorylation of IKKa/b at Ser176/180 (p<0.001; Figure 4A
and p<0.001; Figure 4B) and the nuclear translocation of p65
(p<0.001; Figure 4C and p<0.05; Figure 4D).

Treatment With ISO-1 Attenuates Hepatic
and Renal NLRP3 Inflammasome
Activation in Acute HS (Short-Term
Follow-Up)
Having discovered treatment with ISO-1 significantly reduced
the activation of NF-kB in the kidney and liver of rats subjected
to HS, we next analysed the potential involvement of the NLRP3
inflammasome. When compared to sham-operated rats, HS-rats
treated with vehicle exhibited a significantly increased expression
A B

C D

FIGURE 1 | Plasma MIF levels are elevated in polytrauma patients and associated with longer stay in ICU and hospital. (A) Plasma MIF levels in trauma patients
(n = 208) at different time points: Day 0 (Emergency room), Day 2, Day 5 and Day 7. Data are expressed as median with range. (B) Heatmap for correlations between
MIF levels and baseline characteristics sex, age, SOFA, ISS and APACHE score. Scatter plot for Day 0 MIF levels against (C) hospital stay and (D) intensive care unit (ICU)
stay.
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of the NLRP3 inflammasome (p<0.001; Figure 4E and p<0.001;
Figure 4F) and cleavage of pro-caspase 1 to caspase 1 (p=0.008;
Figure 4G and p<0.001; Figure 4H). Treatment with ISO-1
significantly inhibited the hepatic and renal expression of NLRP3
(p<0.001; Figure 4E and p<0.001; Figure 4F) and cleavage of
pro-caspase 1 to caspase 1 (p=0.015; Figure 4G and
p<0.001; Figure 4H).

Treatment With ISO-1 Improves HS-
Induced Circulatory Failure in Acute HS
(Long-Term Follow-Up)
Having demonstrated treatment with ISO-1 improved blood
pressure in a short-term follow-up model, we wished to
determine whether ISO-1 would still be effective in a model in
which the resuscitation period is prolonged to 24 h. When
compared to sham-operated rats, HS-rats treated with vehicle
had significantly lower MAP values at 24 h post-resuscitation
(p<0.001; Figure 5A); highlighting that either cardiovascular
dysfunction or excessive hypotension was still present. In
contrast, MAP of HS-rats treated with ISO-1 was significantly
higher at 24 h than vehicle treated rats (p<0.05; Figure 5A).
There were no significant differences in HR between any of the
three groups investigated (p>0.05; Figure 5B).

Treatment With ISO-1 Attenuates HS-
Induced Organ Damage and
Myeloperoxidase Activity in Acute HS
(Long-Term Follow-Up)
Having shown that treatment with ISO-1 ameliorated the MODS
associated with HS in a short-term follow-up model, we
examined whether this effect was sustained when the
resuscitation period was extended to 24 h. As with the short-
term follow-up model, when compared to sham-operated rats,
rats subjected to HS with long-term follow-up and treated with
vehicle displayed significant increases in serum urea (p<0.05;
Figure 6A) and creatinine (p<0.001; Figure 6B) indicating the
development of renal dysfunction. When compared to sham-
Frontiers in Immunology | www.frontiersin.org 69697
operated rats, vehicle treated HS-rats exhibited significant
increases in ALT (p<0.001; Figure 6C), AST (p<0.001;
Figure 6D), lipase (p<0.05; Figure 6E) and LDH (p<0.05;
Figure 6F). Treatment of HS-rats with ISO-1 significantly
attenuated the renal dysfunction, hepatic injury and tissue
damage caused by HS (all p<0.05; Figures 6A–D, F). Having
demonstrated that treatment with ISO-1 reduced the cell
infiltration in the lung in a short-term follow-up acute HS
model, we measured myeloperoxidase (MPO) activity in the
lung and liver as an indicator of neutrophil infiltration. When
compared to sham-operated rats, HS-rats treated with vehicle
showed a significant increase in MPO activity in the lung
(p<0.001; Figure 6G) and liver (p<0.05; Figure 6H). Treatment
with ISO-1 in HS-rats significantly attenuated these rises in MPO
activity (p<0.001; Figure 6G and p<0.05; Figure 6H).
DISCUSSION

This study reports that inhibition of MIF activity attenuates
organ injury/dysfunction and circulatory failure in acute short-
term follow-up (Figures 2, 3) and long-term follow-up
(Figures 5, 6) rat models of HS. Having shown that MIF gene
expression is significantly elevated in leukocytes of trauma
patients (Supplemental Figure 2) and plasma MIF levels are
raised in polytrauma patients (Figure 1), we used a reverse
translational approach to investigate whether pharmacological
intervention with ISO-1 ameliorates the MODS associated with
HS in a well-established rat model. Inhibition of MIF activity
significantly attenuated the fall in blood pressure (Figure 2
short-term follow-up and Figure 5 long-term follow-up) and,
hence, the delayed vascular decompensation caused by HS (39).
Moreover, ISO-1 significantly attenuated the renal dysfunction,
hepatic injury and neuromuscular injury caused by HS (Figure 3
short-term follow-up and Figure 6 long-term follow-up);
highlighting the drug efficacy at both timepoints. Similarly,
ISO-1 also reduces disease severity in animal models of sepsis
A B

FIGURE 2 | Serum MIF levels are elevated in HS-rats and ISO-1 improves HS-induced circulatory failure in a short-term follow-up acute HS model. (A) Serum MIF
levels were detected by ELISA in vehicle or ISO-1 treated rats. Data are expressed as median with range of ten animals per group. (B) Mean arterial pressure (MAP)
was measured from the completion of surgery to the termination of the experiment for all groups. Statistical analysis was performed using one-way ANOVA followed
by a Bonferroni’s post-hoc test. *p < 0.05 Sham + vehicle vs. HS + vehicle; #p < 0.05 HS + vehicle vs. HS + ISO-1.
April 2022 | Volume 13 | Article 886421

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Patel et al. ISO-1 Attenuates HS-Induced MODS
(40), acute pancreatitis (41–46), pneumonia (47), asthma (48),
COPD (49), cystitis (50) and colitis (51).

We have illustrated that severe haemorrhage followed by
resuscitation in the rat caused a significant increase in serum
MIF levels, the magnitude of which was similar to the one seen in
trauma patients. This finding implies that haemorrhage (rather
than physical trauma) is the main driver for the observed
increase in MIF in rats and possibly also in humans. Whilst
the elevated plasma MIF levels in our cohort of polytrauma
patients do not necessarily indicate an increase in synthesis, the
increased gene expression measured by Xiao and colleagues (33)
does suggest an associated rise in MIF production.
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Post-traumatic complications can result in prolonged stays in
ICU and in hospital. In the acute setting, there is a lack of
diagnostic or risk stratification tools which allow the
identification of the potential clinical outcome of trauma
patients. We determined a significant positive correlation
between elevated MIF levels in polytrauma patients and the
overall length of ICU and hospital stays. These findings indicate
that high plasma MIF levels at time of hospital admission are
strongly predictive for a longer stay in ICU and hospital. Indeed,
the human plasma MIF levels and gene expression data provide
evidence supporting the role of MIF in trauma, as both gene
expression and plasma levels increase following trauma. Most
A CB

D FE

G IH

FIGURE 3 | Treatment with ISO-1 attenuates HS-induced organ damage in a short-term follow-up acute HS model. Rats were subjected to haemorrhagic shock (HS)
and 4 h after resuscitation, levels of serum (A) urea, (B) creatinine, (C) creatinine clearance (CCr), (D) alanine aminotransferase (ALT), (E) aspartate aminotransferase (AST),
(F) amylase, (G) creatine kinase (CK), (H) lactate dehydrogenase (LDH) and (I) lactate were determined. Sham-operated rats were used as control. Data are expressed as
median with range of ten animals per group. Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc test. *p < 0.05 denoted
statistical significance.
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notably, MIF was a better predictor of hospital stay than either
ISS or SOFA scores. For every further increase of MIF on
admission by 5000 pg/mL, the stay of patients in hospital is
prolonged by ~1.2 days. Similarly, Cho and colleagues showed
that trauma patients with elevated MIF levels had longer ICU
stays than patients with lower or normal MIF levels (52).
Frontiers in Immunology | www.frontiersin.org 89899
Nevertheless, we found a weak positive but significant
correlation between MIF levels on admission and ISS which
supports the findings of Chuang and colleagues’ study
illustrating higher MIF levels were associated with worse
clinical severity scores (APACHE II, RTS and TRISS) (30).
Although clinical severity scores cannot be measured in rats,
A B

C D

E F

G H

FIGURE 4 | Treatment with ISO-1 attenuates NF-kB and NLRP3 activation in a short-term follow-up acute HS model. (A, B) The phosphorylation of IKKa/b at
Ser176/180, (C, D) nuclear translocation of p65, (E, F) activation of NLRP3 and (G, H) cleavage of pro-caspase 1 of vehicle and ISO-1 treated rats were determined
by western blot in the liver and kidney. Protein expression was measured as relative optical density (O.D.) and normalised to the sham band. Data are expressed as
median with range of 4-5 animals per group. Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc test. *p < 0.05 denoted
statistical significance.
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we found significant positive correlations between serum MIF
levels and clinical chemistry parameters and a significant negative
correlation betweenMIF andMAP both of which can be considered
as indicators organ function (Supplementary Figure 5).

What, then, are the mechanisms by which ISO-1 attenuates
HS-associated organ injury/dysfunction? It is recognised that key
signalling pathways, such as those leading to NF-kB activation,
initiate the production of pro-inflammatory mediators such as
cytokines, chemokines and enzymes (53). As part of a positive
feedback mechanism, these inflammatory mediators can induce
activation of NF-kB and its upstream signalling machinery,
further amplifying and propagating the NF-kB-mediated
inflammatory responses. This can result in a more permeable
endothelium, hypoxic/hypoperfused tissues, tissue injury and
ultimately MODS (54). Trauma has been shown to increase
the translocation of NF-kB to the nucleus (35–38). Inhibition of
MIF activity with ISO-1 reduced NF-kB activation in the kidney
and liver of HS-rats (Figure 4). This may suggest that inhibiting
NF-kB activation contributes to the observed protective effects of
ISO-1 in HS. It should be noted that MIF has been shown to
upregulate TLR4 expression, leading to increased translocation
of NF-kB into the nucleus (55) and interact with thioredoxin-
interacting protein to induce NF-kB activity (56).

Activation of the NLRP3 inflammasome stimulates IL-1b
production which plays a crucial role in trauma-associated
systemic inflammation and organ dysfunction/injury (36).
Inhibition of MIF activity with ISO-1 reduced both the assembly
and subsequent activation of the NLRP3 inflammasome in the
kidney and liver of HS-rats (Figure 4). This may suggest that
inhibiting NLRP3 inflammasome activation contributes to the
observed beneficial effects of ISO-1 in HS by decreasing the pro-
inflammatory effects related to increased IL-1b production and
ensuing tissue inflammation (57). Of note, MIF has been proposed
to play a role in the activation of the NLRP3 inflammasome (58, 59).

The sterile inflammation caused by HS is associated with
increased recruitment of leukocytes to the tissues and is
Frontiers in Immunology | www.frontiersin.org 999100
secondary to NF-kB and NLRP3 activation and their
transcriptional regulation of pro-inflammatory cytokines (60–62).
Furthermore, the leukocyte and endothelial cell surface expression
of adhesion molecules is regulated by NF-kB and promotes
leukocyte extravasation from the circulation to the injury site
(63). We found a significant increase in CD68+ cells in the lung
(Supplementary Figure 4) and in pulmonary and hepatic MPO
activity (Figure 6), markers of macrophage and neutrophil
recruitment respectively, after induction of HS in rats. Treatment
of HS-rats with ISO-1 did not significantly reduce the number of
pulmonary CD68+ cells and thus, macrophage infiltration into the
lung. In contrast, administration of ISO-1 to HS-rats attenuated the
rise in MPO activity related to increased neutrophil recruitment.
Taken together, these results could imply that ISO-1 attenuates
neutrophil, but not macrophage recruitment in HS. Indeed, an anti-
MIF antibody was shown to attenuate the LPS-induced migration
and accumulation of neutrophils in the lung (64). These
observations can be explained by the chemokine-like properties of
MIF, which facilitate the activation and recruitment of leukocytes
during immune surveillance and inflammation (65, 66). Initially,
MIF was eponymously described by its ability to inhibit random
macrophage migration in vitro (67, 68). However, it is now known
that MIF can mediate the recruitment of mononuclear cells in a
number of disease states (69–72). A possible explanation as to why
ISO-1 did not significantly reduce pulmonary macrophage invasion
is that the presence of other inflammatory mediators, such as IL-1b,
IL-6 and TNF-a, could have stimulated the migration of
macrophages, but we would need to measure these mediators to
confirm this theory.
LIMITATIONS

Although ISO-1 displayed some striking, beneficial effects in the
acute HS models, there are study limitations which should be
taken into consideration. In total, 208 patients were included in
A B

FIGURE 5 | Treatment with ISO-1 improves HS-induced cardiac dysfunction in a long-term follow-up acute HS model. (A) Mean arterial pressure (MAP) and (B)
heart rate (HR) were measured 24 h post resuscitation for vehicle and ISO-1 treated rats. Data are expressed as median with range. Sham + vehicle (n = 6), HS +
vehicle (n = 7) and HS + ISO-1 (n = 7). Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc test. *p < 0.05 denoted
statistical significance.
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the study, however, in some instances there were insufficient
plasma volumes available for some of the measured timepoints.
Therefore, some correlation analyses were performed with a
reduced number of samples/patients. Following trauma, there
Frontiers in Immunology | www.frontiersin.org 10100101
is an increased inflammatory response, and we were able to
measure elevated plasma MIF levels in polytrauma patients.
However, we cannot exclude the possibility that the increased
plasma levels are not exclusively associated with polytrauma. The
A B

C D
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FIGURE 6 | Treatment with ISO-1 attenuates HS-induced organ damage and myeloperoxidase activity in a long-term follow-up acute HS model. Rats were subjected to
haemorrhagic shock (HS) and 24 h after resuscitation, levels of serum (A) urea, (B) creatinine, (C) alanine aminotransferase, (ALT), (D) aspartate aminotransferase (AST),
(E) lipase and (F) LDH were determined were determined in vehicle and ISO-1 treated rats. Sham-operated rats were used as control. Sham + vehicle (n = 6), HS + vehicle (n
= 12) and HS + ISO-1 (n = 12). Myeloperoxidase activity in (G) lung and (H) liver were determined for vehicle and ISO-1 treated rats. Sham + vehicle (n = 6), HS + vehicle (n = 8)
and HS + ISO-1 (n = 6). Data are expressed as median with range. Statistical analysis was performed using one-way ANOVA followed by a Bonferroni’s post-hoc test. *p<0.05
denoted statistical significance.
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animal models used in our study do not encompass all aspects of
trauma/HS and further long-term survival experiments are
needed to verify that the observed early reduction in MODS
does, indeed, translate to improved outcome and ultimately
reduced mortality. Hence, caution must be exercised when
interpreting the pre-clinical results and extrapolating to the
clinical scenario. Additionally, future studies in larger animals/
higher species may be useful to confirm efficacy and to further
examine the mechanism(s) of action (e.g. microcirculatory effects
and blood gas analysis) of ISO-1 in HS. It should be noted that
only healthy young male rats were used and, hence, age and
gender differences and the presence of co-morbidities were not
investigated (but may well impact outcome). Moreover, clinical
studies with larger cohorts of trauma patients are required to
robustly examine the relationship between MIF activity,
inhibition and clinical outcomes in humans. Whilst we did not
measure the long-term stability of MIF in the patient samples
collected between 2010-2014, we were able to demonstrate
significant and time-related elevations in MIF in the blood of
patients with trauma and haemorrhage. Indeed, the peak levels of
MIF observed in patients on admission to the hospital (measured
in samples that were several years old) were similar to the peak
levels measured in rats with severe haemorrhage (that we
measured within weeks of completing the experiments).
Nevertheless, we cannot, however, entirely rule out that the
levels of MIF in patients with trauma-haemorrhage would have
been even higher if the MIF determinations would have been
carried out earlier after the trauma occurred.
CONCLUSIONS

In conclusion, we demonstrate here for the first time that MIF
levels are elevated in polytrauma patients on arrival to the
emergency room and higher MIF levels are associated with
longer stays in ICU and hospital overall. The finding that HS
alone (in the absence of physical trauma) in rats resulted in a rise
in MIF levels similar to that seen in polytrauma patients supports
the view that haemorrhage is the main driver for the elevations in
MIF. Furthermore, treatment with ISO-1 reduces the organ
injury/dysfunction and circulatory failure caused by severe
haemorrhage in the rat, highlighting a role of MIF in disease
pathogenesis. Administration of ISO-1 attenuates the degree of
NF-kB and NLRP3 inflammasome activation (measured in the
kidney and liver), both of which are key drivers of local and
systemic inflammation. Thus, we propose that MIF inhibitors
may be used in trauma patients to lower the organ injury and
inflammation caused by severe haemorrhage and resuscitation.
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Anne Dudeck2, Anita Ignatius1* and Verena Fischer1*

1 Institute of Orthopedic Research and Biomechanics, Trauma Research Center Ulm (ZTF), Ulm University Medical Center,
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There is evidence that mast cells contribute to inflammation induced by hemorrhagic
shock, severe tissue injury or sepsis. Mast cells are highly responsive to alarm signals
generated after trauma, and release many inflammatory mediators including interleukin-6,
a key mediator of posttraumatic inflammation. An overwhelming posttraumatic
inflammation causes compromised bone healing; however, the underlying cellular and
molecular mechanisms are poorly understood. Recently, we found that mast cells trigger
local and systemic inflammation after isolated fracture leading to uneventful bone repair.
Here, we investigated whether mast cells critically contribute to trauma-induced
compromised bone healing. Male Mcpt5-Cre+ R-DTA mice, which lack connective
tissue type mast cells, and their mast cell-competent Cre− littermates underwent a
femur fracture with/without thoracic trauma. Posttraumatic systemic and local
inflammation and bone repair were assessed 3 h and 21 d post injury. Both, the
systemic and pulmonary inflammation was significantly increased in mast cell-
competent mice upon combined trauma compared to isolated fracture. In mast cell-
deficient mice, the increase of inflammatory mediators in the circulation induced by the
severe trauma was abolished. In the bronchoalveolar lavage fluid, the trauma-induced
increase of inflammatory cytokines was not reduced, but the neutrophil invasion into the
lungs was significantly diminished in the absence of mast cells. Locally in the fracture
hematoma, mast cell-competent mice displayed reduced inflammatory mediator
concentrations after combined trauma compared to isolated fracture, which was
abolished in mast cell-deficient mice. Notably, while combined trauma resulted in
compromised bone repair in mast cell-competent mice, indicated by significantly
reduced bone and increased cartilage fracture callus contents, this was abolished in
Mcpt5-Cre+ R-DTA mice. Therefore, mast cells contribute to trauma-induced
compromised bone repair and could be a potential target for new treatment options to
improve fracture healing in multiply injured patients.
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org April 2022 | Volume 13 | Article 8837071104105

https://www.frontiersin.org/articles/10.3389/fimmu.2022.883707/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.883707/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.883707/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:anita.ignatius@uni-ulm.de
mailto:verena.fischer@uni-ulm.de
https://doi.org/10.3389/fimmu.2022.883707
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.883707
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.883707&domain=pdf&date_stamp=2022-04-26


Ragipoglu et al. Mast Cells in Acute Trauma
INTRODUCTION

One of the most common forms of injuries in multi-trauma
patients are extremity fractures. Depending on trauma severity,
the risk for fracture malunion increases up to 50% (1, 2). Tissue
trauma induces a systemic posttraumatic immune response
triggered by damage-associated molecular patterns (DAMPs)
being released from injured tissues (3). In multiply injured
patients, the blunt chest trauma is clinically highly relevant, as
it represents one of the most critical injures and is regarded as an
important trigger of the systemic inflammatory response (3–5).
Furthermore, 50% of patients with blunt chest trauma are
additionally affected by fractures (6). The systemic hyper-
inflammation after trauma is characterized by immune cell
activation and a storm of pro-inflammatory mediators (3),
which might negatively interfere with the inflammation and
regenerative processes locally at the fracture site (7–10). In this
line, it was demonstrated that the immune cell composition in
the fracture hematoma was altered in a murine model of
combined fracture and thoracic trauma, with a significantly
higher number of neutrophils and a decreased number of
macrophages (11, 12). In pigs, the levels of inflammatory
mediators including interleukin-6 (IL-6), IL-8, IL-10 and the
alarmin high-mobility-group-protein B-1 were altered in the
fracture hematoma after an additional chest or polytrauma (13,
14). In humans, impaired bone healing was associated with
altered leucocyte kinetics in multi-trauma patients (15).
Furthermore, the blockade of posttraumatic inflammation
appears to improve fracture healing after severe trauma. For
example, it was demonstrated that IL-6, a key inflammatory
cytokine in the posttraumatic immune response (16), may play a
critical role in trauma-induced compromised fracture healing,
because the selective blockade of IL-6 trans-signaling attenuated
the deleterious effects of an additional blunt chest trauma on
bone repair in mice (17). Similarly, the blockade of the
complement anaphylatoxin receptor C5aR1 reduced the
systemic immune response and ameliorated trauma-induced
impaired fracture healing (18). In summary, these studies
suggest that disturbed inflammatory processes and immune
cell functions play an essential role in compromised bone
healing after trauma; however, the underlying mechanisms
remain poorly understood.

Mast cells store and de novo synthesize numerous mediators,
including IL-6, tumor necrosis factor (TNF), histamine, heparin,
enzymes, and growth factors. Acting as immunological guards,
these cells are mainly located in tissues exposed to the external
environment, including skin, intestines, and lungs but also in the
bone marrow (19, 20). Because mast cells are highly responsive to
early alarm signals that are generated after trauma including
DAMPs and complement anaphylatoxins (19), they may be one
of the critical drivers in posttraumatic inflammation and trauma-
induced compromised fracture healing. Supporting this, some
authors demonstrated that mast cells contribute to the
inflammatory response induced by hemorrhagic shock, severe
tissue injury, or ischemia-reperfusion injury (21–23). For
example, the inhibition of mast cell degranulation with the
mast cell-stabilizer cromolyn ameliorated severe consequences
Frontiers in Immunology | www.frontiersin.org 2105106
of ischemia-reperfusion injury in rodents (24). Moreover, the
inflammatory response and multiple organ injury were
attenuated after hemorrhagic shock in mast cell-deficient mice
compared to wildtype mice (21), and after mast cell stabilization
using ketotifen and cromolyn in rats (25).

Mast cells appear to also play an important role in fracture
healing (26–28). Our group demonstrated that bone resident
mast cells trigger local and systemic inflammatory processes after
an isolated fracture, a model for undisturbed bone repair. In mast
cell-deficient Mcpt5-Cre R-DTA mice, which lack connective
tissue mast cells, the levels of proinflammatory cytokines,
including IL-6, IL-1b, and interferon-g, and the number of
neutrophils and macrophages were significantly reduced in the
fracture hematoma. In addition, systemic levels of pro-
inflammatory cytokines were also reduced in the absence of
mast cells (26). Moreover, mast cells might contribute to bone
formation and callus remodeling during bone repair (27, 28),
because they were shown, for example, to stimulate osteoclast
formation and activity during fracture callus resorption (26).
Recently, we additionally revealed that mast cells were
responsible for the increased fracture-induced systemic and
local inflammatory response and for compromised healing in
osteoporotic bone (29, 30). These data suggest that mast cells
regulate inflammation and repair during bone fracture healing.
However, their role in compromised fracture healing after severe
trauma has, to date, not been elucidated.

The present study aimed to investigate, whether mast cells
critically contribute to trauma-induced compromised bone
repair. To this end, we exposed mast cell-deficient Mcpt5-Cre
R-DTA mice to an isolated femur fracture, which heals
uneventfully, or to combined fracture and thoracic trauma,
inducing more severe inflammation and compromised fracture
healing. We demonstrated, that mast cell-deficient mice
displayed a balanced systemic and local inflammatory response
and were protected from compromised bone healing after severe
trauma. Therefore, this study implies that mast cells could be a
target for new therapeutic strategies to improve bone repair in
multiply injured patients.
MATERIALS AND METHODS

Study Design
The experiments were performed in male Mcpt5-Cre R-DTA
mice (C57BL/6J background). These mice express diphtheria
toxin (DT) under the control of the Mcpt5 promoter, which is
specific for connective tissue type mast cells and drives Cre-
specific mast cell ablation in these mice (mast cell-deficient).
Male Mcpt5-Cre− R-DTA littermates were used as mast cell-
competent controls. Mice were bred as described previously (31,
32). The animals were housed in groups of two to five mice under
standard rodent conditions. When aged 12 weeks, the mice were
randomly assigned to the different treatment groups either
subjected to isolated femur fracture (Fx) or a combined
fracture and thoracic trauma (Fx + TxT). Mice were
euthanized 3 h, 6 h and 21 d after injury (n = 3–8 per group
and time point) using isoflurane overdose. Blood, bronchoalveolar
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lavage (BAL) fluids and tissues (fracture hematoma, femur,
lung, liver) were harvested for multiplex analysis (blood,
BAL), tissue histology (lung, femur), gene expression analysis
(liver), and µCT and biomechanical testing (femur). Samples
were allocated in a blinded manner to the different analyses,
which were performed only on a subset of tissue specimens due
to technical reasons. All animal experiments were performed in
compliance with international regulations for the care and use
of laboratory animals (ARRIVE guidelines and EU Directive
2010/63/EU for animal experiments) with the approval of
the Local Ethical Committee (no. 1386, Regierungspraesidium
Tuebingen, Germany).

Femur Osteotomy and Thoracic Trauma
When aged 12 weeks, all mice were subjected to a standardized
unilateral femur osteotomy as described previously (33). Briefly,
under general anesthesia with 2% isoflurane, an osteotomy gap
(gap size: 0.44 mm) was created at the mid-shaft of the femur
using a 0.44 mm Gigli wire saw (RISystem, Davos, Switzerland)
that was stabilized with an external fixator (axial stiffness 3 N/
mm, RISystem). The external fixator prevents torsional stability,
which results in defined and standardized biomechanical
conditions that greatly influence the fracture healing process,
and does not impede with biological reactions at the fracture site
(33, 34). Prior to the surgery the mice received one subcutaneous
injection of the antibiotic clindamycin-2-dihydrogenphosphate
(45 mg/kg, Ratiopharm, Ulm, Germany). Half of the mast cell-
competent and mast cell-deficient mice received an additional
thoracic trauma immediately after the fracture while the mice
were still under general anesthesia as previously described (11,
17). Briefly, using a blast-wave generator, a single blast wave was
applied to the middle of the thorax, which produces a
standardized bilateral, isolated lung contusion. For pain
treatment, all mice received tramadol hydrochloride (25 mg/l)
in the drinking water starting 1 d pre-surgery until 3 d
post-surgery.

Multiplex Cytokine Analysis and ELISA
To assess the systemic and local inflammation, serum, BAL, and
hematoma were obtained 3 h post-fracture. The lungs were
flushed with ice-cold phosphate-buffered saline, and BAL fluids
were centrifuged at 300 × g for 15 min (35). The fracture
hematoma was harvested and lysed as previously described
(17). A customized mouse Multiplex Cytokine Kit
(ProcartaPlex, eBioscience, Frankfurt, Germany) was used to
determine blood serum, BAL, and hematoma concentrations of
the following inflammatory cytokines and chemokines using the
Bio-Plex 200 System (Bio-Rad Laboratories, Hercules, CA, USA):
IL-6, IL-5, C-X-C motif chemokine-10 (CXCL-10), monocyte
chemoattractant protein-1 (MCP-1), MCP-3, eotaxin, CXCL-1,
IL-10, IL-9, and IL-3. Instrument validation was performed
monthly using the Bio-Plex Validation Kit (Bio-Rad
Laboratories) and calibration was performed prior to sample
measurement using the Bio-Plex Calibration Kit (Bio-Rad
Laboratories) according to the manufacturers protocol,
respectively. Total protein concentration of the fracture
hematoma was determined with the Pierce™ BCA Protein
Frontiers in Immunology | www.frontiersin.org 3106107
Assay Kit and the cytokine concentrations were normalized to
total protein.

Liver Homogenates and Real-Time PCR
Liver lobes were harvested 3 h after surgery, immediately frozen in
liquid nitrogen, and stored at −80°C until homogenates were
prepared. A small piece was taken from each frozen liver
sample, and homogenized in Trizol, using a homogenisator
(MICCRA D-9, MICCRA GmbH, Müllheim, Germany), and
incubated for 5 min at room temperature (RT). Subsequently,
200 µl chloroform were added and vigorously vortexed before
centrifugation at 12,000 × g for 30 min. Following centrifugation,
the supernatants were collected, and the RNA was isolated using
the PureLink® Mini Kit (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s recommendations. The
isolated RNA was diluted in RNase-free water after DNase
digestion. Further processing and qPCR analysis were performed
as previously described (36, 37). Glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) served as a housekeeping gene (F: 5′-
ACC CAG AAG ACT GTG GAT GG-3′, R: 5′-GGA TGC AGG
GAT GAT GTT CT-3′). The expression of chemokines and acute-
phase proteins was determined using specific primers for Cxcl-1
(F: 5′-TCT CCG TTA CTT GGG GAC AC-3′, R: 5′-CCA CAC
TCA AGA ATG GTC GC-3′), and C-reactive protein (Crp) (F: 5′-
ATC CCA GCA GCA TCC ATA GC-3′, R: 5′-AAC ATG TCT
TCA TGA CCA AAA GTC C-3′). Relative gene expression was
calculated by normalizing to the house keeping gene Gapdh using
the delta-delta CT method.

Lung Histomorphometry and
Immunohistochemistry
Lungs harvested after 3 h and 6 h were fixed in 4%
paraformaldehyde for 48 h and embedded in paraffin. For
morphological analysis of lung injury, paraffin-embedded lung
sections harvested 3 h after surgery were stained with
hematoxylin and eosin. Neutrophil granulocytes and mucosal
mast cells were stained using Ly6G antibody (1:200, BioLegend,
CA, USA) and Mcpt-1 antibody (1:100, Invitrogen, MA, USA),
3 h and 6 h after surgery, respectively. To this end, lung sections
were deparaffinized in xylene, rehydrated in descending ethanol
gradient, and boiled in sodium citrate buffer for antigen retrieval.
Sections were blocked with 5% goat serum for 1h at RT and
incubated with the primary antibodies. Species-specific IgG was
used as negative control for Ly6G staining and rabbit serum for
Mcpt-1 staining. As secondary antibody, goat anti-rat IgG-biotin
(1:200 and 1:100 (Life Technologies, Carlsbad, CA, USA),
respectively, for Mcpt-1 and Ly6G staining) was used and
incubated at RT for 1 h (Mcpt-1) or 30 min (Ly6G). For signal
detection, the Vectastain Elite ABC kit and Vector NovaRed
substrate (both Vector laboratories Inc., Burlingame, USA) were
used according to the manufacturer’s instructions. Sections were
counterstained with hematoxylin and analyzed by light
microscopy (Leica DMI600B, Leica, Wetzlar, Germany).

Biomechanical Testing
To evaluate the mechanical competence of healed femurs
explanted on d 21, a non-destructive three-point bending test
April 2022 | Volume 13 | Article 883707
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was performed as described previously (33). In brief, the external
fixator was removed and femurs were fixed with aluminum
cylinders into a material testing machine (Zwick Roell, Ulm,
Germany). An axial load with a maximum of 2 N was applied to
the top of the fracture callus at the midshaft of the femur and the
load and deflection were recorded. The bending stiffness of the
fractured bone was calculated from the slope of the load-
deflection curve.

Micro-Computed Tomography (µCT)
Analysis
Following biomechanical testing, fractured femurs were fixed in
4% paraformaldehyde for 48 h. Femurs were scanned using a µCT
device (Skyscan 1172; Bruker, Kontrich, Belgium) to evaluate the
structural properties of the fracture calli at an isotropic voxel
resolution of 8 µm using a voltage of 50 kV and 200 mA. Two
phantoms with a defined hydroxyapatite (HA) content were used
for calibration and the assessment of bone mineral density (250
and 750 mgHA/cm3). The volume of interest comprised the entire
periosteal callus between the two inner pin-holes. A global
threshold for mineralized tissue was set at 642 mgHA/cm3 and
data were analyzed according to Bouxsein et al. (38).

Fracture Calli Histomorphometry and
Immunohistochemistry
Histological analysis was performed on fracture calli on d 21 post-
fracture. Following µCT analysis, fractured bones were decalcified
using 20% ethylenediamine tetraacetic acid (pH 7.2–7.4) and
embedded in paraffin. Sections of 7 µm were stained with
Safranin O (Sigma Aldrich, St. Louis, MO, USA) and the relative
amounts of bone, cartilage and soft tissue were evaluated by image
analysis (Software MMAF 1.4.0 MetaMorph, Leica) using a light
microscope (Leica DMI600B, Leica). The fracture gap was defined
as a region of interest. Osteoblasts were counted in Toluidine blue-
stained sections and osteoclasts in sections stained for tartrate-
resistant acid phosphatase in a rectangular area (650 × 450 mm) in
the middle of the fracture callus.

For immunofluorescence staining, 4 µm thick sections of the
fracture calli on d 21 post-fracture were prepared and Avidin
Texas Red conjugated antibody (Thermo Fisher Scientific, MA,
USA) was used to detect connective tissue type mast cells. Bone
sections were deparaffinized, rehydrated, and antigen retrieval was
performed using sodium citrate buffer boiling, followed by
blocking with 5% bovine serum albumin and incubation with
the Avidin Texas Red antibody (1:300) for 1 h at RT. Mast cell-
deficient mice were used as negative controls. For signal detection,
a spectrum with excitation and emission maxima of ~595/615 nm
was used. Hoechst (1:2000) was used for counterstaining and
sections were analyzed by light microscopy (Leica DMI600B,
Leica). Mast cells were counted in the entire periosteal callus
and the bone marrow between the two inner pinholes.

Statistical Analysis
In all figures, data are presented as box-and-whisker plots (with
the median and interquartile range) from maximum to
minimum, showing all data points. Data in tables are
presented as mean ± standard deviation. Data were tested for
Frontiers in Immunology | www.frontiersin.org 4107108
normal distribution using Shapiro-Wilk normality test.
Comparisons between two groups were either performed by
two-tailed Student’s t-test in the case of normal distribution or
Mann-Whitney U test if data were not normally distributed.
Comparisons between more than two groups were either
performed by one way analysis of variance (ANOVA) and
Fishers LSD post hoc test in the case of normal distribution or
Kruskal-Wallis and Dunn’s post hoc test if data were not
normally distributed. Statistical analysis was performed using
GraphPad Prism 9.0 software (GraphPad Software, La Jolla, CA,
USA). The level of significance was set at p<0.05. The sample
numbers are indicated in the figures.
RESULTS

No animals were lost during anaesthesia, however, 3 animals
died after thoracic trauma. Furthermore, we excluded 4 animals
due to post-surgery complications (sample handling, fracture
gap size), which resulted in a total complication rate of 10%. All
animals tolerated the external fixator well and showed normal
and physiological limb loading few days after fracture.

Mast Cell-Deficiency Attenuates Trauma-
Induced Systemic Inflammation
To investigate the relevance ofmast cells in compromised bone repair
after severe trauma, we subjected mast cell-competent and -deficient
mice to an isolated femur fracture or combined fracture and thoracic
trauma. Confirming our previous studies, in mast cell-competent
control mice, the additional thoracic trauma led to an increased
inflammatory response 3 h after fracture, as indicated by significantly
increased serum IL-6, IL-5, CXCL-10, MCP-3, and eotaxin levels
compared to mice with an isolated fracture (Figures 1A–E). There
were no significant differences in MCP-1 levels between the groups
detectable (Figure 1F). In Table 1 all other inflammatory mediators
are displayed that were detectable in the serum. Notably, mast cell-
deficient mice did not display increased serum concentrations of
inflammatory cytokines after combined trauma, with the exception of
CXCL-10, the levels of which were significantly increased compared
to isolated fracture (Figures 1A–E). However, serum IL-6 and
CXCL-10 levels were significantly reduced compared to mast cell-
competent mice after additional thoracic trauma (Figures 1A, B).

Furthermore, the systemic hepatic acute-phase response was
strongly reduced in the absence of mast cells after isolated
fracture, as well as after combined fracture with thoracic
trauma, as indicated by significantly reduced Crp and Cxcl-1
gene expression compared to the respective mast cell-competent
groups (Figures 2A, B). In summary, mast cell-deficiency
attenuated the early trauma-induced systemic inflammation.

Mast Cell-Deficiency Only Marginally
Influences Trauma-Induced
Lung Inflammation
In the lungs, the combined trauma significantly increased the
levels of inflammatory mediators in BAL fluids of mast cell-
competent mice after 3 h, including IL-6, IL-5, MCP-3, eotaxin
and MCP-1, compared to the isolated fracture (Figures 3A, C–F).
April 2022 | Volume 13 | Article 883707
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BAL CXCL-10 levels were also tendentially increased in mast cell-
competent mice in the combined trauma group (Figure 3B).
Other measured inflammatory mediators in BAL fluids are
presented in Table 1. Notably, pro-inflammatory mediator
concentrations in BAL fluids were not significantly reduced in
the absence of connective tissue type mast cells (Figures 3A–F),
with the exception of IL-13 and IL-9, the levels of which were
significantly lower in mast cell-deficient mice after combined
trauma (Table 1).

Furthermore, the combined trauma caused lung tissue
damage and inflammation in mast cell-competent mice, as
indicated by the presence of thicker alveolar walls and blood
clots 3 h after fracture (Figure 4C). This effect was not obviously
affected by the absence of connective tissue type mast cells
(Figure 4C). However, the neutrophil infiltration into the lung
was significantly increased only in mast cell-competent mice
Frontiers in Immunology | www.frontiersin.org 5108109
after combined trauma, but markedly reduced in mast cell-
deficient mice (Figures 4A, D). Lungs of mast cell-competent
and mast cell-deficient mice contained mucosal type mast cells
6 h after trauma (Figures 4B, E), but there were no differences
visible between the isolated fracture and the fracture and thoracic
trauma groups, which was probably influenced by the small
sample size and high standard deviations.

Mast Cell-Deficiency Alters Local
Inflammation at the Fracture Site
After Trauma
To investigate the local inflammation at the fracture site, we
determined inflammatory cytokine and chemokine concentrations
in the fracture hematoma after 3 h. The combined trauma
significantly reduced local levels of inflammatory mediators in the
fracture hematoma of mast cell-competent mice, including IL-6, IL-
TABLE 1 | Inflammatory mediator levels in serum and BAL fluids.

MC-Competent MC-Deficient

Fx Fx + TxT Fx Fx + TxT

Serum
IL-17a 3.9 ± 4.0 7.4 ± 14.0 0.6 ± 0.8 0.7 ± 0.8
CXCL-1 266.5 ± 182.3 420.6 ± 207.7 126.4 ± 124.8 269.1 ± 205.7
BAL
CXCL-1 3.4 ± 7.2 51.0 ± 83.0 1.8 ± 4.1 40.1 ± 50.1
IL-10 17.7 ± 16.8 17.1 ± 13.5 18.1 ± 11.7 2.2 ± 3.2
IL-13 3.7 ± 2.5 3.9 ± 2.8 5.0 ± 4.1 0.8 ± 1.2*
IL-9 58.7 ± 56.4 38.7 ± 55.3 79.8 ± 80.6 0.0 ± 0.0*
April 2022 | Volume 13 |
*Significantly different (p<0.05) compared to the Fx group, one-way ANOVA with post hoc Fisher’s LSD in the case of normal distribution or with Kruskal-Wallis with post hoc Dunn’s test if
data were not normally distributed. MC, mast cell; Fx, isolated fracture; Fx + TxT, fracture and additional thoracic trauma; IL, Interleukin; CXCL, C-X-C motif chemokine ligand; BAL,
bronchoalveolar lavage.
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FIGURE 1 | Inflammatory mediator concentrations in serum of mast cell (MC)-competent and MC-deficient mice 3 h after isolated fracture (Fx) and combined
fracture and thoracic trauma (Fx + TxT). Serum (A) interleukin-6 (IL-6), (B) C-X-C motif chemokine ligand 10 (CXCL-10), (C) IL-5, (D) monocyte chemoattractant
protein-3 (MCP-3), (E) eotaxin, and (F) MCP-1 levels. Gray boxes represent Fx mice, red boxes represent Fx + TxT mice. Data are shown as box-and-whisker plots
(with median and interquartile range) from maximum to minimum, showing all data points. *p<0.05; **p<0.01; ***p<0.001. The p values were determined using one-
way ANOVA with post hoc Fisher’s LSD in the case of normal distribution or with Kruskal-Wallis with post hoc Dunn’s test if data were not normally distributed.
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5, CXCL-1, and MCP-1 and -3 (Figures 5A, C–F). Additionally,
hematoma CXCL-10 levels were tendentially reduced in mast cell-
competent mice (Figure 5B). Notably, these mediators were not
reduced in the fracture hematoma of mast cell-deficient mice after
combined trauma, with the exception of IL-6, the levels of which
were also significantly reduced in mast cell-deficient
mice (Figure 5A).

Mast Cell-Deficiency Attenuates
Compromised Fracture Healing
After Trauma
On d 21 after fracture, bone repair was assessed by biomechanical
testing, µCT, and histomorphometric analyses. In mast cell-
competent mice, the combined trauma significantly impaired
Frontiers in Immunology | www.frontiersin.org 6109110
fracture healing compared to isolated fracture (Figures 6A–D),
as indicated by a slightly reduced bending stiffness of the fractured
bones, and a significantly reduced bone volume to tissue volume
(BV/TV) of the callus as assessed by µCT analysis (Figures 6B, D).
Histomorphometric evaluation revealed that the callus size was
significantly increased in mast cell-competent mice after
combined trauma (Figures 7A, F). Furthermore, the combined
fracture and thoracic trauma led to a significant reduction of the
amount of newly formed bone and a significant increase of the
amount of cartilage in the callus of mast cell-competent mice
(Figures 7B, C, F). The amount of soft tissue was unaffected
(Figures 7D, F). Notably, mast cell-deficient mice did not display
compromised bone healing after combined trauma, because the
bone and cartilage contents did not differ compared to mast cell-
A B

FIGURE 2 | Hepatic acute-phase reaction in mast cell (MC)-competent and MC-deficient mice 3 h after fracture (Fx) and combined fracture and thoracic trauma
(Fx + TxT). Relative gene expression of (A) C-reactive protein (Crp) and (B) C-X-C motif chemokine ligand 1 (Cxcl-1) in the liver. Relative gene expression was
calculated by normalizing to the house keeping gene Gapdh. Gray boxes represent Fx mice, red boxes represent Fx + TxT mice. Data are shown as box-and-
whisker plots (with median and interquartile range) from maximum to minimum, showing all data points. *p<0.05; **p<0.01. The p values were determined using one-
way ANOVA with post hoc Fisher’s LSD.
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FIGURE 3 | Inflammatory mediator concentrations in bronchoalveolar lavage (BAL) fluid samples of mast cell (MC)-competent and MC-deficient mice 3 h after
isolated fracture (Fx) and combined fracture and thoracic trauma (Fx + TxT). BAL fluids (A) interleukin-6 (IL-6), (B) C-X-C motif chemokine ligand 10 (CXCL-10), (C)
IL-5, (D) monocyte chemoattractant protein-3 (MCP-3), (E) eotaxin, and (F) MCP-1 levels. Gray boxes represent Fx mice, red boxes represent Fx + TxT mice. Data
are shown as box-and-whisker plots (with median and interquartile range) from maximum to minimum, showing all data points. *p<0.05; **p<0.01; ***p<0.001. The p
values were determined using one-way ANOVA with post hoc Fisher’s LSD in the case of normal distribution or with Kruskal-Wallis with post hoc Dunn’s test if data
were not normally distributed.
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competent mice with isolated fracture (Figure 7), suggesting that
mast cells contribute to compromised bone repair after trauma.

In the fracture callus on d 21, osteoclast numbers were
significantly reduced in mast cell-deficient mice with isolated
fracture and with the combined trauma compared to the
respective mast cell-competent mice (Figures 8A, D). By contrast,
osteoblast numbers did not differ between mast cell-competent and
mast cell-deficient mice of both the isolated fracture and combined
trauma groups (Figure 8B). Interestingly, in mast cell-competent
mice with an additional thoracic trauma, the number of connective
tissue type mast cells was significantly increased in the fracture
callus on d 21 (Figures 8C, E). As expected, in mast cell-deficient
mice, there were no connective tissue type mast cells detectable in
both groups (Figures 8C, E).
DISCUSSION

The present study investigated the role of mast cells in the
pathology of compromised bone fracture healing after severe
Frontiers in Immunology | www.frontiersin.org 7110111
trauma. Using mast cells-deficient Mcpt5-Cre R-DTA mice that
lack connective tissue type mast cells (31), we showed that mast
cells contribute to the increased systemic posttraumatic
inflammation after severe trauma and a dysregulated early
immune response locally at the fracture site, which results in
trauma-induced compromised bone repair. These results
implicate that mast cells could be a target for new therapeutic
strategies to improve bone repair in multiply injured patients.

Mast cells may be the first line of cellular defense after trauma
because of their high responsiveness to alarm signals generated
after injury such as complement anaphylatoxins or DAMPs, and
their release of pre-formed and de novo synthesized
inflammatory mediators (19). However, nothing is known
about their involvement in trauma-induced compromised bone
repair, which is frequently observed in multiply injured patients
(2). Thereby, we focused on the early inflammatory phase, which
is strongly affected by the additional trauma, and on the later
repair phase, which serves as a read-out for successful fracture
healing, and where mast cells were already shown to play an
important role during fracture repair (26, 29). In agreement with
A B

D

E

C

FIGURE 4 | Pulmonary inflammation in mast cell (MC)-competent and MC-deficient mice 3 and 6 h after isolated fracture (Fx) and combined fracture and thoracic
trauma (Fx + TxT). (A) Number of Ly6G+ cells (neutrophils) in the lung of MC-competent and MC-deficient mice after 3 h. (B) Number of Mcpt1+ cells (mucosal mast
cells) in the lung of MC-competent and MC-deficient mice after 6 h. (C) Representative images of hematoxylin and eosin (H&E) stained lungs of MC-competent and
MC-deficient mice. Arrowheads indicate wall thickening. Scale bar = 50 µm. (D) Representative images of lungs stained for neutrophils (Ly6G+). Arrowheads indicate
positively stained neutrophils. Scale bar = 50 µm. (E) Representative images of lungs stained for mucosal mast cells in MC-competent and MC-deficient mice after 6 h.
Arrowheads indicate positively stained mast cells (Mcpt-1+). Scale bar = 25µm. Gray boxes represent Fx mice, red boxes represent Fx + TxT mice. Data are shown as
box-and-whisker plots (with median and interquartile range) from maximum to minimum, showing all data points. ***p<0.001. The p values were determined using one-
way ANOVA with post hoc Fisher’s LSD.
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previous experimental studies (7, 11, 13, 17, 26, 39–42), the
model of combined fracture and thoracic trauma used in the
present study induced an increased systemic inflammation after
3 h in mast cell-competent mice as indicated by elevated serum
IL-6, CXCL-10, MCP-3, IL-5 and eotaxin levels. IL-6 is one of the
key cytokines of posttraumatic inflammation and its level
correlates with injury severity and mortality in trauma patients
(16, 30, 43). The chemokine CXCL-10 drives leukocyte
recruitment and activation (44), whereas IL-5 and eotaxin are
key mediators of eosinophil activation (45, 46). MCP-1 is a
chemoattractant for monocytes (47), and MCP-3 recruits
distinct leukocyte subtypes to injured tissues (48). Moreover,
the concomitant thoracic trauma induced pulmonary
inflammation, indicated by lung damage, increased
inflammatory mediators in the BAL fluids, including IL-6, IL-
5, eotaxin, MCP-3, and MCP-1, and increased neutrophil
infiltration into the lungs in mast cell-competent mice. These
findings are in agreement with previous investigations of trauma
models in mice (11, 12, 17, 35) and pigs (14). In the fracture
hematoma, the concomitant thoracic trauma significantly
reduced the levels of inflammatory mediators in mast cell-
competent mice after 3 h. Supporting our data, Horst et al.
also found lower IL-6 and IL-8 concentrations locally in the
fracture hematoma of pigs after a combined trauma compared to
an isolated fracture (42). The deficiency of critical pro-
inflammatory mediators during the early inflammatory phase
of bone repair was proposed to hamper effective mesenchymal
stem cell recruitment and, consequently, bone regeneration (49).
Fracture hematoma mediator concentrations are highly dynamic
and change rapidly after trauma (13, 42), which is why results
might differ at later observation time points. However, as a
Frontiers in Immunology | www.frontiersin.org 8111112
limitation of our study, we did not include later observation
time points during the inflammatory phase. Confirming previous
data (11, 12, 17), mast cell-competent mice of the combined
trauma group displayed compromised fracture healing at d 21 as
indicated by a reduced bone content and increased cartilage
residuals in the fracture callus. Interestingly, mast cell numbers
were significantly increased in the callus of mast cell-competent
mice after combined trauma. This further indicates a direct
pathological role of these cells in this context.

Confirming this hypothesis, our study revealed that mast cell-
deficient mice displayed a diminished systemic inflammatory
response, an altered immune response in the fracture hematoma
and uneventful bone repair after combined trauma, indicating that
mast cells might contribute to trauma-induced compromised bone
repair. Supporting our findings, others previously revealed that
mast cell-deficiency increased survival rates after acute sepsis (50).
In hemorrhagic shock, mast cell stabilization using cromolyn or
doxantrazole, respectively, improved cardiac contractility (25),
and the outcome of gut and lung injury in mice (51). Here, we
found that mast cell-deficient mice displayed reduced systemic IL-
6 and CXCL-10 levels compared to mast cell-competent mice after
combined injury. Consequently, mast cells might contribute to
posttraumatic inflammation after combined fracture and thoracic
trauma by the release of the mentioned factors. Mast cells store
considerable amounts of IL-6 and can rapidly de novo synthesize
IL-6 after activation (52, 53). In vitro, mast cells were shown to
release IL-6 in response to lipopolysaccharide stimulation (54). In
sepsis, mast cells are a critical source for IL-6, because mice with a
mast cell-specific IL-6 depletion displayed diminished survival and
bacterial clearance in a cecal ligation and puncture model (55).
Supporting our findings, systemic cytokine concentrations,
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FIGURE 5 | Local inflammation in the fracture hematoma of mast cell (MC)-competent and MC-deficient mice 3 h after isolated fracture (Fx) and combined fracture
and thoracic trauma (Fx + TxT). Hematoma (A) interleukin-6 (IL-6), (B) C-X-C motif chemokine ligand 10 (CXCL-10), (C) IL-5, (D) monocyte chemoattractant protein-
3 (MCP-3), (E) CXCL-1, and (F) MCP-1 levels. Gray boxes represent Fx mice, red boxes represent Fx + TxT mice. Data are shown as box-and-whisker plots (with
median and interquartile range) from maximum to minimum, showing all data points. *p<0.05; **p<0.01. The p values were determined using one-way ANOVA with
post hoc Fisher’s LSD in the case of normal distribution or with Kruskal-Wallis with post hoc Dunn’s test if data were not normally distributed.
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including IL-6 levels, were reduced inmast cell-deficient mice after
hemorrhagic shock and multiple organ injury was improved (21).
Furthermore, mast cell-deficient mice displayed diminished IL-6
levels and improved coronary inflammation in response to stress-
induced trauma (56). In addition, systemic inflammatory
mediator levels, including IL-6 and CXCL-10, were reduced in
mast cell-deficient mice during regular and ovariectomy-induced
compromised bone repair, indicating that mast cells contribute to
fracture-induced inflammation (26, 29). Mast cell stabilization
using cromolyn in mice improved the outcome of ischemic-
reperfusion injury associated with reduced blood IL-6 and TNF
levels (24). IL-6 is a strong inducer of the hepatic acute-phase
response (57), which is initiated after tissue injury or inflammation
(58). Interestingly, the posttraumatic liver Crp and Cxcl-1
expression was considerably reduced in mast cell-deficient mice
after combined trauma, suggesting that mast cell-released IL-6
might critically regulate the acute-phase response after trauma.
Moreover, mast cells are able to produce CXCL-10 (59), which was
recently also shown by our group in vitro and in vivo to be present
in the murine fracture callus (29). Supporting this, in vitro data
showed that mast cells release CXCL-10 upon respiratory virus
infection (60), and stimulate airway muscle cells to produce
CXCL-10 (61). Furthermore, mast cell numbers correlated with
CXCL-10 expression in asthma (62). The IL-5, MCP-3, and
Frontiers in Immunology | www.frontiersin.org 9112113
eotaxin levels were also significantly reduced in mast cell-
deficient mice after combined trauma. It was shown that mast
cells produce and release IL-5 in asthma (63), and that mast cell-
released IL-5 contributes to intestinal inflammatory disease (64).
Both Eotaxin and MCP-3 are produced by mast cells (59),
however, nothing is known about the involvement of mast cell-
released eotaxin or MCP-3 in other trauma settings. Concluding,
our results suggest that mast cell-released inflammatory mediators
contribute to trauma-induced systemic inflammation after
concomitant thoracic trauma.

In the lungs, MC-deficient mice also displayed an increased
pulmonary inflammation in response to the combined trauma,
because BAL fluid IL-6, CXCL-10 and MCP-1 levels were
elevated. Importantly, the lungs of mice contain both,
connective tissue and mucosal mast cells (65, 66). It was
previously shown, and is also supported by our findings in the
lung, that Mcpt5-Cre R-DTA mice display mucosal mast cells
(31), which might explain the increased pulmonary
inflammation observed after trauma in both groups. Moreover,
other immune cells secrete inflammatory cytokines after lung
injury, including tissue-resident macrophages and T cells (67),
and could thereby contribute to pulmonary inflammation in our
model. However, our study was limited in that we did not
investigate further immune cell populations, except
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FIGURE 6 | Biomechanical and µCT analyses from fractured femurs of mast cell (MC)-competent and MC-deficient mice 21 d after isolated fracture (Fx) and combined
fracture and thoracic trauma (Fx + TxT). (A) Bending stiffness (EI) of fractured femurs. (B) Bone volume to tissue volume (BV/TV) in the periosteal fracture callus. (C) Tissue
volume (TV) of the periosteal fracture callus. (D) Representative images from µCT three-dimensional reconstructions of the fracture area recorded at similar settings. Gray
boxes represent Fx mice, red boxes represent Fx + TxT mice. Data are shown as box-and-whisker plots (with median and interquartile range) from maximum to
minimum, showing all data points. *p<0.05. The p values were determined using one-way ANOVA with post hoc Fisher’s LSD.
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neutrophils, in the lungs of our mice. Interestingly, neutrophil
infiltration in the lung was reduced in mast cell-deficient mice
compared to mast cell competent-mice after thoracic trauma.
One possible explanation for this might be that the systemically
reduced chemokine concentrations of CXCL-10, eotaxin and
MCP-1 in mast cell-deficient mice attenuated neutrophil
recruitment from the bone marrow to the inflamed lung (68–
70). Supporting this hypothesis, liver Cxcl-1 expression was
significantly reduced in mast cell-deficient mice compared to
-competent mice after combined trauma. Alternatively, this
might indicate a special role of lung connective tissue type
mast cells for neutrophil recruitment into the lung after
thoracic trauma. Supporting this, mast cells have been
demonstrated to recruit neutrophils, for example, via CXCL-1
during tissue inflammation, or IL-1b in urticaria (71, 72).
Concluding, while mast cell-deficiency did not abolish trauma-
induced lung inflammation, it did influence it.
Frontiers in Immunology | www.frontiersin.org 10113114
In contrast to mast cell-competent fracture hematoma, the
inflammatory mediators were not reduced in mast cell-deficient
mice 3 h after combined fracture and thoracic trauma indicating
that mast cells regulate local immune responses at the fracture
site after severe injury. Only local IL-6 levels were similarly
diminished in mast cell-deficient mice upon the combined
trauma, which could be explained by the 3 h observation time
point, and the fact that IL-6 is mainly de novo synthesized by
mast cells, which takes some time (53). Mast cell-specific
knockout models could further clarify the role of distinct mast
cell-released mediators during uneventful and trauma-induced
compromised fracture healing. Furthermore, mast cells are not
the single source of IL-6 in the fracture hematoma, because, for
example, neutrophils and bone-resident osteoblasts also produce
IL-6 locally (12, 36). As a limitation of our study, we did not
investigate the immune cell composition in the early fracture
hematoma, which would provide additional insights into the
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FIGURE 7 | Histomorphometrical analysis from fractured femurs of mast cell (MC)-competent and MC-deficient mice 21 d after isolated fracture (Fx) and combined
fracture and thoracic trauma (Fx + TxT). Sections of fractured femurs were stained with Safranin O and (A) callus size, (B) relative bone area, (C) relative cartilage
area, and (D) relative fibrous tissue area were determined by histomorphometric analysis. (E) Schematic illustration of the area (red rectangle) of the fracture callus
that was illustrated in F bottom. C = cortex, G = gap, P = pin hole, PC = periosteal callus, BM = bone marrow. (F) Representative images from the periosteal fracture
callus stained with Safranin O in 1.25 x (top) and 5 x (bottom). Scale bar (top) = 500 µm; scale bar (bottom) = 200 µm. Gray boxes represent Fx mice, red boxes
represent Fx + TxT mice. Data are shown as box-and-whisker plots (with median and interquartile range) from maximum to minimum, showing all data points.
*p<0.05; **p<0.01. The p values were determined using one-way ANOVA with post-hoc Fisher’s LSD.
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interaction of mast cells and other immune cells, including
neutrophils, whose numbers are locally increased after severe
trauma (11, 17, 40). Regarding this, we previously showed that in
regular fracture healing, the neutrophil and macrophage
numbers were reduced in the hematoma of mast cell-deficient
mice (26). Nevertheless, our present data showed that a balanced
local immune response in mast cell-deficient mice resulted in
improved bone regeneration 21 days after fracture by enhancing
the fracture callus bone content. However, we did not observe
any differences in fracture callus osteoblast numbers between
mast cell-competent and -deficient mice. Therefore, the
improved healing might be a result of an accelerated cartilage-
to-bone transition, because the cartilage content was not
increased in mast cell-deficient mice with concomitant thoracic
trauma. However, limiting our study, we did not investigate an
intermediate time point covering the phase of endochondral
bone formation, nor a very late time point after fracture, which
might have completed the picture of the mechanistic role of mast
cells in trauma-induced compromised bone repair. Confirming
previous studies, osteoclast numbers did not differ between
isolated fracture and the combined trauma groups (35), but
osteoclasts were significantly reduced in mast cell-deficient mice
of both groups, thereby confirming our previous findings that
mast cells play a role in the regulation of osteoclastogenesis
during callus remodeling (26, 29). Concluding, our results
Frontiers in Immunology | www.frontiersin.org 11114115
demonstrated that trauma-induced compromised fracture
healing was abolished in mast-cell deficient mice.

In conclusion, the present study demonstrated for the first
time that mast cells are involved in the pathomechanisms of
compromised bone repair after severe trauma by regulating
posttraumatic systemic and local inflammatory reactions.
However, additional investigations are needed to elucidate the
crosstalk of mast cells and other immune cells, as well as the
underlying molecular mechanisms. Nevertheless, our results
imply that mast cells could be a target for the development of
new therapeutic strategies to improve bone repair in multiply
injured patients.
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FIGURE 8 | Cellular composition of the fracture callus of mast cell (MC)-competent and MC-deficient mice 21 d after isolated fracture (Fx) and combined fracture
and thoracic trauma (Fx + TxT). (A) Number of osteoclasts per bone perimeter (N.Oc/B.Pm), (B) number of osteoblasts per bone perimeter (N.Ob/B.Pm) and (C)
number of mast cells per mm2. (D) Representative images from an area within the periosteal fracture callus stained for TRAP. Scale bar = 100 µm. (E) Representative
images of mast cell (arrowheads) staining from an area within the periosteal callus. Scale bar = 75 µm. Gray boxes represent Fx mice, red boxes represent Fx + TxT mice,
C = cortex. Data are shown as box-and-whisker plots (with median and interquartile range) from maximum to minimum, showing all data points. *p<0.05; ***p<0.001.
The p values were determined using one-way ANOVA with post-hoc Fisher’s LSD.
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Introduction: Extensive trauma surgery evokes an immediate cellular immune response
including altered circulatory neutrophil numbers. The concurrent bone marrow (BM)
response however is currently unclear. We hypothesize that these BM changes include
(1) a relative reduction of the bone marrow neutrophil fraction and (2) increasing
heterogeneity of the bone marrow neutrophil pool due to (3) the appearance of aged/
returning neutrophils from circulation into the BM-compartment.

Materials and Methods: Eight pigs were included in a standardized extensive trauma
surgery model. Blood and bone marrow samples were collected at baseline and after 3
hours of ongoing trauma surgery. Leukocyte and subtype counts and cell surface
receptor expression levels were studied by flow cytometry.

Results: All animals survived the interventions. A significant drop in circulating neutrophil
counts from 9.3 to 3.2x106 cells/ml (P=0.001) occurred after intervention, whereas
circulatory neutrophil cell surface expression of CD11b increased. The concurrent bone
marrow response included an increase of the BM neutrophil fraction from 63 ± 3 to 71 ± 3
percent (P<0.05). Simultaneously, the BM neutrophil pool became increasingly mature with
a relative increase of a CXCR4high-neutrophil subtype that was virtually absent at baseline.

Conclusion: The current study shows a shift in composition of the BM neutrophil pool
during extensive trauma surgery that was associated with a relatively circulatory
neutropenia. More specifically, under these conditions BM neutrophils were more
mature than under homeostatic conditions and a CXCR4high-neutrophil subset became
overrepresented possibly reflecting remigration of aged neutrophils to the BM. These
findings may contribute to the development of novel interventions aimed to modify the
trauma-induced immune response in the BM.
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INTRODUCTION

Trauma and subsequent surgery induce acute systemic
inflammation and trigger activation of innate immune cells (1–3).
Extensive ongoing trauma surgery is associated with an increased
activation state of circulatory neutrophils and enhanced neutrophil
migration to the tissue (4, 5). Furthermore, a prompt decline in
circulatory neutrophil numbers upon insult has been described in
specific cases (4–7) and linked to the development of inflammatory
complications (4, 5). To maintain homeostasis of circulatory
neutrophils, compensatory mobilization of cells originating from
the bone marrow (BM) occurs. Consequently, drastic shifts in the
constitution of the blood neutrophil pool during systemic
inflammation has been reported (8, 9).

Enhancedmobilization of BM-neutrophils is considered to alter
the content of the BM immune cell pool as well. To restore bone
marrow immune reserves, enhanced hematopoiesis is mandated
(10). Granulopoiesis is, however, considered a time-consuming
process as maturation in the post-mitotic pool takes >4 days (11,
12). The compensation mechanisms in the BM and kinetics in
response to increased cell demands are poorly understood (10, 13).

Profound inflammatory conditions have further been linked
to the ´empty bone-marrow´ phenomenon (14, 15). This BM-
condition is defined as a deficit of both post-mitotic neutrophils
and their progenitors. An empty bone marrow has been reported
at least 24 hours post-insult after trauma due to a mismatch
between circulatory demand and bone marrow synthesis
capacity (14–16). In addition to liberation of neutrophils from
the bone marrow, remigration of relatively aged neutrophils
from circulation into the bone marrow compartment has also
been suggested (17, 18). The role of this phenomenon during a
decrease in circulatory neutrophils during extensive surgery has
not been studied before. To date, the exact interplay between
changes of circulatory neutrophils after an acute trauma-induced
inflammatory insult and the early bone marrow neutrophil-
response has yet to be elucidated.

The hypothesis that is tested predicts that acute trauma-evoked
depletion of systemic neutrophils is associated with altered
composition of the bone marrow neutrophil pool. Such changes
are characterized by (1) relative enhancement of the bone marrow
neutrophil fraction and (2) increasing heterogeneity of the bone
marrow neutrophil pool due to (3) the appearance of aged/
returning neutrophils from circulation into the BM-compartment.

In order to test this hypothesis, a standardized porcine trauma
model of extensive trauma surgery was utilized. The porcinemodel
was chosen as this model allows for standardization of severe
trauma and subsequent surgical interventions. Furthermore,
porcine models have superior translational properties, as pigs are
more closely related to humans in terms of their dimensions,
anatomy, genetics, physiology and immunology compared to
alternative non-primate animal models (19, 20).
MATERIALS AND METHODS

All experiments were performed in accordance with the
guidelines of the Institutional Animal Care and Use. The study
Frontiers in Immunology | www.frontiersin.org 2119120
protocol was approved by the Saarland University Hospital
Animal Care Committee.

Experimental Animals
All experiments were performed as described in the application
and Female Landrace pigs were utilized (50-60 kilograms).

Experimental Procedure
Premedication included intramuscular midazolam (1mg/kg),
ketamin (20mg/kg) and atropine (50ug/kg). Intubation was
performed following 2 minutes of pre-oxygenation with 100
percent Oxygen at 10L/min. A volume-controlled ventilation
protocol was utilized. Maintenance of anesthesia was achieved
by Isoflurane 0,25-0,50%, continuous midazolam infusion (0,6
mg/kg/hour), and sufentanil infusion (15ug/kg/hour). Ventilation
rates were guided by end tidal CO2-values and FiO2 of 0.3, Positive
end-expiratory pressure of 0cm H2O and an I:E-ratio of 1:2 was
preferred and aimed for in all animals. Frequent arterial blood gas
analyses were performed to check ventilator and metabolic status.
Antibiotics were not applied and hypothermia was prevented by
altering room temperature. In accordance with the treatment
concepts of the Definitive Surgical Trauma Care (DSTC™)-
course (21), hypovolemia was corrected by additional sodium
chloride 0.9% fluid resuscitation. Continuous arterial line blood
pressure measurements were available. All animals were exposed
to standardized extensive trauma surgery. The protocol has been
described previously (22). In short, the following injuries were
induced: liver laceration, 5 small bowel injuries, diaphragm injury,
stomach, spleen, pancreas, left kidney. Furthermore, a
thoracotomy was performed, and a cardiac injury was induced.
Additionally, the left lung was injured and treated through hilar
clamping and resection. Finally, the infrarenal inferior vena cava
and right kidney were lacerated. All standardized injuries were
treated by experienced trauma surgeons and anaesthetists and in
line with treatment concepts of the DSTC™-protocols for trauma
care (21). The sequence and execution of injury induction and
surgical care were standardized and performed according to a
standardized time-schedule. Animals were euthanized after
3 hours of ongoing surgery by pentobarbital infusion.

Sampling
Blood and bone marrow samples were obtained at baseline and
after 3 hours (immediately prior to euthanization). For blood
neutrophil analysis, 9 mL of peripheral blood were collected from
a central venous catheter in ethylenediaminetetraacetic acid
(EDTA)-anticoagulated Vacutainers at baseline and directly after
the animals were exposed to the final injury and subsequent
therapy. An ice-cold isotonic NH4CL-lysis buffer was utilized
twice for the lysis of erythrocytes and cells were washed in
between with FACS-buffer (Dulbecco phosphate buffered saline
supplemented with 2% heat inactivated fetal calf serum, 5mM
EDTA). White blood cell numbers for staining have been
standardized by the utilization of a Neubauer Chamber to
calculate the appropriate dilution factor. Antibody mixes were
added, and samples were incubated in dark conditions for 45
minutes on 4°C. Then, samples were washed twice with PBS2+
(phosphate-buffered saline with added sodium citrate [0.38% wt/
May 2022 | Volume 13 | Article 883863
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vol] and pasteurized plasma proteins [10% vol/vol; Sanquin,
Amsterdam, The Netherlands]. Following the final wash steps,
cells were fixed with BD Cellfix (BD, Mountain View, CA, USA), a
premixed fixing concentrate containing 1% formaldehyde and
0,1% sodium azide. Prior to the experiments the stability of all
antibodies was tested and validated. All fixed samples were
analyzed within 24 hours with a FACS Canto II flowcytometer
(BD, Mountain View, CA, USA). Data from individual
experiments are depicted as fluorescence intensity as the median
fluorescence intensity (MFI). A minimum of 20,000 neutrophils
per sample was analyzed. Populations not expressing the used
markers were used to set background fluorescence levels and
compensation matrixes were composed by using beads and the
automated setup system for compensation in BD FACSDiva
software version 6.1.3 (BD, Mountain View, CA, USA).

Bone marrow material was harvested in accordance with
recommendations for humans (23, 24). In short, the pig was
placed in the supine position with both legs fixed. The appropriate
extremity was prepared with antiseptic, scrubbed and draped, only
exposing the site to be sampled. A 1.5cm longitudinal skin incision
was made and bone-covering soft tissue was removed. Thereafter a
2 mm unicortical entry point was drilled with a sterile hand drill at
the anterior-medial aspect of the proximal tibial metaphysis (10cm
distal from the knee joint). Thereafter, an EDTA-coated 50
milliliter syringe with 1ml and a 25-Gauge needle were used to
aspirate BM-content from the cavity.

After collection, BM-samples were directly and simultaneously
processed with corresponding blood samples. At baseline, material
was collected from the left tibia, whereas after intervention cells were
gathered from the right tibia. In our model no extremity trauma
was applied.

Flowcytometry Analysis of Porcine
Peripheral Blood Samples
A previously validated gating strategy was applied to distinguish
between circulatory leukocyte subtypes. First, nucleated, viable
singlet leukocytes (CD45+-cells) were included (see Figures 1A–C).
Thereafter, forward/sideward scatter (FSC/SSC) profiles were
utilized to identify different leukocyte subtypes, as previously
described (25, 26). Neutrophils were identified through typical
high sideward scatter profiles as observed both in human and
porcine blood samples (25–29). Furthermore, SWC 1 negative cells
were excluded as this marker is expressed on porcine neutrophils
and not on porcine eosinophils (29). A representative example of
the gating strategy of blood leukocytes is shown in Figure 1. To
obtain leukocyte populations for determination of reference values,
monocytes as well as lymphocytes and blasts (pooled) were gated as
well. CountBright counting beads (Invitrogen, Waltham,
Massachusetts, USA) were utilized to count and compare absolute
cell numbers over time.

Determination of Bone Marrow Leukocyte
Subtypes and the Neutrophil Fraction
The bone marrow neutrophil fraction was defined as the proportion
of marrow immune cells (CD45+) belonging to the neutrophil
category, which was determined with flow studies (27–29).
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More specifically, bone marrow immune cells were identified by a
multistep gating protocol. A representative example of this gating
strategy is shown in Figure 2. First, vital BM-CD45+-cells
were selected, and debris and doublets were excluded (see
Figures 2A–C). Thereafter, a SSC/CD45 gate was used to
select bone marrow granulocytes (see Figure 2D). Basophils were
gated out based on their lower SSC signal. This is an established
gating strategy for both porcine and human bone marrow analysis
(27–29). Thereafter, SWC 1-positive cells were selected as this
marker is exclusively expressed on porcine neutrophils and not
on eosinophils (see Figure 2E) (29). This gating strategy has been
validated by co-expression analysis of different leukocyte subtypes.
Furthermore, validation experiments including cell sorting studies
with morphologic analysis demonstrated a neutrophil purity over
99%. The BM-neutrophil fraction was determined by calculating the
percentage of BM-neutrophils among all BM-immune cells.

Monoclonal Antibodies and Flow
Cytometry Measurements
For the flow cytometry analysis of neutrophil receptor
expression, the following commercially available anti-pig
monoclonal antibodies were obtained and when indicated
conjugated by validated and commercially available antibody
conjugation kits: SWC 1 (clone K263.3d7, Novus Biol,
Centennial, Colorado, USA), SWC 3 (clone 74-22-15, Accurate
Chemical, Westbury, New York, USA), SWC 8 (MIL-1, Abd
Serotec, Kidlington, UK), CD11b (clone 2F4/11, Abd Serotec,
Kidlington, UK), CD16 (clone G7, Abd Serotec, Kidlington, UK),
CD29 (clone NaM160-1A3, BD, Mountain View, CA, USA),
CD45 (clone K252.1E4, Abd Serotec, Kidlington, UK), CD45Ra
(clone MIL-13, GenWay Biotech, San Diego, CA, USA), CD49D
(clone L25, BD, Mountain View, CA, USA), CD184 (clone H-
118, Santa Cruz Biotechnol, Santa Cruz, CA, USA). Lightning
Link conjugation kits (Novus Biol, Centennial, Colorado, USA).
A viability staining Vivid (Invitrogen, Waltham, USA) was
added to exclude dead cells.

Data Analysis and Statistics
Data was analyzed using software programs SPSS version 21.0
(SPSS Inc., Chicago, IL, USA), GraphPad Prism 8.0 (GraphPad
Software Inc., La Jolla, CA, USA) and FlowJo Version 10 (De Novo
Software, Glendale, CA, USA). Results were expressed as means
(SEM) unless otherwise mentioned. For comparisons, Student’s T-
tests, Paired T-testing or Mann Whitney U-tests were applied as
appropriate. Equality of variance was tested using Lavene’s test. A
p-value < 0.05 was considered statistically significant.
RESULTS

All subjects survived the interventions, and respiratory
complications were not diagnosed. Bone marrow sampling was
not successful in one experimental animal and, therefore, bone
marrow analysis was not performed on cells from this animal. All
other samples provided sufficient material for analysis.
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A B
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FIGURE 1 | Stepwise neutrophil gating protocol as utilized for identification of circulatory leukocyte subtypes and neutrophils. (A) Selection of CD45 positive cells
and thereby the exclusion of debris and non-immune cells. (B) Exclusion of doublets. (C) Life/death-stain and selection of viable immune cells. (D) Identification of
different leukocyte subtypes and subsequent selection of granulocytes using FSC/SSC-plots. (E) Selection of SWC 1+ cells, and thereby exclusion of eosinophils.
SSC, sideward scatter signal; FSC, forward scatter signal.
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FIGURE 2 | Stepwise neutrophil gating protocol as utilized for identification of the bone marrow neutrophil fraction. (A) Selection of CD45 positive cells and thereby
the exclusion of debris and non-immune cells. (B) Exclusion of doublets. (C) Life/death-stain and selection of viable immune cells. (D) Identification of different
leukocyte subtypes and subsequent selection of granulocytes (of note: basophils are not included in the granulocyte gate due to distinct side scatter signal).
(E) Selection of SWC 1+ cells, and thereby exclusion of potential contamination by eosinophils. SSC, sideward scatter signal; FSC, forward scatter signal.
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Decreased Circulatory Leukocyte
Numbers and Altered Relative
Presence of Leukocyte Subtypes
Following Extensive Trauma Surgery
As shown in Figure 3 extensive trauma-surgery is associated
with a marked and statistically significant drop in leukocyte
numbers in peripheral blood. At baseline ameanwhite blood cell
count of 21.3 ± 1.7 x106 cells/ml was measured, and after
intervention leukocyte numbers reduced to 9.6 ± 1.6 x106 cells/
ml (P<0.001). The identification of specific white blood cell
subtypes is displayed in Figure 1. Absolute lymphocyte and
neutrophil numbers both dropped significantly over time from
10.3 to 5.9 x106 cells/ml (P=0.01), and 9.3 to 3.2 x106 cells/ml
(P=0.001), respectively. The monocyte population decreased
from 1.7 to 0.5 x106 cells/ml (P=0.01; see Figure 3). The mean
percentage of blood neutrophils as part of all leukocytes
decreased from 43% to 33% (P=0.07), whereas the percentage
Frontiers in Immunology | www.frontiersin.org 6123124
of blood lymphocytes increased significantly (P=0.02). This
shows that extensive trauma surgery causes a shift in the
constitution of the blood leukocyte pools characterized by
decreased numbers of circulating immune cells and
diminished neutrophil presence.
Increase of the Bone Marrow Neutrophil
Fraction During Trauma was Associated
With a Relative Circulatory Neutropenia
The composition of the bone marrow neutrophil fraction changed
strikingly after extensive trauma surgery. Porcine bone marrow
neutrophils have been identified according to a multistep gating
protocol as described in Figure 2. The neutrophil bone marrow
fraction increased in 6 out of 7 experimental animals upon insult.
Under homeostatic conditions, 63 ± 3 percent of CD45+ nucleated
bone marrow cells were identified as neutrophils. However,
A B

C

FIGURE 3 | Systemic leukocyte alterations after trauma surgery. (A) Difference in white blood cell count between both conditions (baseline vs. termination). Relative
(B) and absolute (C) differences in lymphocyte, monocyte and neutrophil numbers between baseline and termination, reflecting shifts in leukocyte fractions after
trauma surgery. S/FSC, sideward/forward scatter signal; N, neutrophils; M, monocytes; L, lymphocytes *P < 0.05, **P < 0.01, ***P < 0.001. Baseline samples were
taken prior to intervention and termination sampling was performed directly after the final procedure.
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FIGURE 4 | Difference in the bone marrow neutrophil fraction between baseline and termination. The BM-neutrophil pool/fraction has been identified as
described in Figure 2.
A B

C

FIGURE 5 | Cell surface expression on circulating and bone marrow neutrophils at baseline and after extensive surgery. (A) BM-maturation markers, (B) activation
markers, (C) BM retention receptors. Black bars represent bone marrow samples, white bars represent blood samples. Baseline samples were taken prior to
intervention and termination sampling was performed directly after the final procedure. Data are presented as mean ± SEM, MFI, median fluorescence intensity in
arbitrary units. *P < 0.05; **P < 0.01; ****P < 0.001.
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following extensive surgery, this percentage increased up to 71 ± 3
percent (P<0.05, Figure 4).
Dynamics in Expression of Cell Surface
Receptors Reflect an Instantaneous Shift
of Neutrophil Populations From Blood to
Bone Marrow After Trauma Surgery
Next to a change in cell numbers of circulatory and bone
marrow neutrophils, receptor expression profi les of
neutrophils in both compartments changed as well. Changes
were homogeneous across the different experimental animals
as described in detail hereafter. Relevant receptors involved in
porcine neutrophil maturation (Figure 5A), activation
(Figure 5B) and bone marrow retention and homing
(Figure 5C) were analyzed, using the previously described
gating strategy (Figure 1) (blood samples) and 2 (bone
marrow samples).

At baseline, the population of peripheral blood neutrophils
had significantly higher neutrophil surface expression levels of
both SWC 3 (P<0.01) and CD16 (P<0.01) compared with bone
marrow neutrophils. After trauma, a statistically significant
increase of both neutrophil SWC 3 (P<0.001) and CD16
(P<0.001) expression was found on circulatory neutrophils,
whereas a less prominent increase of SWC 3 (statistically non-
Frontiers in Immunology | www.frontiersin.org 8125126
significant) and CD16-expression levels (P<0.05) was measured
on BM-cells. As anticipated, levels of cell surface expression of
CD29 (integrin b1-chain) were significantly higher on bone
marrow neutrophils than on circulatory neutrophils. No
differences were seen between homeostatic and post-insult
conditions (Figure 5A).

As shown in Figure 5B, no statistically significant differences
in cell surface expression levels of activation marker CD11b were
seen between neutrophils from blood and BM. After extensive
surgery, CD11b-expression on circulatory neutrophils
significantly increased after insult (P<0.05).

In addition, in homeostasis expression levels of CD184
(CXCR4) and CD49d (VLA4) involved in neutrophil
retention in the bone marrow were statistically significantly
lower on circulatory neutrophils compared to bone marrow
(P<0.001 and P<0.05, respectively). Following intervention, cell
surface expression levels of CD184 (P<0.05) and CD49d
(P<0.001) rose on bone marrow neutrophils. CD49d-
expression on systemic neutrophils did not change after
insult, whereas CD184-expression on circulatory neutrophils
increased significantly (P<0.01) and VLA-4 on bone marrow
neutrophils increased significantly after intervention. Cell
surface receptor expression levels of CD49d and CXCR4 on
blood and bone marrow neutrophils under different conditions
are shown in Figure 5C.
A B

C

FIGURE 6 | Gating protocol for the identification of BM-neutrophil subsets after intervention. Initial gating steps have been displayed in Figure 2. (A, B)
Representative example of FACS analysis of porcine bone marrow samples after intervention. (C) Histograms showing regular neutrophils (BM-Neu1, black line),
novel FSChigh neutrophils (BM-Neu2, grey line) and reference blood neutrophils at termination (grey filled curve). MFI, median fluorescence intensity.
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Increased Heterogeneity of the Bone
Marrow Neutrophil Pool and
Overrepresentation of an FCShigh/
CXCR4high-Neutrophil Subset Upon
Extensive Porcine Trauma Surgery
As described previously, extensive trauma surgery is associated with
striking changes in the cell-surface receptor expression profiles of
the BM neutrophil pool (Figures 5A–C). Furthermore, the amount
of variability of cell surface expression levels of relevant markers
(Figures 5A–C) on BM neutrophils also increased after
intervention, (Figures 5A–C), reflecting increased heterogeneity
of the bone marrow neutrophil population after trauma.

Additionally, overrepresentation of a specific neutrophil subset
of FSChigh-neutrophils (BM-Neu2) after insult was demonstrated
(Figures 6A, B). Forward and side scatter density plots of CD45+/
SSChigh/SWC 1+- cells (neutrophils) allow for identifying this
specific subset (see Figure 6B). Under homeostatic conditions this
subset (BM-Neu2) is virtually absent in bone marrow and
represents 2.7 ± 0.2 percent of bone marrow neutrophils.
However, after extensive trauma surgery, BM2-Neu-cells comprise
9.2 ± 1.0 percent of BM-neutrophils (Figure 6B). The relative
increase of the size of the BM-Neu2 population as fraction of all
BM-neutrophils after trauma was statistically significant (P<0.001).
BM2-Neu cells were further characterized by a statistically
significant higher co-expression of CXCR4/CD184 (P<0.01). A
representative example of a histogram of CXCR4 expression on
BM-Neu1 (regular neutrophils in BM), BM-Neu2 and a
corresponding blood sample is displayed in Figure 6C. Table 1
provides an overview of additional co-expression receptor analyses
of both neutrophil subsets.
DISCUSSION

The key findings of the current study can be summarized
as follows:

1. Extensive trauma-surgery in a standardized setting in pigs is
associated with a prompt (<3hrs) decrease in circulating
leukocyte numbers, including neutrophils.
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2. Extensive trauma-surgery is associated with shifts in the
composition of the bone marrow immune cell pools with an
instantaneous relative increase of the BM-neutrophil fraction
and an increased expression of neutrophil maturation markers
on bone marrow neutrophils.

3. The post-traumatic BM-neutrophil pool is characterized by
increased heterogeneity and overrepresentation of a unique
CXCR4high neutrophil subset.

Our study provides essential novel insights into the early cellular
immune response to severe trauma surgery within the BM
compartment. In line with other studies on extensive trauma
surgery, an early increase of activation status (e.g. enhanced
neutrophil CD11b/Mac-1 expression) and a systemic neutropenia
were demonstrated following insult (30).

It has previously been demonstrated in clinical studies on
surgical patients that aberrant circulatory neutrophil/leukocyte
numbers after insult are linked to impaired clinical outcome (4,
5, 31–35). Both situations of early decreased circulatory neutrophil
numbers (4, 5, 31) as reported in the current study, but also
situations of early elevated systemic immune cell numbers (32–35),
are associated with inferior clinical outcome. These observations
imply that specific patterns of (divergent) circulatory neutrophil
kinetics, with either reduced or increased cell numbers, may
represent an abnormal cellular immune response. A large
number of neutrophils and their progenitors are present in the
bone marrow under tight control of their production,
differentiation and eventually mobilization (8–10, 17). Therefore,
it is key to understand the interplay between the bone marrow,
peripheral blood and distant tissues. To our knowledge this is the
first study that has investigated the bone marrow’s response to
extensive trauma surgery and the related relative circulatory
neutropenia in a controlled setting. Interestingly, and in contrast
to the consensus (13, 14, 16), in the current study a relative increase
of the BM-neutrophil fraction upon extensive surgical intervention
was demonstrated, rather than depletion of the neutrophil bone
marrow population (13, 14, 16).

The production and differentiation of granulocytes
(granulopoiesis) mainly takes place in the bone marrow.
Granulocytes and precursors make up 60% of BM-leukocytes
(12). It is estimated that bone marrow produces approximately
0.5-1.0x 1011 neutrophils a day and that there are approximately
50-100 times more neutrophils in the bone marrow than in
circulation (12, 36), but these issues are under current debate
(37, 38). The bone marrow neutrophil population comprises of
cells at different developmental stages. Three specific pools can be
distinguished: the stem cell pool with self-renewal cell divisions,
the mitotic pool (which includes cells (myeloblasts, (pro)
myelocytes) that differentiate during proliferation) and the post-
mitotic pool (with non-proliferating but maturing cells). The post-
mitotic pool includes differentiated neutrophils (metamyelocytes,
banded andmature cells) and forms a large bonemarrow pool (39,
40). Mature neutrophils are released into circulation. After
mobilization, neutrophils stay in circulation and may migrate
into the tissue compartment before cells return to the bone
marrow or other poorly defined tissue sites (17, 41). Under
TABLE 1 | Comparison of receptor co-expression profiles of BM-Neu1 and BM-
Neu2 cells.

BM-Neu1 (MFI) BM-Neu2 (MFI) P-value

SWC3 457 ± 68 356 ± 52 0.20

SWC8 2376 ± 205 2236 ± 806 0.07

FcgRIII/CD16 298 ± 45 385 ± 34 0.16

ITGB-1/CD29 1430 ± 164 902 ± 313 0.31

Mac-1/CD11b 859 ± 130 706 ± 70 0.52

VLA-4/CD49d 8497 ± 940 9777 ± 1156 0.70

CXCR4/CD184 5683 ± 530 14052 ± 1668 0.0074
Values in bold indicate statistically significant result. Data are presented as mean ± SEM.
MFI, median fluorescence intensity in arbitrary units.
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homeostatic conditions systemic neutrophil numbers remain
constant due to a balance in production, compartmentalization,
and cell death. However, in the case of acute systemic
inflammation, neutrophil numbers in different compartments
shift markedly (1–5, 42). Our research group has previously
shown early neutropenia in a study on experimental extreme
trauma surgery in pigs (22), which was reproduced in this study.
Interestingly, these novel experiments reveal a simultaneous
increase of the bone marrow neutrophil fraction. This is in
contrast with several human studies in which the occurrence of
an ´empty bone marrow phenomenon´ upon extensive surgery
has been suggested (13, 14, 16). In these latter studies a marked
decrease of the bone marrow neutrophil pool was seen after insult.
This bone marrow neutropenia was explained by a putative
exhaustion BM cell production. The differences between our
results and these findings may partly be explained by differences
in the timing of the different investigations. The current
experiment focuses on the acute response to extensive surgery
(first 3 hours) only, whereas other studies focus on later time-
points (> 24 hours) (13, 14, 16). A similar early relative
neutropenia followed by later neutrophilia has been described in
a model of human experimental endotoxemia (43).

Besides affecting neutrophil numbers, extensive trauma
surgery also led to profound changes in the characteristics of
both blood and BM neutrophils. Upon intervention, circulatory
neutrophil CD11b expression almost doubled. Similar effects
have been described in severe trauma and reflect the marked
effect of our extensive surgical model on systemic immune
homeostasis (30, 44). In parallel to the relative neutrophilia of
the bone marrow, characteristics of the BM-pool, determined by
analysis of neutrophil surface expression profiles, changed as well
after insult.

More specifically, cell surface expression levels of CD11b,
CD16, CD184, SWC 8 on BM-neutrophils increased significantly
after trauma-surgery. In addition, a non-statistically significant
trend towards increased SWC 3 expression was observed as well
after intervention. CD11b, CD16, CD184, SWC 3 and SWC 8
have been identified as maturation markers for bone marrow
neutrophils, whose expression levels on neutrophils rise during
maturation (29, 29, 45). Therefore, the findings from our study
indicate increased overall maturation of the bone marrow
neutrophil population (29, 46). Increased expression of CD184
on blood neutrophils after trauma may be secondary due to
massive selective tissue migration of young cells under extreme
inflammatory conditions. Alternatively, blood may function as a
transport medium for tissue neutrophil returning back to the
bone marrow. Of note, increased CD11b-expression on BM-
neutrophils is most likely mainly due to increased cell activation
(30, 44), rather than due to more progressed maturation.
Increased bone marrow maturation after surgery can be
explained by four processes that are not mutually exclusive:

Firstly, an increase in older neutrophils in the bone marrow
might be caused by selective release of young cells into the
circulation. This hypothesis is supported by the massive release
of banded neutrophils in the first hours after severe trauma
(22, 43).
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Secondly, selective acceleration of processes of neutrophil
proliferation, differentiation and maturation may occur upon
extreme conditions; a situation generally coined as emergency
granulopoiesis (47, 48). There are, however, no published
studies supporting this phenomenon in trauma patients. Also,
such emergency granulopoiesis after trauma would result in
more immature, rather than aged neutrophils (47, 48). Thirdly,
bone marrow neutrophil apoptosis may be affected or
postponed after extensive trauma. As mentioned before, aged,
but not necessarily apoptotic neutrophils are thought to be
cleared in the bone marrow (17, 41). While bone marrow is
thought to be involved in clearance of neutrophils, it is also
known for its capacity to optimize cell survival by specific BM
survival factors (49, 50). In cases of extensive trauma,
regulation of cell survival in the bone marrow compartment
may differ from regular conditions.

Lastly, enhanced selective influx of aged neutrophils into the
bone marrow compartment may occur after trauma. Bone
marrow homing of aged but not apoptotic neutrophils in
murine models is thought to be a CXCR4 (CD184)-
dependent process as cells can respond to stromal derived
factor (SDF)-1alpha/CXCL12, the ligand for CXCR4 (45, 51).
The bone marrow compartment constitutively expresses SDF-
1alpha/CXCL12, and the BM is considered as the preferred
homing compartment of CXCR4high-cells (18, 45). As such,
increased BM accumulation of aged neutrophils, which have
been trafficking back from circulation after extensive trauma
surgery likely contribute to overall aging of the BM neutrophil
population. Additionally, the current study is the first to
describe prominent increase of a specific CXCR4high-
neutrophil subset (termed BM-Neu2) in bone marrow after
trauma. This increased population likely reflects returning
neutrophils from circulation and has previously been
described in non-trauma conditions as well (51, 52). The role
and capacities of this subset are currently unclear.
Limitations
Humoral factors upon standardized porcine trauma have been
described in detail before and were not analyzed in the current
study (53, 54). According to literature, systemic leukocyte
neutrophil numbers in pigs range between 10 and 22 x109/L
and are higher than in humans (55). Baseline leukocyte
numbers in the current study were within ranges as described
in literature. Therefore, we do not believe that stress-induced
neutrophilia due to transportation or handling of the pigs
played a relevant role (56). Furthermore, as neutrophil
subsets were identified after interpretation of the experiments,
we were not able to perform in vitro studies on the novel BM-
subset. For the current study we decided to utilize female
subjects only. This should be considered when extrapolating
of our findings to male trauma. Female animals were utilized as
relevant hormonal fluctuations were unlikely to affect outcome
in an extensive trauma study with a short observation period.
Furthermore, it has been shown before in multiple species that
utilization of female animals is not associated with increased
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variability of findings (57, 58). Moreover, housing of female
animals is less challenging as they do not engage in hierarchy
fights and female animals are easier to handle in the pre-
operative phase than males. As a consequence, stress/cortisol-
induced `baseline` alterations and subsequent increased
variability were prevented (59, 60).
CONCLUSION

This study describes the early bone marrow response to extensive
trauma surgery in a controlled setting. The current study shows
for the first time that during trauma-induced neutropenia, a
parallel increase in neutrophil numbers in the bone marrow
occurs. This shift is characterized by relative enrichment of the
bone marrow neutrophil fraction, increased maturation-status of
the bone marrow neutrophils, and an increased number of a
specific CXCR4high-neutrophil subset in the bone marrow.
This study also reveals that in pre-lethal trauma, aberrant
neutrophil responses in blood and bone marrow go hand in
hand. Hence, in order to design future immunomodulatory
interventions for critically ill trauma patients it is important
to acquire a better understanding of the pre-lethal bone marrow
response. The porcine model is suitable to perform further
studies on this issue and may also be utilized to perform
future proof-of-principle interventions for pre-lethal trauma
situations interventions.
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Dependent Type 17 Immune
Interactions in Experimental
Trauma/Hemorrhagic Shock
and Resuscitation Using
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Ashti M. Shah1‡, Ruben Zamora1,2‡, Sebastian Korff1†‡, Derek Barclay1, Jinling Yin1,
Fayten El-Dehaibi1, Timothy R. Billiar1§ and Yoram Vodovotz1,2,3*§

1 Department of Surgery, University of Pittsburgh, Pittsburgh, PA, United States, 2 Center for Inflammation and Regeneration
Modeling, McGowan Institute for Regenerative Medicine, Pittsburgh, PA, United States, 3 Center for Systems Immunology,
University of Pittsburgh, Pittsburgh, PA, United States

Trauma/hemorrhagic shock followed by resuscitation (T/HS-R) results in multi-system
inflammation and organ dysfunction, in part driven by binding of damage-associated
molecular pattern molecules to Toll-like Receptor 4 (TLR4). We carried out experimental T/
HS-R (pseudo-fracture plus 2 h of shock followed by 0-22 h of resuscitation) in C57BL/6
(wild type [WT]) and TLR4-null (TLR4-/-) mice, and then defined the dynamics of 20
protein-level inflammatory mediators in the heart, gut, lung, liver, spleen, kidney, and
systemic circulation. Cross-correlation and Principal Component Analysis (PCA) on data
from the 7 tissues sampled suggested that TLR4-/- samples express multiple inflammatory
mediators in a small subset of tissue compartments as compared to the WT samples, in
which many inflammatory mediators were localized non-specifically to nearly all
compartments. We and others have previously defined a central role for type 17
immune cells in human trauma. Accordingly, correlations between IL-17A and GM-CSF
(indicative of pathogenic Th17 cells); between IL-17A and IL-10 (indicative of non-
pathogenic Th17 cells); and IL-17A and TNF (indicative of memory/effector T cells) were
assessed across all tissues studied. In both WT and TLR4-/- mice, positive correlations
were observed between IL-17A and GM-CSF, IL-10, and TNF in the kidney and gut. In
contrast, the variable and dynamic presence of both pathogenic and non-pathogenic
Th17 cells was inferred in the systemic circulation of TLR4-/- mice over time, suggesting a
role for TLR4 in efflux of these cells into peripheral tissues. Hypergraph analysis – used to
define dynamic, cross compartment networks – in concert with PCA-suggested that IL-
17A was present persistently in all tissues at all sampled time points except for its absence
in the plasma at 0.5h in the WT group, supporting the hypothesis that T/HS-R induces
efflux of Th17 cells from the circulation and into specific tissues. These analyses suggest a
complex, context-specific role for TLR4 and type 17 immunity following T/HS-R.
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Shah et al. Cross-tissue Inflammation in Trauma/Hemorrhage
INTRODUCTION

Trauma, which often co-occurs with severe hemorrhage (1), is
one of the leading causes of death and disability worldwide (2).
Patients that survive their initial injuries and hypovolemic shock
often undergo organ dysfunction that is associated with, and
likely driven by, multi-focal inflammation (3, 4). In the context of
human trauma, it is often difficult to discern the dynamic flow of
inflammation across tissues and organs, with the systemic
circulation being the main compartment that is amenable to
interrogation. Despite this limitation, an extensive body of
literature has documented the impact of trauma/hemorrhage
on immune cells (5, 6), inflammatory mediators (7–9), and a
large array of cell-derived proteins and metabolites (10, 11) in the
systemic circulation. Among a multitude of findings, these
studies have suggested a potential role for type 17 immune
responses following traumatic injury (7, 12, 13).

A key, unanswered question remains that of how trauma/
hemorrhage impact immuno-inflammatory responses in various
organs and the systemic circulation. We have recently begun to
address this question in the simpler context of experimental
endotoxemia in mice, utilizing computational methods aimed at
defining the temporal hierarchy of the cross-tissue progression of
inflammation, dynamic networks of inflammation, and the
hallmarks of pathological systemic spillover of inflammation (14,
15). These studies also implicated type 17 immune responses in
the spatiotemporal elaboration of inflammation (15).

The inflammatory response to both traumatic injury and
sepsis/endotoxemia involves Toll-like receptor-4 (TLR4). In the
context of sepsis, TLR4 transduces signals from pathogen-derived
molecular pattern (PAMP) molecules such as endotoxin/
lipopolysaccharide (LPS) (16), whereas in the setting of trauma
TLR4mediates signals from damage-associated molecular pattern
(DAMP) molecules such as high-mobility group box-1 (HMGB1)
(17). Our prior studies on modeling the spatiotemporal dynamics
of LPS-induced inflammation suggested distinct, tissue- and
time-specific differences in wild type (WT) C57BL/6 mice as
compared to TLR4-deficient (TLR4-/-) mice (14, 15).

In the present study, our goal was to interrogate the
spatiotemporal dynamics of inflammation in the context of
experimental trauma/hemorrhagic shock, and the impact of
resuscitation on these dynamics. We also sought to define the
impact of TLR4 deficiency. Our prior data-driven modeling
studies in both experimental (18) and clinical (12, 19–21)
settings of trauma/hemorrhage leveraged Principal Component
Analysis (PCA) (7, 18, 22), cross-correlation analysis (14), and
dynamic network discovery algorithms (4, 8, 15). Here, we
utilized PCA along with an emerging multi-dimensional
network analysis approach known as hypergraphs (23–26) to
define novel DAMP/TLR interactions.
MATERIALS AND METHODS

Experimental Model of T/HS-R in Mice
All procedures involving animals complied with the regulations
regarding the care and use of experimental animals published by
Frontiers in Immunology | www.frontiersin.org 2132133
the National Institutes of Health and were approved by the
Institutional Animal Care and Use Committee of the University
of Pittsburgh. Male TLR4+/+ C57BL/6 mice were purchased from
Jackson Laboratory (Bar Harbor, ME, USA). TLR4-null (TLR4-/-)
mice were bred at the University of Pittsburgh animal facility on a
C57BL/6 background (27). Animals were allowed access to rodent
chow and water ad libitum and used at the age of 8-12 weeks. Both
wild type (WT) and TLR4-/- mice were randomly assigned to one
of three experimental groups: Control (animals were sacrificed
directly after anesthesia to obtain physiological baseline levels,
n=4-5), HS (animals were subjected to pseudo-fracture followed
by pressure controlled hemorrhagic shock, n=4), and HS/R
(animals were subjected to pseudo-fracture and hemorrhagic
shock followed by 30 min, 1h, 4h, and 22h resuscitation, n=4
each), as previously described (28). At different time-points, the
animals were anesthetized with isoflurane (0.25-2% as needed),
cardiac puncture was performed, blood was collected into
heparinized tubes, and then centrifuged to obtain plasma; the
mice were then euthanized by cervical dislocation while under
anesthesia. Mice were then perfused with ice-cold PBS followed by
RNALater™ (Thermo Fisher Scientific, Waltham, MA), which we
have previously shown to be a preservation method compatible
with Luminex™ analysis and equivalent to flash-freezing in liquid
nitrogen (29). A small section (approx. 100 mg) of each tissue
(liver [left lobe], heart, gut [terminal ileum], lung [left lobe],
spleen, and kidney [left]) was collected and stored at -80°C until
analysis. Total protein isolation and determination was done as
described previously (30).

Assay of Inflammatory Mediators
Mouse inflammatory mediators were measured using a
Luminex™ 100 IS apparatus (Luminex, Austin, TX) and the
20-plex mouse cytokine bead kit (MCYTO-70K-20, Millipore,
Burlington, MA) as per manufacturer’s specifications. The
antibody bead kit included: Granulocyte-Macrophage Colony-
Stimulating Factor (GM-CSF), Interferon-g (IFN-g), Interleukin
(IL)-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-12p70,
IL-13, IL-17A, Interferon-g-inducible Protein 10 (IP-10/
CXCL10), Keratinocyte-derived Cytokine (KC/CXCL1),
Monocyte Chemoattractant Protein-1 (MCP-1/CCL2),
Monokine induced by Interferon-g (MIG/CXCL9) ,
Macrophage Inflammatory Protein-1a (MIP-1a/CCL3),
Tumor Necrosis Factor-a (TNF), and Vascular Endothelial
Growth Factor (VEGF). The final mediator concentrations are
expressed in pg/ml for plasma samples, and in pg/mg total
protein for tissue samples. Experimental data are presented as
mean ± SEM.

Statistical and Computational Analyses
Two-Way Analysis of Variance (ANOVA) was carried out to
analyze the time-dependent changes in inflammatory mediators
in C57BL/6 (wild type, WT) vs. TLR4-/- mice in all organs as well
as in plasma, using SigmaPlot (Systat Software, San Jose, CA).

Heatmaps and Spearman’s correlation carried out to measure
the strength of the association between the Luminex™ data for
two different mediators were generated using MetaboAnalyst
(https://www.metaboanalyst.ca) (31, 32).
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Principal component analysis (PCA) was carried out to
identify the inflammatory mediators that contributed the most
to the overall variance of the response in all organs as well as in
plasma of both wild type and TLR4-/- mice with and without HS
and HS/R as described above. The algorithm employed was
implemented using MATLAB® software (The MathWorks,
Inc., Natick, MA) and has been reported previously (18).

Hypergraphs are a computational tool to model how
inflammatory mediators move between tissues across time.
This form of network analysis can be used to represent edges
that connect two or more vertices (23–26). Here, we created a set
of hypergraphs to model the inflammatory mediators sampled in
the WT and TLR4-/- experimental groups described above. We
designated inflammatory mediators as edges and tissue
compartments as nodes. As such, we utilized the following
nodes/tissue compartments: liver, spleen, gut, lung, kidney,
heart, and plasma. A hypergraph was created for each time
point at which a tissue sample was drawn (CTRL, HS, HS/R at
0.5h, 1h, 4h, and 22h). An edge is drawn around one or more
nodes when the concentration of the cytokine in the tissue/
plasma is > 0. The resultant hypergraphs depict which
inflammatory mediators are located within a given set of
tissues at specific time point. Hypergraphs were created using
the open-source package HyperNetX (https://github.com/pnnl/
HyperNetX) (33).

To add quantitative analysis to the hypergraph visualizations,
we utilized s-betweenness centrality and edge distribution to
characterize network complexity. S-betweenness centrality is a
measure of the number of times an edge lies on the shortest path
between other edges. In essence, s-betweenness centrality is a
measure of the extent to which an edge, or inflammatory
mediator, acts as a bridge between nodes, or tissue
compartments. Here, we focused on 1-betweenness centrality
which captures edges that connect one or more nodes. The
second quantitative metric used was edge distribution, which
simply tallies the number of edges that surround 1, 2, and 3
nodes, respectively. Such a metric quantifies the extent to which
inflammatory mediators are grossly disseminated throughout
the body.
RESULTS

Differential Dynamic Expression of
Inflammatory Mediators in Multiple
Tissues of WT vs. TLR4-/- Mice
We first performed Spearman Rank correlation analysis using all
experimental data of WT vs. TLR4-/- mice to visualize differences
between WT and TLR4-/- mice at baseline (Control), in response
to hemorrhagic shock, and following resuscitation. This analysis
suggested a generally more robust inflammatory response in WT
as compared to TLR4-/- mice (Figure 1A). To compare
inflammatory profiles of WT vs. TLR4-/-mice for the three
experimental conditions (Ctrl, HS, and HS/R), we generated 3
individual heatmaps using the average concentration values for
each mediator in each group (Figure 1B). This analysis suggested
Frontiers in Immunology | www.frontiersin.org 3133134
that 1) the main tissues in which inflammation evolved following
T/HS-R in both WT and TLR4-/- were the gut > kidney > liver >
lung, and, to a lesser degree, the systemic circulation; 2) that in
both WT and TLR4-/- mice HS resulted in a major impact on the
gut, which persisted in WT mice following resuscitation but that
was greatly reduced in TLR4-/- mice; and 3) that baseline
inflammatory responses in the kidney were reduced following
hemorrhage and further reduced following resuscitation in WT
mice, while decreasing following hemorrhage but rising
substantially following resuscitation in TLR4-/- mice. This
analysis pointed to a complex, context-specific role for TLR4
following T-HS/R.

To determine the impact TLR4 status over time, we next
carried out Two-Way ANOVA (Supplementary Figure 1).
Comparison of time-courses (wild type vs. TLR4-/-) showed
statistically significant changes in several inflammatory
mediators (n) as follows: spleen (n=7 [GM-CSF, IL-1a, IL-5,
IL-10, IP-10, KC, MIG]), kidney (n=6 [IL-1a, IL-4, IL-5, IL-
12p70, KC, MIP-1a]), plasma (n=5 [KC, MCP-1, MIG, MIP-1a,
TNFa]), heart (GM-CSF), liver (KC), lung (IL-4), and gut (IL-
10). Notably, the absence of TLR4 was not associated simply with
reduced levels of inflammatory mediators; rather, we observed
complex dynamics in which certain mediators were higher in
WT or in TLR4-/- mice in certain tissues at certain time points
(Supplementary Figure 1).

Hypergraph Analysis Defines Distinct
Multi-Organ Inflammation in WT vs.
TLR4-/- Mice
We have reported previously that the expression of TLR4
impacts dynamic networks of inflammation induced by LPS in
mice (14, 15). We therefore hypothesized that the expression of
TLR4 impacts the cross-compartment spread of inflammation,
and thus compared the dynamic evolution of inflammation in
WT and TLR4-/- mice following T/HS-R. While dynamic
network inference algorithms such as Dynamic Network
Analysis (18) and Dynamic Bayesian Network (DyBN)
inference (20) have both proven useful in identifying novel
features of systemic inflammation following trauma/
hemorrhage, as well as for defining cross-tissue interactions in
other context of inflammation (34), these methods are not
designed explicitly for multi-dimensional analysis. Emerging
hypergraph methods (23–26) hold the potential for this type of
analysis, and therefore we carried out a hypergraph analysis of
the multi-tissue dataset at each time point (Figures 2–7). Prior to
injury, despite overall low levels of inflammatory mediators in
general, WT mice (Figure 2A) expressed a variety of cytokines
and chemokines in fewer organs with more mediators present in
the systemic circulation vs. TLR4-/- mice (Figure 2B), suggesting
that TLR4 deficiency mitigated an inherent tendency for
pathological systemic inflammation in C57BL/6 mice. Notably,
after 2h of hemorrhagic shock, overall tissue distribution of
inflammatory mediators was fairly similar in WT and TLR4-/-

mice (Figure 3). This overall compartmental similarity of
inflammation between WT and TLR4-/- mice was preserved
following resuscitation at 0.5h (Figure 4), 1h (Figure 5), and
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4h (Figure 6). By 22h following resuscitation, the qualitative
pattern of tissue distribution of inflammatory mediators began to
resemble that observed prior to the induction of trauma/
hemorrhage (Figure 7).

Taken together, these results suggest that TLR4 affects
baseline inflammatory responses across multiple organs and
the systemic circulation. This difference is blurred following
severe stress, since inflammation triggered by trauma/
hemorrhage and initially following resuscitation was at least
qualitatively similar across multiple organs and the systemic
circulation in both WT and TLR4-/- mice. By approximately 24h
following resuscitated shock, the respective mouse strains
appeared to recover toward their original, genetically
encoded state.

Despite the overall qualitative similarity, there were different
groupings of inflammatory mediators in distinct organ clusters at
each time point in WT vs. TLR4-/- mice (Supplementary
Frontiers in Immunology | www.frontiersin.org 4134135
Table 1), suggesting organ-specific roles for TLR4 in regulating
post T/HS-R inflammation. Notably, IL-17A was present
persistently in all tissues at all sampled time points except for
its absence in the systemic circulation following 0.5h of
resuscitation in the WT group. Interestingly, TNF was found
in all tissues in TLR4-/- mice from 0-4h following resuscitation,
but was no longer expressed in the liver, lung, and heart by 22h.

Principal Component Analysis Defines Key
Inflammatory Mediators at Baseline and
Following Hemorrhagic Shock and
Resuscitation in WT and TLR4-/- Mice
We next utilized Principal Component Analysis (70% variance)
to better define the principal mediators associated with
inflammation at baseline, following hemorrhage, and over time
post-resuscitation in WT and TLR4-/- mice. At baseline,
inflammation in WT mice was characterized by 4 principal
A

B

FIGURE 1 | Differential inflammatory correlation patterns in WT vs. TLR4-/- mice. (A) Heatmaps show Spearman Rank Correlation patterns using all experimental
data (Ctrl + HS + HS/R) in wild type vs. TLR4-/- mice as described in Materials and Methods. (B) Heatmaps show the average concentration values for each
mediator in each experimental group (Ctrl-Baseline, HS, HS/R in wild type vs. TLR4-/- mice as described in Materials and Methods.
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components involving GM-CSF, IL-12p40, and IL-10 among a
multitude of other mediators (Figure 2C), while in TLR4-/- mice
this response was characterized by 2 principal components and
IFN-g and IL-1b along with multiple other mediators. This
supports the concept that WT and TLR4-/- differ in the
baseline inflammatory propensities. Following hemorrhagic
shock, inflammation in WT mice was characterized by 4
principal components involving IL-17A, IL-6, and IL-12p70
among a multitude of other mediators (Figure 3C), while in
TLR4-/- mice this response was also characterized by 4 principal
components and the mediators IL-12p70, IL-5, and MIP-1a
among others (Figure 3D). This supports the hypothesis that
stress in the form of hemorrhagic shock blurs some of the
baseline differences between WT and TLR4-/- mice.

The relative similarity between WT and TLR4-/- persisted
following resuscitation for 0.5-4h (compare Figures 4C vs 4D,
5C vs 5C, and 6C vs 6C, respectively). By 22h post-resuscitation,
inflammation in WT mice was characterized by 5 principal
components involving IL-13, IFN-g, and IL-17A among others
(Figure 7C), while in TLR4-/- mice this response was also
Frontiers in Immunology | www.frontiersin.org 5135136
characterized by 3 principal components and the mediators
IFN-g and IL-12p70 among others (Figure 7D), suggesting a
return toward baseline inter-strain differences in inflammation.

Taken together, these analyses support the conclusion that
TLR4 affects baseline inflammatory responses across multiple
compartments, that these differences are blurred somewhat
following hemorrhagic shock and resuscitation, and that, with
time, these baseline differences re-emerge. Furthermore, the
predominance of IL-17A suggests an important role for type
17/type 3 immunity, while the presence of IL-12p40/p70 suggests
a role for dendritic cells.

Hypergraph Metrics Yield Insights Into
Cross-Compartment Inflammation
Following Hemorrhagic Shock and
Resuscitation in WT and TLR4-/- Mice
We next sought to better define the compartment-specific role of
TLR4 in modulating the spread of inflammation following T/HS-
R. Hypergraph Edge Distribution analysis suggested that WT
mice had a more robust trans-compartmental inflammatory
A B

DC

FIGURE 2 | Hypergraphs and Principal Component Analysis suggest differential baseline inflammatory responses in WT and TLR4-/- mice. Plasma and tissue

samples from heart, lung, liver, gut, spleen, and kidney were collected from untreated (Ctrl) WT and TLR4-/- mice and analyzed using Luminex™ as described in
Materials and Methods. Panels (A, B) show the hypergraphs and Panels (C, D) show the PCA results (70% variance) in WT and TLR4-/- mice, respectively.
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response at baseline, prior to T/HS-R, as compared to TLR4-/-

mice (Figure 8). After hemorrhage and prior to resuscitation,
WT mice exhibited a decrease in the number of inflammatory
mediators there were present in all 7 tissue compartments. By
t=1h after resuscitation, the WT group began to express
inflammatory mediators in specific tissue compartments as
indicated by the bars in the graph, spanning an edge size from
1 to 7. By 22h of resuscitation, the WT group exhibited a
generally more limited edge distribution ranging from 6-
7 (Figure 8A).

In contrast, at pre-hemorrhage baseline, TLR4-/- mice
expressed distinct subsets of inflammatory mediators in
defined tissue compartments compared to the WT group
(Figure 8B). The tissue-specific inflammatory responses of
TLR4-/- mice to hemorrhage alone were fairly similar to those
of WT mice. After resuscitation, TLR4-/- mice exhibited the
greatest trans-compartmental inflammation at t = 0.5h and t =
4h, with edge distributions spanning the range of 1-7. By 22h of
resuscitation, the edge distribution of TLR4-/- mice was similar to
the edge distribution of these mice at baseline, suggesting
resolution of cross-compartment inflammation (Figure 8B).
Frontiers in Immunology | www.frontiersin.org 6136137
As detailed in Supplementary Table 1, this homology
indicates a similar trans-compartmental distribution of
inflammatory mediators in the WT and TLR4-/-. Following
hemorrhagic shock as well as at 4h and 22h post-resuscitation,
the most apparent difference between WT and TLR4-/- mice was
that the TLR4-/- mice expressed IL-5 in the spleen, lung, and gut,
while WT mice do not. Overall, WT mice expressed a greater
number of inflammatory mediators across all compartments and
all time points, causing the deceptively different appearing
hypergraph structure. However, the graph structures are more
similar than different and only differ by more than 50% of the
mediators (10/20 inflammatory mediators) in any compartment
at baseline.

S-Betweenness centrality, an indicator of the strength by
which nodes are connected by a given edge (33) – and inferred
as the degree to which inflammation is coordinated – was the
greatest at 1h of resuscitation in WT mice. In contrast, S-
betweenness centrality was greatest at baseline (Ctrl) in TLR4-/-

mice (Figure 8C). This result suggests that there may have been a
more coordinated inflammatory response to T-HS/R in WT
mice, but not so in TLR4-/- mice. In aggregate, our analyses
A B

DC

FIGURE 3 | Hypergraphs and Principal Component Analysis of inflammatory mediators from WT and TLR4-/- mice subjected to HS. Plasma and tissue samples

from heart, lung, liver, gut, spleen, and kidney were collected from WT and TLR4-/- mice subjected to HS and analyzed using Luminex™ as described in Materials
and Methods. Panels (A, B) show the hypergraphs and Panels (C, D) show the PCA results (70% variance) in WT and TLR4-/- mice, respectively.
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suggest that TLR4-/- mice tend to display an inflammatory
response that is more diffusely distributed across multiple
tissues as compared to WT mice, which display a more
restricted tissue distribution pattern of inflammatory mediators.

Inferred Differential Th17 Immune
Dynamics in WT vs. TLR4-/- Mice
The cross-correlation and hypergraph analyses pointed to IL-
17A in the context of spatiotemporal spread of inflammation
following T/HS-R predominantly in WT but also in TLR4-/-

mice, in line with our prior studies in trauma patients (7, 12).
Interleukin-17A can be produced by a variety of cell types,
including Th17 cells, innate lymphoid cells, gd T cells, and
both CD4+ and CD8+ effector/memory T cells (35–37).
Kuchroo et al. have described a sub-population of Th17 cells
known as pathogenic Th17 cells, which are implicated in driving
pathological inflammatory processes. Pathogenic Th17 cells are
characterized by the co-expression of IL-17A and GM-CSF; a
reciprocal, non-inflammatory Th17 cell subset expresses IL-17A
and IL-10 (38). Furthermore, CD4+/CD8+ effector/memory T
Frontiers in Immunology | www.frontiersin.org 7137138
cells express IL-17A and TNF (39, 40). We have previously
utilized Spearman rank correlation analysis of IL-17A vs. GM-
CSF, IL-10, or TNF to infer the presence of these three cell
subsets (7, 12, 15), with positive and negative correlations being
interpreted as increases or decreases, respectively, in these Th17
cell subsets.

We therefore carried out a similar analysis to determine the
potential presence of these cells in distinct tissues of WT and
TLR4-/- mice. As shown in Table 1, pathogenic Th17 cells were
inferred in the heart and kidney of WT mice and in the heart,
gut, and kidney of TLR4-/- mice. We observed nearly statistically
significant Spearman correlations for pathogenic Th17 cells in
the lung and gut of WT mice and in the systemic circulation of
TLR4-/- mice. Non-pathogenic Th17 cells were inferred in the
heart, gut, and kidney of WT mice and in the heart, liver, gut,
kidney, and systemic circulation of TLR4-/- mice (Table 1).

Finally, memory/effector Th17 cells were inferred in the liver,
lung, gut, and kidney of WT mice and in the heart, gut, and
kidney of TLR4-/- mice (Table 1). Interestingly, we observed a
negative correlation for IL-17A and TNF in the spleen of TLR4-/-
A B

DC

FIGURE 4 | Hypergraphs and Principal Component Analysis of inflammatory mediators from WT and TLR4-/- mice subjected to HS/R (0.5h). Plasma and tissue samples

from heart, lung, liver, gut, spleen, and kidney were collected from WT and TLR4-/- mice subjected to HS/R (0.5h) and analyzed using Luminex™ as described in
Materials and Methods . Panels (A, B) show the hypergraphs and Panels (C, D) show the PCA results (70% variance) in WT and TLR4-/- mice, respectively.
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mice, suggesting that there was a reduction of these cells in that
organ. We also observed nearly statistically significant Spearman
correlations for memory/effector cells in the heart and systemic
of WT mice, suggesting a reduction of this cell subset in
these compartments.

Taken together, these results suggest that TLR4 impacts
distinct populations of tissue-resident and/or tissue-infiltrating,
IL-17A-producing cells following resuscitated hemorrhagic shock.
DISCUSSION

In the present study, we utilized a novel computational pipeline
involving hypergraphs as a means of assessing the dynamic,
trans-compartment evolution of inflammation subsequent to
traumatic injury and resuscitated hemorrhagic shock. These
studies extend prior work from our group in which we defined
protein-level dynamic networks and principal drivers of
inflammation in both experimental (18) and clinical (7, 12, 19–
21, 41–46) settings of T/HS-R, as well as in endotoxemia in mice
(14, 15).
Frontiers in Immunology | www.frontiersin.org 8138139
The inflammatory response to trauma/hemorrhage involves
an important role for TLR4 in transducing pro-inflammatory
signals from DAMPs such as HMGB1 (17). This includes a
variety of functions ranging from cytokine production and
organ damage (47–52); intestinal damage/dysfunction and
consequent bacterial translocation (52, 53); and coagulation
abnormalities (54). These effects require TLR4 expression on
both myeloid and dendritic cells (55), and this may explain the
inferred role for the dendritic cell-derived cytokine IL-12 (56)
in driving Th1 responses (IFN-g) (56, 57) in our system.
Our results also suggest that there are TLR4-dependent
differences in resting/baseline inflammatory responses in
various tissues, and that these differences are somewhat
blurred following T/HS-R and then recover their distinct
characteristics following sufficient time post-injury. We
speculate that the baseline differences in tissue expression
of inflammatory mediators may be related to the reported
stable baseline difference in gut microbiome composition
between these two mouse strains (58), since enterocyte
TLR4 has been implicated in damage/dysfunction in
other organs such as the lung (52). Given that T-HS/R
A B

DC

FIGURE 5 | Hypergraphs and Principal Component Analysis of inflammatory mediators from WT and TLR4-/- mice subjected to HS/R (1h). Plasma and tissue samples

from heart, lung, liver, gut, spleen, and kidney were collected from WT and TLR4-/- mice subjected to HS/R (1h) and analyzed using Luminex™ as described in Materials
and Methods. Panels (A, B) show the hypergraphs and Panels (C, D) show the PCA results (70% variance) in WT and TLR4-/- mice, respectively.
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induces a “genomic storm” (59) and extensive reprogramming
of multiple aspects of physiology (11), it is perhaps not
surprising that differences between WT and TLR4-/- mice are
blurred following injury.

Another key conclusion from our analyses is that TLR4 plays
a complex role in regulating distinct inflammatory pathways in
different organs/tissues, and this complexity and context
dependence may have relevance for critical illness. Specifically,
our experimental and computational studies suggest that there is
a baseline difference in tissue distribution of multiple cytokines
and chemokines between WT and TLR4-/- mice; that surgical
cannulation followed by hemorrhagic shock and resuscitation for
0.5-4h tends to reduce those differences; and that the baseline
differences between WT and TLR4-/- re-appear by 22h following
resuscitation from hemorrhagic shock. Key organs impacted
during this complex process appear to be the gut, kidney, liver,
and lung; the plasma (systemic circulation) manifested less
dramatic differences. The gut has long been implicated as a
central driver of inflammatory responses and multiple organ
dysfunction following trauma/hemorrhage (60).
Frontiers in Immunology | www.frontiersin.org 9139140
Impact of Hemorrhage, Resuscitation, and
TLR4 on IL-17A-Related Pathways
Toll-like receptor 4-expressing cells may impact the response to
T-HS/R via IL-17A, since IL-17A was present persistently at
multiple time points across most tissues assessed. Indeed,
HMGB1/TLR4-dependent pathways induced subsequent to T-
HS/R are tightly intertwined with type 17 (or type 3) immunity.
Early studies have suggested that T-HS/R induces neutrophil
efflux from the bone marrow via IL-17A driven by HMGB1-
mediated induction of IL-23 in a TLR4-dependent manner (61).
This is likely a broadly conserved inflammatory axis that is not
unique to trauma/hemorrhage, since IL-17A production in the
context of tuberculosis (62), arthritis (63), and acetaminophen-
induced liver inflammation (64). Notably, adenoviral
transduction of IL-17A alone was sufficient to induce multi-
tissue inflammation, and this required TLR4 (65). The inferred
role for IL-12p40/p70 may also implicate Th17 responses (66). It
is tempting to speculate that some of these intertwined effects of
TLR4 and type 17 immunity ultimately manifest in the clinical
outcomes of trauma patients (7, 12, 13).
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FIGURE 6 | Hypergraphs and Principal Component Analysis of inflammatory mediators from WT and TLR4-/- mice subjected to HS/R (4h). Plasma and tissue samples

from heart, lung, liver, gut, spleen, and kidney were collected from WT and TLR4-/- mice subjected to HS/R (4h) and analyzed using Luminex™ as described in Materials
and Methods. Panels (A, B) show the hypergraphs and Panels (C, D) show the PCA results (70% variance) in WT and TLR4-/- mice, respectively.
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The finding that IL-5 is present in spleen, lung, and gut of
TLR4-/- mice is intriguing in that it suggests a potential role for
another IL-17A-producing cell type, namely innate lymphoid
cells (ILCs) (67). We have recently reported on a novel pathway
of inflammation following T/HS-R in WT mice in which IL-33
induces ILC2 activation in the lung, which in turn induces
further IL-5 expression by CXCR2+ lung neutrophils and
drives early lung injury (68). Our current results suggest the
paradoxical possibility that TLR4 deficiency might exacerbate
this lung injury; further studies are needed to test this hypothesis.

We also observed TLR4-dependent changes in the post-T/
HS-R inflammation in the heart, kidney, liver, lung, TLR4-/- mice
exhibited elevated inflammation in the heart following
resuscitation, while WT mice had little inflammation at
baseline, post-hemorrhage, or following resuscitation in this
organ. Renal, hepatic, pulmonary inflammatory responses were
elevated at baseline in both mouse strains but diverged following
hemorrhagic shock and inflammation. Notably, splenic
inflammatory responses were overall low across all treatment
groups, and we did not observe any important differences as a
function of TLR4.
Frontiers in Immunology | www.frontiersin.org 10140141
An important context for the work described herein is the
definition of C57BL/6 as a “wild type” strain when comparing to
TLR4-/- mice. Notably, the C57BL/6 mouse strain exhibits Th1-
(69) and M1- (70) dominant immune responses and has been
utilized extensively in studies of experimental T/HS-R (71). Our
prior studies suggest that the inflammatory over-responsiveness
of this mouse strain – and especially IL-17A-related responses –
may reflect the biology of trauma patients that exhibit overly
robust, self-sustaining inflammation associated with sub-acute
mortality (12) and other adverse clinical outcomes (7). As such,
TLR4-/- mice (or other mouse strains that are not explicitly Th1-
dominant) may better reflect the responses of trauma survivors.
Further comparative studies are needed to address this question.

Novel Insights Into Spatiotemporal
Dynamics of Inflammation From
Hypergraph Analysis
Our prior work was aimed at defining networks of individual
inflammatory mediators interacting over time within a given
tissue, as well as principal characteristics/drivers of these
responses. Here, we utilized hypergraphs to extend prior work
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FIGURE 7 | Hypergraphs and Principal Component Analysis of inflammatory mediators from WT and TLR4-/- mice subjected to HS/R (22h). Plasma and tissue samples

from heart, lung, liver, gut, spleen, and kidney were collected from WT and TLR4-/- mice subjected to HS/R (22h) and analyzed using Luminex™ as described in
Materials and Methods. Panels (A, B) show the hypergraphs and Panels (C, D) show the PCA results (70% variance) in WT and TLR4-/- mice, respectively.
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defining how mediators interact across tissues over time (34).
Hypergraphs provide several advantages when visualizing and
interpreting multi-compartment data, such as that examined in
this study. On a basic level, hypergraphs provide a method to
visualize inflammatory mediators and their localization to
specific tissue compartments across each time point. These
visualizations can be simplified to elucidate differences between
the localization of key inflammatory mediators at distinct time
points between experimental conditions. In conjunction with
computational and cross-correlation analyses, hypergraphs
provide a spatial map upon which inference on how mediators
are interacting within and between tissues may influence the
spread of trans-compartmental inflammation. A key quantitative
metric of hypergraphs, edge distribution, captures the network
complexity of inflammation across tissue samples at a given time
point. Changes in edge distribution can highlight important
changes in inflammation such as the localization of a few
inflammatory mediators to just one compartment or the
dispersion of nearly all inflammatory mediators to all tissue
compartments. In conjunction with PCA and cross-correlational
analyses, hypergraphs provide the ultimate spatial framework
upon which analyses regarding how and when inflammatory
mediators interact with each to modulate inflammation.
Frontiers in Immunology | www.frontiersin.org 11141142
LIMITATIONS

There are several limitations of our study. These include the
focus on a subset of inflammatory mediators that broadly
interrogate inflammation and immunity but are not a
comprehensive set [vs. recent studies that have assessed a
broader array of molecules (11)], the absence of cell-level data
(5, 72) to validate key hypotheses detailed above, and a lack of
validation in human trauma/hemorrhage due to the difficulty in
accessing the various tissues (other than the systemic circulation)
analysed herein. Key among the inflammatory mediators that
could not be assessed across tissue compartments is HMGB1,
which is typically found within the nucleus but is secreted in
settings of cellular stress and damage (73, 74), since this molecule
would be released during the process of tissue homogenization.
Another important, related limitation concerns the possibility
that some of the phenomena we have described are due to the
efflux of bacteria from the gut and PAMPs, rather than DAMPs.
Studies in gnotobiotic mice (75) may be needed to address this
question. Another important limitation concerns the lack of
tissue-specific deletion of TLR4 as a means for directly testing
some of the hypotheses raised by our analyses. Finally, it is
important to note that all of the analyses presented in this study
A B

C

FIGURE 8 | Hypergraph metrics demonstrate differential tissue distribution of inflammatory mediators from WT and TLR4-/- mice. Plasma and tissue samples from

heart, lung, liver, gut, spleen, and kidney were collected from Ctrl WT and TLR4-/- mice or mice subjected to HS and HS/R (0.5-22h) and analyzed using Luminex™

as described in Materials and Methods. Panels (A, B) show the Hypergraph Edge Distribution analysis in WT and TLR4-/- mice, respectively. Panel (C) shows the
average S-Betweenness Centrality (Df=1) for each hypergraph as indicated in WT and TLR4-/- mice, respectively.
May 2022 | Volume 13 | Article 908618

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shah et al. Cross-tissue Inflammation in Trauma/Hemorrhage
are based on statistical correlations, and correlation is not
causality. We have shown that it is possible to obtain define
potential biological mechanisms related to the response to
trauma/hemorrhage via a process involving obtaining
inflammatory mediator data, carrying out network inference,
and then extracting core features into mechanistic computational
models that can be interrogated under various conditions
to validate and extend the conclusions that can be derived
from purely data-driven analyses (76). Future studies will
utilize these datasets to carry out this type of iterative,
rational process.
CONCLUSIONS

In conclusion, these studies demonstrate multiple novel findings
while reinforcing prior conclusions regarding the complex role of
TLR4 and type 17 immune responses following trauma/
hemorrhage. These studies serve as the basis for future cell-
level analyses aimed at yielding an integrated understanding of
the spatiotemporal evolution of inflammatory networks in the
context of injury and critical illness.
Frontiers in Immunology | www.frontiersin.org 12142143
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TABLE 1 | Spearman Rank Correlations (IL-17A vs. GM-CSF, IL-10 and TNFa) in WT and TLR4-/- mice.

WT r values P values TLR4-/- r values P values

Plasma IL-17A Plasma IL-17A
GM-CSF -0.150 0.475 GM-CSF 0.420 0.052
IL-10 -0.085 0.688 IL-10 0.533 0.011
TNFa -0.379 0.061 TNFa 0.105 0.641

Heart IL-17A Heart IL-17A
GM-CSF 0.698 1.038E-04 GM-CSF 0.516 0.014
IL-10 0.906 4.458E-10 IL-10 0.461 0.031
TNFa 0.376 0.064 TNFa 0.5154 0.014

Liver IL-17A Liver IL-17A
GM-CSF 0.312 0.129 GM-CSF 0.313 0.157
IL-10 0.228 0.273 IL-10 0.488 0.021
TNFa 0.588 0.002 TNFa 0.379 0.082

Lung IL-17A Lung IL-17A
GM-CSF 0.395 0.051 GM-CSF 0.289 0.192
IL-10 0.082 0.698 IL-10 -0.158 0.481
TNFa 0.597 0.002 TNFa -0.087 0.7

Gut IL-17A Gut IL-17A
GM-CSF 0.392 0.053 GM-CSF 0.632 0.002
IL-10 0.525 0.007 IL-10 0.513 0.015
TNFa 0.663 0.0003 TNFa 0.576 0.005

Spleen IL-17A IL-17A Spleen IL-17A
GM-CSF 0.231 0.267 GM-CSF -0.134 0.552
IL-10 0.340 0.096 IL-10 -0.564 0.579
TNFa 0.325 0.113 TNFa -0.438 0.042

Kidney IL-17A Kidney IL-17A
GM-CSF 0.571 0.003 GM-CSF 0.622 0.002
IL-10 0.410 0.042 IL-10 0.56 0.007
TNFa 0.860 3.702E-08 TNFa 0.558 0.007
May
 2022 | Volume 13 | Artic
Red: Negative correlation coefficient (r) values.
Bold: p < 0.05.
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The H2S Donor Sodium Thiosulfate
(Na2S2O3) Does Not Improve
Inflammation and Organ Damage
After Hemorrhagic Shock in
Cardiovascular Healthy Swine
David Alexander Christian Messerer1,2*, Holger Gaessler3, Andrea Hoffmann1,
Michael Gröger1, Kathrin Benz1, Aileen Huhn1, Felix Hezel1, Enrico Calzia1,
Peter Radermacher1 and Thomas Datzmann1,4

1 Institute for Anesthesiologic Pathophysiology and Process Engineering, Ulm University, Ulm, Germany, 2 Department of
Transfusion Medicine and Hemostaseology, Friedrich-Alexander University Erlangen-Nuremberg, University Hospital Erlangen,
Erlangen, Germany, 3 Department of Anesthesiology, Intensive Care Medicine, Emergency Medicine and Pain Therapy,
German Armed Forces Hospital Ulm, Ulm, Germany, 4 Department of Anesthesiology and Intensive Care Medicine, University
Hospital Ulm, Ulm, Germany

We previously demonstrated marked lung-protective properties of the H2S donor sodium
thiosulfate (Na2S2O3, STS) in a blinded, randomized, controlled, long-term, resuscitated
porcine model of swine with coronary artery disease, i.e., with decreased expression of
the H2S-producing enzyme cystathionine-g-lyase (CSE). We confirmed these beneficial
effects of STS by attenuation of lung, liver and kidney injury in mice with genetic CSE
deletion (CSE-ko) undergoing trauma-and-hemorrhage and subsequent intensive care-
based resuscitation. However, we had previously also shown that any possible efficacy of
a therapeutic intervention in shock states depends both on the severity of shock as well as
on the presence or absence of chronic underlying co-morbidity. Therefore, this
prospective, randomized, controlled, blinded experimental study investigated the effects
of the STS in cardiovascular healthy swine. After anesthesia and surgical instrumentation,
17 adult Bretoncelles-Meishan-Willebrand pigs were subjected to 3 hours of hemorrhage
by removal of 30% of the blood volume and titration of the mean arterial pressure (MAP) ≈
40 ± 5 mmHg. Afterwards, the animals received standardized resuscitation including re-
transfusion of shed blood, fluids, and, if needed, continuous i.v. noradrenaline to maintain
MAP at pre-shock values. Animals were randomly allocated to either receive Na2S2O3 or
vehicle control starting 2 hours after initiation of shock until 24 hours of resuscitation. The
administration of Na2S2O3 did not alter survival during the observation period of 68 hours
after the initiation of shock. No differences in cardio-circulatory functions were noted
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despite a significantly higher cardiac output, which coincided with significantly more
pronounced lactic acidosis at 24 hours of resuscitation in the Na2S2O3 group. Parameters
of liver, lung, and kidney function and injury were similar in both groups. However, urine
output was significantly higher in the Na2S2O3 group at 24 hours of treatment. Taken
together, this study reports no beneficial effect of Na2S2O3 in a clinically relevant model of
hemorrhagic shock-and-resuscitation in animals without underlying chronic
cardiovascular co-morbidity.
Keywords: physical injuries, hemorrhage, systemic inflammation, hydrogen sulfide, animal model,
gaseous mediator
INTRODUCTION

Sodium thiosulfate, Na2S2O3, (STS) is an H2S donor with
minimal side effects and clinically approved for the treatment
of calciphylaxis, cis-Pt toxicity, and cyanide poisoning (1). Along
with its sulfide releasing properties it is a known antioxidant.
Moreover, STS was shown to be organ-protective in rodent
models of acute liver injury (2), endotoxemia (3, 4), bacterial
sepsis (3, 5, 6), and, in particular, ischemia/reperfusion (I/R)
injury of the brain (7), heart (8–13), and the kidney (14, 15).
Organ protective properties had also been demonstrated in larger
species, i.e., canine tourniquet-induced limb ischemia and
myocardial infarction induced by ligation of the left anterior
descending coronary (16). However, none of these models
integrated standard intensive care measures into the
experimental design, and, moreover, STS was mostly
administered as a pre-treatment or virtually simultaneously
with the initiation of ischemia.

Hemorrhagic shock and subsequent resuscitation trigger a
systemic inflammatory response due to the tissue oxygen deficit
and reperfusion (17–21). Therefore, we have recently tested the
therapeutic potential of STS using a post-treatment approach in a
blinded, randomized, controlled, long-term, resuscitated porcine
model of swine with coronary artery disease (22). STS treatment
showed marked lung-protective properties, whereas no effects
were observed in other organs. We confirmed these beneficial
effects of post-treatment STS by attenuation of lung, liver and
kidney injury in mice with genetic CSE deletion (CSE-ko)
undergoing trauma-and-hemorrhage and subsequent intensive
care-based resuscitation (23). However, we had previously
shown that any possible efficacy of a therapeutic intervention
in shock states not only depends on the severity of shock per se
(24, 25), but also on the presence or absence of chronic
underlying co-morbidity, e.g., atherosclerosis (26, 27), COPD
(28), or metabolic derangements (29). In fact, the above-
mentioned porcine study on organ-protective effects of STS in
porcine hemorrhage-and-resuscitation (22) investigated swine
with coronary artery disease, and, hence, decreased expression of
the H2S-producing enzyme cystathionine-g-lyase (CSE) (30), i.e.
an “H2S-poor condition” that might render exogenous, STS-
derived H2S supplementation particularly promising (31). Based
on these considerations, the aim of this study was to investigate
the impact of STS on organ function in a randomized, controlled,
org 2147148
blinded trial using a long-term, resuscitated model of
hemorrhage-and-resuscitation in pigs without preexisting
diseases, i.e., without underlying chronic cardiovascular
co-morbidity.
METHODS

Animals
Ethical approval was obtained by the local Animal Care
Committee of Ulm University and the Federal Authorities
(Tuebingen, Germany) for Animal Research (#1341). The
experimental protocol was conducted in close adherence to the
European Union Directive 2010/63/EU on the protection of
animals used for scientific purposes. 18 adult pigs (range body
weight 50-78 kg, range age 0.9-1.4 years) were purchased from
the Hôpital Lariboisière, Paris, France. Pigs were of the
Bretoncelles-Meishan-Willebrand strain. This strain has
reduced activity of the von Willebrand Factor (vWF), thereby
mimicking the human coagulation system (24, 25, 32, 33), in
contrast to the hypercoagulatory state in domestic swine strains
(34). Animals were sheltered at Oberberghof, Ulm, Germany,
until further use with an acclimatization period of at least two
weeks. Animals were kept at a cycle of 12/12 hr light/darkness
and were at least monitored daily. Housing was acclimatized at
21-22°C with a humidity of 50-60% The pigs were treated with
Ivermectine twice a year. The main outcome variables were 1)
kidney function as assessed by creatinine clearance and 2) the
noradrenaline infusion rate needed to maintain mean arterial
pressure (MAP) at baseline levels. Based on our previous
experiments (22, 24, 26), a case number estimation (power 0.8,
a = 0.05) had yielded a group size of n = 16 (15 animals + 1
reserve animal) with a preset interim analysis after 8 animals.
Because that interim analysis suggested futility, the trial was
terminated prematurely in accordance with the 3R principles.
Instrumentation and Anesthesia
Prior to instrumentation, animals were sedated by intramuscular
injection of 5 mg/kg azaperone and 1-2 mg/kg midazolam
followed by an insertion of an intravenous catheter into an ear
vein. After pre-oxygenation, total intravenous anesthesia was
induced with 1-2 mg/kg propofol and 1-2 mg/kg ketamine
June 2022 | Volume 13 | Article 901005
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followed by endotracheal intubation and placement of a gastric
tube for stomach decompression. Anesthesia was maintained
with 6-12 mg/kg/h pentobarbitone and 30 µg/kg buprenorphine
with repeated doses of 10-20 µg/kg prior to instrumentation,
prior to the initiation of hemorrhagic shock as well as every 8
hours or by signs of additional demand, such as tachycardia and/
or an increase in mean arterial blood pressure. Continuous i.v.
pancuronium (0.15 mg/kg/h) was used for muscle relaxation.
During instrumentation and hemorrhagic shock, animals were
ventilated with the following parameters: fraction of inspired O2

(FIO2) 0.21, positive end-expiratory pressure (PEEP) 0 cmH2O,
tidal volume 8 ml/kg, respiratory rate 10 to 12 breaths/min
adjusted to maintain arterial PCO2 = 35 to 40 mmHg, inspiratory
(I)/expiratory (E) ratio 1:2. Animals received 10 ml/kg/h Ringer’s
lactate to maintain fluid balance. A central venous catheter was
inserted in the jugular vein to measure central venous pressure
(CVP). A thermistor-tipped pulse contour analysis catheter was
placed in the femoral artery for mean arterial blood pressure
(MAP) recording and trans-pulmonary single indicator
thermodilution-cardiac output (CO) measurement. In the
contralateral femoral artery, a 10F catheter was inserted for
rapid passive blood removal to induce hemorrhagic shock.
Urine was collected by a suprapubic catheter. Body
temperature was assessed by a rectal probe. Animals were kept
at a temperature of 37-38°C.
Frontiers in Immunology | www.frontiersin.org 3148149
Porcine Hemorrhagic Shock and
Thiosulfate Regimen
The experimental procedure and treatment regimen is
summarized in Figure 1A and closely mimics previously
described experiments (22, 24, 32, 35). Prior to the initiation of
hemorrhagic shock after the instrumentation (1-2 h) and a
resting period (total of 4 h), baseline data was collected (−0.5 h
in Figure 1). Hemorrhagic shock was initiated by passive blood
removal of 30% of the calculated total blood volume (calculated
as bodyweight × 8.8%) with a target mean arterial pressure of 40
± 5 mmHg for 3 h. Removal of the calculated blood volume was
achieved within 30 min in all pigs. Every 15 min, 50 ml of blood
were removed or retransfused to maintain target MAP.

Blood was stored in acid-citrate-dextrose solution until re-
transfusion. 2 h after the initiation of hemorrhagic shock,
animals were randomly allocated to either receive sodium STS
(0.025 g/kg/h for two hours followed by 0.1 g/kg/h for 23 h) or
the respective vehicle control. The lower initial infusion rate was
chosen in order to take into account the reduced volume of
distribution during and immediately after the hemorrhage phase.
The higher infusion rate during the rest of the treatment phase
was used in accordance with our previous study (22). During
hemorrhagic shock, maintenance fluid was reduced to 100 ml/h.
After the 3 h period, animals were treated by re-transfusion of
shed blood, 10 ml/kg/h Ringer’s lactate, and continuous i.v.
A

B

FIGURE 1 | (A) Experimental setup and (B) survival analysis Log-rank Kaplan-Meyer survival analysis of animals receiving sodium thiosulfate (Na2S2O3, n = 9) or
vehicle control (Ctrl, n = 8) for the experiment (p = 0.66, Mantel-Cox test). Red indicates the phase of hemorrhagic shock, blue indicates the phase of treatment with
Na2S2O3 (STS, 0.025 g/kg/h for two hours followed by 0.1 g/kg/h for 23 h) or vehicle control. Instrumentation and resting period was during −4 h and 0 h,
hemorrhagic shock with a target mean arterial pressure of 40 ± 5 mmHg during 0 h and 3 h (red), treatment with sodium thiosulfate or vehicle control during 2 h and
25 h (blue) with a total duration of observation and intensive care therapy of 68 h.
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noradrenaline if necessary to achieve a mean arterial pressure
with a target of 90-100% of the baseline. After hemorrhagic
shock, ventilator settings were adjusted as follows: fraction of
inspired O2 (FIO2) 0.35, positive end-expiratory pressure (PEEP)
10 cmH2O, tidal volume 8 ml/kg, respiratory rate 10 to 12
breaths/min adjusted to maintain arterial PCO2 = 35 to 40
mmHg, inspiratory (I)/expiratory, (E) ratio 1:1.5, peak airway
pressure <40 cmH2O, and modified to I/E ratio 1:1 and PEEP 12
or 15 cmH2O, respectively, if the ratio of arterial O2 partial
pressure (PaO2)/FiO2 was <300 or <200. The STS group
consisted of 4/5 male-castrated/female pigs (62 kg; 54-71 kg),
the vehicle control groups of 3/5 male-castrated/female animals
(61 kg; 56-64 kg). The difference in sample size is explained by a
drop out prior to the induction of hemorrhagic shock.

After the treatment and observation period (68 h after the
induction of hemorrhagic shock), anesthesia was deepened and
animals were sacrificed by an injection of potassium chloride. At
the end of the experiment, immediate postmortem tissue
sampling of lung and kidney was performed. The trial was
terminated earlier if one of the following criteria were fulfilled:
A) mean arterial pressure less than < 65 mmHg despite
vasopressors (dosing limited to a heart rate of ≥ 160/min in
order to prevent tachycardia-induced myocardial infarction); B)
failure to sustain arterial PO2 > 60 mmHg and/or arterial Hb
saturation > 90% despite maximum invasive ventilation (acute
respiratory distress syndrome, ARDS); and C) acute anuric
kidney failure with consecutive hyperkalemia (blood potassium
> 6 mmol/L) and cardiac arrhythmia.

Blood and Plasma Measurements
Hemodynamics, gas exchange (calorimetric O2 uptake and CO2

production), arterial blood gas tensions, acid-base status, glucose,
lactate, creatinine, neutrophil gelatinase-associated lipocalin
(NGAL), aspartate transaminase (AST), alanine transaminase
(ALT), 8-Isoprostane, bilirubin, and troponin were determined
as described previously (32, 35–37). In brief, blood gas analysis,
glucose, and lactate levels were measured using a standard blood
gas analyzer (ABL 800 Flex, Radiometer GmbH, Krefeld,
Germany). Creatinine (#KIT044, BioPorto, Hellerup,
Denmark), AST (#AS 1204, Randox, Crumlin, Northern
Ireland), ALT (#AL 1205, Randox), 8-Isoprostane (#516351,
Cayman Chemical, Ann Arbor, USA), bilirubin (#BR 2361,
Randox), and troponin (#2010-4-HSP, Life Diagnostics, West
Chester, USA), tumor necrosis factor (TNF, #PTA00, R&D
Systems, Minneapolis, USA), interleukin 6 (IL6, #P6000B,
R&D Systems), interleukin 10 (IL10, #P1000, R&D Systems),
and super oxide dismutase (SOD, #S311, Dojindo Molecular
Technologies , Rockvil le , USA) were determined as
recommended by the manufacturer.

Western Blot
Immediately after ending the experiment, postmortem heart,
kidney, liver, and lung specimen were analyzed for Caspase-3
(#9661, Cell Signaling Technology, Danvers, USA), inducible
nitric oxide synthase (iNOS, PA1-039, Thermo Fisher Scientific,
Waltham, USA), heme oxygenase 1 (HO-1, #ADI-OSA-111,
Enzo Life Sciences, Farmingdale, USA), nuclear factor of kappa
Frontiers in Immunology | www.frontiersin.org 4149150
light polypeptide gene enhancer in B-cells inhibitor, alpha (IkBa,
#9242, Cell Signaling Technology), cystathionine-b-synthase
(CBS, #14782, Cell Signaling Technology), Cystathionine-g-
lyase (CSE, #12217-1-AP, Rosemont), and glucocorticoid
receptor (GCR, #3660, Cell Signaling Technology) as described
previously (24, 26). Secondary antibodies were anti-rabbit
(#7074, Cell Signaling Technology) and anti-mouse (#7076,
Cell Signaling Technology) IgG, respectively. Anti-Actin (#sc-
1615, Santa Cruz Biotechnology, Dallas, USA) and anti-Vinculin
(#sc-73614, Santa Cruz Biotechnology) antibodies were used as
loading controls. For quantitative analysis, the mean value of the
individual gels from at least two gels for each animal was used.
Expression of proteins was normalized to signals from two pigs
(both female, 85 and 89 kg) of the same strains without
further instrumentation.

Data Analysis
Survival was analyzed using a Kaplan-Meyer-graph followed by
Log-rank (Mantel-Cox) Test. Experimental data were considered
to be non-parametric. The comparison of treatment and vehicle
group was conducted by means of Mann-Whitney U test. Data is
graphed in boxplots with median, 25th and 75th quantiles.
Whiskers indicate upper and lower extremes, respectively. In
the manuscript, data is reported as median in conjunction with
25th quantile and 75th quantile. Statistical analysis was conducted
with GraphPad Prism9 (GraphPad Software, Inc., San Diego,
California, USA). Because of non-paired testing and similar
survival, missing data due to premature deaths does not largely
affect the statistical analysis. We chose intentionally to not
extrapolate missing data since the distance of measurement
time points precluded to reliable the biological course of
the variables.
RESULTS

Survival
Survival did not significantly differ between the two groups
(Figure 1B). In the STS group, two experiments had to be
terminated early: one after 51 h due to refractory respiratory
failure (ARDS) and another one after 64 h due to a sudden drop
in MAP unresponsive to vasopressors infusion. In the vehicle
control group, one animal had to be euthanized after 24 h due
to ARDS.

Parameters of Hemodynamics, Gas
Exchange, Acid-Base Status,
and Metabolism
Neither the amount of blood removed to induced hemorrhagic
shock (fraction of the calculated total blood volume 39% (38; 46)
vs. 32% (28; 44) in the vehicle control and STS groups,
respectively, p = 0.13, Mann-Whitney U test), nor the
noradrenaline infusion rates needed to achieve hemodynamic
targets (0.8 µg/kg/min (0.1; 1.8) vs. 0.9 µg/kg/min (0.5; 1.1), in
the vehicle control and STS groups, respectively, p = 0.81, Mann-
Whitney U test) differed between the STS and vehicle group.
June 2022 | Volume 13 | Article 901005
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Tables 1, 2 as well as Figure 2 summarize the parameters of
hemodynamics, gas exchange, acid-base status, and metabolism.
There was a small but significant difference in baseline heart rate
between the two groups (Figure 2). MAP, stroke volume, stroke
volume variance, heart rate, and arterial pH did not show any
Frontiers in Immunology | www.frontiersin.org 5150151
significant intergroup difference, whereas cardiac output and
arterial lactate levels were significantly higher and arterial base
excess significantly lower in the STS group at 24 hours after
shock. Of note, the peak increase of lactate within the first 24
hours after resuscitation in comparison to baseline levels
TABLE 1 | Systemic and respiratory parameters before (pre) and after 3 h of hemorrhagic shock (post) as well as 24 h, 48 h, and 68 h after resuscitation.

Parameter pre post 24 h 48 h 68 h

Body Temperature (°C) C 36.0
(35.3; 36.4)

36.6
(35.7; 37.1)

37.9
(37.5; 38.2)

37.9
(37.9; 38.3)

38.1
(37.6; 38.4)

T 35.8
(35.4; 37.0)

35.9
(35.0; 36.7)

38.2
(37.7; 38.4)

38.5
(37.8; 39.2)

38.3
(37.9; 38.6)

Central Venous Pressure (mmHg) C 3
(1; 4)

−4
(−7; −2)

12
(9; 13)

11
(9; 17)

10
(8; 14)

T 3
(1; 4)

−3
(−5; 1)

10
(8; 14)

11
(5; 14)

8
(4; 11)

Positive end-expiratory pressure (cmH2O) C 0
(0; 0)

0
(0; 0)

10
(10; 10)

10
(10; 10)

10
(10; 12)

T 0
(0; 0)

0
(0; 0)

10
(10; 10)

10
(10; 13)

11
(10; 13)

Respiratory Minute Volume (l × min−1) C 5.0
(4.3; 5.2)

4.9
(4.3; 5.4)

6.0
(5.2; 6.3)

5.9
(4.8; 6.0)

5.8
(5.3; 7.0)

T 4.8
(3.9; 5.4)

4.7
(3.9; 5.6)

5.7
(5.1; 6.6)

5.6
(4.7; 6.4)

6.6
(4.5; 7.3)

Arterial PO2 (mmHg) C 75
(62; 88)

81
(71; 86)

127
(98; 133)

104
(89; 110)

101
(90; 119)

T 82
(70; 89)

85
(69; 92)

124
(105; 128)

105
(75; 121)

116
(66; 125)

PaO2/FIO2 ratio (mmHg) C 357
(292; 419)

387
(340; 408)

422
(326; 442)

347
(297; 367)

337
(300; 397)

T 390
(335; 424)

404
(327; 438)

413
(340; 425)

350
(228; 402)

317
(216; 396)

Arterial PCO2 (mmHg) C 37
(36; 39)

39
(34; 39)

37
(36; 40)

39
(36; 44)

37
(36; 38)

T 35.5
(32.7; 39.9)

38.2
(31.3; 39.7)

36.4
(35.2; 40.9)

38.9
(38.1; 43.3)

37.7
(35.4; 39.2)

Oxygen Consumption (ml × min−1) C 209
(197; 257)

200
(175; 236)

310
(300; 339)

308
(286; 339)

327
(284; 380)

T 206
(188; 222)

185
(153; 227)

327
(276; 372)

361
(291; 398)

380
(301; 470)

Carbon Dioxide Elimination (ml × min−1) C 159
(138; 205)

142
(139; 183)

190
(163; 221)

176
(160; 191)

184
(149; 218)

T 145
(114; 175)

121
(108; 186)

206
(171; 225)

208
(164; 251)

202
(164; 251)
June 2
022 | Volume 13 | Art
n = 8/9 before shock, 8/9 after shock, 8/9 at 24 h, 7/9 at 48 h, and 7/8 at 68 h animals per group for vehicle control (yellow, C) and thiosulfate (purple, T), respectively. Table reports median
and interquartile range.
icle 901005

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Messerer et al. Na2S2O3 During Porcine Hemorrhagic Shock
measured in a 2 hour interval was 4.0 mmol/l (0.9; 4.3) in the
vehicle control group and 2.8 mmol/l (1.9; 7.7) in the STS group
(p > 0.99). In parallel, there was a decrease in base excess in
comparison to baseline levels of −10.7 mmol/l (−16.4; 3.5) in the
vehicle control group and −7.0 mmol/l (−13.0; −4.7) in the STS
group (p = 0.96). Animals receiving STS had similar PaO2/FIO2

ratios and required ventilator settings to maintain target PO2 and
PCO2 levels. Likewise, O2 uptake and CO2 production were
similar in the two groups. Glucose levels were not affected by STS
treatment either (Table 2).

Parameters of Heart, Kidney, and Liver
Function and Organ Injury
There were no significant intergroup differences in troponin,
AST, ALT, and bilirubin (Figure 3). Of note, baseline bilirubin
concentrations were slightly, but significantly higher in the
vehicle group, which coincided with a non-significant trend
towards higher AST levels in these animals. While urine
output was significantly higher in the STS group at 24 h of
resuscitation, parameters of kidney (dys)function (NGAL,
creatinine) did not differ between the two groups.

Inflammation
Last, the impact of STS treatment on inflammation was assessed
during and after hemorrhagic shock. Animals receiving STS had
significant higher leukocyte counts 24 h after hemorrhagic shock
(Table 2). In contrast, systemic levels of TNF, IL6, IL10, 8-
isoprostanes, and SOD activity were comparable in the two
groups (Figure 4). Of note, there was a significant increase in
Frontiers in Immunology | www.frontiersin.org 6151152
catalase activity 24 h after shock, likely due to the pre-existing,
non-significant difference already at baseline.

To further characterize the impact of STS on protein levels in
kidney and lung, western blot analysis was conducted (Figure 5).
Nosignificantalterations for caspase3, iNOS,HO-1, IkBa, CBSand
CSE (the last two only analyzed in the kidney due to technical
reasons)were detected.However, therewas a significant decrease in
GCR protein levels in the STS group. The original western blot
captures are presented in Supplementary Figures 1, 2.
DISCUSSION

Usinga long-term, resuscitated,porcinemodelofhemorrhage-and-
resuscitation, the present randomized, controlled, blinded trial was
to test the hypothesis whether STS would attenuate organ
dysfunction in adult animals with normal CSE expression, and,
consequently, well-maintained endogenous H2S availability. This
study therefore expands the knowledge on STS as therapeutic
option in systemic inflammation in addition to “H2S-poor
conditions”, e.g. as a result of underlying coronary artery disease
(22, 30) or even genetic CSE deletion (CSE-ko) (23) that might
enhance STS efficacy (31). The main findings were that i) STS did
not beneficially affect any variable measured of hemodynamics,
lung mechanics and gas exchange, or organ (dys)function and
injury, nor ii) any of the parameters of systemic and organ
inflammation or oxidative and nitrosative stress.

Possible organ-protective effects of STS have been referred to
attenuated activation of nuclear transcription factor-kB, hyper-
TABLE 2 | Blood glucose, hemoglobin, thrombocyte and leukocyte cell count before (pre) and after 3 h of hemorrhagic shock (post) as well as 24 h, 48 h, and 68 h
after resuscitation.

Parameter pre post 24 h 48 h 68 h

Arterial Glucose
(mmol × l−1)

C 98
(91; 108)

109
(98; 118)

94
(72; 135)

67
(60; 83)

69
(58; 64)

T 109
(89; 115)

108
(99; 132)

98
(83; 125)

71
(67; 84)

70
(56; 75)

Hemoglobin (g × l−1) C 79
(69; 81)

93
(83; 100)

95
(84; 99)

73
(69; 92)

84
(71; 91)

T 83
(78; 88)

93
(82; 102)

107 *
(101; 116)

97 *
(92; 109)

90
(82; 95)

Thrombocytes
(×109 × l−1)

C 235
(193; 271)

226
(211; 269)

221
(170; 268)

268
(129; 315)

250
(83; 330)

T 238
(169; 340)

251
(215; 316)

248
(181; 311)

169
(112; 267)

157
(76; 222)

Leukocytes (×1012 × l−1) C 15.8
(8.3; 18.6)

14.4
(12.4; 18.5)

14.9
(9.0; 16.0)

11.1
(7.6; 14.4)

11.6
(4.8; 18.2)

T 13.7
(11.8; 17.2)

18.7
(14.4; 19.7)

20.5 **
(16.2; 28.4)

12.7
(11.1; 13.3)

10.2
(9.1; 16.3)
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inflammation and oxidative stress (2, 3) and reduced apoptosis (9–
11, 13). In addition, we had demonstrated that the marked lung-
protective effect of STS in swine with coronary artery disease and,
hence, reduced CSE expression coincided with significantly higher
tissue glucocorticoid receptor (GR) expression. We had confirmed
this finding otherwise healthy, CSE-ko mice receiving STS in
addition to standard ICU care during resuscitation from
trauma-and-hemorrhage (23). In sharp contrast to these
previous results, lung tissue GR expression was even
Frontiers in Immunology | www.frontiersin.org 7152153
significantly lower in the STS-treated swine than in the vehicle
group in the present study. We can only speculate regarding this
different result, but the reduced activity of the von Willebrand
Factor (vWF) in our Bretoncelles-Meishan-Willebrand pigs may
assume importance in this context. We studied heterozygous
individuals of this swine strain, because they closely mimic the
human coagulation system (24, 25, 32, 33), in contrast to the
hypercoagulatory state in other domestic swine strains (34). We
cannot exclude, however, that this “vWF-disease”, albeit not
A B

D

E F

G H

C

FIGURE 2 | Cardiocirculatory parameters before (pre) and after 3 h of hemorrhagic shock (post) as well as 24 h, 48 h, and 68 h after resuscitation. (A) mean arterial
pressure, (B) cardiac output, (C) stroke volume, (D) stroke volume variance, (E) heart rate, (F) blood pH, (G) blood lactate, and (H) blood base excess. n = 8/9
before shock, 8/9 after shock, 8/9 at 24 h, 7/9 at 48 h, and 7/8 at 68 h animals per group for vehicle control (yellow, C) and thiosulfate (purple, T), respectively.
* = p < 0.05, ** = p < 0.01, Mann-Whitney U test. Box plots report median, interquartile range, minimum, and maximum.
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presenting with any clinically relevant bleeding disorder, may have
altered the STS effect on the GR expression: ACTH secreting
bronchial carcinoid cells were shown to present with significant
glucocorticoid receptor expression (38), and high glucocorticoid
levels due to Cushing’s disease are associated with increased vWF-
activity (39). Exogenous glucocorticoid administration produced
less consistent results: in healthy subjects, oral steroids also
increased vWF activity (40), while under hyper-inflammatory
conditions the opposite effect was reported (41). To the best of
our knowledge, however, no data are available on the reverse
Frontiers in Immunology | www.frontiersin.org 8153154
relation, i.e. on the effect of reduced vWF activity per se on cortisol
concentrations and/or GR expression.

At the end of the treatment phase, i.e., at 24 h of resuscitation,
STS was associated with statistically significantly lower arterial
base excess levels (STS 1.3 mmol/l (0.3; 2.6) vs. vehicle control 4.4
mmol/l (2.6; 5.3), p < 0.01, Mann-Whitney U test). This
difference in the acid-base status disappeared until the end of
the experiment. The lower base excess is well in line with case
reports on i.v. STS (42, 43) as well as in our previous study in
swine with coronary artery disease (22). Of note, the arterial base
A B

D

E F

G

C

FIGURE 3 | Organ function parameters before (pre) and after 3 h of hemorrhagic shock (post) as well as 24 h, 48 h, and 68 h after resuscitation. (A) Troponin,
(B) neutrophil gelatinase-associated lipocalin (NGAL), (C) aspartate transaminase (AST), (D) alanine transaminase (ALT), (E) bilirubin, (F) creatinine, and (G) urine
output. n = 8/9 before shock, 8/9 after shock, 8/9 at 24 h, 7/9 at 48 h, and 7/8 at 68 h animals per group for vehicle control (yellow, C) and thiosulfate (purple, T),
respectively. * = p < 0.05, Mann-Whitney U test. Box plots report median, interquartile range, minimum, and maximum.
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excess tended to be lower in the STS-treated animals at the end of
the shock-phase (STS 3.3 mmol/l (1.5; 5.1) vs. vehicle control 4.2
mmol/l (3.7; 6.8), p = 0.12, Mann-Whitney U test), most likely as
a result of the fact that the STS-infusion was already started at 2 h
Frontiers in Immunology | www.frontiersin.org 9154155
of hemorrhage, i.e. 1 h prior to the initiation of re-transfusion of
shed blood, fluid resuscitation, and continuous i.v.
noradrenaline. Nevertheless, the fact that this fall in base
excess was not associated with a pH < 7.4, any acidosis-related
A B

D

E F

C

FIGURE 4 | Inflammation parameters before (pre) and after 3 h of hemorrhagic shock (post) as well as 24 h, 48 h, and 68 h after resuscitation. (A) TNF, (B) IL6, (C) IL10,
(D) superoxide dismutase (SOD), (E) catalase, and (F) 8-isoprostane. n = 8/9 before shock, 8/9 after shock, 8/9 at 24 h, 7/9 at 48 h, and 7/8 at 68 h animals per group for
vehicle control (yellow, C) and thiosulfate (purple, T), respectively. * = p < 0.05, Mann-Whitney U test. Box plots report median, interquartile range, minimum, and maximum.
A B

FIGURE 5 | Western Blot analysis of kidney (A) and lung (B) at the end of the trial for n = 7/8 animals per group for vehicle control (yellow, C) and thiosulfate
(purple, T), respectively. Results are normalized to protein levels from two untreated animals. iNOS, inducible nitric oxide synthase; HO-1, heme oxygenase 1; IkBa,
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; CBS, cystathionine-b-synthase; CSE, Cystathionine-g-lyase; GCR, glucocorticoid
receptor. * = p < 0.05, Mann-Whitney U test. Box plots report median, interquartile range, minimum, and maximum.
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lung protection may have been prevented: acidosis-related lung-
protection in vivo was reported at pH ≈ 7.00-7.25 (44).

Limitations
We might have missed a putative therapeutic benefit due to an
unbalanced shock severity: Albeit not statistically significant, the
amount of blood removed to induced hemorrhagic shock, tended to
be higher in the vehicle group (p = 0.13, see above, “Results” section).
However, not only tended arterial base excess to be lower (see above),
but also arterial lactatemia to be slightly higher (STS 2.3mmol/l (1.9;
3.6) vs. vehicle control 2.3mmol/l (1.6; 2.5), p = 0.65,Mann-Whitney
U test) in the STS-treated animals already at the end of the shock
phase. In addition, heart rate in the STS-group had shown a
significantly higher baseline value, i.e., the relative heart increase
was more severe, possibly suggesting a more pronounced activation
of the sympathetic system. Clearly, any difference in shock severity
wasdue to chance, becauseweusedablinded, randomandcontrolled
experimental design.Another limitation is thatwemighthavemissed
a temporary effect of STS on organ function due to the distance
between measurement time points, e.g., a change in organ function
after 6hof treatment.However, basedon the similar survival between
the groups, there is no hint for such an issue.
CONCLUSION

Altogether, in contrast to our previous study in swinewith coronary
artery disease, this study reports no beneficial effect of STS using a
blinded, randomized controlled trial design in a clinically relevant,
long-term porcine model of hemorrhagic shock-and-resuscitation
in animals devoid of underlying chronic cardiovascular co-
morbidity. We cannot exclude that studying adult animals with
heterozygous “vWF” disease may have influenced this result.
Nevertheless, the current study highlights the impact of the
severity of shock per se as well as the investigation of chronic
underlying co-morbidities on the possible efficacy of therapeutic
interventions in pre-clinical shock research.
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Introduction: Occult hypoperfusion (OH) is defined as persistent lactic acidosis despite
normalization of vital parameters following trauma. The aim of this study was to analyze the
association of occult hypoperfusion with local circulation and inflammation of injured soft
tissue in a porcine polytrauma model.

Methods: This experimental study was performed with male landrace pigs who suffered a
standardized polytrauma, including a femoral fracture, blunt chest trauma, liver laceration
and a mean arterial pressure (MAP) controlled hemorrhagic shock. One hour after
induction of trauma, the animals were resuscitated with retrograde femoral nailing, liver
packing and volume replacement. Animals were stratified into Group Norm (normalizing
lactate levels after resuscitation) and Group occult hypoperfusion (OH) (persistent lactate
levels above 2 mmol/l with normalizing vital parameters after resuscitation). Local
circulation (oxygen saturation, hemoglobin amount, blood flow) was measured with
optical sensors at the subcutaneous soft tissue at the fractured extremity as well as at
the stomach and colon. Local inflammatory parameters [interleukin (IL) 6, 8, 10, and heat
shock protein (HSP)] were analyzed in the subcutaneous tissue of the fractured extremity.

Results: Group Norm (n = 19) and Group OH (n = 5) were comparable in baseline vital
and laboratory parameters. The shock severity and total amount of blood loss were
comparable among Group Norm and Group OH. Following resuscitation Group OH had
significantly lower local relative hemoglobin amount at the injured soft tissue of the
fractured extremity when compared with Group Norm (39.4, SD 5.3 vs. 63.9, SD 27.6
A.U., p = 0.031). The local oxygenation was significantly lower in Group OH compared to
Group Norm (60.4, SD 4.6 vs. 75.8, SD 12.8, p = 0.049). Local IL-6 in the fatty tissue was
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significantly higher in Group OH (318.3, SD 326.6 [pg/ml]) when compared with Group
Norm (73.9,SD 96.3[pg/ml], p = 0.03). The local circulation at the abdominal organs was
comparable in both groups.

Conclusion: OH is associated with decreased local circulation and increased local
inflammation at the injured soft tissue of the extremity in polytrauma. OH might reflect
the severity of local soft tissue injuries, and guide treatment strategies.
Keywords: local inflammation, porcine model, standardized polytrauma, occult hypoperfusion, persistent lactic
acidosis, treat, perfusion in polytrauma
INTRODUCTION

The initial assessment and surgical strategy in the treatment of
polytrauma patients is based on the physiologic reaction to
injuries (1). The early polytrauma management focuses on the
stabilization of the triad of acidosis, coagulopathy, and
hypothermia. This triad, combined with the soft tissue damage
are prominent predictors for mortality in polytrauma patients
(1). The physiologic stabilization of the patient represents one
guide of the surgical strategy after polytrauma (2). Despite
standardized and improved resuscitation, selected polytrauma
cases present with persistent lactic acidosis even after responding
to resuscitation. The presence of elevated lactate levels during the
clinical course has been interpreted as a sign of occult
hypoperfusion (OH). OH in trauma is associated with
increased risk for infections and other complications (3). The
outcome of trauma patients improves if OH is detected and
treated early (4). Several different definitions of OH exist, most of
which describe a persistent elevated lactate level with
concomitant normal vital parameters (3, 5). Risk factors for
the development of OH include Injury Severity Score (ISS),
Glasgow Coma Scale (GCS) at admission, hypotension, and
advanced age (4). OH has only been approximated by systemic
measures or analysis of CO2-gaps between central veins and
arteries (6). In order to evaluate the association of persistent
lactic acidosis and occult hypoperfusion this study aimed to
investigate the following research questions in a standardized
porcine polytrauma model: What is the effect of OH on the local
circulation of the injured soft tissue in polytrauma? Is OH
associated with the amount of blood loss during hemorrhagic
shock? How is the local inflammatory reaction of the soft tissue
affected by OH?
METHODS

Study Design
This experimental translational study is based on a previously
described standardized porcine polytrauma model (7). Reporting
of the results adheres to the ARRIVE Guideline (8).

Ethical Statement and Housing
Animal housing and experimental protocols were approved by
the Cantonal Veterinary Office, Zurich, Switzerland, under
org 2159160
license no. ZH 138/2017, and were executed in accordance
with Swiss Animal Protection Law, following the “The
Principles of Laboratory Animal Care”. Housing and
experimental procedures also conformed to the European
Directive 2010/63/EU of the European Parliament and of the
Council on the Protection of vertebrate animals used for
scientific purposes (Council of Europe no. 123, Strasbourg
1985) and to the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National
Research Council, National Academy of Sciences, 2011).
Castrated male Swiss landrace pigs from a disease-free barrier
breeding facility were housed in ventilated rooms at a constant
room temperature of 21 ± 3°C and a relative humidity of 50%,
with natural daylight. Pigs acclimatize to their surroundings for a
minimum of 7 days prior to the experiment. takers. Pigs were
fasted for a period of 12 h prior to the experiment, water was
available ad libitum.

Animal Care and Monitoring
All pigs were sedated with an intramuscular injection of
ketamine (Ketasol®-100 ad us.vet.; Dr. E. Graeub AG, Berne,
Switzerland; 15 mg/kg body weight), midazolam (Dormicum®.;
Roche Pharma AG, Basel, Switzerland; 0.5 mg/kg body weight)
and atropine (Atropinsulfat KA vet 0.1%; Kantonsapotheke,
Switzerland; 0.05 mg/kg body weight). Anesthesia was induced
by an intravenous administration of propofol (Propofol ®-
Lipuro 1%, B. Braun Medical AG; Sempach, Switzerland; 1-2
mg/kg body weight) to achieve relaxation and swallow-reflex
diminishment sufficient for intubation. Anesthesia was
maintained during the duration of the study with propofol (5-
10 mg/kg/h).and Sufentanil (1 mg/kg per hour) under positive
pressure ventilation with an FiO2 of 0.3. Following our
institutional veterinarian protocol, ventilation was set to
maintain an end tidal CO2 (etCO2) of 45-55 mmHg All
animals received fluid substitution of 21 ml/h Ringerfundin.
Animals were placed in supine position for percutaneous
ultrasound guided catheterization of the following vessels: left
external jugular vein (6F, Avanti®, Cordis® Corporation, Miami
Lakes, FL, USA), right femoral artery (5F, Avanti®, Cordis®

Corporation, Miami Lakes, FL, USA) and left femoral vein
(HighFlow Dolphin Catheter, 13F, Baxter International,
Deerfield IL, USA). Oxygenation and ventilation parameters,
inspirational oxygen fraction, and expiratory oxygen fraction,
etCO2, positive end-expiratory pressure (PEEP), respiratory
June 2022 | Volume 13 | Article 894270
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frequency, and tidal volume were continuously monitored. Blood
gas analysis was performed to regularly assess pressure of oxygen
(paO2) and carbon dioxide (paCO2), Arterial blood pressure and
central venous pressure (CVP), as well as heart rate was
continuously recorded. A suprapubic catheter was placed in
the urinary bladder and diuresis was monitored. During the
entire experiment, at least two veterinarians, specialized in
anesthesiology were present and monitored the narcosis.

Induction of Trauma and Resuscitation
Trauma was induced and resuscitation procedures performed,
based on a well-established, previously described standardized
large animal protocol (7). Briefly, the polytrauma model included
a standardized left-sided femoral shaft fracture, a right sided
blunt thoracic trauma, a standardized liver laceration, and mean
arterial pressure (MAP)-controlled hemorrhagic shock
as follows:

Fractures and associated soft tissue injuries were induced by a
bolt gun (Blitz-Kerner, turbocut JOBB GmbH, Germany) with
cartridges (9x17; DynamitNobel AG; Troisdorf, Germany) to a
custommade metal chisel which was placed on the mid of the left
femur shaft. The fracture was verified via fluoroscopy. The blunt
chest trauma was introduced with the same bolt gun on the right
lateral thorax wall utilizing an additional lead pael (1.0cm
thickness) between the chest and the bolt gun. A chest x-ray
was performed and in case of pneumothorax a chest tube was
inserted in the usual manner. The liver laceration was performed
with a cross-like incision through one third of the liver tissue
following median laparotomy. Liver packing was performed
following 30 seconds of uncontrolled bleeding. Afterwards the
animals underwent MAP-controlled hemorrhagic shock for 60
min until they reached a MAP of 25 ± 5 mmHg. During trauma
and hemorrhagic shock, FiO2 was reduced to 0.21 and fluid
substitution was lowered to 10ml/h.

One hour after induction of trauma animals were resuscitated
following the ATLS, AO/OTA, and AWMF-S3 guideline on
Treatment of Patients with Severe and Multiple Injuries®)
principles (9, 10). Hemorrhagic shock was treated with volume
controlled fluid resuscitation (three times the blood loss,
Ringerfundin®). Normothermia (38.7–39.8°C) was aimed for
with warm pads and blankets. Femoral shaft fractures were
treated with retrograde intramedullary nailing utilizing a
tailored 120 mm nail (cannulated DFN Ø 10.0 mm,
DePuySynthes, Raynham, Massachusetts, United States) in the
usual manner. The position of the nail was controlled
via fluoroscopy.

Measurements of Local Circulation
Local tissue perfusion and microcirculation at the fracture site
was assessed using an O2C (Oxygen to see, LEA Medizintechnik
GMBH, Giessen, Germany) device. White light spectrometry and
laser spectroscopy were used to screen the capillary-venous part
of the vascular system (penetration depth of 4–8 mm). Relative
local blood flow (flow), flow velocity, local oxygen saturation
(sO2) and relative local hemoglobin concentration (rHB) were
measured one the vastus lateralis muscle adjacent to the femoral
fracture. For this, a 3 cm incision was made on the left lateral
Frontiers in Immunology | www.frontiersin.org 3160161
thigh and the subcutaneous tissue was exposed by preparation of
subcutaneous tissue and incision of the fascia. The measuring
probe was placed on the subcutaneous tissue for 1 min above the
fracture and measurements were continuously taken every
second. Local circulation measurements were further taken at
the stomach, and the colon. Data are presented in arbitrary units
(A.U.). The reason for the introduction of “Arbitrary Units” is
based on the origin of the values. The measured signals are
electrical values of frequencies and amplitudes, so that the unit
would be a combination of electrical units. Therefore usually a
new unit for blood flow is introduced. To calculate the blood flow
in ml/min, it would be necessary to compare the electrical signals
with a method that measures the blood flow in ml/min (e.g.
plethysmography, microspheres) for each organ (or organs with
similar optical properties). Then the arbitrary units can be
converted in ml/min. This “calibration” has to be done at the
measured organ, as there is no artificial model at the moment
that simulates tissue in a realistic way.

Local Inflammation
Local inflammation was measured 6 hours after induction of
trauma. Quantikine porcine immunoassay kits from R&D
Systems (Minneapolis, MN) were used for analyses of IL-6, IL-
8, and IL-10 according to the manufacturer’s protocol. Prior
termination of the experiment local soft tissue including fatty
tissue and muscle tissue were taken at the fracture site and stored
in RNAlater solution (RNAlater Solutions for RNA Stabilization
and Storage, ThermoFisher). After shredding of the tissue, RNA
extraction was performed using the RNeasy Mini Kit (Qiagen,
Hombrechtikon, Switzerland) according to the manufacturer’s
protocol. PCR analysis for HSP70, IL-6, IL-8, and IL-10 was
performed using the following primer (F forward, R reverse): IL-
6 F: 5-GAATCCAGACAAAGCCACCA-3, R: 5-GTGCCCCA
GCTACATTATCC-3; IL-8/CXCL8, F: 5-CTTCCAAACTGGC
TGTTGCC-3, R: 5-GTTGTTGTTGCTTCTCAGTTCTCT-3;
IL-10, F: 5-CGGCGCTGTCATCAATTTCT-3, R: 5-CGGGA
ACCTTGGAGCAGATT-3; HSP70, F: 5-GCCCTGAATCC
GCAGAATA-3, R: 5-TCCCC ACGGTAGGAAACG-3.

Statistical Methods and Stratification
of Animals
Continuous variables are presented with mean and standard
deviation (SD), or standard error of the mean (SEM) in graphical
presentation, categorical variables as count and percentage.
Experimental subjects were stratified according to persistent
lactic acidosis as defined by persistent elevated serum lactate
level of >2mmol/l (Group OH) despite responding vital signs to
resuscitation during the entire observation time. Distribution of
data was visualized with histogram and qq-plots. Group
comparison on normally distributed continuous variables were
performed using the student’s t-test, for non-normal distributed
variables the Mann-Whitney U test was utilized; for comparisons
on categorical variables the Fisher exact test was used.
Adjustment for multiple testing with a false discovery rate at
1% was performed with the Benjamini-Hochberg procedure. The
p-value reported is the adjusted value. All statistical analyses
were performed using R (R Core Team (2021). R: A language and
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environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/.). GraphPad Prism version 9 for macOS was
utilized to print the graphs (GraphPad Software, San Diego,
California USA, www.graphpad.com).
RESULTS

This experiment included 27 animals. Out of these 24 (88.9%)
survived the experiment and were stratified into Group Norm
(n=19, 79.2%) and Group OH (n= 5, 20.8%, Figure 1). 3 animals
died prematurely and were excluded from analyses.

Baseline Values
The animals had a mean weight of 50.7kg (SD 4.5kg)
representing adolescent animals. At baseline the animals had a
MAP of 73.3mmHg (SD 14.7mmHg), a heart rate of 91.5bpm
(SD 17.0bpm), and a CVP of 10.1mmHg (SD 3.7mmHg).
Baseline lactate level was 1.1mmol/l (SD 0.6mmol/l), base
excess 6.3mmol/l (SD 2.4mmol/l), and the temperature 37.0°C
(SD 0.7°C). The baseline hemoglobin was 9.7g/dl (SD 0.9g/dl),
and the calcium 1.34mg/dl (SD 0.06mg/dl). The animals were
comparable in baseline values and characteristics (Table 1).

Severity of Trauma: Course of MAP and
Lactate During Trauma and After
Resuscitation
During the hemorrhagic shock, the animals lost a mean of
991.8ml (SD 303.8ml) of blood, and had a MAP of 25mmHg
(SD 5mmHg) and a mean heart rate of 94.0bpm (SD 18.9bpm).
The lactate level increased to 5.9mmol/l (SD 1.4mmol/l), the
temperature was 37.4°C (SD 0.6°C).
Frontiers in Immunology | www.frontiersin.org 4161162
Lactate level increased to 6.03mmol/l (SD 0.75mmol/l) in
Group OH and remained at a mean of 3.44 mmol/l (SD
1.97mmol/l). The lactate level decreased in Group Norm
following resuscitation to baseline values. The temperature
remained comparable in both groups throughout the
experiment as did the pCO2 levels (Figure 2).

Occult Hypoperfusion Is Associated With
Reduced Local Circulation in the Soft
Tissue of the Extremity
Local soft tissue circulation measurements on the hind extremities
have shown a significantly reduced microcirculation in Group OH
when compared with Group Norm, with local SpO2 in the vastus
muscle being significantly lower (Group OH: 60.4, SD 4.6 A.U.
versus Group Norm 75.8 SD 12.8 A.U., p=0.049). Local Hb values
were also significantly reduced in the OH group (Group OH: 39.4,
SD 5.3 A.U. versus Group Norm 63.9, SD 27.6 A.U., p=0.031). No
differences were found between the groups in the microcirculation
of the abdominal organs, such as the stomach, colon or
liver (Table 2).
Occult Hypoperfusion Is Associated With
an Increased Local Inflammatory
Response
The analysis of local soft tissue inflammation revealed a
significantly higher concentration of pro-inflammatory
cytokines in animals in Group OH when compared with
Group Norm. Interleukin-6 was approximately 3 times higher
in the OH group when compared to the Norm group (Group
OH: 318.3, SD 326.6 pg/ml versus Group Norm 73.9. SD 96.3 pg/
ml, p=0.03). Similarly, IL-8 has shown 4 times higher values
(Group OH: 442.9, SD 687.6 pg/ml versus Group Norm 72.3,
FIGURE 1 | Flowchart and stratification according to occult hypoperfusion (OH) as defined by persistent elevated lactate levels despite responding vital parameters
following resuscitation.
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SD121.3 pg/ml, p=0.056). Interleukin-10 and HSP were
comparable between the groups (Table 3).
DISCUSSION

The aim of this study was to analyze the association of OH on the
local microcirculation and the local inflammatory of the injured
soft tissue reaction following a standardized porcine polytrauma
model and found the following points:

• Persistent elevated lactate levels can be present despite
standardized trauma and resuscitation protocols.

• Animals in Group OH show reduced local circulation at the
injured extremity when compared with Group Norm.

• The local inflammatory reaction of the soft tissue in the injured
extremity is significantly higher Group OH when compared
with Group Norm.

The identification of multiple injured patients with insufficient
response to resuscitation is required to choose an appropriate
treatment strategy. Studies have reported a negative outcomes in
patients with persistent occult hypoperfusion (OH) (11). There
still is, however, a lack of consensus on the definition of OH: Some
studies defined OH based on the pH level (pH < 7.25) (12) others
described significant hemorrhage despite hemodynamic stability
to be associated with occult hypoperfusion (13). A base deficit of
less than -4.5mmol/l was further a proposed threshold for OH
(14). However, most articles define occult hypoperfusion based on
persistent elevated lactate levels, despite normal vital signs (15–
17). The range of the cut-off for persistent lactic acidosis varies
from 2mmol/l (18), to 2.4 mmol/l (19), 2.5 mmol/l (16), and
3mmol/l (20). The present study has chosen the cut-off of 2mmol/l
since this value is clinically one relevant factor in distinguishing
between stable and unstable trauma patients (1, 2). This is the first
study that provides some evidence for the development of OH
despite standardized trauma and standardized treatment
protocols. The pathophysiologic cause for OH remains subject
of investigations and is hypothesized to be the result of
multifactorial pathways. If the oxygen supply decreases other
Frontiers in Immunology | www.frontiersin.org 5162163
mechanisms attempt to restore oxygenation (21). Hypoxia can
induced inflammation and vice versa (22). This association is
based on experimental designs that assessed toll-like receptors
(TLRs) in kidney or lung transplantation, and the resulting insulin
resistance following macrophage migration in adipose tissue (22).
The present study provides new data that shows the association of
OH with increased inflammation in acute injured soft tissue in a
polytrauma model. Ischemia and reperfusion injuries result in
sterile inflammation following activation of TLRs, recruitment and
activation of immune cells of the innate and adaptive immune
system and activation of the complement system (23). This
clinically very relevant association has been discussed following
biomolecular and histopathologic studies. The present
investigation provides a translational approach that introduces
standardized quantification methods for OH and local
hypoperfusion that might be feasible for routine clinical use.
Changes in local circulation depend further on the specific
organ of interest (24). The relevance of ischemia-reperfusion
injury is further associated with local circulation and represents
a challenging condition in trauma patients (25). It has further been
shown that the local soft tissue injury serves as a relevant factor for
the prediction of mortality in severely injured patients (1, 2). OH
and altered microcirculation might be utilized to quantify the
severity of the local soft tissue damage. OH might further be
associated with persistent centralization. The present study
showed that the abdominal organs are not as severely affected
by circulatory changes during OH when compared with the
extremity. The centralization appears to persist during OH and
is an increased risk for complications and mortality (26).

Shock and resuscitation have a substantial impact on the local
circulation and the local inflammation (27). Systemic
inflammatory response is associated with the severity of
trauma and skeletal muscle oxygenation and represents a
relevant factor for resuscitation strategies and success (28). The
release of damage-associated molecular patterns (DAMPs)
following trauma are associated with increased inflammation.
Systemic inflammation is increased in polytrauma and the
damaged local soft tissue might be responsible for the
inflammatory reaction (29). The elevated local inflammation
impairs the coagulatory system, increases vascular leakage by
TABLE 1 | Baseline characteristics of study animals.

Group Norm Group OH p-value
19 5

MAP [mmHg], mean (SD) 72.91 (15.79) 75.20 (9.50) 0.76
Heart rate [bpm], mean (SD) 93.73 (22.02) 88.80 (14.57) 0.64
CVP [mmHg], mean (SD) 10.11 (4.20) 12.40 (4.98) 0.306
Temperature [°C], mean (SD) 36.82 (0.75) 36.62 (0.70) 0.588
pO2 [kPa], mean (SD) 16.95 (4.05) 13.69 (4.09) 0.117
pCO2 [kPa], mean (SD) 5.86 (0.76) 5.51 (0.72) 0.356
pH, mean (SD) 7.45 (0.05) 7.48 (0.04) 0.192
Lactate [mmol/l], mean (SD) 1.14 (0.60) 0.79 (0.17) 0.217
Local blood flow at extremity [AU], mean (SD) 82.51 (22.35) 81.36 (39.37) 0.936
Local sO2 at extremity [AU], mean (SD) 94.45 (7.46) 93.00 (9.43) 0.737
Local rHb amount at extremity [AU], mean (SD) 68.54 (8.56) 74.60 (13.37) 0.255
June 2022 | Volume 13 | Article
MAP, Mean arterial pressure; bpm, beats per minute; CVP, central venous pressure; AU, Arbitrary unit; rHb, relative hemoglobin amount; SD, Standard deviation; p-value after Benjamini-
Hochberg adjustment.
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damaging endothelium and might therefore subsequently
damage remote organs (30).

The presented results are in accordance with previously
published data that have shown an adequate response to
resuscitation within 30 minutes (31). The local circulatory flow
rate correlates with the MAP, and following hemorrhagic
shock rHB and local O2 measures decreased significantly
(27). These data are comparable to the present experiment
that shows an effect of the trauma and the hemorrhage to the
local circulation. But the present experiment goes one step
Frontiers in Immunology | www.frontiersin.org 6163164
further, by providing data on an even further effect of OH on
the local circulation and inflammation. The systemic response
to severe trauma has been shown (31), the effect of polytrauma
on local circulation can be quantified (27), and following our
results, the severity of decreased local circulation or increased
local inflammation of injured soft tissue is further associated
with OH.

Experimental studies allow detection of these markers,
however, the transfer to human situation remains challenging
(32). The present study allows the association of OH, decreased
A B

C D

E F

FIGURE 2 | The course of vital parameters, and measures of arterial blood gas analysis during the observational period, presented as mean and standard error of
the mean #represents statistical significant difference to baseline, * represents statistical difference among Group Norm and Group OH at the respected timepoint
Statistical significance after Benjamini-Hochberg adjustment set at p < 005. (A) The course of MAP controlled hemorrhagic shock The MAP decreased significantly
compared with baseline values, however, the MAP remained comparable among both groups. (B) Significant increase of heart rate (compared with baseline) during
hemorrhagic shock and return to comparable values. (C) The lactate value increased significantly in both Groups when compared to baseline values After the
initiation of resuscitation, the lactate value decreased in Group Norm. in Group OH the lactate value remained significantly higher compared to baseline and to Group
Norm. (D) Base excess decreased significantly in both groups, and remained lower in Group OH (not statistically significant). (E) The Temperature was comparable
during the experiment, and the animals were warmed throughout. (F) The pCO2 level was utilized for ventilation control and remained comparable during the
experiment and among both groups.
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local circulation, and increased local inflammation and might
therefore support the translation of these results to the human
situation. The quantification of the local tissue injury is relevant
for the risk for complications and for the treatment strategy (33).
The local inflammatory response is time-dependent and
therefore provides an association of OH and increased local
inflammation (34).
Strengths and Limitations
This study is conducted as an experimental study. The strengths of
this study are the standardized induction of trauma, and the
standardized resuscitation methods. The included study subjects
were comparable in baseline characteristics and the observation
time were standardized. These conditions are rarely found in
clinical trials . OH might be the result of the local
microcirculation. Following the present study, we provide data
that show a certain association of OH and local microcirculation.
Further, this association was measured in a standardized and
reproducible manner. However, the reported data cannot prove a
cause-relation effect that provides evidence whether the decreased
local circulation causesOHor vice versa. Based on the standardized
trauma and standardized resuscitation the effect should be
investigated on an epigenetic level, since it might be based on an
individual reaction to the injury. One might argue that the
translation of our results to routine clinical practice might be
lacking, however, large animals mirror human physiology better
when compared with rodents (35). For those reasons, a certain
translation of our results might be feasible. This experiment was
designed to analyze the short termeffect of traumaon inflammation
and circulation. Therefore, long term complications, infections, or
mortality were not observed. Albeit this shortcoming, we believe
that the presented results might improve the pathophysiologic
Frontiers in Immunology | www.frontiersin.org 7164165
understanding of OH and its association with decreased local
circulation at the extremity and increased local inflammation.
CONCLUSION

OH is associated with decreased local perfusion and increased
local inflammation at the injured soft tissue and might serve as a
measure for severity of local soft tissue injuries, guide treatment
strategies, and measure treatment success.
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TABLE 2 | Occult hypoperfusion is associated with reduced local circulation in injured soft tissue 6 hours after trauma.

Group Norm Group OH p-value

Local blood flow at extremity [AU], mean (SD) 75.75 (12.79) 60.38 (4.56) 0.049
Local rHb amount at extremity [AU], mean (SD) 63.92 (27.63) 39.39 (5.33) 0.031
Local sO2 at extremity [AU], mean (SD) 72.02 (6.13) 72.09 (7.84) 0.987
Local blood flow at stomach [AU], mean (SD) 176.23 (14.9) 153.58 (51.3) 0.159
Local rHb amount at stomach [AU], mean (SD) 52.28 (24.08) 58.80 (21.34) 0.674
Local sO2 at stomach [AU], mean (SD) 72.02 (6.13)) 72.09 (7.84) 0.987
Local blood flow at colon [AU], mean (SD) 174.66 (34.08) 166.03 (30.51) 0.689
Local rHb amount at colon [AU], mean (SD) 67.02 (4.98) 64.42 (3.89) 0.887
Local sO2 at colon [AU], mean (SD) 53.36 (17.41) 53.60 (18.20) 0.983
June 2022 | Volume 13 | Article
AU, Arbitrary units; SD, standard deviation; OH, occult hypoperfusion; p-value after Benjamini-Hochberg adjustment.
TABLE 3 | Occult hypoperfusion is associated with increased local inflammatory response of the injured soft tissue at the fracture.

Group Norm Group OH p-value

HSP fatty tissue [pg/ml], mean (SD) 4.93 (12.68) 5.88 (9.79) 0.892
IL8 fatty tissue[pg/ml], mean (SD) 72.33 (121.31) 442.94 (687.55) 0.056
IL6 fatty tissue [pg/ml], mean (SD) 73.97 (96.29) 318.30 (326.56) 0.03
IL10 fatty tissue [pg/ml], mean (SD) 4.81 (4.29) 3.23 (2.78) 0.558
IL6 muscle [pg/ml], mean (SD) 69215.23 (86342.31) 76003.88 (131083.13) 0.908
IL10 muscle [pg/ml], mean (SD) 1907.29 (3432.24) 286.99 (369.85) 0.435
HSP, Heat shock protein; IL, interleukin; SD, standard deviation; OH, occult hypoperfusion; p-value after Benjamini-Hochberg adjustment.
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Simultaneous C5 and CD14
inhibition limits inflammation
and organ dysfunction in
pig polytrauma

Ludmila Lupu1, Klemens Horst2, Johannes Greven2,
Ümit Mert2, Judith A.K. Ludviksen3, Kristin Pettersen3,
Corinna Lau3, Yang Li1, Annette Palmer1, Kang Qin2,
Xing Zhang2, Benjamin Mayer4, Martijn van Griensven5,
Markus Huber-Lang1, Frank Hildebrand2

and Tom Eirik Mollnes3,6,7*

1Institute of Clinical and Experimental Trauma Immunology, University Hospital Ulm,
Ulm, Germany, 2Department of Orthopedics, Trauma and Reconstructive Surgery, Rheinisch-
Westfalische Technische Hochschule (RWTH) Aachen University, Aachen, Germany, 3Research
Laboratory, Nordland Hospital Bodø, Bodø, Norway, 4Institute of Epidemiology and Medical
Biometry, Ulm University, Ulm, Germany, 5Department Cell Biology-Inspired Tissue Engineering
(cBITE), MERLN Institute for Technology-Inspired Regenerative Medicine, Maastricht University,
Maastricht, Netherlands, 6Department of Immunology, Oslo University Hospital, and University of
Oslo, Oslo, Norway, 7Center of Molecular Inflammation Research, Norwegian University of Science
and Technology, Trondheim, Norway
Dysfunctional complement activation and Toll-like receptor signaling

immediately after trauma are associated with development of trauma-

induced coagulopathy and multiple organ dysfunction syndrome. We

assessed the efficacy of the combined inhibition therapy of complement

factor C5 and the TLR co-receptor CD14 on thrombo-inflammation and

organ damage in an exploratory 72-h polytrauma porcine model, conducted

under standard surgical and intensive care management procedures. Twelve

male pigs were subjected to polytrauma, followed by resuscitation (ATLS®

guidelines) and operation of the femur fracture (intramedullary nailing

technique). The pigs were allocated to combined C5 and CD14 inhibition

therapy group (n=4) and control group (n=8). The therapy group received

intravenously C5 inhibitor (RA101295) and anti-CD14 antibody (rMil2) 30 min

post-trauma. Controls received saline. Combined C5 and CD14 inhibition

reduced the blood levels of the terminal complement complex (TCC) by 70%

(p=0.004), CRP by 28% (p=0.004), and IL-6 by 52% (p=0.048). The inhibition

therapy prevented the platelet consumption by 18% and TAT formation by 77%

(p=0.008). Moreover, the norepinephrine requirements in the treated group

were reduced by 88%. The inhibition therapy limited the organ damage,

thereby reducing the blood lipase values by 50% (p=0.028), LDH by 30%

(p=0.004), AST by 33%, and NGAL by 30%. Immunofluorescent analysis of

the lung tissue revealed C5b-9 deposition on blood vessels in five from the
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untreated, and in none of the treated animals. In kidney and liver, the C5b-9

deposition was similarly detected mainly the untreated as compared to the

treated animals. Combined C5 and CD14 inhibition limited the inflammatory

response, the organ damage, and reduced the catecholamine requirements

after experimental polytrauma andmight be a promising therapeutic approach.
KEYWORDS

complement, CD14, TLR, inflammation, trauma and MODS
Introduction

Severely injured patients frequently develop complications,

including coagulopathy, sepsis and multiple organ dysfunction

syndrome (MODS) (1). The underlying mechanisms of

posttraumatic thrombo-inflammation and organ dysfunction

are driven by the trauma-induced immune response (2), which

is regulated mainly by the complement cascade and the Toll-like

receptor (TLR) signaling pathway (2).

The complement cascade is activated within minutes after

trauma (3), and reaches its peak activity within the first 6-h post-

injury (4). Complement was reported to be responsible for the

oxidative burst in granulocytes and monocytes (5, 6),

contributing to development of lung and kidney dysfunction

after trauma (7, 8). C5a-primed neutrophils augment their

production of reactive oxygen species once exposed to a

“second-hit” traumatic event, such as surgery, increasing the

risk for thromboembolic events (6).

The CD14 antigen is a cofactor of several TLRs, and plays a

crucial role in pathogen-associated molecular patterns (PAMPs)

and damage-associated molecular patterns (DAMPs)

recognition (9). In a recent study, single-cell mass cytometry

analysis applied to blood samples from patients with hip-

replacement surgery, revealed that the prolonged postoperative

recovery, pain, and functional impairment were strongly

correlated with the cell signaling responses of CD14+ cells

(10). In trauma settings, the activation of TLRs was associated

with prothrombotic events and increased thrombin-

antithrombin (TAT) complexes in blood (11). Furthermore,

posttraumatic TLRs signaling pathway activation has been

associated with lung and kidney dysfunction (12, 13).

Both complement system activation and CD14 antigen

expression pattern are associated with monocyte exhaustion in

sterile and infection-induced inflammation (14, 15), with life-

threatening consequences for the patients. Single-cell RNA-

sequencing analysis of murine monocytes revealed that a

subclinical LPS dosage could program the monocytes into low-

grade inflammatory state, with elevated level of chemokines,

chemokines receptors, and C5aR1 expression (16). A subset of
02
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CD14+ cells was shown to distinctly change its transcriptional

state in bacterial sepsis (17), in severe Covid-19 infection (18),

and also in sterile infection caused by trauma, thus delaying the

recovery and increasing the likelihood of developing

complications (19).

Therefore, inhibition of excessive complement and TLR

activation might be beneficial in the posttraumatic immune

response. Although, the concept of combined inhibition in

sepsis was extensively studied (20–25), this regimen has never

been tested in polytrauma. Consequently, the aim of this study

was to investigate the effects of simultaneous inhibition of the

complement cascade at the C5 level and of the TLR signaling

pathway at the CD14 level in a long-term polytrauma porcine

model. We hypothesize that combined C5 and CD14 inhibition

therapy will improve the systemic inflammatory response, and

thus prevent the development of the posttraumatic coagulopathy

and MODS.
Materials and methods

Animals and experimental design

The well-established 72-h porcine polytrauma including

hemorrhagic shock model (26) was approved by the

responsible government authority (Ministry for nature,

environment and consumer protection in North Rhine-

Westphalia, Recklinghausen, Germany; AZ 81-02.04.

2020.A215). The study was performed in compliance with the

German legislation, the Federation of European Laboratory

Animal Science Association (FELASA), and the ARRIVE

guidelines (27).

Twelve German landrace male pigs (Sus scrofa, aged 12–16

weeks, mean body weight 35 ± 5 kg) from a disease-free barrier

breeding facility were housed in ventilated rooms and allowed to

acclimatize to their surroundings for a minimum of 7 days

before surgery. 12-h before the experiment, the animals were

exposed to fasting with water ad libitum. Preparation and

instrumentation were described in detail by Horst et al. (26).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.952267
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lupu et al. 10.3389/fimmu.2022.952267
Briefly, animals were premedicated (Azaperone (Stresnil™,

Janssen, Germany) in combination with Ketamine (Ketanest,

Pfizer, New York)), intubated and induced in general anesthesia

(Propofol (Fresenius, Germany) in combination with

Midazolam (Panpharma GmbH, Germany)). Fentanyl

(Panpharma GmbH, Germany) was used as a systemic

analgesic. The general anesthesia and analgesia, as well as a

lung protective ventilation strategy with a tidal volume of 8-12

ml/kg body weight (Evita 4, Draeger, Luebeck, Germany) were

maintained throughout the entire experiment. The experimental

animals were exposed to polytrauma: blunt chest trauma,

laparotomy with liver laceration with a subsequent

hemorrhagic shock, and bilateral open shaft femur fracture.

The blunt chest trauma was induced using a bolt gun

(Dynamit-Nobel, Vienna, Austria). A midline laparotomy was

performed to expose the left liver lobe, on which two incisions

(4.5cm × 4.5cm) were performed. The bilateral shaft femur

fracture was performed using the bolt gun. Meanwhile, the

pressure-controlled hemorrhagic shock was initiated by

withdrawing blood from the femoral vein until the mean

arterial pressure (MAP) fell to 40 ± 5mmHg and maintained

for 90 min. Afterwards, the animals were resuscitated according

to established trauma guidelines (ATLS® guidelines).

Throughout 72-h of experiment, the animals were given fluids

(Sterofundin, B. Braun, Germany) at a rate of 0.5-2.0 ml/kg/h

and parenteral nutrition (Aminoven, Fresenius Kabi, Germany)

370 kcal/l 50-70 ml/kg body weight and day, under a close

monitoring of the fluid balance. The heart rate and MAP were

monitored using a Philips patient monitor (Philips Health

Systems, Hamburg, Germany). The femur fracture was

reduced and fixed by an intramedullary nailing technique

(Stryker, Duisburg, Germany). For supporting the respiratory

mechanics of pressure-controlled ventilated pigs, the animals

were turned every 4-6 hours. If required, norepinephrine was

administered i.v. for maintaining the MAP>60 mmHg.

As numerous in vitro whole blood studies and in vivo mice

studies showed the superiority of the combined inhibition

therapy over the monotherapy (21–24), for the present study,

the decision was taken to proceed only with combined inhibition

therapy. This decision was also based on the experience form the

previous large animal (pig) study of peritonitis-induced sepsis,

where the ethical guidelines (the 3 Rs’) were closely followed,

including saving the number of animals (25). The experimental

animals were allocated to two groups: C5 and CD14 inhibition

treated group (n=4) and untreated group (n=8). The treated

group included 4 animals due to the limited access to the C5

inhibitor. The combined inhibition therapy included the

intravenous (i.v.) administration of the C5 and CD14

inhibitors. One animal from the treated group was given a

bolus of C5 inhibitor (3mg/kg) 30 min post-injury with a

subsequent continuous infusion (0.55 mg/kg/h) until 64-h

after the trauma, and one bolus of anti-CD14 (5mg/kg) at 30

min post-injury. The other three animals of the treated group
Frontiers in Immunology 03
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received higher dosages of the combined inhibition therapy,

based on the experiments testing the effects of the two inhibitors

in the first animal. The final doses were bolus of C5 inhibitor

(5mg/kg) 30 min post-trauma with a subsequent continuous

infusion (1.1 mg/kg/h) until 72-h post-injury, and anti-CD14

boluses of 5mg/kg at 30 min, 12-, 30-h and of 2.5 mg/kg at 60-h

post-injury. The four pigs were merged to one group since there

was negligible variability in the treatment efficacy between the

first and the other three pigs (p<0.05 for all parameters both for

3 vs 8 and 4 vs 8 pigs).
Interventional drugs

RA101295 (2-kDa peptide) was provided by UCB Pharma

(Brussels, Belgium). RA101295 is a C5 inhibitor, with a cross-

species activity, that prevents C5 cleavage and the subsequent

generation of C5a and formation of the terminal C5b–9

complement complex (TCC), which is present in two forms: as

sC5b–9 in the fluid-phase and as the membrane attack complex

(MAC) on the cell surface (28).

rMil2 is a recombinant anti-porcine CD14 antibody (clone

MIL2; isotype IgG2a), made recombinant as an IgG2/4 chimera

in the laboratory of Professor T.E. Mollnes (Norway) (29) and

produced largescale by ExcellGene SA (Monthey, Switzerland)

according to GMP standards. The anti-CD14 antibody blocks

the CD14 antigen and has no effector functions (29). The CD14

antigen in pigs is located mainly on granulocytes and functions

as a co-factor for TLR signaling (9, 29, 30).
Immune monitoring of the combined
inhibition therapy

The pharmacodynamics of the combined inhibition therapy

were assessed every 12-h. The RA101295 pharmacological effect

of blocking the classical and alternative complement pathways

was evaluated using the Complement System Screen Wieslab

(Euro Diagnostica, Malmö, Sweden) according to the

manufacturer’s instructions. CD14 antigen saturation with the

rMil2 anti-CD14 antibody was assessed by flow cytometry

analysis using FITC-labelled rMil2 anti-CD14 antibody.

Briefly, 75µl of EDTA blood was incubated with anti-CD14-

FITC antibody at a concentration of 375 µg/ml. The cells were

analyzed using BD FACSCanto™ II. The data are presented as

percentage of CD14-FITC positive cells (Figures 1A, B).
TCC measurement

TCC assessment in EDTA-plasma was performed using the

ELISA-based technique (lower detection limit: 0.156 CAU/ml)

as previously described (31). Briefly, the capture antibody aE11
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(mouse monoclonal anti-C9 neoepitope antibody) reacts with an

epitope that is exposed in C9 only when C9 is activated and

incorporated into the C5b-9 complex. aE11 has been described

previously as an anti-human C9 neoepitope antibody with a

strong cross-reactivity to pig (32).
Biochemistry and hematology tests

Complete blood count for the assessment of the white blood

cells (WBCs) and platelets (PLTs) was performed using

hematology analyzer (Nihon Kohden, Japan). C-reactive

protein (CRP), lipase, lactate dehydrogenase (LDH), and

aspartate transaminase (AST) analyses were measured in

serum by chemistry analyzer (Ortho-Clinical Diagnostics, NJ).
Frontiers in Immunology 04
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Cytokines, hemostatic and organ
damage markers

The immunoassays for these analyses were chosen based on

previous assessment of the different commercially available kits

(33). Porcine ELISAs were used to quantify the interleukin 6 (IL-

6) (lower detection limit: 9.4 pg/ml) and tumor necrosis factor

(TNF) (lower detection limit: 11.7 pg/ml) (R&D Systems, MN);

plasminogen activator inhibitor-1 (PAI-1) (lower detection limit:

3.1 ng/ml) (Nordic BioSite AB, Taby, Sweden) and neutrophil

gelatinase-associated lipocalin (NGAL) (lower detection limit: 4.0

pg/ml) (Abcam, Cambridge, UK). Interleukin 8 (IL-8) was

measured in bronchoalveolar lavage fluid (BALF) using

Multiplex analysis (lower detection limit: 12.0 pg/ml) (Merck,

Darmstadt, Germany). Human ELISA, documented in T.E.

Mollnes laboratory to cross-react with pigs, was used to

measure the thrombin–antithrombin complex (TAT) (lower

detection limit: 2.0 µg/ml) (Siemens Healthineers, Germany).

All the assays were performed using snap-frozen EDTA-plasma

in accordance with the manufacturers’ instructions.
Microscopy analysis

Tissue-Tek OCT (Sakura Finetek, Torrance, CA) embedded

lung, kidney, and liver cryosections (7µm) were incubated overnight

at 4°C with primary antibody: mouse monoclonal anti-C9

neoepitope exposed in C5b-9, clone aE11 as described above

(provided by Professor T.E. Mollnes (Norway)). Goat anti-mouse

IgG2a conjugated with Alexa Fluor® 568 (Invitrogen, MA) was

used as secondary Ab. The F-actin was stained using Phalloidin

Alexa Fluor® 488 (Invitrogen). The slides were mounted with

Vectashield mounting medium (Vector Laboratories, Burlingame,

CA) containing DAPI for nuclear counterstain. The images were

captured using a Zeiss Axio-Imager microscope (Jena, Germany).

The images were analyzed based on the presence of absence of the

fluorescent signal.
Data presentation and statistics

The results from Wieslab Complement System Screening

and Flow Cytometry analysis are given as individual profiles

(n=3). GraphPad Prism version 9.2.0 (San Diego, CA) and the R

software version 4.1.2 (www.r-project.org) were used for data

visualization and statistical analysis. The latter was primarily

based on non-parametric approaches because of the low sample

sizes. Efficacy of the interventional drugs was evaluated by

means of different ancillary approaches:

On the one hand, longitudinal measurements of the outcome

parameters were initially summarized by time points and displayed

using median values and corresponding interquartile ranges (IQR).

The nonparametric Mann-Whitney-U test was used in order to
A B

D

E

C

FIGURE 1

Pharmacodynamic analysis. (A) Flow Cytometry gating strategy
of granulocyte. (B) Percentage of CD14+ cells before and after
anti-CD14 (rMil2) application. (C) RA101295 (5mg/kg bolus,
followed by 1.1mg/kg/h continuous infusion) blocked the
classical pathway by 96%, and (D) the alternative pathway by
81%. (E) Simultaneous application of rMil2 (5mg/kg bolus at 30
min, 12-, 30-h, and 2.5mg/kg at 60-h) ensured CD14 antigen
saturation of 75%. PT 24, PT25 and PT26 indicate experimental
animal code in the treatment group.
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compare treated and untreated groups at different time points.

Further, to account for the repeated measurement structure of the

data, a nonparametric approach of longitudinal data analysis in

factorial designs was applied (R package nparLD) assessing the

difference between treated and untreated animals (group changes

over time) for the TCC, lipase, TNF, and NGAL data. Due to

missing values, for the remaining variables (WBC, PLT, CRP, AST,

LDH, TAT, PAI-1, IL-6) a mixed linear model analysis was applied,

since the nparLD approach mentioned above requires

complete data.

On the other hand, for each individual trajectory an area

under the curve (AUC) was calculated. These individual AUCs

reflect the development of each particular outcome parameter

over time. All individual AUC values were then summarized

using median (IQR) for each group of treated and untreated

animals separately. Again, the Mann-Whitney-U test was used

to compare the median AUCs between treated and untreated

animals. The percentage change of the AUC, reported in the

text, represents the difference between the AUC median values

of the untreated and the treated group. These AUC results are

thought to support the findings from longitudinal data

analysis. In the AUC graph representation, the treated pig

who received lower medication dosages is depicted as filled

black symbol color.

Correlation analysis was performed using nonparametric

Spearman rank correlation. For statistical analysis of the

immunofluorescence staining results Fisher’s exact test was

used. Statistical significance was assumed in case of a two-

sided P-value < 0.05 (*: p<0.05, **: p<0.01, ***: p<0.001).

Because of the study setting, all p-values are interpreted in an

exploratory manner, which is why there was no correction of the

type 1 error level due to multiple hypothesis testing.

One animal from the untreated group died at 60-h. It was

included in the study analysis, while for the time point of 72-h

the median of the other seven animals from the untreated group

was calculated and used for the statistical analysis.
Results

Defining the dose of the drugs

The C5 inhibitor RA101295 injected i.v. 30 min post-injury

as a bolus (3 mg/kg) with a subsequent continuous i.v.

administration (0.55 mg/kg/h) until 64-h post-injury, blocked

the classical complement pathway by 76% and the alternative

pathway by 62% throughout the experiment (Supplementary

Figures 1A, B). For optimizing the inhibitory effects, it was

decided to increase the RA101295 dosage and duration of the

administration for the next three animals. Therefore,

RA101295 administration as a bolus of 5 mg/kg (30 min
Frontiers in Immunology 05
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post-injury) with a subsequent continuous i.v. administration

(1.1 mg/kg/h) until 72-h post-injury, significantly enhanced

the blocking efficacy for the classical complement pathway to

96% and the alternative pathway to 81% throughout the

experiment (Figures 1C, D).

Intravenous administration of a single bolus of the anti-CD14

antibody (5mg/kg) 30 min after trauma ensured a saturation of 79%

of the CD14 antigen on the granulocytes throughout the

experiment (Supplementary Figure 1C). However, the flow-

cytometry-based immune monitoring, revealed a high

granulocytes turnover after trauma and surgical management,

consistent with the slight increase seen during the experiment in

the first pig. Therefore, the anti-CD14 regimen was adjusted by

giving the anti-CD14 antibody in boluses of 5mg/kg at 30 min, 12-,

30-h and of 2.5 mg/kg at 60-h post-injury, which ensured a

continuously stable saturation of 75% of the CD14 antigen

throughout the experiment (Figure 1E).

Despite a modest increase in the efficacy after dose

adjustments, a substantial inhibition was observed in the first

pig and the four pigs were therefore regarded as one single group

with very similar treatment efficacy, as described statistically in

the Materials and Methods section.
Combined C5 and CD14
inhibition therapy reduced
catecholamine requirement

The cardiovascular monitoring did not show any significant

differences in MAP and heart rate in the pairwise group

comparison per time point (Figures 2A, B), or in the

longitudinal mixed model analysis (p=0.716 for MAP, p=0.355

for heart rate). Nonetheless, during the entire experiment, the

treated group responded better to the resuscitation therapy, while

requiring less norepinephrine for positive ionotropic support

therapy compared with the untreated group (p=0.026, mixed

model analysis). Therefore, the norepinephrine requirements to

maintain the MAP at ≥60mmHg could be reduced by 88% as

deduced from the AUC in the treated group, with a statistically

significant reduction of the norepinephrine dosage at 72-h

timepoint post-injury (p=0.026) (Figures 2C, D).
Combined C5 and CD14
inhibition therapy mitigated the
systemic inflammation

A time-dependent generation of TCC was observed in the

untreated group (Figure 3). This was significantly reduced in

the treated group at 2.5- (p=0.048), 24- (p=0.004), 48-

(p=0.004), and 72-h (p=0.008) (Figure 3A). Overall, the
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combined blockade therapy effectively reduced complement

activation as indicated by significantly reduced TCC formation

by 70% (p= 0.004) as measured by AUC throughout the 72-h of

the experiment (Figure 3B).
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Although the inhibition therapy did not alter the WBC

count (Figures 4A, B), it significantly ameliorated the signs of

the posttraumatic cytokine storm. The therapy achieved a

systemic reduction of the key inflammatory parameters: CRP
A

B

D
C

FIGURE 2

Cardiovascular monitoring. (A) MAP and (B) heart rate monitoring. (C) Norepinephrine dosing monitoring and the corresponding (D) AUC
analysis revealed that the treated group (n=4) required less norepinephrine for maintaining the MAP≥60mmHg, compared to the untreated
group (n=8). Overall p-value for group comparison of treated vs. untreated animals over time is displayed above the summary trajectories. In
the AUC graphical representation, the first pig, receiving lower inhibitor dosage, is represented as black filled diamond.
A B

FIGURE 3

Blood TCC measurements. (A) TCC formation 2.5-, 24-, 48-, and 72-h after trauma was reduced in the treated group (n=4), compared to the
untreated group (n=8). (B) Area under the curve analysis showed a statistically significant reduction of TCC in the treated group. Overall p-value
for group comparison of treated vs. untreated animals over time is displayed above the summary trajectories. In the AUC graphical
representation, the first pig, receiving lower inhibitor dosage, is represented as black filled diamond.
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by 28% (p=0.004) (Figures 4C, D) and IL-6 by 52% (p=0.05)

(Figures 4E, F). The therapy had no effect on blood TNF level

(Supplementary Figures 2A, B).
Combined C5 and CD14 inhibition
therapy prevented the PLT consumption
and TAT generation

Over the course of 72-h of monitoring, the treated group

showed a greater PLT count (p=0.028, mixed model analysis) and

a significant reduction of PLT consumption at the 72-h timepoint

(p=0.026) in comparison with the untreated group (Figure 5A).

Overall, the combined inhibitory strategy diminished the systemic

PLT consumption by 18% during the experiment (Figure 5B). The

therapy strongly reduced the TAT formation by 77% (p=0.008) as

deduced from AUC (Figures 5C, D). The combined therapy did

not affect PAI-1 concentrations (Figures 5E, F).
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A significant negative correlation was detected between PLT

consumption and TAT formation (r=−0.880; p=0.0003) in both

groups (Figure 5G).

Furthermore, the treated group showed lower IL-8 values in

BALF compared to the untreated group (Figure 5H).
Combined C5 and CD14
inhibition therapy protected against
organ dysfunction

The combined inhibitory therapy was associated with a lower

amount of plasmamarkers reflecting organ damage. The unspecific

lipase concentrations were significantly reduced in the treated

group at 72-h timepoint (p=0.04) (Figure 6A). Overall, the lipase

values were reduced by 50% in the treated group (p=0.03) as seen in

the AUCmeasurement (Figure 6B). Substantially lower LDH blood

values were detected in the treated compared to the untreated
A B

D

E F

C

FIGURE 4

Systemic inflammatory parameters. (A) WBCs monitoring and (B) WBCs AUC analysis showed no difference between the two groups. (C) CRP
monitoring and (D) CRP AUC analysis revealed a significant reduction of CRP values in blood in the treated group (n=4), compared to the
untreated group (n=8). (E) IL-6 monitoring and (F) IL-6 AUC analysis showed a diminished IL-6 expression in the treated group (n=4), compared
to the untreated group (n=8). Dotted lines represent the normal reference range. Overall p-value for group comparison of treated vs. untreated
animals over time is displayed above the summary trajectories. In the AUC graphical representation, the first pig, receiving lower inhibitor
dosage, is represented as black filled diamond.
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group over 72-h of experiment (p=0.001, mixed model analysis)

and specifically at 24- (p=0.028), 48-(p=0.028), and 72-h timepoint

(p=0.012) (Figure 6C). Globally, in the treated group, the LDH

plasma concentrations were significantly reduced by 30% (p=0.004)

(Figure 6D). The therapy reduced the AST values by 33%, with a

significant reduction at 72-h (p=0.018) (Figures 6E, F). The treated

group displayed a significant decrease in the kidney damagemarker

NGAL plasma concentrations of 30%, with a significant reduction

at 2.5-h post-injury (p=0.016) (Figures 6G, H).
Frontiers in Immunology 08
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Combined C5 and CD14
inhibition therapy prevented tissue
C5b-9 deposition

The immunofluorescent staining of the lung tissue revealed

the deposition of C5b-9 on blood vessels in five of the seven

animals in the untreated group that lived for 72-h, but in none of

the four animals in the treated group (p=0.06) (Figure 7A). In

kidney tissue, C5b-9 glomerular deposition was detected in five
A B

D

E F

G H

C

FIGURE 5

Coagulation parameters. (A) PLT count monitoring and (B) PLT count AUC analysis revealed a reduced PLTs consumption in the treated group
(n=4), compared to the untreated group (n=8). (C) TAT monitoring and (D) TAT AUC analysis showed a significant reduction in TAT complexes
formation in the treated group (n=4), but not in the untreated group (n=8). (E) PAI-1 monitoring and (F) PAI-1 AUC did not differ between the
two groups. (G) Spearman correlation analysis shows a negative statistically significant correlation between TAT values and PLTs count in blood
72-h post-injury. (H) IL-8 measurement in BALF showed a reduction of the IL-8 levels in the treated group (n=4) compared to the untreated
group (n=8). Overall p-value for group comparison of treated vs. untreated animals over time is displayed above the summary trajectories. In
the AUC graphical representation, the first pig, receiving lower inhibitor dosage, is represented as black filled diamond.
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from seven untreated animals and in two from four untreated

animals (Figure 7B). In the liver tissue, C5b-9 deposition was

detected in five from seven untreated animals and in none of the

treated animals (p=0.06) (Figure 7C). Moreover, C5b-9

deposition on the liver blood vessels was detected in the

untreated compared to the treated animals (Figure 7D).
Discussion

The present study reports the efficacy of a combined C5

and CD14 inhibition therapy in an exploratory study of a long-

term large animal polytrauma, with standard surgical and
Frontiers in Immunology 09
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intensive case management. We demonstrated that drug

administration given 30 min postinjury strongly attenuated

the trauma-induced pro-inflammatory response by

diminishing the systemic CRP and IL-6 expression. 30

minutes is within a clinically relevant window since

treatment can be given by prehospital personnel if the

trauma does not occur close enough to a hospital.

Furthermore, the combined therapy successfully prevented

classical signs of posttraumatic coagulopathy by reducing the

PLT consumption and the formation of TAT complexes. The

significant negative correlation between the PLT consumption

and TAT formation mirrors the crosstalk among hemostasis,

complement and the TLR system, as shown in previous studies
A B

D

E F

G H

C

FIGURE 6

Organ damage markers. (A) Lipase, (C) LDH, (E) AST, and (G) NGAL monitoring in addition to (B) lipase, (D) LDH, (F) AST, and (H) NGAL AUC
analysis showed that significantly lower lipase, LHD, AST, and NGAL values were detected in blood in the treated group (n=4), compared to the
untreated group (n=8). Dotted lines represent the normal reference range. Overall p-value for group comparison of treated vs. untreated
animals over time is displayed above the summary trajectories. In the AUC graphical representation, the first pig, receiving lower inhibitor
dosage, is represented as black filled diamond.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.952267
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lupu et al. 10.3389/fimmu.2022.952267
that in trauma settings an increased amount of thrombin is

generated by PLTs upon TLR2 and TLR4 activation (34, 35).

Importantly, the treatment reduced organ damage and the

need for norepinephrine. The analysis of the organ damage

markers clearly showed that the inhibition therapy protected the

liver, kidneys, and lungs, minimizing the risk for developing

MODS. Thus, the treated group displayed lower blood lipase,

LDH, and AST values compared to the untreated group.

Moreover, double inhibition therapy reduced C5b-9 deposition

in the liver tissue and blood vessels. In the treated group, lower

NGAL levels were detected. NGAL as an early marker of acute

kidney injury (36), displays an upregulated expression upon TLR

stimulation (37). Therefore, blocking CD14, required for several

TLRs signaling, can inhibit NGAL overexpression and prevent

trauma related acute kidney injury (TRAKI) (8). The double

inhibition therapy reduced the C5b-9 deposition in kidney

glomeruli, thus minimizing the risk of developing TRAKI.

Elevated levels of TCC in plasma of trauma patients were

shown to be associated with an increased risk of developing

acute lung injury (7). By inhibition of the complement system at

the C5 level, we obtained a substantial reduction of TCC in

plasma, and a complete abolishment of C5b-9 deposition in the

lung blood vessels of the treated animal group. Previously, the

polytrauma pig model used in our study was proven to be

reliable and clinically relevant for investigating long-term

pulmonary consequences of polytrauma (26). In the study

conducted by Horst et al., IL-8 measurements in BALF

revealed a significant increase of IL-8 at 72-h in the

polytrauma group compared to the sham group (26). In the
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present study, we showed that the combined inhibition therapy

strongly reduces the IL-8 values in the BALF in the polytrauma

treated compared to the polytrauma untreated group, thus

limiting the local pulmonary inflammation.

Substances targeting the complement system or TLR

signaling pathways have long been considered potential

therapies for various diseases (28, 38). The effectiveness of the

complement inhibition therapies at the C3 level (compstatin)

and C5 level (RA101295), along with CD14 inhibition

monotherapy were already proven to be beneficial in porcine

and baboon sepsis models (39–43). In these studies, the

complement or CD14 inhibition attenuated the sepsis-induced

inflammation and coagulopathy (42, 43), displayed protective

effects on the endothelium, and was associated with improved

organ performance (39, 40). While the complement or CD14

inhibition monotherapy proved to be effective, the combined

inhibition therapy displayed clear enhanced effects. In a

polymicrobial sepsis mouse model, the C5 or CD14 inhibition

monotherapy strongly reduced the overall inflammation but

failed to increase the survival rates, whereas the combined

inhibition therapy significantly reduced the inflammation and

increased the survival (22), hence proving its therapeutic

advantage. A study of experimental porcine sepsis reported an

enhanced efficacy of the combined C5 and CD14 inhibition in

limiting the thrombo-inflammation and hemodynamic

instability over single monotherapies (21). These results were

validated in another study of porcine polymicrobial sepsis,

where the combined inhibition also significantly improved the

survival rates (25). Moreover, the therapeutic efficacy of the C5
A B DC

FIGURE 7

C5b-9 immunofluorescent staining showed C5b-9 deposition (red) (A) on the blood vessels in lung tissue in 5/7 of the untreated animals and in none of
the four treated animals. (B) In kidney tissue, C5b-9 glomerular deposition was detected in 5/7 untreated and in 2/4 treated animals. (C) In the liver
tissue, C5b-9 deposition was detected in 5/7 untreated and in none if the treated animals. (D) C5b-9 deposition was also detected in the liver blood
vessels in the untreated but not in the treated group. One representative section from each group is shown. To facilitate the recognition of the
histological structures the nuclear counterstaining (blue) and F-actin counterstaining (green) have been performed. In the upper panel, in the right upper
corner, the respective ‘no primary antibody controls’ are illustrated. Magnification bars (short white lines bottom right in all panels): 20µm (lung) and
50µm (kidney and liver).
frontiersin.org

https://doi.org/10.3389/fimmu.2022.952267
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lupu et al. 10.3389/fimmu.2022.952267
and/or CD14 therapy was assessed in a well-established human

ex vivo whole blood model of inflammation, where it was shown

that the combined inhibition therapy exceeded the effects of

monotherapies in limiting the inflammation (23, 24).

Considering the strong evidence of combined inhibition

superiority over the monotherapies, in this study we addressed

only the combined inhibition therapy.

Additionally, clinical trials were conducted for efficacy

analysis of anti-C5a monoclonal antibody (CaCP29, InflaRx

GmbH) (NCT02246595) and of an MD2-TLR4 antagonist

(Eritoran, Eisai) in severe sepsis (NCT00334828), but without

any clinical effect. We have shown in an in vitro human whole

blood model that CD14 was substantially more effective in

attenuating Escherichia coli- and Staphylococcus aureus-

induced inflammatory reactions than the specific TLR4

inhibitor Eritoran, supporting a broader effect of inhibition of

the co-receptor CD14 than that of Eritoran, consistent with

CD14 being a co-receptor for several TLRs, including TLR4 and

TLR2 (23).

Numerous studies have reported long-term immune

dysfunction after sepsis, surgical events, as well as after Covid-

19 infection (44, 45), with monocyte exhaustion syndrome being

one of the underlying causes (46, 47). Exhausted monocytes are

shown to be skewed into the classical monocytes’ population

(murine CD11b+CD115+Ly6Chigh, human CD14+CD16-HLA-

DRmid) (18, 47), and are characterized by cellular NAD+

depletion, elevated ROS production, and impaired response to

secondary stimuli (47, 48). Mechanistically, exhausted

monocytes display an exacerbated activation of signal

transducer and activator of transcription 1 (STAT1) and

Kruppel-like factor 4 (KLF4). STAT1 involvement in

monocytes polarization towards classical and intermediate

pro-inflammatory subsets was also confirmed using machine

learning methods (16). STAT1 as well as KLF4 can be triggered

by interferon-g (IFN-g), which will induce a pro-inflammatory

cellular response (49, 50). Complement and/or CD14 inhibition

successfully reduced the IFN-g production in mice and baboons’

sepsis studies (22, 43), thus preventing STAT1 and KLF4

overactivation. Additionally, interferon gamma-induced

protein 10 (IP-10), which expression is dependent on STAT1

signaling (51), was significantly reduced in heart, liver, spleen,

and kidney by the combined inhibition therapy in porcine

Escherichia coli sepsis model (30). Using single-cell RNA-

sequencing technique it was showed that persistent low dosed

of LPS could induce the generation of two pro-inflammatory

subset of monocytes: one subset with a high expression of C5aR1

and interferon activated genes, resembling the human

intermediate monocyte subset, and the second subset with

high CCR2 expression, resembling the human classical

monocyte subset (16). Interestingly, in another study LPS-

exhausted monocytes were reposted to increase the expression

programmed death-ligand 1 (PD-L1) exhaustion marker, which

could be prevented by C5aR1 inhibition (15). TLR4 as well as
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TLR2 (52) adaptor TRAM was also shown to play a role in

monocyte exhaustion generation (47, 53). As CD14 is a co-

receptor of TLR2 and TLR4 (9), its inhibition will prevent the

overactivation of TRAM to a greater extent than single TLR

inhibition. Indeed, in human whole blood model, Escherichia

coli-induced upregulation of CD11b on monocytes was stronger

reduced by CD14 inhibitor alone or in combination with

complement inhibition than by a specific TLR4 inhibitor (23).

Thus, directly though inhibition of CD14, or indirectly through

reduction of cytokine production and release, CD14 inhibition

together with complement inhibition can prevent the monocyte

exhaustion syndrome and its long-term immune consequences.

Beyond sepsis research, complement antagonists are

considered potential therapeutic strategies in severe cases of

Covid-19 infections (54, 55). Therefore, ongoing clinical trials

are investigating the effectiveness of a C3 inhibitor (AMY-101,

Amyndas Pharmaceuticals S.A., PA) in Covid-19-induced acute

respiratory distress syndrome (NCT04395456), and of a C5

inhibitor (Zilucoplan, UCB Pharma, Brussels, Belgium) in

Covid-19-induced respiratory failure (NCT04382755).

Furthermore, several clinical trials are being conducted to

assess anti-CD14 monoclonal antibody (IC14, Implicit

Bioscience, WA, USA) in patients with Covid-19 infection

(NCT04346277; NCT04391309).

The timing rationale of the combined C5 and CD14

inhibition therapy application was based on the data from

previous studies (56–58). The complement and coagulation

system is activated within minutes after trauma in

polytraumatized patients, with the first signs of trauma-

induced coagulopathy and complement consumption

developing within the first 74 min post-injury (56, 57). The

estimated onset of MODS immunopathology was reported to be

in the first hours after a traumatic insult (58). The dysregulated

immune response post-injury is aggravated by the early total

care approach, for example intramedullary nailing surgical

strategy (2), as performed in our study. Consequently, it is

vital to initiate the immunomodulatory therapy in the first

“golden” hour after trauma. Previous studies using the

combined C5 and CD14 therapy in pigs undergoing sepsis

have been based on the “proof of concept” principle where the

drug was given before bacteria administration (20). An in vitro

study using whole human blood incubated with bacteria and

inhibition of complement and CD14 showed that post-challenge

inhibition as compared to pre-challenge also attenuated the

inflammatory response reasonably well during the first period

of time, but the effect was gradually lost (24). In the present

study, we took advantage of the clinically relevant therapeutic

strategy of post-challenge blocking the immune response, but

still before reaching the “point of no return”. This timing

principle has been previously proposed as an “upstream

approach” (59).

In the present study, the low n-size supports the 3Rs’

principles (replacement, reduction, refinement), but could be
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accompanied with a potential risk for statistical errors.

Nevertheless, this did not weaken the robustness of the data,

as the difference between the groups was substantial. The

unequal sample sizes, due to drug supply shortages, are a

limitation of the study. Nevertheless, it was carefully

approached in the statistical analysis of the data. Because of

the real-time pharmacodynamic analysis, the investigators could

not be blinded, and due to drug availability issues, the animals

could not be randomized. The performed meticulous

monitoring of the pharmacodynamics of C5 and CD14

inhibitors allowed a prompt adjustment of the dosages for

accomplishing the study goals. Although the first treatment

animal received a lower dosage of the C5 and CD14 inhibitors,

its pharmacological efficacy was comparable with the adjusted

therapy regimen during the experiments, which included higher

dosages of inhibitors and these four animals could therefore be

combined as the treatment group. These findings justify the

patient-tailored therapeutic approaches. Because the immune

response of a multiple trauma patient is unpredictable, it

requires close continuous monitoring, with a consequent

adjustment of the therapy. The fact that most of the readouts

were statistically significant with only four pigs in the treatment

group and eight in the control group, underscores the substantial

significance between the groups and that type I errors are highly

unlikely. However, we cannot exclude that there were some type

II errors.

In summary, we demonstrated that the early administration

of the combined blockade of C5 and CD14 post-injury, adjusted

in response to subsequent immune monitoring, significantly

reduced the catecholamine requirements, thrombo-

inflammatory response, and organ damage in a 72-h porcine

polytrauma model. These data have important implications for

future therapeutic strategies in trauma.
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Cardiac alterations following
experimental hip fracture -
inflammaging as independent
risk factor
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Anna Odwarka2, Charles Lam3, Melanie Haffner-Luntzer3,5,
Ralph Marcucio3, Theodore Miclau3 and Miriam Kalbitz1,2,3*
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and Reconstructive Surgery, University Medical Center Ulm, Ulm, Germany, 3Department of
Orthopaedic Surgery, Orthopaedic Trauma Institute, Zuckerberg San Francisco General Hospital,
University of California, San Francisco, San Francisco, CA, United States, 4Department of Trauma,
Hand and Reconstructive Surgery, Goethe University of Frankfurt, Frankfurt, Germany, 5Institute of
Orthopaedic Research and Biomechanics, University Medical Center Ulm, Ulm, Germany
Background: Cardiac injuries following trauma are associated with a worse

clinical outcome. So-called trauma-induced secondary cardiac injuries have

been recently described after experimental long bone fracture even in absence

of direct heart damage. With the progressive aging of our society, the number

of elderly trauma victims rises and therefore the incidence of hip fractures

increases. Hip fractures were previously shown to be associated with adverse

cardiac events in elderly individuals, which have mainly been attributed to pre-

conditioned cardiac diseases. The aim of the present study was to investigate

the effect of hip fractures on the heart in healthy young and middle-aged mice.

Materials and Methods: Young (12-week-old) and middle-aged (52-week-old)

female C57BL/6 mice either received an intramedullary stabilized proximal

femur fracture or sham treatment. The observation time points included 6 and

24 h. Systemic levels of pro-inflammatory mediators as well as local

inflammation and alterations in myocardial structure, metabolism and

calcium homeostasis in left ventricular tissue was analyzed following hip

fracture by multiplex analysis, RT-qPCR and immunohistochemistry.

Results: After hip fracture young and middle-aged mice showed increased

systemic IL-6 and KC levels, which were significantly elevated in the middle-

aged animals. Furthermore, the middle-aged mice showed enhanced

myocardial expression of HMGB1, TLR2/4, TNF, IL1b and NLRP3 as well as

considerable alterations in themyocardial expression of glucose- and fatty acid

transporters (HFABP, GLUT4), calcium homeostasis proteins (SERCA) and

cardiac structure proteins (desmin, troponin I) compared to the young

animals following hip fracture.
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Conclusion: Young and middle-aged mice showed local myocardial

alterations, which might predispose for the development of secondary

cardiac injury following hip fracture. Age and the age-associated

phenomenon of ‘inflammaging’ seemed to be an independent risk factor

aggravating and accelerating cardiac alterations following hip fracture.
KEYWORDS

proximal femur fracture, hip fracture, secondary cardiac injury, cardiac inflammation,
cardiac structure, inflammaging
Introduction

Worldwide, trauma is the leading cause of death and

disability within the young population (1, 2). Blunt cardiac

injuries following severe trauma were shown to be an

independent predictor for a worse clinical outcome and where

primarily linked to blunt mechanical myocardial damage (3, 4).

Moreover, so-called trauma-induced secondary cardiac injuries

(TISCI) have also been described even in absence of direct

mechanical heart damage, correlating with long-term

morbidity and mortality of the patients (5–7). Trauma-

induced secondary cardiac injuries imply the clinical

occurrence of adverse cardiac events such as acute coronary

syndrome, atrial fibrillation, myocardial depression and

ventricular arrhythmia in severely injured patients without

mechanical heart damage and are characterized by elevated

systemic levels of troponin I and heart fatty acid binding

protein (HFABP) (5–7). The development of these secondary

cardiac injuries is mostly linked to an exuberant systemic

inflammatory response following trauma (5–7).

Recently, our group described secondary cardiac injuries

after experimental long bone fracture (8–10). In these studies,

pigs showed an impaired cardiac function and valvular

insufficiencies 6 h following femur fracture, which was

primarily linked to an increased systemic but also local cardiac

inflammation, all of which was further observed in mice with

isolated diaphyseal femur or tibia fracture (8–10). Cardiac

inflammation following bone fracture was mediated via

damage-associated molecular patterns (DAMPs), toll-like

receptor (TLR) signaling as well as by the activation of the

complement system and the NLR-pyrin domain containing

protein 3 (NLRP3) inflammasome (8–10) . Bes ides

inflammation, alterations in cardiac structure, metabolism and

calcium handling proteins were considered to contribute to the

development of secondary cardiac injuries following long bone

fracture (8–10).

With the progressive aging of our society, the number of

elderly trauma victims rises correspondingly (11). As a

consequence, the incidence of hip fractures increases rapidly
02
182183
(12) and the number of these fractures is expected to reach 4.5

million by the year 2050 (13). Hip fractures primarily occur in

elderly individuals aged 70-80 years with low bone mass and are

associated with a long-term morbidity and increased mortality.

Moreover, distinct age-related co-morbidities were shown to be

independent risk factors in elderly hip fracture patients, increasing

their in-hospital mortality 3-fold following hip fracture (14).

Amongst others, these age-related co-morbidities included

several cardiovascular diseases and their development was

shown to accelerate with increased aging (15). With respect to

secondary cardiac injury, a cl inical study showed

electrocardiographic abnormalities in patients with traumatic

hip fractures, such as atrial fibrillation, abnormal QTc

prolongation, sinus tachycardia and sinus bradycardia compared

to patients with non-traumatic hip surgery (16). Another clinical

study demonstrated the development of major cardiac events (all-

cause deaths, heart failure, new-onset atrial fibrillation,

myocardial infarction, and cardiovascular re-hospitalization) in

elderly patients within 90 days following hip fracture (17). In this

study, the patients’ age correlated with systemic levels of troponin

and brain natriuretic peptide, with reduced ejection fraction and

with other major adverse cardiac events (17). In earlier clinical

studies, the occurrence of coronary heart disease was shown to be

two times more frequent in patients with hip fracture compared to

healthy controls (18, 19). However, in all of the above-mentioned

studies, the majority of patients suffered from pre-conditioned

cardiac diseases such as myocardial infarction and congestive

heart failure (16). It was further shown that pre-conditioned

cardiac diseases and impaired cardiac function such as a 50%

reduced left ventricular ejection fraction (LVEF), increase the

occurrence of major adverse cardiac events following hip fracture

in elderly individuals and were therefore considered as

independent risk factors for a worse clinical outcome in these

patients (17, 20, 21). Additionally, age >75 years appeared to be

another independent risk factor for an increased mortality (20, 22)

but also for the occurrence of major adverse cardiac events

following hip fracture (17).

Additionally, several clinical studies showed an increased

systemic inflammatory response following hip fracture in elderly
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individuals, which was also associated with an increased

mortality rate (23). Other studies demonstrated enhanced

susceptibility to infections post hip fracture surgery, which was

linked to a dysregulated immune response in the elderly patients

(24), correlating also with an increased mortality (25).

In conclusion, these clinical studies showed that age is an

independent risk factor for an increased mortality following hip

fracture in the elderly and that pre-conditioned cardiac diseases

aggravate this pathologic condition. With respect to secondary

cardiac injury, the occurrence of major cardiac events following

hip fracture was mostly linked to pre-conditioned cardiac

diseases in combination with an advanced age of the patients.

So far, it is unknown whether hip fractures induce myocardial

damage in younger individuals, resulting in the pathologic

condition of secondary cardiac injuries. Moreover, it remains

to be clarified whether age is an independent risk factor

aggravating secondary cardiac injuries following hip fracture

in absence of pre-conditioned cardiac diseases.

Therefore, we investigated in the present study whether hip

fractures induce cardiac inflammation and cardiac alterations in

young female mice and whether advanced age is an independent

risk factor aggravating these pathologic conditions.
Materials and methods

Animals and experimental design

The animal experiments were conducted in collaboration

with the University of California (UCSF), San Francisco

Orthopaedic Trauma Institute, San Francisco, California, USA.

All animal experiments were approved by the local animal

welfare committee (IACUC UCSF AN143402-03B) and were

performed in accordance with the international regulations for

laboratory animal welfare and handling (ARRIVE guidelines).

For the present study, 48 female C57BL/6J mice (The Jackson

Laboratory) were used in total. The mice were further divided

into two age groups. Twenty-four mice with an age between 10-

12 weeks (young) and 24 mice with an age between 52-54

(middle-aged) weeks were used for the experiments. We

defined the age of the mice according to the guideline by

Jackson Laboratories (https://www.jax.org/research-and-

faculty/research-labs/the-harrison-lab/gerontology/life-span-as-

a-biomarker). Therefore, 3 months old mice were considered as

young mice and 12 months old mice were considered as middle-

aged mice (see also Flurkey, K; Currer, J M.; and Harrison, D E.,

“Mouse models in aging research.” (2007). Faculty Research

2000 - 2009. 1685.)

Twelve mice of each age group (n=12 young, n=12 middle-

aged) received an experimental proximal femur fracture,

stabilized by an intramedullary nail, as described previously
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(26). Control animals of each age group (n=12 young, n=12

middle-aged) underwent sham procedure, including analgesia

and anesthesia but without surgical procedure. The animals of

each age and treatment group were further randomized into two

observation periods of 6 and 24 h, with n=6 animals in each

group. Therefore, the following experimental groups were

analyzed in the present study: 12-week-old mice after 6 h with

proximal femur fracture (n=6) or sham procedure (n=6) and

after 24 h with proximal femur fracture (n=6) or sham procedure

(n=6). Fifty-two-week-old mice after 6 h with proximal femur

fracture (n=6) or sham procedure (n=6) and after 24 h with

proximal femur fracture (n=6) or sham procedure (n=6).
Surgical procedure

The surgical procedure was conducted under general

anesthesia, using 50 mg/kg ketamine hydrochloride (Henry

Schein Animal Health 100 mg/ml) at a ratio of 1:1 with

dexmedetomidine hydrochloride (Orion pharma, 0.5 mg/ml)

and analgesia, using 0.05 mg/kg buprenorphine (0.03 mg/ml,

injection every 6 hours). The experimental proximal femur

fracture was applied as described previously (26). Briefly, a

24G cannula was introduced retrograde into the right femur to

stabilize the fracture. Afterwards, a 0.5 cm skin incision was

made along the femur. The femoral muscles were separated

bluntly. Free access to the proximal femur bone was achieved by

cutting the tendon insertion at the third trochanter. With a Gigli

wire saw of 0.44 mm diameter, an osteotomy was induced

between the third and the lesser trochanters, producing an

intertrochanteric proximal femur fracture. Afterwards, the

muscles were sutured with a Vicryl 5-0 suture. The skin was

closed using a non-absorbable Resolon 5-0 suture. After the

experimental procedure, mice were allowed to awake and to

move freely directly after surgery. The animals were monitored

over the entire observation period. After the respective

observation periods of 6 and 24 h, the animals were

euthanized by using carbon dioxide.
Sample collection

After the follow-up period of either 6 h or 24 h, mice were

euthanized using carbon dioxide. Whole blood was taken

immediately after euthanasia by cardiac puncture. Plasma

samples were collected after centrifugation with 5 min (800 ×

g, 4 °C) and a second centrifugation step for 2 min (13000 × g,

4 °C). The plasma samples were stored at −80 °C until analysis.

Samples of left ventricular cardiac tissue were taken immediately

after euthanasia and either quick-frozen in liquid nitrogen or

fixed in 4% paraformaldehyde for 48 h.
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Multiplex analysis

To analyze the systemic inflammation after proximal femur

fracture in adult and middle-aged mice, a murine ProcartaPlex

Immunoassay (ThermoFisher Scientific, Waltham, MA, USA)

was used and systemic levels of interleukin-6 (IL-6), keratinocyte

chemoattractant (KC) and interferon gamma (IFNg) were

determined in the plasma of the mice. All procedures were

performed according to manufacturer’s instructions.
Immunohistochemistry (IHC) and
immunofluorescence (IF)

For immunohistochemical and immunofluorescence

analysis, formalin-fixed and paraffin-embedded tissue sections

of the left ventricle were used. Left ventricular tissue sections

were dewaxed and rehydrated. Antigen unmasking was

performed by boiling the tissue sections in 10 mM citrate

buffer (pH 6) at 100°C. Non-specific binding sides were

blocked by 10% goat serum. Specific antigen binding was

performed by incubating the tissue sections with the respective

primary antibodies for C3a receptor (Bioss, Woburn, MA, USA),

glutathione peroxidase 4 (GSH) (abcam, Cambridge, UK), High-

mobility group box 1 (HMGB1) protein (abcam, Cambridge,

UK), desmin (GeneTex, Irvine, CA, USA), a-actinin (GeneTex,

Irvine, CA, USA), nitrotyrosine (Merck, Darmstadt, Germany),

superoxide dismutase (SOD) (abcam, Cambridge, UK), troponin

I (abcam, Cambridge, UK) and tumor necrosis factor (TNF)

(abcam, Cambridge, UK) for overnight at 4°C. For

immunohistochemical (IHC) staining, a biotin-labelled

secondary antibody was used for the detection of specific

antibody binding (ThermoFisher, Waltham, MA, USA). Signal

amplification was performed by using VECTASTAIN® ABC

HRP Kit (Vector Laboratories Inc., Burlingame, CA, USA).

Signal development was conducted by using VECTOR®

NovaRED™ Peroxidase (HRP) Substrate Kit (Vector

Laboratories Inc., Burlingame, CA, USA). Cell nuclei were

counterstained with Hematoxylin according to Mayer. For

immunofluorescence (IF), an AlexaFluor488®-labelled or an

AlexaFluor®647-labelled secondary antibody were used for the

de t e c t i on o f spec ific an t i body b ind ing ( J a ck son

ImmunoResearch Laboratories, Inc., West Grove, PA, USA).

Cell nuclei were counterstained with Hoechst33342

(ThermoFisher, Waltham, MA, USA). The sections were

investigated by bright field microscopy or by fluorescence

microscopy using an Axio Imager M.2 microscope (Zeiss,

Jena, Germany). To quantify epitope expression, imaging of

three distinct, representative fields of view (40x magnification)

were examined for each animal. For quantification of

immunohistochemical and immunofluorescent staining, the

ZEN 2.3 software (Zeiss, Jena, Germany) was used. For
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imaging, the ZEN 2.3 software was used. Prior to imaging, the

optimal exposure time for the respective antibody staining was

determined and standardized for the ZEN 2.3 software, to get an

optimal image of each stained section. For analysis of protein

expression, a specific threshold for pixel density or fluorescence

intensity was manually determined and standardized for each

antibody staining (C3aR, HMGB1, TNF, nitrotyrosine, SOD,

GSH, desmin, a-actinin, troponin I) prior to the quantification.

With the ZEN 2.3 software, each picture was analyzed

independently with respect to the defined threshold for pixel

density or fluorescence intensity. For each picture a specific

mean value of pixel density (IHC) or fluorescence intensity (IF)

was calculated by the software. Results are presented as mean

pixel density (IHC) or mean fluorescence intensity (IF).
Hematoxylin and eosin (H.E.) staining

Formalin-fixed and paraffin embedded tissue sections from

left ventricles were used. Tissue sections were dewaxed and

rehydrated. Myocardial tissue sections were stained with

hematoxylin & eosin staining kit (Morphisto, Frankfurt am

Main, Germany). For quantification of myocardial damage, a

heart injury score was defined as described previously (27, 28).

For determination of the heart injury score, the H.E. sections of

myocardial tissue were scored for 1) apoptosis, 2) contraction

band necrosis, 3) neutrophil infiltration, 4) intramuscular

bleeding, 5) rupture, 6) edema and 7) ischemia.
RNA isolation

RNA was extracted from quick-frozen left ventricular tissue

of the mice left ventricle. For this procedure 50 mg of quick-

frozen left ventricular tissue was added to 1 ml of Invitrogen

TRIzol Reagent (Sigma-Aldrich, St. Louis, MO, USA) and was

then homogenized. Left ventricular tissue mRNA was further

extracted by using chloroform and purified by using ethanol.

mRNA quantity and purity were determined by using Tecan

Spark® reader (Tecan Group, Männedorf, Switzerland) and

mRNA purity was defined by 260/280 nm ratio.
Reverse transcribed quantitative
polymerase chain reaction (RT-qPCR)

The respective RNA samples were reverse transcribed in

cDNA using SuperScript™ IV VILO™ MasterMix with

ezDNAse (Invitrogen, Carlsbad, CA, USA). For quantitative

PCR, the PowerUp™ SYBR™ Green Master Mix (Applied

Biosystems, Waltham, MA, USA) was used. For the reverse

cDNA transcription, 200 ng of mRNA were used. Then, 20 ng of
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cDNA were used for the qPCR. All procedures were performed

according to the manufacturer’s instructions. For qPCR the

QuantStudio3 system (Applied Biosystems, Waltham, MA,

USA) was utilized. Quantitative mRNA expression of murine

atrial natriuretic peptide (ANP), brain natriuretic peptide

(BNP), C3a receptor (C3aR), C5a receptor 1 (C5aR1),

fibroblast growth factor 23 (FGF23), glucose transporter 4

(GLUT4), heart fatty acid binding protein (HFABP),

interleukin-1b (IL-1b), toll-like receptor (TLR) 2, TLR4, TLR9,
tumor necrosis factor (TNF), NLR family pyrin domain

containing 3 (NLRP3), sarcoplasmic/endoplasmic reticulum

ATPase (SERCA) and troponin I was examined and calculated

by the cycle threshold method DDCt. Respective genes were

normalized using housekeeping gene glutaraldehyde-phosphate

dehydrogenase (GAPDH). Results are presented as mean fold

change. The primer sequences of used primers are listed

in Table 1.
Statistical analysis

Data were analyzed by using the GraphPad Prism 9.0

software (GraphPad Software, Inc., San Diego, CA, USA). The

data were analyzed for normal distribution by using the Shapiro-

Wilk test. Unless otherwise indicated, the data were distributed

normally. In case of two groups (IHC and IF experiments), data

were then analyzed by non-paired student t-test. In case of three

or more groups (multiplex and RT-qPCR experiments), data

were then analyzed by 2-way Analysis of Variance (ANOVA),

followed by Sidak’s multiple comparison test. All values are

expressed as mean ± SEM. p ≤ 0.05 was considered as

statistically significant. Furthermore, linear regression analysis

was performed between the young and the middle-aged animals

at the respective time points. The goodness of fit was indicated

as R2.
Results

Systemic inflammation

IL-6, KC and IFNg
First, we analyzed the systemic levels of specific pro-

inflammatory mediators in young and middle-aged mice 6 and

24 h after experimental proximal femur fracture or sham treatment.

After 6 and 24 h, the systemic levels of interleukin 6 (IL-6) were

significantly elevated in the fractured young as well as in themiddle-

aged mice, compared to their respective sham control groups

(Figure 1A). Furthermore, the systemic IL-6 levels dropped 24 h

after fracture compared to 6 h in the respective age groups

(Figure 1A). When comparing both age groups, the 52-week-old
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TABLE 1 Primer sequences.

Gene Primer sequence

Atrial natriuretic peptide (ANP) for: 5’-TCCAGGCCATATTGGAGCAA-
3’
rev: 5’-
GTGGTCTAGCAGGTTCTTGAAAT-3‘

Brain natriuretic peptide (BNP) for: 5’-
AGCTGCTTTGGGCACAAGATA-3‘
rev: 5’-
CAACAACTTCAGTGCGTTACAG-3‘

C3a receptor (C3aR) for: 5‘-CATCGAAACGTGAGAACCGC-
3‘
rev: 5‘-CGGGCACACACATCACAAAG-
3‘

C5a receptor 1 (C5aR1) for: 5‘-CCAGGACATGGACCCCATAG-
3‘
rev: 5‘-ATGCCATCCGCAGGTATGTT-
3‘

Fibroblast growth factor 23 (FGF23) for: 5’-CAGGAGCCATGACTCGAAGG-
3’
rev: 5’-CTGGGCTGAAGTGAAGCGAT-
3‘

Glucose transporter 4 (GLUT4) for: 5‘-TTATTGCAGCGCCTGAGTCT-
3‘
rev: 5‘-GGGTTCCCCATCGTCAGAG-
3‘)

Glutaraldehyde-phosphate
dehydrogenase (GAPDH)

for: 5‘-
CTTCAACAGCAACTCCCACTCTTCC-
3‘
rev: 5‘-
GGTGGTCCAGGGTTTCTTACTCC-3‘

Heart fatty acid binding protein
(HFABP)

for: 5‘-TGACCGGAAGGTCAAGTCAC-
3‘
rev: 5‘-TTAGTGTTGTCTCCTGCCCG-3

Interleukin-1b (IL-1b) for: 5‘-
GCCACCTTTTGACAGTGATGAG-3‘
rev: 5‘-
TGACAGCCCAGGTCAAAGGTT-3‘

NLR family pyrin domain containing
3 (NLRP3)

for: 5‘-GCTGCTCAGCTCTGACCTCT-
3‘
rev: 5‘-AGGTGAGGCTGCAGTTGTCT-
3’

Sarcoplasmic/endoplasmic reticulum
ATPase (SERCA)

for: 5‘-TACCTGGAACAACCCGCAAT-
3‘
rev: 5‘-CTAACAACGCACATGCACGC-
3‘

Toll-like receptor 2 (TLR2) for: 5‘-
GAAACCTCAGACAAAGCGTCA-3‘
rev: 5‘-ACAGCGTTTGCTGAAGAGGA-
3‘

Toll-like receptor 4 (TLR4) for: 5‘-
GGACTCTGATCATGGCACTGT-3‘
rev: 5‘-
GGAACTACCTCTATGCAGGGAT-3‘

Toll-like receptor 9 (TLR9) for: 5‘-GAGAGACCCTGGTGTGGAAC-
3‘
rev: 5‘-CCTTCGACGGAGAACCATGT-
3‘

(Continued)
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mice showed significant higher IL-6 levels 6 and 24 h following

fracture, compared to the 12-week-old mice (Figure 1A). Moreover,

the middle-aged mice showed enhanced systemic IL-6 levels and a

positive linear regression of systemic IL-6 levels 6 h (R2 = 0.76) and

24 h (R2 = 0.85) following hip fracture (Supplemental Figure 2A).

Besides systemic IL-6, the systemic levels of keratinocyte

chemoattractant (KC) were significantly elevated 6 h after fracture

in both age groups, compared to their respective controls

(Figure 1B). Furthermore, the systemic KC levels dropped

significantly 24 h after fracture compared to 6 h in the young

mice, but not in middle-aged animals (Figure 1B). However, in the
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middle-aged group the systemic KC levels also generally decreased

24 h following fracture compared to 6 h (Figure 1B). Moreover, the

systemic levels of interferon gamma (IFNg) were elevated in the 52-

week-old animals 6 and 24 h following fracture compared to the 12-

week-old animals (Figure 1C). Therefore, the mice showed

increased systemic inflammation 6 and 24 h after proximal femur

fracture, which seemed to be enhanced in the middle-aged group.
Cardiac inflammation

HMGB1 and TLR signaling
We further analyzed local cardiac inflammation. We first

focused on damage-associated molecular patterns (DAMPs) and

toll-like receptor (TLR) signaling. In the 52-week-old mice, the

high-mobility group box 1 (HMGB1) protein expression

significantly decreased 6 h following fracture but significantly

increased after 24 h compared to their respective control groups

(Figure 2A). With respect to TLR signaling, the TLR4 mRNA

expression was significantly higher 24 h after fracture compared

to 6 h in the middle-aged group (Figure 2B). When comparing

both age groups, the TLR4 mRNA expression was significantly

higher 24 h after fracture in the middle-aged animals compared
TABLE 1 Continued

Gene Primer sequence

Troponin I for: 5‘-GATGCGGCTGGGGAACC-3‘
rev: 5‘-ACTTTTTCTTGGCGTGTGGC-
3‘

Tumor necrosis factor (TNF) for: 5‘-GAGAGACCCTGGTGTGGAAC-
3‘
rev: 5‘-CCTTCGACGGAGAACCATGT-
3‘
Fibroblast growth factor 23 (FGF23) (5’-CAGGAGCCATGACTCGAAGG-3’; 5’-
CTGGGCTGAAGTGAAGCGAT-3‘).
A B

C

FIGURE 1

Systemic inflammation 6 and 24 h after proximal femur fracture in young and middle-aged mice. Young (12-week-old) and middle-aged (52-
week-old) female mice received either sham treatment (white bars) or experimental proximal femur fracture (black bars). Blood plasma was
analyzed 6 and 24 h following sham treatment or proximal femur fracture. Systemic levels of interleukin-6 (IL-6) in pg/ml (A), keratinocyte
chemoattractant (KC) in pg/ml (B) and interferon gamma (IFNg) in pg/ml (C). Data are presented as mean ± SEM. p ≤ 0.05 was considered as
statistically significant. *p ≤ 0.05 sham vs. fracture. $p ≤ 0.05 6 vs. 24 h after fracture within one age group. #p ≤ 0.05 6 vs. 6h and 24 vs. 24 h
between two age groups.
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to the young animals (Figure 2B). Regarding the TLR2 mRNA

expression, the TLR2 mRNA expression was significantly lower

24 h after fracture compared to 6 h in the young group

(Figure 2C). In contrast, the TLR2 mRNA expression was

significantly higher 24 h following fracture compared to 6 h in

the middle-aged group (Figure 2C). When comparing young and

middle-aged mice, the TLR2 mRNA expression was significantly

lower 6 h following fracture in the middle-aged mice but was

significantly higher after 24 h in the middle-aged group when

compared to the young animals (Figure 2C). The TLR9 mRNA

expression was significantly higher 24 h after fracture in the

middle-aged mice compared to young mice (Figure 2D).

Additionally, the middle-aged mice showed enhanced levels

and a positive linear regression of TLR2 (R2 = 0.70), TLR4

(R2= 0.69) and TLR9 (R2 = 0.53) mRNA expression 24 h

following hip fracture (Supplemental Figures 2B–D).

Therefore, it seems like hip fracture alters local expression of

TLRs in an age-dependent manner with highest expression levels

24h after fracture in middle-aged mice.
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Complement system
We analyzed further inflammatory pathways in ventricular

tissue. With respect to the complement system, the C3a receptor

(C3aR) protein expression was significantly enhanced 6 h after

fracture in the young and 24 h after fracture in the middle-aged

mice, compared to their respective control groups (Figure 3A).

The C3aR mRNA expression did not differ between the

respective groups (Figure 3B). The C5a receptor 1 (C5aR1)

mRNA expression was significantly reduced 24 h after fracture

compared to 6 h in the 12-week-old mice (Figure 3C). Also, the

C5aR1 mRNA expression was significantly lower 6 h after

fracture in the middle-aged mice compared to the young

mice (Figure 3C).

TNF and IL-1b
Regarding pro-inflammatory cytokines, the tumor necrosis

factor (TNF) mRNA expression was significantly reduced 24 h

after fracture in the young mice compared to sham (Figure 3D).

When comparing the two age groups, the TNF mRNA
A B

DC

FIGURE 2

Toll-like receptor mediated cardiac inflammation 6 and 24 h after proximal femur fracture in young and middle-aged mice. Young (12-week-
old) and middle-aged (52-week-old) female mice received either sham treatment (white bars) or experimental proximal femur fracture (black
bars). Left ventricular cardiac tissue was analyzed 6 and 24 h following sham treatment or proximal femur fracture. Local protein expression of
high-mobility group box 1 (HMGB1) protein in pixel density (A), mRNA expression of toll-like receptor 4 (TLR4) in fold change (B), mRNA
expression of toll-like receptor 2 (TLR2) in fold change (C) and mRNA expression of toll-like receptor 9 (TLR9) in fold change (D). Data are
presented as mean ± SEM. *p ≤ 0.05 was considered as statistically significant. p ≤ 0.05 sham vs. fracture. $p ≤ 0.05 6 vs. 24 h after fracture
within one age group. #p ≤ 0.05 6 vs. 6h and 24 vs. 24 h between two age groups.
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expression was significantly higher 24 h after fracture in the

middle-aged group compared to the young group (Figure 3D).

The myocardial TNF protein expression was slightly elevated in

the 12-week-old group 6 h after fracture and in the 52-week-old

group 24 h after fracture (Figure 3E). The interleukin-1b (IL-1b)
mRNA expression was significantly elevated 6 h after fracture in

the middle-aged group only compared to sham (Figure 3F) and

dropped at 24 h compared to 6 h in the respective age groups

(Figure 3F). Moreover, the middle-aged mice showed elevated

levels and a positive linear expression of TNF (R2 = 0.63) and IL-

1b (R2 = 0.53) mRNA expression 24 h following hip fracture

(Supplemental Figures 2E, G).
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NLRP3 inflammasome
The NLR pyrin domain containing 3 protein (NLRP3)

mRNA expression significantly increased 24 h after fracture in

the middle-aged group compared to sham and was also

significantly higher compared to 6 h after fracture (Figure 3G).

Likewise, the NLRP3 mRNA expression was significantly higher

24 h after fracture in the middle-aged group compared to the

young animals (Figure 3G). These data indicate a distinct

regulation of inflammatory genes in the heart after hip

fracture which might be age-related. The most striking finding

is the over 10-fold increase in NLRP3 gene expression 24 h after

fracture in the middle-aged mice. Moreover, there were elevated
A B

D E F
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C

FIGURE 3

Complement system and cytokines mediated cardiac inflammation 6 and 24 h after proximal femur fracture in young and middle-aged mice.
Young (12-week-old) and middle-aged (52-week-old) female mice received either sham treatment (white bars) or experimental proximal femur
fracture (black bars). Left ventricular cardiac tissue was analyzed 6 and 24 h following sham treatment or proximal femur fracture. Local protein
expression of C3a receptor (C3aR) in pixel density (A), mRNA expression of C3a receptor (C3aR) in fold change (B), mRNA expression of C5a
receptor 1 (C5aR1) in fold change (C), mRNA expression of tumor necrosis factor (TNF) in fold change (D), protein expression of tumor necrosis
factor (TNF) in pixel density (E), mRNA expression of interleukin-1b (IL-1b) in fold change (F) and mRNA expression of NLR pyrin domain
containing protein 3 (NLRP3) in fold change (G). Data are presented as mean ± SEM. p ≤ 0.05 was considered as statistically significant. *p ≤

0.05 sham vs. fracture. $p ≤ 0.05 6 vs. 24 h after fracture within one age group. #p ≤ 0.05 6 vs. 6h and 24 vs. 24 h between two age groups.
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levels and a positive regression of NLRP3 (R2 = 0.56) mRNA

expression 24 h following hip fracture in the 52-week-old

animals (Supplemental Figure 2F).
Cardiac metabolism, oxidative system
and calcium handling

HFABP and GLUT4
We further investigated alterations in cardiac metabolism

and calcium handling, since these might be caused by enhanced

inflammation. With respect to cardiac fatty acid metabolism, the

mRNA expression of heart fatty acid binding protein (HFABP)

was significantly elevated 6 h following fracture in the young

mice compared to sham (Figure 4A). Further, the HFABP

mRNA expression was significantly lower 24 h after fracture

compared to 6 h in the young mice (Figure 4A). When

comparing the young and the middle-aged group, the HFABP
Frontiers in Immunology 09
189190
mRNA expression was significantly lower 6 h following fracture

in the middle-aged group (Figure 4A). The systemic HFABP

levels slightly decreased in the middle-aged animals 6 and 24 h

following hip fracture (Figure 4B). Regarding the cardiac glucose

metabolism, the glucose transporter 4 (GLUT4) mRNA

expression was significantly reduced 24 h after fracture

compared to sham in both age groups (Figure 4C).

Additionally, the GLUT4 mRNA expression was significantly

lower after 24 h in the middle-aged group compared to

6 h (Figure 4C).

SERCA
For myocardial calcium handling, the mRNA expression of

SERCA significantly increased 24 h following fracture compared

to sham in the middle-aged mice (Figure 4D). In the 12-week-

old group, the SERCA mRNA expression was significantly lower

after 24 h compared to 6 h, whereas in the 52-week-old group

the SERCA mRNA expression was significantly higher 24 h
A B

DC

FIGURE 4

Cardiac alterations in metabolism and calcium handling 6 and 24 h after proximal femur fracture in young and middle-aged mice. Young (12-
week-old) and middle-aged (52-week-old) female mice received either sham treatment (white bars) or experimental proximal femur fracture
(black bars). Left ventricular cardiac tissue was analyzed 6 and 24 h following sham treatment or proximal femur fracture. Local mRNA
expression of heart fatty acid binding protein (HFABP) in fold change (A), systemic levels of heart fatty acid binding protein (HFABP) in ng/ml (B),
mRNA expression of glucose transporter 4 (GLUT4) in fold change (C) and mRNA expression of sarcoplasmic/endoplasmic reticulum ATPase
(SERCA) in fold change (D). Data are presented as mean ± SEM. p ≤ 0.05 was considered as statistically significant. *p ≤ 0.05 sham vs. fracture.
$p ≤ 0.05 6 vs. 24 h after fracture within one age group. #p ≤ 0.05 6 vs. 6h and 24 vs. 24 h between two age groups.
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following fracture compared to 6 h (Figure 4D). When

comparing the two age groups, the SERCA mRNA expression

6 h after fracture was significantly lower in the middle-aged

mice, whereas after 24 h the SERCA mRNA expression was

significantly higher in the middle-aged mice (Figure 4D). Also,

there were elevated levels and a positive regression in SERCA

(R2 = 0.80) mRNA expression 24 h following hip fracture in the

52-week-old animals (Supplemental Figure 2H).

Nitrotyrosine, glutathione peroxidase 4 (GSH)
and superoxide dismutase (SOD)

We also investigated myocardial nitrosative stress and the

myocardial protein expression of anti-oxidative enzymes. With

respect to nitrosative stress, the myocardial expression of

nitrotyrosine was slightly elevated in the middle-aged groups 6

and 24 h following proximal femur fracture compared to sham

(Supplemental Figure 1A). The protein expression of glutathione

peroxidase 4 (GSH) in left ventricular tissue did not alter

between the respective groups (Supplemental Figure 1B). The

expression of superoxide dismutase (SOD) was slightly elevated

in the middle-aged group 6 h following fracture (Supplemental

Figure 1C).

Atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP) and fibroblast growth
factor 23 (FGF23)

We further investigated the myocardial expression of

distinct myocardial markers. After 6 h, the young and middle-

aged animals showed a slightly elevated myocardial mRNA

expression of atrial natriuretic peptide (ANP) compared to

their respective controls (Supplemental Figure 1D). Moreover,

the brain natriuretic peptide (BNP) mRNA expression was

significantly elevated 24 h following hip fracture in the young

animals compared to 6 h (Supplemental Figure 1E). The

myocardial fibroblast growth factor 23 (FGF23) mRNA

expression was slightly elevated 6 and 24 h after fracture in

the young and middle-aged animals compared to their respective

control groups (Supplemental Figure 1F).
Structural alterations

Heart injury score, desmin, a-actinin and
troponin I

We also investigated myocardial structural alterations

following hip fracture, since these has been previously linked

to enhanced cardiac inflammation. With respect to local

myocardial tissue damage, the heart injury score significantly

increased 24 h following fracture compared to sham in the

middle-aged group only (Figure 5A). Regarding myocardial

structure proteins, the desmin protein expression significantly

increased 6 h following fracture in the middle-aged group only

(Figure 5B). The a-actinin protein expression was significantly
Frontiers in Immunology 10
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elevated 6 h after fracture compared to sham in the young and

the middle-aged group, as well as after 24 h in the middle-aged

group only (Figure 5C). Additionally, the troponin I protein

expression significantly increased 6 h following fracture in the

young mice but dropped significantly after 24 h in the middle-

aged mice compared to their respective control groups

(Figure 5D). The cardiac troponin I mRNA expression was

significantly reduced in the 12-week-old group 24 h following

fracture compared to sham (Figure 5E). Also, the myocardial

troponin I mRNA expression in the young animals was

significantly lower 24 h following fracture compared to 6 h

(Figure 5E). The troponin I mRNA expression was significantly

increased in the middle-aged animals 24 h following fracture

compared to the young animals (Figure 5E). Also, there were

elevated levels and a positive regression in troponin I (R2 = 0.83)

mRNA expression 24 h following hip fracture in the middle-

aged animals (Supplemental Figure 2I). These data indicate that

local tissue damage after hip fracture is aggravated in middle-

aged mice.

The results are summarized in Table 2.
Discussion

The aim of the present study was to investigate the effect of

an experimental proximal femur fracture on the heart with

respect to the development of secondary cardiac injury.

Furthermore, special attention was given on the co-morbidity

factor age as an independent risk factor, possibly aggravating

and accelerating the development of this pathologic condition.

Therefore, we investigated the systemic as well as the local

cardiac inflammation 6 and 24 h following hip fracture in

young (12-week-old) and middle-aged (52-week-old) mice.

Additionally, local alterations in cardiac structure, metabolism

and calcium handling were examined.

The development of secondary cardiac injury following long

bone fracture has been recently described; it largely was linked to

an immediate activation of the inflammatory response and a

subsequent massive systemic release of distinct pro-

inflammatory cytokines (8–10). This finding was also

confirmed in the present study where mice showed increased

systemic levels of IL-6 and KC following hip fracture, which

seemed to be higher early after fracture at 6 h, supporting the

previous findings of our group (8–10). The systemic IL-6 and KC

levels were higher 6 h following fracture in both age groups and

showed a slight decrease within 24 h. Both, IL-6 and KC were

described as early pro-inflammatory markers following fracture

(29), thus supporting the findings in the present study.

Interestingly, the systemic IL-6 levels were significantly higher

in the middle-aged mice at both time points following hip

fracture. Enhanced systemic IL-6 levels have been described

after hip fracture, particularly in elderly patients, and has been

considered as an independent predictor for adverse
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postoperative outcomes such as complications and mortality

(30). Moreover, older age of the patients was also linked to

increased systemic IL-6 levels following hip fracture (31). Age-

dependent differences in the pro-inflammatory response
Frontiers in Immunology 11
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following bone fracture were demonstrated in distinct clinical

and experimental studies, showing that age itself is an

independent predictor for an intensified systemic

inflammatory response (32). This was further confirmed in the
A B

D

E

C

FIGURE 5

Cardiac structural alterations 6 and 24 h after proximal femur fracture in young and middle-aged mice. Young (12-week-old) and middle-aged
(52-week-old) female mice received either sham treatment (white bars) or experimental proximal femur fracture (black bars). Left ventricular
cardiac tissue was analyzed 6 and 24 h following sham treatment or proximal femur fracture. Myocardial Heart Injury Score (A), local protein
expression of Desmin in fluorescence intensity (B), protein expression of a-Actinin in fluorescence intensity (C), protein expression of Troponin I
in fluorescence intensity (D) and troponin I mRNA expression in fold change (E). Data are presented as mean ± SEM. p ≤ 0.05 was considered as
statistically significant. *p ≤ 0.05 sham vs. fracture. $p ≤ 0.05 6 vs. 24 h after fracture within one age group. #p ≤ 0.05 6 vs. 6h and 24 vs. 24 h
between two age groups.
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present study, showing systemically elevated IFNg levels in the

52-week-old mice 6 and 24 h following fracture compared to the

12-week-old animals. The phenomenon of ‘inflammaging’ was

first described in the year 2000 by Franceschi and colleagues and

implies an age-dependent upregulation of the inflammatory

response, resulting in a low-grade chronic systemic pro-

inflammatory state (33). The state of ‘inflammaging’ is

characterized by enhanced systemic levels of IL-1b, IL-6 and

TNF, all of which were further shown to be involved in the

pathogenesis of age-associated diseases (34). This chronic pro-
Frontiers in Immunology 12
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inflammatory s ta t e re su l t s in a v i c ious cyc l e o f

pathophysiological changes, tissue injury and remodeling (35).

With respect to the heart, the aging-associated pro-

inflammatory response was shown to be a fundamental

underlying molecular mechanism for the development of

myocard ia l dys func t ion (36) . More impor tan t l y ,

‘inflammaging’ has been suggested as a major risk factor for

the development of heart failure in geriatric patients following

hip fracture and has been mostly linked to elevated systemic

levels of IL-6 and TNF (32, 37). Furthermore, geriatric patients
TABLE 2 Summary results.

Sham vs. Fx Fx 6 h vs. 24 h Young vs. middle-aged

Young 6 h
Sham vs. Fx

Young 24 h
Sham vs. Fx

Middle-aged
6 h Sham vs.

Fx

Middle-aged
24 h Sham vs.

Fx

Young
6 h vs.
24 h

Middle-aged
6 h vs. 24 h

6 h Young vs.
middle-aged

24 h Young
vs. middle-

aged

Systemic

IL-6

KC

Local

HMGB1

TLR2

TLR4

TLR9

C3aR
(protein)

C5aR1

TNF
(mRNA)

IL-1b

NLRP3

HFABP
(mRNA)

GLUT4

SERCA

Heart
Injury
Score

Desmin

a-actinin

TnI
(protein)

TnI
(mRNA)

BNP
significantly increased.

significantly reduced
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suffering from a chronic inflammatory state take longer to

resolve this inflammatory response to baseline levels and show

an enhanced susceptibility to infections following trauma due to

a prolonged immune suppression (38). Interestingly, an

enhanced systemic inflammatory response was shown in the

present study in middle-aged animals, suggesting that the

condition of ‘inflammaging’ not exclusively appears in geriatric

patients but might be just as relevant in a younger, middle-aged

population. Summarized, our data showed that experimental hip

fracture induces a systemic inflammatory response, which might

contribute to the development of secondary cardiac injury

following hip fracture in young and middle-aged animals.

Additionally, the systemic inflammatory response seemed to

be aggravated in the middle-aged animals, suggesting age and

the phenomenon of ‘inflammaging’ as risk factors for the

development of this pathologic condition independent from

pre-existing cardiac diseases.

Besides systemic inflammation, the development of

secondary cardiac injury after bone fracture previously had

been linked to an intensified local cardiac inflammation (8–

10). To assess the extent of local cardiac inflammation, we

analyzed the myocardial expression of HMGB1 as well as of

TLR2, TLR4 and TLR9. In accordance with our previous

findings, we detected an elevated myocardial expression of

HMGB1, TLR2 and TLR4 in the middle-aged mice 24 h

following hip fracture, indicating augmented myocardial

inflammation after hip fracture, which might be mediated via

DAMPs and the TLR-signaling pathways (10). Enhanced

myocardial expression of HMGB1 was recently demonstrated

after experimental multiple trauma in mice (27). Exposure of

human and mouse cardiomyocytes (CMs) to HMGB1 in vitro

reduced their viability and impaired their mitochondrial

respiration and calcium signaling, confirming cardio-

depressive effects (39). Absence of TLR2 and TLR4 improved

cardiac function after ischemia/reperfusion (I/R) injury and

during sepsis in mice (40, 41) and ameliorated impaired

cardiac calcium handling in presence of extracellular histones

(41). In the present study, the myocardial HMGB1 expression

dropped significantly in the middle-aged group 6 h following

fracture, which might be due to an enhanced systemic elevation

of HMGB1, acting as DAMP by recruiting immune cells, thus

triggering and aggravating the inflammatory response. Increased

systemic HMGB1 levels following experimental hip fracture

have been recently described, supporting this hypothesis (42).

The significant elevation of the myocardial HMGB1 expression

24 h following hip fracture in the middle-aged group might be a

compensatory effect due to enhanced systemic HMGB1 release.

In the present study, the myocardial expression of TLR2,

TLR4 and TLR9 was considerably higher in the middle-aged

mice compared to the young animals, suggesting that age might

aggravate and accelerate myocardial inflammation following hip

fracture. Age-dependent differences in TLR-mediated

inflammation have already been demonstrated in previous
Frontiers in Immunology 13
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studies. LPS treatment of murine peritoneal macrophages from

aged mice showed decreased production of pro-inflammatory

cytokines, which were associated with alterations in TLR4

signaling (43). Furthermore, peritoneal macrophages from

middle-aged mice demonstrated an impaired ability to develop

endotoxin tolerance, which was associated with age-dependent

alterations in TLR2 and TLR4 and was further linked to an

uncontrollable inflammation (44). Moreover, myocardial

macrophages were also shown to play a key role in myocardial

inflammation in the condition of ‘inflammaging’ (45). Taken

together, the young and middle-aged mice showed alterations in

myocardial TLR expression, suggesting a crucial role of TLR

signaling in the heart following hip fracture. As for the systemic

inflammation, age as an independent risk factor seemed to have

a considerable effect on TLR signaling, provoking myocardial

inflammation following hip fracture.

Besides TLR signaling, the development of myocardial injury

following trauma has been further associated with an immediate

activation of the complement system (8–10, 28, 46–48). In

accordance with previous findings, the young and middle-aged

mice in the present study showed an increased myocardial

expression of the C3aR 6 and 24 h following hip fracture,

indicating myocardial complement activation (46, 47).

Moreover, the myocardial expression of the C5aR1 was

significantly reduced in the middle-aged mice 6 h following

hip fracture compared to the young animals. A reduced

myocardial expression of the C5aR1 recently has been

demonstrated by our group after experimental multiple

trauma but also after isolated femur fracture and was

associated further to the development of post-traumatic

myocardial dysfunction and damage (9, 28).

Age-dependent differences in complement activation have

been shown in previous studies. It was demonstrated that the

systemic levels of the complement system protein C1q increased

with aging, resulting in skeletal muscle aging, muscle fibrosis and

in arterial stiffening (49–51). Moreover, the immediate

activation of the complement system has been linked to an

activation of the myocardial NLRP3 inflammasome,

contributing to the development of septic cardiomyopathy

(52). The myocardial activation of the NLRP3 inflammasome,

inducing the cleavage mature IL-1b was further shown by our

group after multiple trauma and isolated bone fracture, and was

also considered to contribute to the development of post-

traumatic myocardial damage and secondary cardiac injury (9,

10, 28). In the present study, the middle-aged mice

demonstrated an increased myocardial IL-1b expression 6 h

following hip fracture. Furthermore, the local expression of the

NLRP3 inflammasome was strikingly elevated in the middle-

aged mice after 24 h, compared to the young animals. Also, the

middle-aged mice showed a significantly higher mRNA and

protein expression of TNF 24 h following hip fracture compared

to the young mice. Both, IL-1b and TNF were shown to act

cardio-depressive on human CMs in vitro, contributing to the
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development of myocardial dysfunction and damage following

trauma (9, 28). Age-dependent differences for NLRP3

inflammasome activation have been described in the literature

and aged mice showed an enhanced NLRP3 inflammasome

activation in alveolar macrophages, contributing to the

development of pulmonary fibrosis (53). Summarized, our

data showed enhanced myocardial inflammation in the young

and middle-aged mice following hip fracture, which was

mediated via the complement system and the NLRP3

inflammasome, suggesting a crucial role of these inflammatory

signaling pathways. Myocardial inflammation seemed to be

aggravated in the middle-aged mice, indicating age as

independent risk factor, accelerating cardiac inflammation

following hip fracture.

Besides myocardial inflammation, the development of

secondary cardiac injuries has been further linked to local

metabolic alterations following trauma. Alterations in cardiac

glucose metabolism were shown during CLP sepsis and linked

further to impaired cardiac function (54). Furthermore,

alterations in myocardial glucose- and fatty acid transporter

expression were demonstrated to be induced by inflammatory

mediators (55) and might therefore be an effect of

‘inflammaging’. In the present study, the myocardial mRNA

expression of HFABP was significantly reduced 6 h following hip

fracture in the middle-aged mice compared to the young mice.

Moreover, the myocardial GLUT4 expression was diminished

24 h after hip fracture in both young and middle-aged mice.

Alterations in myocardial HFABP and GLUT4 expression have

been shown by our group after multiple trauma, but also after

isolated femur and tibia fracture, and were further associated

with the development of post-traumatic myocardial damage (10,

55). Of course, differential oral food intake between the

treatment groups cannot be excluded, which possibly influence

the myocardial HFABP and GLUT4 expression. However, the

alterations in cardiac glucose and fatty acid transporters

following bone fracture were recently demonstrated to be

induced by pro-inflammatory mediators such as HMGB1, IL-

1b, IL-6 and TNF (9, 39, 55), all of which have been shown to be

elevated following hip fracture in the present study.

Consequently, the alterations in myocardial HFABP and

GLUT4 expression in the present study might be caused by

pro-inflammatory mediators. To the best of our knowledge age-

dependent differences in myocardial glucose- and fatty

transporter expression following bone fracture have not yet

been demonstrated and might be caused by ‘inflammaging’.

Apart from metabolic alterations, the mice showed changes

in their myocardial expression of the calcium handling protein

SERCA. Alterations in myocardial SERCA expression have been

associated with the development of septic cardiomyopathy (56)

and post-traumatic myocardial damage (57), which was

mediated by pro-inflammatory mediators (46, 57). In the

present study, the middle-aged mice showed a significantly

reduced SERCA expression 6 h following hip fracture
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compared to the young animals, whereas after 24 h the

myocardial SERCA expression was significantly elevated in the

middle-aged animals compared to the young animals. Reduced

myocardial SERCA expression and activity have been described

in previous studies in mice and has been linked to progressive

aging of the heart (58). Furthermore, a diminished SERCA

expression was shown in 24-month-old mice after femur

fracture and hemorrhage, which was associated with an

enhanced mortality rate of the animals following trauma (59).

Moreover, alterations in myocardial SERCA expression were

shown to be induced by the complement activation products

C3a and C5a in vitro (46). Consequently, alterations in

myocardial SERCA expression might also be caused by

‘inflammaging’. To summarize, the mice showed alterations in

myocardial expression of glucose- and fatty acid transporters as

well as of calcium handling proteins following hip fracture. As

for myocardial inflammation, age seemed to be an independent

risk factor aggravating the cardiac effects following hip fracture.

Cardiac structural alterations have been associated with the

development of post-traumatic myocardial damage and were

further linked to inflammation (57). The current study

demonstrated that middle-aged mice showed an increased

elevation of their heart injury score 24 h after hip fracture,

indicating myocardial tissue damage. Moreover, the desmin

expression was also significantly elevated in the middle-aged

mice after 6 h, whereas the a-actinin expression was increased in

the young and middle-aged mice 6 and 24 h following hip

fracture. Alterations in myocardial desmin and a-actinin
expression were described after severe multiple trauma and

isolated long bone fracture, and have been further associated

with the development of post-traumatic myocardial dysfunction

(9, 10, 28, 57). In different recent experimental studies, age- and

gender-related alterations in myocardial desmin expression were

demonstrated. Female 14-week-old C57BL/6 wild type mice

showed an increased myocardial desmin expression compared

to 100-week-old female mice (60). Further, the phosphorylation

of desmin in the heart increased with age only in male mice,

whereas the troponin phosphorylation only increased in female

mice with age, both leading to an impaired calcium signaling of

ventricular CMs (61). In the present study, the troponin I

expression was significantly elevated in the young mice after

6 h and was reduced in the middle-aged animals 24 h after

fracture, indicating an age-dependent effect on myocardial

troponin I expression following hip fracture. Interestingly,

cardiac troponin T was shown to be expressed in skeletal

muscle with age and its mRNA levels were considerably higher

in older compared to younger adults (62). Additionally,

increased cardiac troponin T expression in skeletal muscle was

demonstrated to play a critical role in in mediating

neuromuscular junction denervation in skeletal muscle (63),

skeletal muscle degeneration and a decline in motor activity in

old mice (64). Alterations in myocardial structure protein

expression following trauma were also linked to an enhanced
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inflammatory response. Treatment of human CMs with a

defined polytrauma cocktail induced alterations in cellular

troponin I expression (57). As troponin I is an essential

protein for cardiomyocyte contraction, the myocardial

alterations in troponin I expression in the present study might

indicate for adaption of cardiomyocyte contraction proteins,

thus maintaining proper cardiac function. Taken together, this

study showed alterations in the expression of important

myocardial structure proteins, possibly predisposing for the

development of secondary cardiac injury following hip

fracture. To the best of our knowledge, these age-dependent

alterations in myocardial structure following hip fracture have

not been demonstrated previously. Moreover, age seemed to be

an independent risk factor aggravating and accelerating

myocardial damage and structural alterations, consistent

contextually in the scope of ‘inflammaging’. Besides age,

gender differences might additionally play an important role

on the heart following hip fracture, which has to be evaluated

further in future studies.

There are several limitations in the current study to consider

when interpreting the data. One limitation is that relatively short

observation time points of 6 and 24 h following hip fracture were

studied. These observation time points were chosen to

investigate the early myocardial alterations following hip

fracture, which is the primary research focus of our group.

Therefore, the long-term effects of hip fracture on the heart

with respect to age differences were not evaluated. Nevertheless,

the linear regression analysis in the present study indicated

myocardial alterations mainly 24 h following hip fracture and

therefore suggest also later effects on the heart, which has to be

included in future studies. Also, the study from De’Ath et al.

showed the development of TISCI 72 h following trauma (6),

wherefore later timepoints should be considered for future

studies to assess the time-dependent development of

myocardial alterations following hip fracture in young and

middle-aged mice. Another limitation is that the present study

only evaluated young (12-week-old) and middle-aged (52-week-

old) mice. The middle-aged mice correspond to approximately

60 years of human age. However, the incidence of hip fractures is

more commonly seen in elderly individuals greater than 75

years. Moreover, women over the age of 65 years have been

shown to be more affected by hip fractures than men due to the

onset of osteoporosis (65). To address this impact, elderly

animals should be studied in future. Additionally, gender

differences should be considered in follow-up studies since age,

in combination with gender, seems to affect the clinical outcome

of hip fracture patients. Also, osteoporosis should also be

evaluated as a co-morbidity factor, since it is known that 52-

week-old mice have age-related osteoporosis (66). Moreover, to

properly analyze the extent of secondary cardiac injury following

hip fracture, cardiac functional analysis by echocardiography or

cardio MRI are mandatory for future studies. Finally, the model

of proximal femur fracture used in this study possibly induces
Frontiers in Immunology 15
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less soft tissue trauma than a closed fracture and could induce

less of an inflammatory response than that seen clinically.

Additionally, the experimental fracture was stabilized

immediately following fracture, whereas hip fractures typically

are stabilized within 24 h. Therefore, the hip fracture model in

this study is not completely applicable to the human

clinical condition.
Conclusion

In conclusion, young and middle-aged mice showed

alterations in myocardial structure, glucose- and fatty acid

transport as well as in calcium homeostasis 6 and 24 h

following experimental hip fracture, which might predispose

for the development of secondary cardiac injury. Also, the young

and middle-aged mice demonstrated an elevated systemic and

local cardiac inflammatory responses following hip fracture.

Interestingly, the myocardial alterations as well as the systemic

and local inflammation seemed to be aggravated in the middle-

aged mice, indicating age and the age-associated phenomenon of

‘inflammaging’ as an independent risk factor aggravating and

accelerating cardiac alterations and therefore possibly also the

development of secondary cardiac injury following hip fracture.

In the present study, we showed for the first time cardiac

alterations following hip fracture in young and middle-aged

animals in absence of pre-existing cardiac diseases. More

importantly, the middle-aged animals demonstrated

aggravated systemic and local cardiac inflammation. To the

best of our knowledge, we showed for the first time that the

condition of ‘inflammaging’ also occur in middle-aged animals,

suggesting even middle age as independent risk factor for cardiac

alterations following hip fracture.
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SUPPLEMENTARY FIGURE 1

Cardiac nitrosative and oxidative stress and myocardial markers 6 and

24 h after proximal femur fracture in young andmiddle-agedmice. Young
(12-week-old) and middle-aged (52-week-old) female mice received

either sham treatment (white bars) or experimental proximal femur

fracture (black bars). Left ventricular cardiac tissue was analyzed 6 and
24 h following sham treatment or proximal femur fracture. Myocardial

expression of nitrotyrosine in pixel density (A), protein expression of
glutathione peroxidase (GSH) in pixel density (B), protein expression of
Frontiers in Immunology 16
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superoxide dismutase (SOD) in pixel density (C), mRNA expression of atrial
natriuretic peptide (ANP) in fold change (D), mRNA expression of brain

natriuretic peptide (BNP) in fold change (E) and fibroblast growth factor 23
(FGF23) in fold change (F). Data are presented as mean ± SEM. p ≤ 0.05

was considered as statistically significant. *p ≤ 0.05 sham vs. fracture. $p ≤

0.05 6 vs. 24 h after fracture within one age group. #p ≤ 0.05 6 vs. 6h and

24 vs. 24 h between two age groups.

SUPPLEMENTARY FIGURE 2

Regression analysis 6 and 24 h after proximal femur fracture in young and
middle-agedmice. Young (12-week-old) andmiddle-aged (52-week-old)

female mice received experimental proximal femur fracture. Regression
analysis was performed either after 6 h (blue dots) or after 24 h (green

squares) following experimental proximal femur fracture. Linear
regression analysis of systemic interleukin-6 (IL-6) levels in pg/ml (A), of
cardiac mRNA expression of toll-like receptor 2 (TLR) (B), toll-like

receptor 4 (TLR4) (C), toll-like receptor 9 (TLR9) (D), tumor necrosis
factor (TNF) (E), NLR pyrin domain containing protein 3 (NLRP3) (F),
interleukin-1b (IL-1b) (G), sarcoplasmic/endoplasmic reticulum ATPase
(SERCA) (H) and troponin I (I) in fold change. Data are presented as

individual values. Goodness of fit is indicated as R2.

SUPPLEMENTARY FIGURE 3

Representative images of C3aR and HMGB1 IHC staining of left ventricular
tissue from young and middle-aged mice 6 and 24 h following proximal

femur fracture. Young (12-week-old) and middle-aged (52-week-old)
female mice received experimental proximal femur fracture. Left

ventricular cardiac tissue was analyzed 6 and 24 h following sham
treatment or proximal femur fracture. Representative images of

complement C3a receptor (C3aR) (A) and high mobility group box one

(HMGB1) protein (B).

SUPPLEMENTARY FIGURE 4

Representative images of TNF IHC and H.E. staining of left ventricular

tissue from young and middle-aged mice 6 and 24 h following proximal
femur fracture. Young (12-week-old) and middle-aged (52-week-old)

female mice received experimental proximal femur fracture. Left

ventricular cardiac tissue was analyzed 6 and 24 h following sham
treatment or proximal femur fracture. Representative images of tumor

necrosis factor (TNF) (A) and hematoxylin & eosin (H.E.) staining (B).

SUPPLEMENTARY FIGURE 5

Representative images of a-actinin and desmin IF staining of left

ventricular tissue from young and middle-aged mice 6 and 24 h

following proximal femur fracture. Young (12-week-old) and middle-
aged (52-week-old) female mice received experimental proximal femur

fracture. Left ventricular cardiac tissue was analyzed 6 and 24 h following
sham treatment or proximal femur fracture. Representative images of a-
actinin (A) and desmin protein (B).

SUPPLEMENTARY FIGURE 6

Representative images of troponin I IF staining of left ventricular tissue
from young and middle-aged mice 6 and 24 h following proximal femur

fracture. Young (12-week-old) and middle-aged (52-week-old) female

mice received experimental proximal femur fracture. Left ventricular
cardiac tissue was analyzed 6 and 24 h following sham treatment or

proximal femur fracture. Representative images of troponin I (A).
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Cigarette smoke exposure
reduces hemorrhagic shock
induced circulatory
dysfunction in mice with
attenuated glucocorticoid
receptor function

Martin Wepler1,2*, Jonathan M. Preuss3, Cornelia Tilp4,
Martina Keck4, Jochen Blender4, Ulrich Wachter2,
Tamara Merz2, Josef Vogt2, Sandra Kress2, Michael Gröger2,
Andrea Hoffmann2, Marina Fink2, Enrico Calzia2, Ute Burret3,
Peter Radermacher2, Jan P. Tuckermann3

and Sabine Vettorazzi3*

1Department of Anesthesiology and Intensive Care Medicine, University Hospital, Ulm, Germany,
2Institute for Anesthesiologic Pathophysiology and Process Engineering, Ulm University,
Ulm, Germany, 3Institute of Comparative Molecular Endocrinology (CME), Ulm University,
Ulm, Germany, 4Immunology and Respiratory, Boehringer Ingelheim Pharma GmbH & Co KG,
Biberach, Germany
Introduction: We previously showed that attenuated glucocorticoid receptor

(GR) function in mice (GRdim/dim) aggravates systemic hypotension and impairs

organ function during endotoxic shock. Hemorrhagic shock (HS) causes

impaired organ perfusion, which leads to tissue hypoxia and inflammation

with risk of organ failure. Lung co-morbidities like chronic obstructive

pulmonary disease (COPD) can aggravate tissue hypoxia via alveolar hypoxia.

The most common cause for COPD is cigarette smoke (CS) exposure.

Therefore, we hypothesized that affecting GR function in mice (GRdim/dim)

and pre-traumatic CS exposure would further impair hemodynamic stability

and organ function after HS.

Methods: After 3 weeks of CS exposure, anesthetized and mechanically

ventilated GRdim/dim and GR+/+ mice underwent pressure-controlled HS for

1h via blood withdrawal (mean arterial pressure (MAP) 35mmHg), followed by

4h of resuscitation with re-transfusion of shed blood, colloid fluid infusion and,

if necessary, continuous intravenous norepinephrine. Acid–base status and

organ function were assessed together with metabolic pathways. Blood and

organs were collected at the end of the experiment for analysis of cytokines,

corticosterone level, and mitochondrial respiratory capacity. Data is presented

as median and interquartile range.
frontiersin.org01
199200

https://www.frontiersin.org/articles/10.3389/fimmu.2022.980707/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.980707/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.980707/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.980707/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.980707/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.980707/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.980707&domain=pdf&date_stamp=2022-09-12
mailto:martin.wepler@uni-ulm.de
mailto:sabine.vettorazzi@uni-ulm.de
https://doi.org/10.3389/fimmu.2022.980707
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.980707
https://www.frontiersin.org/journals/immunology


Wepler et al. 10.3389/fimmu.2022.980707

Frontiers in Immunology
Results: Nor CS exposure neither attenuated GR function affected survival.

Non-CS GRdim/dim mice had a higher need of norepinephrine to keep target

hemodynamics compared to GR+/+ mice. In contrast, after CS exposure

norepinephrine need did not differ significantly between GRdim/dim and GR+/+

mice. Non-CS GRdim/dim mice presented with a lower pH and increased blood

lactate levels compared to GR+/+ mice, but not CS exposed mice. Also, higher

plasma concentrations of some pro-inflammatory cytokines were observed in

non-CS GRdim/dim compared to GR+/+ mice, but not in the CS group. With

regards to metabolic measurements, CS exposure led to an increased lipolysis

in GRdim/dim compared to GR+/+ mice, but not in non-CS exposed animals.

Conclusion: Whether less metabolic acidosis or increased lipolysis is the

reason or the consequence for the trend towards lower catecholamine need

in CS exposed GRdim/dim mice warrants further investigation.
KEYWORDS

catecholamines, cigarettes smoke exposure, glucocorticoid receptor function,
hemodynamic function, hemorrhagic shock, metabolic function, inflammation
Introduction

Hemorrhagic shock (HS) is one of the major mediators of

trauma-related mortality (1). During HS as well as during

resuscitation from HS impaired organ blood flow may lead to

tissue hypoxia, resulting in risk of organ damage (2). Tissue

hypoxia itself induces inflammation (3), which in turn

aggravates the risk of organ damage. Both, tissue hypoxia and

inflammation may lead to enhanced radical formation and

mitochondrial dysfunction, altogether leading to multiorgan

failure (MOF (1, 2, 4),). During resuscitation after HS, it is

important to maintain mean arterial pressure (MAP) to ensure

perfusion of the most important organs as heart, kidney, liver,

lung, or brain. At best, this hemodynamic state enables

microcirculatory perfusion of these important organs to

prevent longer impairment of O2-availability and, thus

irreversible organ dysfunction or damage (5). On a cellular

level, impaired O2-availability may lead to mitochondrial

dysfunction with uncoupling of mitochondrial respiration and

a lack of mitochondrial substrates, resulting in reduced

production of adenosine triphosphate (ATP) and increased

oxidative stress (5). Besides this mitochondrial dysfunction

due to a reduced O2-availability, during and after shock a

hypermetabolic condition with insulin resistance and increased

oxygen demands often occurs (6). This, in turn, causes impaired

glucose and oxygen availability on a cellular level and, ultimately,

lead to metabolic failure. Together with the mitochondrial

dysfunction this metabolic failure further impairs organ

function after shock (7).
02
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Our group showed already that pre-traumatic cigarette-

smoke (CS) exposure enhanced post-traumatic inflammation

and radical stress, thereby aggravating lung dysfunction (8). CS

is the major risk factor for chronic obstructive pulmonary

disease (COPD) (9) and COPD as a lung co-morbidity

increases pulmonary and systemic inflammation and might

increase tissue hypoxia via alveolar hypoxia (10). Furthermore,

CS exposure-induced COPD aggravated acute lung injury (ALI)

in a murine model of blunt chest trauma (8, 11), causing the

strongest inflammatory response in mice after HS and

resuscitation under intensive care treatment (12).

Glucocorticoids (GCs) mediate their effects through the

glucocorticoid receptor (GR) (13). The GR is an intracellular,

ligand-activated transcription factor, which regulates gene

transcription by several mechanisms: as a protein dimer it can

bind palindromic DNA sequences (glucocorticoid response

elements – GREs) or DNA half sites as a monomeric protein

(GR monomer (14)). In a non-resuscitated mouse model of

endotoxemia, we previously showed that the GR is crucial for the

resolution of systemic inflammation (15). In a more recent

study, we demonstrated that intact GR dimer also mediates

hemodynamic stability in a resuscitated mouse model of

endotoxemia, indicated by a higher need of catecholamines in

mice with a impaired GR dimerization function (GRdim/dim) to

keep hemodynamic targets (16). In addition to the mouse model

of endotoxemia, we already showed that HS led to impaired lung

mechanics and aggravated lung inflammation in GRdim/dim mice

compared to littermate control wildtype mice (GR+/+) (17). This

previous study showed that functional GR signaling plays a
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crucial role to attenuate HS-induced lung damage. Based on this

study, we hypothesized that an attenuation of GR function

together with CS exposure as a lung co-morbidity may lead to

organ dysfunctions due to metabolic disturbances and an

increased hemodynamic instability during resuscitation from

HS with the effects on lung function already published (17). To

ensure clinical transferability of the results, we used our murine

model of HS with resuscitation similar to intensive care

management (infusion of crystalloids and norepinephrine

(NE) to achieve hemodynamic targets, lung-protective

mechanical ventilation, measurements of gas exchange, and

control of body temperature (17–19)) together with a detailed

analysis of the metabolic state (18, 20) and mitochondrial

function (16, 21) in CS exposed animals (21).
Material and methods

This study was approved by the federal authorities for

animal research of the Regierungspräsidium Tübingen, Baden-

Wuerttemberg, Germany (approved animal experimentation

number: 1359, August 17th, 2017), and performed in

adherence with the National Institutes of Health Guidelines on

the Use of Laboratory Animals and the European Union

‘‘Directive 2010/63 EU on the protection of animals used for

scientific purposes.’’ GRdim/dim mice (Nr3c1tm3Gsc) (22) were

bred in a mixed background (129/SvEv x C57BL/6) and housed

in the animal facility at University Ulm or in the housing facility

at Boehringer Ingelheim (Biberach). GR+/+ littermate controls

were used as wild-type mice. Animals always had free access to

food and water, were kept under standardized conditions, and

were equally distributed in terms of age (16-26 weeks) and body

weight (23-34 g). Groups comprised 7 animals (GR+/+ non-CS),

9 animals (GRdim/dim non-CS), 8 animals (GR+/+ CS exposure),

and 9 animals (GRdim/dim CS exposure) of both gender. Due to

the complicated surgery 2 animals in the GR+/+ non-CS group

and 1 animal in the GR+/+ CS group deceased during surgery.
Implementation of general anesthesia
and surgery

Anesthesia was induced via sevoflurane (2.5%; sevoflurane,

Abbott, Wiesbaden, HE, Germany) as described previously (19,

21), followed by intraperitoneal injection (ip) of ketamine

(120µg·g-1; Ketanest-S, Pfizer, New York City, NY), midazolam

(1.25µg·g-1; Midazolam-ratiopharm, Ratiopharm, Ulm, BW,

Germany) and fentanyl (0.25µg·g-1; Fentanyl-hameln, Hameln

Pharma Plus GmbH, Hameln, NI, Germany). Afterwards,

animals were placed on a closed-loop-system for body

temperature control (19, 21). Lung-protective mechanical

ventilation using a small animal ventilator (FlexiVent, Scireq,

MO, Canada) was performed via a tracheostomy (19, 21). Surgical
Frontiers in Immunology 03
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instrumentation comprised catheters in the jugular vein for fluid

administration, the carotid artery for hemodynamic

measurements, the femoral artery for blood removal, and the

bladder to collect urine (19, 21). General anesthesia was titrated to

guarantee complete tolerance against noxious stimuli and was

sustained by continuous intravenous (iv) administration of

ketamine, midazolam, and fentanyl to reach deep sedation (0.85

[0.79; 0.88] ml·g-1·min.-1 for all animals). Animals were

mechanically ventilated with ventilator settings being FiO2

0.21%, respiratory rate 150·min-1, tidal volume of 6 mL·kg-1,

and inspiratory/expiratory time ratio 1:2. Ventilation was

modified to maintain an arterial PaCO2 between 30 mmHg and

40 mmHg throughout the experiment as described previously

(21). Therefore, blood gas analyses were performed before HS, 2h

after re-transfusion of shed blood, and at the end of the

experiment. However, PaCO2 values reported in Table 1 were

measured at the end of experiment where adaptation of

ventilation was no longer practicable. Therefore, PaCO2 values

may vary and appear out of that range at the end of the

experiment. Positive end-expiratory pressure (PEEP) was

adjusted according to the arterial PaO2 (PaO2/FiO2-

ratio>300mmHg: PEEP=3cmH2O; PaO2/FiO2-ratio<300mmHg:

PEEP=5cmH2O; PaO2/FiO2-ratio<200mmHg: PEEP=8cmH2O)

(19, 21). Recruitment maneuvers (5s hold at 18 cmH2O) were

repeated hourly to avoid any impairment of thoraco-pulmonary

compliance due to anesthesia- and/or supine position-induced

atelectasis. A detailed description of the intensive care measures in

mice performed in the present study (mouse intensive care unit,

MICU) can be found elsewhere (23).
Cigarette smoke inhalation procedure

CS exposure was performed for 5 days per week over a

period of 3 weeks using a standardized protocol as described

previously (8, 11, 24). Particle concentration was monitored by a

real time ambient particle monitor (MicroDust Pro, Casella,

Amherst, NH, USA). In pilot experiments, this CS-exposure

procedure had not caused any effect on the behavior, body

weight, or respiratory pattern. Control animals (non-CS) were

exposed to room air. After CS exposure, mice were transported

from Boehringer Ingelheim (Biberach) to Ulm University and

there were allowed to recover for 1 week to avoid acute stress

effects induced by the CS procedure per se (11, 25).
Induction of hemorrhagic shock

After the initiation of lung-protective mechanical ventilation

and instrumentation for vascular access, mice underwent 1h of

HS. HS was performed by removing blood out of the femoral

catheter with citrate-coated syringes (about 30µL·g-1) to titrate

mean arterial pressure (MAP) to 35 mmHg. Blood was further
frontiersin.org

https://doi.org/10.3389/fimmu.2022.980707
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wepler et al. 10.3389/fimmu.2022.980707
removed or re-transfused to keep MAP at 35 mmHg for 1h.

Besides, fluid administration was temporarily stopped. At the

start of the resuscitation phase, shed blood was re-transfused,

together with the administration of hydroxyethyl starch 6%

(10ml·g-1 h-1) and NE dissolved in balanced electrolyte solution

(≤0.5 ml·h-1 for all animals) via the jugular vein catheter titrated

to maintain MAP≥55 mmHg. The bladder was punctured to

collect urine during the experiment. After 4h of resuscitation,

animals were exsanguinated, blood and tissue samples were

taken immediately thereafter, and prepared for further

analyses (19, 21).
Analysis of metabolic pathways and
kidney function

Thirty minutes before induction of hemorrhagic shock, mice

received a primed continuous infusion of stable, non-

radioactive-labeled 13C6-glucose,
15N2-urea,

2H5-glycerol, and

5,5,5–2H3-leucine. Expiratory breath gas was sampled 0.5, 1.5,

2.5, 3.5, 4.5, and 5.5 h (end of experiment) after start of the stable

isotope infusion. Arterial blood was sampled at time points 0.5,

2.5, 4.5, and 5.5 h. Together with urine output, gas
Frontiers in Immunology 04
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chromatography/mass spectrometry measurement of plasma

und urinary creatinine concentrations using 2H3-creatinine as

internal standard allowed for calculating creatinine clearance

(18). Expiratory gas was analyzed immediately after collection by

gas chromatography/mass spectrometry (GC/MS) for total

expiratory CO2 concentration and 13CO2 enrichment to assess

glucose oxidation rate. Plasma and urine samples were stored at

−80°C until sample workup. For metabolic analysis, we only

analyzed animals that survived the whole observation

period (4 h) in order to guarantee a steady state of isotopes

(n=7 for GRdim/dim and GR+/+ non-CS, n=8 for GR+/+ CS,

and n=9 for GRdim/dim CS). For further details see

supplemental material.
Parameters of hemodynamics, gas
exchange, and metabolism

Systemic hemodynamics and body temperature were

recorded hourly. Blood gas tensions, acid-base status,

glycaemia, and lactatemia were assessed at the end of the

resuscitation period via arterial blood gas analysis (ABL800

Felx; Radiometer, Krefeld, Germany) (19, 21).
TABLE 1 Hemodynamic and metabolic measurements as well as ventilation parameters in GRdim/dim and GR+/+ mice with or without cigarette-
smoke (CS) exposure and after hemorrhagic shock(HS) with subsequent resuscitation (4h) at the end of the experiment.

Parameters Resuscitation (IV colloids and norepinephrine)

GR+/++non-CS (n = 7) GRdim/dim+non-CS (n = 9) GR+/++CS (n = 8) GRdim/dim+CS (n = 9)

Bodyweight
[g]

27.5 (25.6; 27.8) 26.7 (25.2; 30.6) 29.2 (26.4; 32.4) 27.3 (25.6; 30.1)

Heart Rate
[beats·min-1]

372 (352; 439) 480 (413; 538) 307 (276; 506) 580 (553; 593)§

Mean Arterial Pressure
[mmHg]

66 (56; 77) 54 (50; 64) 57 (53; 63) 62 (55; 72)

Horovitz Index
[mmHg]

486 (386; 490) 356 (348; 457) 460 (358; 525) 322 (293; 384)

PaCO2

[mmHg]
29 (28; 38) 38 (32; 43) 35 (29; 37) 43 (41; 46)§

Minute ventilation
[mL·kg-1·min-1]

1100 (1040; 1150) 1100 (980; 1150) 1000 (943; 1150) 1070 (1050; 1110)

Glucose
[mg·dL-1]

115 (106; 123) 120 (110; 162) 96 (87; 107) 128 (122; 134)§

Arterial pH 7.38 (7.33; 7.44) 7.23 (7.10; 7.31)* 7.35 (7.23; 7.42) 7.26 (7.23; 7.32)

Arterial base excess
[mmol·L-1]

-6.4 (-7.4; -5.4) -10.2 (-15.7; -8.0)* -7.1 (-10.4; -5.6) -7.6 (-8.9; -4.8)$

Lactate
[mmol·L-1]

1.2 (0.8; 1.5) 2.3 (1.4; 4.6)* 1.3 (1.1; 1.6) 1.2 (1.1; 1.7)$

Hemoglobin
[g·dL-1]

8.0 (7.5; 8.4) 7.1 (6.7; 7.6) 8.7 (7.7; 9.2) 8.7 (7.8; 9.5)$

Blood volume withdrawn for shock [ml·g-1] 30.0 (30.0; 30.0) 30.0 (27.5; 30.0) 30.0 (30.0; 30.0) 30.0 (23.0; 30.0)

Urinary output
[µL]

2235 (1486; 3132) 2118 (1542; 3191) 1760 (1303; 4130) 1945 (1083; 2444)
*P < 0.05 vs. GR+/+ non-CS. §P < 0.05 vs. GR+/+ CS. $P < 0.05 vs. GRdim/dim non-CS. Data is shown as median (25th and 75th percentile). Significant different values are highlighted bold.
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Mitochondrial respiration

Mitochondrial respiratory capacity was determined via high-

resolution respirometry with a clark-electrode-based system

(Oxygraph 2k, OROBOROS Instruments Corp., Innsbruck,

Austria) as described previously (19). Post-mortem muscle,

heart , l iver , and brain biopsies were mechanical ly

homogenized in Mir05 (respiration medium). Mir05 is

composed of 0.5mM EGTA, 3mM MgCl2·6H2O, 60mM

Lactobionic acid, 20mM Taurine, 10mM KH2PO4, 20mM

HEPES, 110mM Sucrose, 1g·L-1 bovine serum albumin). 1.5-2

mg of tissue (1.5mg: heart, 2mg tissue: muscle, liver, and brain)

were added to the Oxygraph chamber. By the addition of a

defined sequence of substrates and inhibitors, various states of

mitochondrial function could be assessed. Complex I activity

was determined after addition of 10mM pyruvate, 10mM

glutamate, 5mM malate and 5mM ADP. 10µM cytochrome c

was added to check for mitochondrial integrity. Maximum

oxidative phosphorylation (OxPhos) was evaluated after

subsequent addition of 1mM octanoyl-carnitine and 10mM

succinate. Leak compensation was assessed after inhibition of

the ATP-synthase by 2.5µM oligomycin, followed by stepwise

titration of the uncoupling agent Carbonyl cyanide-

4-(tr ifluoromethoxy)-phenylhydrazone (FCCP, final

concentration 1.5µM) to reach maximum respiratory

activity of the electron transfer system in the uncoupled

state (ETS).
Measurements of cytokine, chemokine,
and corticosterone concentrations
in plasma

Cytokines, chemokines, and growth factors were measured

using Bio-Plex Pro Mouse Cytokine 23-plex Assay (Group I)

(Biorad) simultaneously in the plasma according to the

manufacturer´s protocol. The multiplex-assay was performed

with Bio-Plex 200 machine (Biorad) and the Bio-Plex Manager

TM 6.1 software (Biorad). Plasma corticosterone levels were

determined with an enzyme linked immunosorbent assay

(ELISA) kit (TECAN, IBL international GmbH, RE52211)

according to the manufactures protocol. In short, plasma

samples were incubated in the anti-corticosterone antibody

coated wells alongside with a horse-reddish peroxide (HRP)

conjugated corticosterone competitor for one hour at room

temperature. After five subsequent washing steps, HRP

substrate was added for 15 min followed by stop solution and

immediate measure of color intensity at 450 nm using Fluostar

OPTIMA plate reader. Corticosterone concentrations were

calculated according to the provided standards using a 4-

parametric fit.
Frontiers in Immunology 05
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Statistical analysis

Unless stated otherwise, all data are presented as median

(25th and 75th percentile). Data sets were analyzed using non-

parametric statistics, i.e. Mann-Whitney U-test (one factor, two

independent samples) or Kruskal-Wallis test with post hoc

Dunn’s comparison testing (one factor, four independent

samples). P-values <0.05 were considered statistically

significant. Quantitative graphical presentations and statistical

analyses were accomplished by using GraphPad Prism 9

(GraphPad Software Inc, La Jolla, Calif).
Results

Survival

All CS exposed animals survived to the end of the

observation period during resuscitation from GRdim/dim HS

(4h). Only two animals with an attenuation of GR function

and non-CS exposure did not reach the end of the observation

period, however, the survival rates did not show any significant

intergroup differences and have been reported previously in the

supplementary materials of a publication of our group (17).
Hemodynamics, acid–base balance,
parameters of organ (dys)function as
well as mitochondrial respiration

To examine the effects of an attenuated GR function as well

as exposure of CS on organ function during resuscitation from

1h of HS, hemodynamics, metabolic parameters, and

mitochondrial respiration were investigated. Table 1

summarizes the parameters of hemodynamics and acid–base

status. Heart rate was significantly higher in GRdim/dim

compared to GR+/+ mice with CS-exposure, whereas mean

arterial pressure (MAP) did not differ between groups. In non-

CS exposed mice, GRdim/dim mice had a significantly higher need

of catecholamines to keep hemodynamic stability compared to

GR+/+ mice (Figure 1). In contrast, need of catecholamines did

not differ in CS-exposed GRdim/dim and GR+/+ mice (Figure 1).

After CS exposure, arterial partial pressure of carbon dioxide

(PaCO2) was significantly higher in GRdim/dim compared to

GR+/+ mice, whereas minute ventilation did not differ between

groups (Table 1). In non-CS exposed mice, pH as well as base

excess (BE) were lower and lactate levels were higher in

GRdim/dim compared to GR+/+ mice (Table 1). Because

increased lactate levels may be linked to disturbances in

mitochondrial respiration (6, 26), important metabolic organs

as muscle, heart, liver and brain were investigated for
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mitochondrial respiration in the current study. However,

mitochondrial respiration (Figure 2) in tissue from muscle,

heart, liver, and brain in GRdim/dim and GR+/+ mice with or

without CS exposure revealed no intergroup differences in all

four organs analyzed in the current study. In summary, after

resuscitation from HS, the attenuated function of the GR

resulted in a higher need of catecholamines to keep

hemodynamic stability and a lower pH together with increased

lactate levels. These differences were not present in CS

exposed mice.
Measurements of plasma cytokine levels
at the end of 4 hours of resuscitation
after hemorrhagic shock

To determine effects of an attenuation of GR function and

CS exposure on inflammatory parameters, plasma concentration

of cytokines and chemokines were determined. In the non-CS

group, concentration of interleukine-6 (IL-6), interleukine-12

p40 (IL-12 p40), and Eotaxin were significantly higher in plasma

of GRdim/dim mice compared to GR+/+ mice (Table 2).

Interestingly, there were no intergroup differences for the

measured plasma cytokines when animals were exposed to CS

before HS. Therefore, only the attenuation of GR function led to

an increase in some plasma cytokines, whereas this increase was

prevented by CS pre-exposure.
Frontiers in Immunology 06
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Effects of an attenuation of GR
function and CS exposure on
metabolic parameters

Despite no differences in minute ventilation during

resuscitation (Table 1), GRdim/dim mice showed higher CO2

values in the exhaled air compared to GR+/+ mice, both after

CS exposure during the observation period (Figure 3A, together

with increased arterial partial pressure of CO2, see Table 1). The

same genotype dependent difference appeared for the

concentration of glucose in the plasma, whereas the rate of

endogenous glucose production as well as glucose oxidation rate

showed no inter-group differences (Figures 3C, D). After CS

exposure, rate of appearance for urea (marker for hepatic

metabolic capacity as well as kidney function) was significantly

lower in GRdim/dim mice compared to GRdim/dim mice with no CS

exposure (Figure 4A). Measures of lipolysis (measured via rate of

appearance for glycerol), protein degradation (rate of

appearance for leucine), and kidney function (creatinine

clearance, urine output [Table 1]) showed no intergroup

differences (Figures 4C, D). Taken together, during

resuscitation after HS, CS exposed GRdim/dim mice presented

with an increased glucose concentration in plasma (Figure 3B),

which does not come from an increase in gluconeogenesis or

decrease in glucose oxidation (Figures 3C, D). Furthermore, due

to no differences in kidney function (creatinine clearance,

Figure 4B) as well as protein breakdown (rate of appearance

for leucine, Figure 4D), the reduced rate of appearance of urea in
frontiersin.org
FIGURE 1

Doses of norepinephrine(NE) in mechanically ventilated GRdim/dim and GR+/+ mice with or without cigarette-smoke (CS) exposure and after 1 h
of hemorrhagic shock (HS, mean arterial pressure (MAP) 35 mmHg) and subsequent resuscitation (colloids, NE) for 4 h. NE was titrated
intravenously during resuscitation to keep MAP ≥55mmHg. GR+/+ mice non-CS: n = 7, GRdim/dim mice non-CS: n = 9, GR+/+ mice CS: n=8,
GRdim/dim mice CS: n = 9. Data is presented as median (25th and 75th percentile and minimum/maximum).
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CS exposed GRdim/dim mice (Figure 4A) is most likely a result of

a reduced hepatic synthesis.
Measurements of corticosterone
concentration in plasma

As the above measured parameters are well known to be

influenced by corticosteroids, we determined the concentration

of corticosterone in plasma. Neither an attenuation of GR

function nor CS exposure had any effects on plasma

corticosterone levels in mice in the present study under

intensive care conditions (non-CS GR+/+: 112 (78;141), non-

CS GRdim/dim: 85 (35; 156); CS GR+/+: 93 (65; 147), CS

GRdim/dim: 82 (55; 119), P=0.6852).
Discussion

In the present study, we examined the effects of a

dysfunction in the glucocorticoid receptor (GRdim/dim) on
Frontiers in Immunology 07
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hemodynamics, metabolic parameters, mitochondrial function,

and inflammation during resuscitation from hemorrhagic shock

(HS) in mice with pre-traumatic cigarette smoke (CS) exposure

with the effects on lung function already published in a previous

paper (17).

Neither an attenuation of GR function (GRdim/dim) nor CS

exposure prior to resuscitation from HS showed an effect on

survival rates. However, we found that non-CS exposed

GRdim/dim mice needed significantly higher doses of

norepinephrine (NE) to keep hemodynamic stability compared

to GR+/+ mice. Furthermore, lower pH and higher lactate levels

as well as an increase in systemic cytokines was present in non-

CS GRdim/dim compared to GR+/+ mice. Surprisingly, these

genotype dependent differences disappeared in CS

exposed animals.

Compared to a mouse model based on lipopolysaccharide

(LPS)-induced systemic inflammation, we previously reported a

significantly increased mortality in GRdim/dim mice compared to

GR+/+ mice (16). In that LPS model, GRdim/dim mice presented

with significant higher need for NE to keep hemodynamic

stability, like in the present study the non-CS exposed
B

C D

A

FIGURE 2

Mitochondrial respiration (JO2) in tissue from muscle (A), heart (B), liver (C), and brain (D) in GRdim/dim and GR+/+ mice with or without
cigarette-smoke (CS) exposure and after 1 h of hemorrhagic shock (HS, MAP 35 mmHg) and subsequent resuscitation (colloids, NE) for 4 h.
Overall p-values from Kruskal-Wallis-Test are shown above. GR+/+ mice non-CS: n = 3-7, GRdim/dim mice non-CS: n = 3-7, GR+/+ mice CS: n =
2-8, GRdim/dim mice CS: n=8. For the group GRdim/dim CS in muscle tissue there were no measurements available due to a measurement
problem. Data is presented as median (25th and 75th percentile and minimum/maximum).
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TABLE 2 Concentration of cytokines in plasma in GRdim/dim and GR+/+ mice with or without cigarette-smoke (CS) exposure and after HS with
subsequent resuscitation (4 h) at the end of the experiment.

Concentration of cytokines in plasma Resuscitation (IV colloids and NE)

GR+/++non-CS
(n = 1-6)

GRdim/dim+non-CS
(n = 3-9)

GR+/++CS
(n = 1-8)

GRdim/dim+CS
(n = 1-9)

Interleukine-1 alpha (IL-1 a)
[pg·ml-1]

20 (18; 44) 18 (13; 28) 18 (15; 22) 20 (14; 23)

Interleukine-1 beta (IL-1 b)
[pg·ml-1]

1.8 (0.6; 6.2) 10.9 (4.1; 15.6) 3.0 (3.0; 5.2) 3.0 (0.6; 7.4)

Interleukine-2 (IL-2)
[pg·ml-1]

6.3 (4.7; 7.8) 5.3 (3.4; 13.0) 1.7 (1.7; 1.7) 3.4 (3.4; 3.4)

Interleukine-3 (IL-3)
[pg·ml-1]

0.5 (0.1; 1.2) 2.4 (1.0; 2.9) 1.0 (0.3; 7.7) 1.2 (0.5; 2.4)

Interleukine-4 (IL-4)
[pg·ml-1]

5.1 (2.9; 7.0) 3.4 (2.3; 4.8) 4.3 (2.0; 5.3) 2.5 (1.4; 3.6)

Interleukine-5 (IL-5)
[pg·ml-1]

10.0 (7; 23) 34 (20; 37) 13 (8; 26) 22 (17; 39)

Interleukine-6 (IL-6)
[pg·ml-1]

170 (69; 285) 451 (330; 566)* 297 (205; 393) 327 (212; 405)

Interleukine-9 (IL-9)
[pg·ml-1]

11 (9; 13) 6 (5; 8) 25 (3; 41) 86 (66; 106)

Interleukine-10 (IL-10)
[pg·ml-1]

10 (10; 22) 22 (13; 47) 16 (8; 20) 9 (8; 23)

Interleukine-12 p40 (IL-12 p40)
[pg·ml-1]

142 (103; 191) 273 (218; 518)* 192 (148; 224) 200 (140; 221)

Interleukine-12 p70 (IL-12 p70)
[pg·ml-1]

4 (4; 4) 75 (24; 176) 42 (36; 48) 45 (39; 50)

Interleukine-13 (IL-13)
[pg·ml-1]

25 (17; 40) 23 (15; 30) 17 (11; 48) 15 (12; 29)

Interleukine-17 (IL-17)
[pg·ml-1]

4.5 (2.5; 7.2) 4.9 (2.5; 15.4) 5.1 (4.1; 5.7) 3.7 (1.0; 4.9)

Eotaxin
[pg·ml-1]

1100 (810; 1802) 2729 (1582; 3275)* 1820 (1563; 2101) 2536 (1782; 2824)

Granulocyte Colony-stimulating Factor (G-CSF)
[pg·ml-1]

1042 (704; 1277) 1333 (960; 2310) 1310 (1247; 1344) 879 (830; 1395)

Granulocyte-macrophage Colony-stimulating Factor
(GM-CSF)
[pg·ml-1]

27 (27; 34) 37 (18; 56) 37 (15; 64) 22 (17; 27)

Interferon gamma (INF-g)
[pg·ml-1]

2.5 (1.6; 3.9) 3.8 (2.9; 6.4) 3.3 (2.9; 10.8) 4.7 (2.9; 7.8)

Keratinocyte Chemoattractant (KC)
[pg·ml-1]

20 (17; 28) 18 (13; 22) 25 (19; 34) 28 (19; 57)

Monocyte Chemoattractant Protein-1 (MCP-1)
[pg·ml-1]

124 (37; 147) 258 (199; 751) 129 (78; 173) 184 (90; 299)

Macrophage Inflammatory Protein-1 alpha (MIP-1 a)
[pg·ml-1]

0.7 (0.3; 0.9) 1.0 (0.7; 1.9) 0.8 (0.7; 1.3) 0.6 (0.3; 0.8)

Macrophage Inflammatoryt Protein-1 beta (MIP-1 b)
[pg·ml-1]

5.0 (5.0; 5.0) 7.0 (2.7; 10.8) 5.0 (5.0; 5.0) 46.1 (0.0; 92.1)

Regulated And Normal T-cell Expressed and Secreted
(RANTES)
[pg·ml-1]

6.2 (5.2; 14.7) 34.6 (10.8; 138.1) 8.0 (5.5; 12.2) 8.3 (6.2; 12.3)

Tumor Necrosis Factor alpha (TNF-a)
[pg·ml-1]

21 (14; 47) 34 (11; 38) 15 (9; 26) 14 (14; 14)
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*P < 0.05 vs. GR+/+ non-CS. Data is shown as median (25th and 75th percentile). Signifiant different values are highlighted bold.
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GRdim/dim mice during resuscitation from HS. However, in the

present study there was no effect on survival. Although

resuscitation manners (except for colloids) as well as definition

for hemodynamic stability (MAP≥55mmHg) were similar in

both studies, with regards on survival rates it must be considered

that the observation time in the LPS study was 6 h and in the

present study 4 hours. If the observation time would have been

6 h in the present study, there may would have been more

animals not surviving the whole observation period after HS in

the non-CS GRdim/dim group with a probably significant effect on

survival rates. Interestingly, CS exposure led to a higher

hemodynamic stability in GRdim/dim mice following HS shown

by a trend towards a decreased dose of NE in the present study.

We can only speculate for possible reasons for this effect of CS

exposure on hemodynamics. A possible increased sympathetic

activity with reduced demand of additional catecholamine

support in CS exposed mice during resuscitation from HS has

been reported before (21). This may have been the reason for the

absolute lower catecholamine need in CS exposed GRdim/dim

mice during resuscitation fromHS compared to non-CS exposed

animals. An interaction of CS exposure and glucocorticoid

receptor (GR) function might also be a possible explanation

for the lower NE need in CS exposed animals, because one study

reported that maternal tobacco smoke exposure increased serum

corticosterone levels in adult male rat offspring (27). Another

study reported that CS exposure during breastfeeding in rats

showed changes in serum corticosterone level in in obese adult

offspring (28). However, with the results in the present study, we
Frontiers in Immunology 09
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can only speculate about possible effects of CS exposure on GR

function. This needs further investigation.

In a previous study from our group with a similar murine

model of resuscitation from HS, subsequent CS exposure per se

had the strongest impact on inflammatory responses, shown by

an increased systemic inflammation (21). Furthermore, in a

murine model of blunt chest trauma (without HS), pre-

traumatic CS exposure also enhanced post-traumatic

inflammation (8). In the present study, an increased systemic

inflammation could only be seen in part due to the attenuation

of GR function in non-CS mice (increased plasma IL-6,

IL-12 p40, and Eotaxin in non-CS GRdim/dim compared to

non-CS GR+/+ mice, Table 2), whereas there were no

differences in systemic cytokines in CS exposed mice.

Although anti-inflammatory effects via CS exposure have been

reported in a murine model of allergic asthma (29), such

protective effects are more unlikely in the present study,

because our CS exposure model has, so far, only shown pro-

inflammatory effects in our murine trauma models (8, 21). As

mentioned above, the short observation time of 4h also might be

a reason for the missing inflammatory effect of CS exposure in

the present murine trauma model.

With regards to metabolic parameters, in the present study

only GRdim/dim mice without a CS exposure presented with a

lower pH, a lower base excess (BE), and higher lactate levels

compared to GR+/+ mice (Table 1). The higher lactate levels are

in agreement with the study by Vandewalle and colleagues

showing an impaired lactate clearance upon LPS-exposure in
B

C D

A

FIGURE 3

Glucose metabolism. (A) Carbon dioxide release via the exhaled air, (B) plasma glucose concentration, (C) endogenous glucose production rate,
and (D) glucose oxidation as percentage of oxidation of infused tracer. GR+/+ mice non-CS: n=7, GRdim/dim mice non-CS: n = 7, GR+/+ mice CS:
n = 8, GRdim/dim mice CS: n = 9. Data is presented as median (25th and 75th percentile and minimum/maximum).
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GRdim/dim mice even in the absence of resuscitation (30). With

regards to the lower pH and lower BE in non-CS GRdim/dim mice

shown in the present study it must be considered that the lactate

levels alone cannot be the reason for this metabolic acidosis. A

metabolic acidosis in mice due to other fixed acids than lactic

acid has been reported before (11, 24). Furthermore, in the

present study, pH, BE, and lactate levels were similar in non-CS

exposed GR+/+ and CS exposed GR+/+ and GRdim/dim mice with a

trend towards a slightly lower pH in the latter group, which

might have been induced by the higher PaCO2 values (Table 1).

Therefore, CS exposure had no effects on pH, BE, and lactate

levels on GR+/+ mice in the present study. This is in line with

previous studies also showing no effect of CS exposure on pH or

lactate levels in a more recent mouse model of HS (21).

Hemodynamic instability coincides with an increased need

of catecholamines. It is well known that both, endogenously

produced as well as externally administered catecholamines

exert non-hemodynamic effects and impact metabolism (31).

Vital organs such as heart, brain, and kidney may receive energy

under stress situations like HS through release of lactate from

skeletal muscle as well as by breaking down amino acids,

glycogen, and triglycerides to generate glucose, fatty acids, and

ketone bodies, all mediated via an increased release of

endogenous catecholamines (32, 33). Therefore, the increased

glucose level in CS exposed GRdim/dim mice in the present study

could have been induced via increased doses of catecholamines.

However, the need of catecholamines to keep hemodynamic
Frontiers in Immunology 10
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stability was higher in non-CS exposed GRdim/dim mice with no

effect on glucose levels compared to GR+/+ mice in this group.

Furthermore, we found no differences in endogenous glucose

production or aerobic glucose oxidation between all groups of

mice (Figure 3). Therefore, the increased glucose concentration

in CS exposed GRdim/dim mice does not come from an increased

dose of catecholamines or an increase in gluconeogenesis or

decrease in glucose oxidation. Moreover, it is most likely an

effect of a reduced peripheral uptake of glucose in tissue which

utilizes glucose in a non-oxidative way in this group of mice. We

can only speculate for possible reasons for this effect. On one

hand, in our subsequent studies in LPS-challenged GRdim/dim

and GR+/+ mice we found no differences for glucose

concentrations between GRdim/dim and GR+/+ mice (16). On

the other hand, in previous studies CS exposure in wildtype mice

lead to a trend towards lower glucose levels (21, 24). Therefore,

the increased glucose level in CS exposed GRdim/dim mice in the

present study are more likely related to both, the combination of

CS exposure and attenuation of GR function, which warrants

further investigation.

Besides a catecholamine-induced energy production via

increased carbohydrate, catecholamines also mediate energy

production via a ketotic effect through an increase in fat and

protein oxidation (32, 34). The ketotic impacts of both

epinephrine and NE are similar at physiologically low

concentrations, whereas the ketotic effect of NE predominates

at pathophysiological concentrations, possibly due to an
B

C D

A

FIGURE 4

Parameters of metabolic and kidney function. Rates of appearance of (A) urea, (B) leucine, (C) glycerol as well as (D) creatinine clearance, as
measures for hepatic metabolic capacity, protein degradation, lipolysis, and kidney function, respectively. *P < 0.05. #P < 0.01. GR+/+ mice
non-CS: n = 7, GRdim/dim mice non-CS: n = 7-8, GR+/+ mice CS: n=8, GRdim/dim mice CS: n = 8-9. Data is presented as median (25th and 75th

percentile and minimum/maximum).
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antiketogenic effect resulting from the epinephrine-induced

increase of glucose and subsequent insulin concentrations (31),

with the latter one may be missing in the present study. With

measurements of the rate of appearance of urea in the present

study, we were able to determine hepatic metabolic capacity as

well as in part kidney function. After CS exposure, GRdim/dim

mice produced significantly less urea compared to non-CS

GRdim/dim mice and had a trend towards a lower urea

production compared to CS exposed GR+/+ mice (Figure 4A).

With no differences between the groups for kidney function

measured via plasma creatinine concentration, creatinine

clearance, and urine output in the present study we can

exclude differences in urea excretion via the kidney

(Figures 4A, D). With no differences in rate of appearance for

leucine (protein degradation, Figure 4B), we can also exclude

differences in urea metabolized to amino acids. Therefore,

primarily the reduced urea in CS exposed GRdim/dim mice after

resuscitation from HS in the present study is most likely a result

of a reduced hepatic synthesis. However, this is in contrast with

the results of the rate of appearance for glucose, since both, urea

and glucose are metabolized in the periportal cells and therefore

we should have seen effects on both, rate of appearance in urea

and glucose (35).

Last, in CS exposed GRdim/dim mice the rate of appearance

for glycerol was higher compared to CS exposed GR+/+ mice,

which indicates an increase in lipolysis. However, with no

differences in plasma corticosterone concentrations in CS

exposed GRdim/dim and GR+/+ mice in the present study, it is

at least less likely that differences in corticosterone

concentrations due to an attenuation of GR function might

have altered glucose or lipid metabolism in GRdim/dim mice in

the present study.

Conclusion

Cigarette smoke (CS) exposure before hemorrhagic shock

(HS) led to an increased hemodynamic stability in mice with an

attenuated GR function (GRdim/dim), indicated by a trend

towards an absolute lower norepinephrine (NE) need. CS

exposed GRdim/dim mice also presented with less metabolic

changes (pH, base excess, and lactate levels), and showed an

increase in lipid oxidation compared to non-CS GRdim/dim mice.

If the more stable pH and BE values, the lower lactate levels, or

the switch to lipid oxidation to possibly increase the efficiency of

energy production to may maintain organ function were the

reason or the consequence for the lower NE need in these mice

warrants further investigation.
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Sepsis causes neutrophil
infiltration in muscle
leading to muscle atrophy
and weakness in mice

Nobuto Nakanishi1, Yuko Ono1, Yusuke Miyazaki1,
Naoki Moriyama1, Kazumichi Fujioka2, Kimihiro Yamashita3,
Shigeaki Inoue1* and Joji Kotani1

1Division of Disaster and Emergency Medicine, Department of Surgery Related, Kobe University
Graduate School of Medicine, Kobe, Japan, 2Department of Pediatrics, Kobe University Graduate
School of Medicine, Kobe, Japan, 3Division of Gastrointestinal Surgery, Department of Surgery,
Kobe University Graduate School of Medicine, Kobe, Japan
Background: Sepsis-induced muscle atrophy leads to prolonged physical

dysfunction. Although the interaction of muscle atrophy and macrophage

has been reported in sepsis, the role of neutrophils in muscle atrophy has

not been thoroughly investigated. This study sought to investigate the long-

term changes in muscle-localized neutrophils after sepsis induction and their

possible role in sepsis.

Methods: Sepsis was induced in seven-week-old male C57BL/6J mice 8-12

(cecal slurry [CS] model) via intraperitoneal injection of 1 mg/g cecal slurry. The

percentage change in body weight and grip strength was evaluated. The tibialis

anterior muscles were dissected for microscopic examination of the cross-

sectional area of myofibers or Fluorescence-activated cell sorting (FACS)

analysis of immune cells. These changes were evaluated in the following

conditions: (1) Longitudinal change until day 61, (2) CS concentration-

dependent change on day 14 at the low (0.3 mg/g), middle (1.0 mg/g), and

high (2.0 mg/g) concentrations, and (3) CS mice on day 14 treated with an anti-

Ly6G antibody that depletes neutrophils.

Results: Body weight and grip strength were significantly lower in the CSmodel

until day 61 (body weight: 123.1% ± 1.8% vs. 130.3% ± 2.5%, p = 0.04; grip

strength: 104.5% ± 3.8% vs. 119.3% ± 5.3%, p = 0.04). Likewise, cross-sectional

muscle area gradually decreased until day 61 from the CS induction (895.6

[606.0–1304.9] mm2 vs. 718.8 [536.2–937.0] mm2, p < 0.01). The number of

muscle-localized neutrophils increased from 2.3 ± 0.6 cell/mg on day 0 to 22.2

± 13.0 cell/mg on day 14, and decreased thereafter. In terms of CS

concentration–dependent change, cross-sectional area was smaller (484.4 ±

221.2 vs. 825.8 ± 436.2 mm2 [p < 0.001]) and grip strength was lower (71.4% ±

12.8% vs. 116.3% ± 7.4%, p = 0.01) in the CS High group compared with the

control, with increased neutrophils (p = 0.03). Ly6G-depleted mice
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demonstrated significant increase of muscle cross-sectional area and grip

strength compared with control mice (p < 0.01).

Conclusions: Sepsis causes infiltration of neutrophils in muscles, leading to

muscle atrophy and weakness. Depletion of neutrophils in muscle reverses

sepsis-induced muscle atrophy and weakness. These results suggest that

neutrophils may play a critical role in sepsis-induced muscle atrophy and

weakness.
KEYWORDS

muscle atrophy, sepsis, neutrophil, fibrosis, mice
Introduction

Due to advancements in medical treatments, sepsis mortality

has decreased by 53% from 1990 to 2017 (1). However,

approximately one-third of sepsis survivors have persistent

physical impairment 6 months after hospital discharge (2).

The loss of skeletal muscle mass during the acute phase is one

of the causes of prolonged physical impairment. Sepsis causes

skeletal muscle mass loss of 10%–20% in a week, which is

associated with functional decline and mortality (3). Although

muscle atrophy has been reported in numerous studies, its

underlying mechanism has not been elucidated.

One poorly understood field is the interaction between

muscle atrophy and the immune system (4). Immune effector

cells are involved in muscle tissue destruction and construction

(5). While most studies have focused on the role of macrophages

in muscle atrophy, neutrophils also play important roles in

muscle atrophy (6). Neutrophils are frontline cells that combat

microbes by releasing antimicrobial agents and are essential for

maintaining tissue homeostasis (7). In exercise- (8) or toxin-

induced muscle injuries (9), neutrophil levels were increased in

human muscle tissue observed under a microscope. Neutrophil

activation can lead to muscle atrophy because neutrophil

depletion contributes to reduced skeletal muscle damage and

atrophy in a non-sepsis model (10).

However, in sepsis, the interaction between muscles and the

immune system is poorly understood. Few previous studies, in

our opinion, have investigated the immunologic mechanism in

sepsis-induced muscle atrophy or injury. We hypothesized that

muscle-localized neutrophils play an important role in sepsis-

induced skeletal muscle atrophy. The purpose of the study is to

address the longitudinal changes of muscle-localized neutrophils

after sepsis and elucidate the interaction between neutrophils

and muscle atrophy and weakness.
02
212213
Material and methods

Ethics

This animal experiment was approved in July 2021 by the

Committee on the Ethics of Animal Experiments of Kobe

University Graduate School of Medicine (P210704). All

experimental procedures were carried out in accordance with

the recommendations of the International Expert Consensus

Initiative for Improvement of Animal Modeling in Sepsis (11).
Animals

Seven-week-old male C57BL/6J mice were purchased from

Charles River (St-Constant, Quebec, Canada). The mice were

housed in cages, in groups of five, with a 12-h light-dark cycle

and a temperature of 22°C, with water and food ad libitum.

Before beginning the test, the mice were acclimatized for a week.
Preparation of cecal slurry

As previously reported, cecal slurry (CS) was prepared (12).

To induce polymicrobial sepsis, male Institute for Cancer

Research mice aged 8 to 12 weeks were intraperitoneally

injected with CS (13). After the mice were sacrificed, the

cecum was harvested and ground through a 70 mm mesh cell

strainer (EASYstrainer™, Greiner Bio-One, Kremsmünster,

Austria). The sample was combined with 1–2 mL of sterile

phosphate-buffered saline (PBS, Wako, Osaka, Japan) and

filtered twice. Following this, the mixture was centrifuged at

11,000 rpm for 1 min. After removing the supernatant, the

residue was mixed with 15% glycerol-PBS to achieve a
frontiersin.org
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concentration of 500 mg/mL. The sample (400–500 µL) was then

transferred to cryogenic biobanking tubes (Greiner Bio-one,

Kremsmünster, Austria) and stored at −80°C until use.
Sepsis model by CS injection

For the controls, intraperitoneal injection of 1 mg/g

bodyweight CS or an equal volume of vehicle (15% glycerol-

PBS) was administered to induce sepsis. Mice were anesthetized

with isoflurane inhalation and sacrificed on the days specified

after CS injection (Figure 1A). Flow cytometry and histology

were performed on the right or left tibialis anterior muscle

samples, respectively.

To investigate the CS concentration-dependent change,

CS was intraperitoneally injected at three different

concentrations: 0.3 mg/g (n = 3), 1.0 mg/g (n = 3), 2.0 mg/g

bodyweight (n = 4), and vehicle (n = 3). On day 14 after CS

induction, we compared the percentage and the number of

neutrophil, monocyte, and macrophage in the right tibialis

anterior muscle; grip strength; and the cross-sectional area of

the left tibialis anterior muscle.
Frontiers in Immunology 03
213214
Grip strength

A grip strength meter was used to measure grip strength (MK-

380Si; Muromachi Kikai, Tokyo, Japan). As previously described,

the grip strength test was carried out with minor modifications (14,

15). In brief, mice were allowed to use their front paws to grab a

horizontal bar mounted on the gage, and their tails were pulled

back. Grip strength was measured three times before and after CS

injection, and the highest value was recorded.
Muscle histology

Tibialis anterior muscles were carefully dissected from both legs

of five CS and two control mice on days 7, 14, 20, 35, and 61

following sepsis induction. For at least one day, the tibialis anterior

muscle in the left leg was immersed in 4% paraformaldehyde

containing 0.2% picric acid. The tibialis anterior muscle was

paraffin-embedded and sectioned at a thickness of 5 mm. The

section was then stained with a hematoxylin and eosin (H & E)

solution (Wako, Osaka, Japan). The specimen was examined with a

light microscope equipped with a camera (Olympus BX43, Tokyo,
A B

D

C

FIGURE 1

Sepsis decreases body weight, grip strength, and muscle atrophy in mice. (A) Shema showing study design. Mice were injected 1.0 mg/g of CS
intraperitoneally and body weight, grip strength were evaluated from day 1 to 61 (n = 9 in control, n = 22 in CS). To measure cross-sectional
area of the anterior tibialis, mice were sacrificed on days 7, 14, 20, 35, and 61 after CS injection. (B) Body weight was measured with the sample
size (CS/control) at day 0 (22/9), 1 (22/9), 3 (19/8), 5 (19/8), 7 (19/8), 10 (16/7), 14 (16/7), 20 (13/6), 25 (13/6), 35 (13/6), and 61 (10/5). (C) Grip
strength was measured with the sample size (CS/control) at 0 (20/8), 5 (20/8), 7 (20/8), 14 (17/8), 35 (11/6), and 61 (8/5). (D) Histological change
in the cross-sectional area of anterior tibialis following sepsis induction. Cross-sectional area of the anterior tibialis decreased after sepsis
induction. * Statistical significance at p < 0.05 versus control.
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Japan) (Olympus DP70, Tokyo, Japan). Next, ImageJ software was

used to quantify the captured image at 20 times magnification

(National Institutes of Health, Bethesda, MD, USA). To calculate

the median myofiber cross-sectional area, approximately 300

myofibers were measured in at least five fields of view per group.
Identification of immune cells in muscle

The right leg’s sectioned anterior tibialis muscle was minced

with scissors. The minced muscle was combined with 10 mL of

RPMI containing 1 mg/mL collagenase type 2 and 0.1 mg/mL

Deoxyribonuclease 1. (Worthington, Lakewood, New Zealand).

In a shaking incubator, the sample was shaken at 200 rpm for

30 min at 37°C (BR-13FP, Taitec Co, Saitama, Japan). Following

the addition of PBS containing 0.1% bovine serum albumin

(BSA), the digested tissue was filtered through a 70 mm mesh

(EASYstrainer™, Greiner Bio-One, Kremsmünster, Austria). A

Countess II FL cell counter was used to count the cells (Thermo

Fisher, Waltham, MA, USA). The following antibodies were

used in this study: anti-CD45, anti-CD11b, anti-F4/80, anti-

GR1, anti-Ly6G, anti-Ly6C, anti-CCR2 anti-CXCR2 (Table S1 in

the supplemental file). The gating strategy is shown in Figure S1,

and individual immune cell subtypes were identified by the

following combinations. Neutrophil: CD45+, CD11b+, F4/80−,

GR1+, Ly6G+, Ly6CInt; Monocyte: CD45+, CD11b+, F4/80−,

GR1+, Ly6G−, Ly6C+; Macrophage: CD45+, CD11b+, F4/80+.

Flow cytometry was performed using FACS Verse (BD

Biosciences, San Jose, CA, USA), and the data were analyzed

using Flow Jo software v10 (Tree Star Inc, Ashland, OR, USA).
Blood sampling and measurements of
immune cells

Blood samples were collected from three CS mice and one

control mouse on days 0.5, 3, 8, 15, 21, and 30 following CS

injection. Flow cytometry was used to count neutrophils,

monocytes, and macrophages in blood. Blood was drawn from

the inferior vena cava with a heparinized syringe and deposited

into a tube using a 23G needle (Terumo, Tokyo, Japan). Blood

samples were layered on Histopaque-1119 (Sigma Aldrich, St

Louis, MO, USA) to isolate peripheral blood mononuclear cells

after being diluted with 0.1% BSA in PBS (PBMCs). The samples

were centrifuged at 2000 rpm for 20 minutes to collect PBMCs.

Incubation was conducted in a hemolysis buffer at 37°C for

10 min (139.5 mM NH4Cl and 1.7 mM Tris-HCl). The PBMCs

were washed in PBS containing 0.1% BSA, blocked with mouse

Fc-blocker (Miltenyi Biotec, Bergisch Gladbach, Germany), and

incubated with the Abs mixture for 20 minutes at 4°C. The same

gating strategy was used with the muscle tissue. Flow cytometry

and analysis were then carried out using FACS Verse and Flow

Jo software v10, respectively.
Frontiers in Immunology 04
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Neutrophil depletion

Five mice were intraperitoneally administered with either 200

mg of Ly6G-specific monoclonal antibody to deplete Ly6G+ cells or

IgG2a isotype control antibodies (InVivoPlus anti-mouse Ly6G,

Bioxcell, St Louis, NH, USA) 5, 8, 11, 13 days after CS induction.

One mouse on each side was cheek bled one day after the first

Ly6G-specific monoclonal antibody induction and on the day of

scarifice at day 14 to confirm the depletion of Ly6G+ cells via flow

cytometry. On day 14, after CS induction, we compared the

percentage of neutrophils in right tibialis anterior muscle, grip

strength, and the cross-sectional area of left tibialis anterior muscle.
Immunohistochemistry

Immunohistochemistry was used to investigate neutrophil

localization and the presence of NETs. The sections were

deparaffinized with xylenes, rehydrated with graded ethanol,

and briefly washed in distilled water. Then, for 30 min, it was

blocked with PBS containing 10% BSA to prevent nonspecific

immunoglobulin binding. The section was stained for 1 hour at

room temperature with a rabbit anti-citrullinated-histone H3

antibody (1:1000, ab5103; Abcam, Cambridge, UK), followed by

one-hour incubation with a second antibody (green, 1:500, goat

anti-rabbit Alexa 488, Cell Signaling Technology, Danvers, MA,

USA). Another antibody, anti-Ly-6G (Gr-1) (red, 1:200, RB6-

8C5, Merck, Darmstadt, Germany), was used for 1 hour. Finally,

the sections were stained for 30 minutes with 4, 6-diamidino-2-

phenylindole (DAPI, blue, 1:500, Dojin, Kumamoto, Japan).

Three representative images (20× magnification) were taken in

a muscle section using the BZ-X100 microscope (Keyence,

Tokyo, Japan). Colocalization of Gr-1, histone H3, and DAPI

was considered for NETs.
Statistical analysis

Continuous data were expressed as the mean ± standard

deviation or medians (interquartile range), and compared using

the t-test or Mann-Whitney U test, as appropriate. All statistical

tests were two-tailed, and statistical significance was defined as a

p-value <0.05. For statistical analysis, we used JMP statistical

software version 13.1.0 (SAS Institute Inc., Cary, NC, USA).
Results

Sepsis decreases body weight, grip
strength, and muscle cross-sectional area

After CS injection, we investigated these changes to confirm

the longitudinal change in body weight, hand grip strength, and
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muscle mass. Following CS induction, body weight decreased

considerably (CS model vs. control; 87.7% ± 4.4% vs. 101.1% ±

1.2%, p < 0.01) (Figure 1B), and remained significantly lower in

the CS model until day 61 (CS model vs. control; 123.1% ± 1.8%

vs. 130.3% ± 2.5%, p = 0.04). In contrast, hand grip strength in

the CS model decreased until day 7 (CS model vs. control; 77.5%

± 1.8% vs. 107.7% ± 2.8%, p < 0.01) (Figure 1C), and gradually

increased. Until day 61, the hand grip strength was statistically

significantly lower in the CS model than control (CS model vs.

control; 104.5% ± 3.8% vs. 119.3% ± 5.3%, p = 0.04). The cross-

sectional area of the anterior tibialis was 895.6 (606.0–1304.9)

mm2 at day 0 (Figure 1D). On day 7, the cross-sectional area was

significantly reduced (762.5 [510.2–1076.1] mm2, p < 0.01) until

day 61 (718.8 [536.2–937.0] mm2, p < 0.01). The typical

histologic change in the muscle tissue is shown in Figure 1D.

These results suggest that that muscle atrophy and weakness

lasted one to two months after sepsis.
Neutrophils infiltrate muscles during the
subacute phase after sepsis

We investigated immune effector cells in the muscle and blood

to determine the longitudinal change in immune effector cells and

the difference between muscles and blood. A typical depiction of

flow cytometry is shown in Figure S4 in which muscle-localized

Gr-1+ cells were compared between naive and CS models 14 days

after injection. Gr-1+ cells, as well as CD11b+ CD45+ cells, were

detected in high numbers in the CS model. On day 14 of the CS

model, immunohistochemistry detected several Gr-1+ cells

(Figure S5). The percentage or number of cells displaying the

trend of muscle-localized immune effector cells was shown in

Figure 2A. The neutrophil ratio per CD45+ CD11b+ cells

increased from 1.0% ± 0.5% on day 0 to 22.2% ± 13.0% on day

14 and 15.5% ± 3.9% on day 20. Likewise, the number of

neutrophils per muscle increased from 2.3 ± 0.6 cell/mg on day

0 to 22.2 ± 13.0 cell/mg on day 14 and 15.5 ± 3.9 cell/mg on day

20. Contrary to the number of neutrophils, the number of

monocytes and macrophages did not peak on day 14 (4.1 ± 2.1

cell/mg and 13.3 ± 8.8 cell/mg, respectively). Unlike the muscle-

localized immune effector cells, the neutrophil ratio per CD45+

CD11b+ in the blood peaked at day 0.5 (80.3% ± 2.0%), and

gradually decreased until day 30 (47.5% ± 8.9%) (Figure 2B). Until

day 35, the number of monocytes slightly increased

(37.8% ± 5.6%), and macrophages decreased (1.4% ± 0.1%).

These findings suggest that neutrophils infiltrate the muscle

during the subacute phase after sepsis, while neutrophils in

blood increases during the acute phase after sepsis.
Frontiers in Immunology 05
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Sepsis induces neutrophil infiltration,
muscle atrophy, and weakness in a
CS-dose dependent manner

We investigated the influence of CS concentration on body

weight (Figure 3A), grip strength, muscle cross-sectional area,

and muscle localized immune cells. Half of the mice injected

with the CS dose of 2.0 mg/g died until day 14, and two mice

remained for comparison. Grip strength dose-dependently

decreased in the CS model (Control: 116.3% ± 7.4%; CS-Low:

99.3% ± 7.0% [p = 0.04]; CS-Middle: 91.1% ± 11.9% [p = 0.04];

and CS-High: 71.4% ± 12.8% [p = 0.01], Figure 3B). Cross-

sectional area dose-dependently decreased in the CS model

(Control: 825.8 ± 436.2 mm2; CS-Low: 668.5 ± 362.6 mm2 [p <

0.001]; CS-Middle: 591.4 ± 286.1 mm2 [p < 0.001]; and CS-High:

484.4 ± 221.2 mm2 [p < 0.001], Figure 3C). Contrary to monocyte

and macrophage, the neutrophil ratio per CD45+ CD11b+ cells

was the highest in CS-High group among concentration-

dependent CS mice (CS-High vs. Control; 39.6% ± 21.7% vs.

14.9% ± 8.8%, p = 0.07, Figures 3D–F), and the number of

neutrophils per muscle was the highest in CS-High (CS-High vs.

Control; 31.5 ± 8.3 cell/mg vs. 4.1 ± 3.2 cell/mg, p = 0.03, Figures

3G–I).
Neutrophil depletion reverses
sepsis-induced muscle
atrophy and weakness

We depleted muscle-localized neutrophils by using Ly6G-

specific monoclonal antibodies (Figure 4A). Neutrophils in the

blood decreased in anti-Ly6G-treated CS mouse in one day after

the CS induction (CS vs. CS-Ly6G depletion: 626.1 vs. 95.8 cells/

uL, n = 1, 1) and at the time of scarifice (CS vs. CS-Ly6G

depletion: 163.9 vs. 19.8 cells/uL, n = 1,1) (Figures 4B, C). In

anti-Ly6G-treated CS mice, the percentage of neutrophils in the

muscle was lower than in the CS mice (CS vs. CS-Ly6G

depletion: 14.5% ± 6.1% vs. 6.1% ± 0.8%, p = 0.03, n = 3, 4,

Figure 4D) with typical FACS image 14 days after induction

(Figures 4E, F). Contrary to body weight (Figure 4G), grip

strength was higher at Ly6G-depleted CS mice than CS mice

(CS vs. CS-Ly6G depletion: 78.1% ± 3.8% vs. 96.2% ± 3.8%, p =

0.02, n = 5, 5, Figure 4H). Muscle atrophy was attenuated in

Ly6G-depleted CS mice than CS mice (CS vs. CS-Ly6G

depletion: 646.5 ± 327.8 mm2 vs. 755.6 ± 384.8 mm2, p < 0.001,

Figure 4I). No mortality was observed till day 14 in five

neutrophil-depleted mice. These results indicate that muscle-

localized neutrophils contributed to muscle atrophy.
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Sepsis induces NETs in muscle

Finally, we evaluated NETs formation in muscle to

determine how neutrophils infiltrating the muscle affect the

muscle. We compared the histologic changes in the control

and CS-injected mice (Day14) to determine the differences in

NETs formation. Gr-1, histone, and DAPI colocalization

representing NETs was observed in the muscle in CS-injected

mice (day 14), whereas those were not detected in the

control (Figure 5).
Frontiers in Immunology 06
216217
Discussion

In this study, we reveal that sepsis induces neutrophil

infiltration in muscles in the subacute phase, leading to muscle

atrophy and weakness in a CS-dose dependent manner.

Furthermore, migrated neutrophils form NETs in muscles. We

also demonstrated that neutrophil depletion reverses sepsis-

induced muscle atrophy and weakness. These findings indicate

that infiltrated neutrophils in muscles may play a critical role in

sepsis-induced muscle weakness and atrophy.
A

B

FIGURE 2

The longitudinal change in immune effector cells in muscle or blood after CS injection in mice. (A) The upper graph depicts the percentage change
in immune effector cells in CD45+CD11b+ cells in the muscle, and the lower graph depicts the number of immune effector cells identified per
muscle. Number of samples were Five CS and two control mice at each measurement day. (B) The percentage of immune effector cells in
CD45+CD11b+ cells in the blood. Number of samples were three CS and one control mice at each measurement day.
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Muscle-localized neutrophils might be associated with

muscle atrophy. In a previous study, neutrophil levels were

higher in the skeletal muscle of elderly mice, which was

thought to be a cause of muscle atrophy (16). Likewise,

previous studies have reported that neutrophil depletion
Frontiers in Immunology 07
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decreased muscle atrophy in a non-sepsis model, such as

hindlimb-unloading or cancer-induced muscle atrophy model

(10, 17). However, such a relationship in sepsis has not been

thoroughly investigated. Even though neutrophils are essential

in a host’s defense against infection in sepsis, infiltration of
A B

D

C

E F

G IH

FIGURE 3

Sepsis induces neutrophil infiltration, muscle atrophy, and weakness by CS-dose dependent manner in mice. Body weight, grip strength, and the
cross-sectional area of the tibialis anterior muscle, and immune effector cells at day 14 in the different concentrations of low: 0.3 mg/g (n = 3),
middle: 1.0 mg/g (n = 3), high: 2.0 mg/g (n = 4). (A) Body weight, (B) Grip strength, (C) Cross-sectional area of the tibialis anterior muscle,
percentages of (D) Neutrophils, (E) Monocyte, (F) Macrophage, population of (G) Neutrophils, (H) Monocyte, (I) Macrophage. Statistical
significance versus control at *P < 0.05, **p < 0.01, ***p < 0.001, ns = not significant (p > 0.05).
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neutrophils in the muscle is harmful, as it can induce the

reduction of muscle volume and strength. This is the first

time, to the best of our knowledge, it has been reported that

muscle-localized neutrophils are likely contribute to muscle

atrophy and weakness following sepsis.

Muscle-localized neutrophils are considered to release

inflammatory cytokine, proteases, and free radicals, leading to

exacerbated muscle atrophy (18, 19). Furthermore, we found

NETs were prominent in muscle on neutrophil-peaked day 14,
Frontiers in Immunology 08
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suggesting that NETs may be associated with muscle atrophy

and weakness. NETs play an important role for infection control,

but it also causes tissue injuries by increasing pro-inflammatory

cytokines (20, 21).

Another new finding in this study is the difference of the

timing in neutrophil elevation between blood and muscle tissue.

Neutrophils are rapidly elevated in the blood in acute phase after

sepsis, while those are elevated in muscle tissue in subacute

phase after sepsis in this study. It is reasonable that rapid
A B

D E F

G H I

C

FIGURE 4

Neutrophil depletion reverses sepsis-induced muscle atrophy and weakness in mice. (A) Shema showing study design, (B, C) Number of neutrophil
in blood in Day 6 and Day 14, (n = 1 in each group) (D) Percentage of neutrophils in muscle (n = 3–4 in each group), (E, F) FACS image 14 days
after CS induction and CS-Ly6G depletion (n = 1 in each group) (G) Body weight 14 days after CS induction (H) Grip strength in 14 days after CS
induction (I) Muscle cross-sectional area 14 days after CS induction. n = 5 in each group. Statistical significance versus CS at *P < 0.05,
***p < 0.001, ns = not significant (p > 0.05).
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increase in neutrophil counts in the blood are equipped with

antimicrobial agents to fight microbes on the front lines,

however, it is still unclear why and how neutrophils migrated

in muscle in the subacute phase of sepsis. Generally, neutrophil

survival is usually limited to a few hours (22), therefore, we

spectates that there is some mechanisms to extend neutrophil

survival including suppression of their apoptosis. In previous

study, apoptosis of neutrophils is suppressed in inflammatory

tissue (23), and the neutrophils’ survival prolongs only for days

in inflammation (24), it is unlikely that neutrophils remained for

two to three weeks after sepsis was induced. Additionally, some

neutrophil attractant cytokines might be released in muscle

including chemokines, chemotactic lipids, formyl peptides, and

complement anaphylatoxins (7). To address the mechanism of

neutrophil migration to muscle, we examined expression of

CXCR2 and CCR2 of neutrophils in muscle after sepsis, which

are known as neutrophil migration factors. However, we could

not find a significant increase of them in subacute phase after

sepsis (Data not shown). Further study is needed to address the

change and mechanism of neutrophil survival and the

mechanism of neutrophil migration to muscles after sepsis.

There are several limitations to our study. First, neutrophil

depletion and mortality were not thoroughly investigated.

Although no mortality was observed till day 14 in five

neutrophil-depleted mice, a previous study reported neutrophil

dysfunction increases mortality (25). Second, we did not address

the mechanism of neutrophil migration to muscle in sepsis.

Third, we did not clarify the interaction of muscle atrophy and

NETs. Fourth, we did not examine activation markers of

neutrophils in muscle after sepsis. Fifth, we did not evaluate

the relationship between neutrophils and other innate immune

cells including monocytes and macrophages which also

increased in muscle in the subacute phase. Further studies are

needed to elucidate these points. Although our study contains
219220
several limitations, our finding could help to address the

mechanism of this prolonged inflammatory state and muscle

atrophy. In the future research to identify a chemoattractant that

can orchestrate neutrophils in muscle will lead to a

pharmacological intervention to eradicate muscle-specific

immune cells.
Conclusions

Sepsis causes infiltration of neutrophils in muscle and

muscle atrophy and weakness. Depletion of neutrophils in

muscle reverses sepsis-induced muscle atrophy and weakness.

These results suggest that neutrophils may play a critical role in

sepsis-induced muscle atrophy and weakness.
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1Center for Musculoskeletal Surgery, Charité – Universitätsmedizin Berlin, Corporate Member of
Freie Universität Berlin and Humboldt-Universität zu Berlin, Berlin, Germany, 2Julius Wolff Institute,
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Background: Knife crime has increased considerably in recent years in

Northern Europe. Affected patients often require immediate surgical care due

to traumatic organ injury. Yet, little is known about clinically relevant routine

laboratory parameters in stab injury patients and how these are associated with

intensive care unit (ICU) admission, hospitalization and number of surgeries.

Methods:We retrospectively analyzed 258 stab injury cases between July 2015

and December 2021 at an urban Level I Trauma Center. Annual and seasonal

incidences, injury site, injury mechanism, Injury Severity Score (ISS), and

surgical management were evaluated. First, correlations between routine

laboratory parameters for hematology, coagulation, and serum biochemistry

(peak, and D (change from admission to peak within 3 days following

admission)) and length of hospital stay, ICU stay, and number of surgeries

were assessed using Spearman’s rank correlation coefficients. Second,

multivariable Least Absolute Shrinkage and Selection Operator (LASSO)

regression analyses were conducted to identify parameters predictive of

clinical outcomes. Third, longitudinal developments of routine laboratory

parameters were assessed during hospital admission.

Results: In 2021, significantly more stab injuries were recorded compared with

previous years and occurred less during winter compared with other seasons.
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Mean ISS was 8.3 ± 7.3, and ISS was positively correlated with length of hospital

and ICU stay (r = 0.5–0.8, p < 0.001). Aspartate transaminase (AST) (D) (r =

0.690), peak C-reactive protein (CrP) (r = 0.573), and erythrocyte count (D) (r =
0.526) showed the strongest positive correlations for length of ICU stay for

penetrating, thoracoabdominal, and organ injuries, respectively. No

correlations were observed between routine laboratory parameters and

number of surgeries. For patients with penetrating injuries, LASSO-selected

predictors of ICU admission included ISS, pH and lactate at admission, and D
values for activated partial thromboplastin time (aPTT), K+, and erythrocyte

count. CrP levels on day 3 were significantly higher in patients with penetrating

(p = 0.005), thoracoabdominal (p = 0.041), and organ injuries (p < 0.001)

compared with those without.

Conclusion: Our data demonstrate an increase in stab injury cases in 2021 and

an important link between changes in routine laboratory parameters and ICU

admission and hospitalization. Monitoring ISS and changes in AST, CrP,

erythrocyte count, pH, lactate, aPTT, and K+ may be useful to identify

patients at risk and adjust surgical and ICU algorithms early on.
KEYWORDS

trauma, knife, penetrating, blood, serum biochemistry, coagulation,
hemostasis, inflammation
Introduction

Stab injuries are primarily observed in urban environments

and predominantly affect young men between 20 and 30 years of

age (1, 2). In a recent retrospective analysis of ~240,000 severely

injured patients enrolled in the German Trauma Registry

(TraumaRegister DGU®), 4,333 stab injuries (1.8%) were

recorded between 2009 and 2018 (3).

While overall patient volumes declined in emergency

departments (EDs) during the COVID-19 pandemic,

incidences of stabbing trauma increased in both Europe (4, 5)

and the United States (6–9). Although most stab injuries are not

fatal, thoracoabdominal injuries often require surgery and are

associated with postsurgical complications and hospital

readmissions (10).

Stab injuries result in the disruption of macro (skin) and

micro (cell membranes) barriers, causing the release of damage-

associated molecular patterns (DAMPs) into the bloodstream,

which leads to an activation of the innate immune system (11).

Pathogen-associated molecular patterns (PAMPs) from bacteria,

viruses, or fungi are also commonly present at the injury site

following penetrating trauma. Both DAMPs and PAMPs cause a

rapid immune response, including activation of coagulation and

complement cascades and reprioritizing of leukocytes (12). In

addition, endothelial damage and platelet activation cause a pro-

inflammatory cytokine release, which facilitates neutrophil
02
223224
activation and subsequent tissue damage (13). Therefore, stab

injuries are likely to affect multiple-organ systems, both

primarily though the injury and secondarily through the

concomitant cellular and molecular response.

Various serum laboratory parameters are regularly acquired

upon arrival of stab injury patients in the ED to monitor health

status and organ functions. Blood tests commonly include

hematology, coagulation, and serum biochemistry profiles and

may be repeated during later stages of admission depending on

the patient’s clinical development. How stab injuries alter

routine laboratory parameters has not yet been investigated in

detail. Knowledge about relevant laboratory parameters to

monitor in stab injury patients may however improve

assessment and prediction of the clinical course and outcomes

early on.

Therefore, this study aimed to describe (i) clinical

characteristics of stab injury cases according to the Injury

Severity Score (ISS); (ii) explore annual and seasonal

differences in monthly stab injury incidences; (iii) evaluate

whether peak and D (change from admission to peak within 3

days following admission) values of routinely acquired

laboratory parameters correlate with clinical outcomes,

including length of hospital and ICU stay and number of

surgeries performed during admission; and (iv) assess the

predictive strength of routinely acquired laboratory parameters

for clinical outcomes employing a multivariable regression
frontiersin.org
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analysis approach; and (v) compare the longitudinal course of

routine laboratory parameters between patients with different

injury characteristics over time.
Materials and methods

Study population and data extraction

All patients admitted to the ED of a Level I Trauma Center

(Berlin, Germany) who sustained one or more stab injuries

between July 2015 and December 2021 were included and

retrospectively reviewed (retrospective chart review employing

a convenience sampling approach (14)). All patients were

directly admitted to our center (no transfers from

other hospitals).

For all patients, the following parameters were extracted:

Injury Severity Score (ISS) ((based on injury patterns present at

admission); gender; age; time of admission; health insurance

status; mental health condition; alcohol consumption; body

temperature at admission; injury mechanism; number of stabs;

injured body regions; type of injury, X-ray, ultrasonography, and

computed tomography (CT) scan reports (acute pathological

findings were quantified); trauma team activation (initiated if

patients met Grade of Recommendation B-criteria (GoR-B)

defined by DGU® (e.g., penetrating injuries) (15)); performed

surgeries (including all acute and elective “in house” surgeries

and chest drain insertions via mini-thoracotomy, whereas

simple superficial wound closures in the ED were not

included); massive transfusion of blood products (defined as

transfusion of ≥10 red blood cell units within 24 h or more than

four red blood cell units within 1 h (16)); red blood cell (RBC);

fresh frozen plasma (FFP); and platelet units; length of hospital

and ICU stay.

As the study population comprised mono- and polytrauma

patients, Table 1 categorizes patients based on ISS at admission:

minor injuries (ISS of 1–8), moderate injuries (ISS of 9–15), severe

injuries (ISS of 16–24), and very severe injuries (ISS ≥25) (17).

According to admission dates, differences in monthly stab

injuries between years (2015–2021) and seasons (spring: March–

May; summer: June–August; autumn: September–November;

winter: December–February) were recorded. As the data set

for 2015 only included data for July–December, it was

excluded for the assessment of seasonal differences.

Next to demographic data, laboratory values for hematology,

coagulation, serum biochemistry, and venous blood gas were

recorded. These included hemoglobin, erythrocyte count,

leukocyte count, platelet count (all hematology), international

normalized ratio (INR), activated partial thromboplastin time

(aPTT), fibrinogen (all coagulation), creatinine, urea, total

bilirubin, myoglobin, alanine transferase (ALT), aspartate
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transferase (AST), alkaline phosphatase (ALP), creatine kinase

(CK), potassium (K+), C-reactive protein (CrP) (all serum

biochemistry), and pH and lactate at admission (both venous

blood gas).
Peak and D laboratory parameters

To explore clinically relevant changes in routine laboratory

parameters in stab injury patients, D and peak values were

calculated. D values express the difference between admission

and peak levels within 3 days of admission (D = peak level until

day 3-admission level) (18).
Statistical analysis

To test for relationships between groups of different injury

severities (according to ISS), chi-square test and Fisher’s exact test

were employed to analyze variables in contingency Table 1.

The non-parametric Mann–Whitney U test was used to

compare continuous or ordinal variables. Due to the

asymmetric distribution of laboratory values, the median

was reported.

Associations between included laboratory parameters and

length of hospital and ICU stay and number of surgeries were

evaluated by Spearman’s rank correlation coefficients. Following

Mukak’s guide to the appropriate use of correlation coefficients

in medical research, correlation coefficients were categorized as

negligible (r = 0–0.3), weak (r = 0.3–0.5), moderate (r = 0.5–0.7),

high (r = 0.7–0.9), and very high (r = 0.9–1) (19). Correlation

analyses were conducted for patient cohorts with (i) penetrating

(all injuries where the visceral or deep fascia was perforated), (ii)

thoracoabdominal, and (iii) organ injuries.

To further identify clinically meaningful relationships from

the multivariate data set (20), a multivariable selection method

was employed to identify potentially predictive sets of variables:

LASSO [Least Absolute Shrinkage and Selection Operator (21)]

analyses were conducted for each patient cohort of (i)

penetrating, (ii) thoracoabdominal, and (iii) organ injuries and

each outcome of interest. LASSO models have been commonly

used for high-dimensional model selection problems, i.e., if there

are numerous predictive factors for a limited sample size. LASSO

applies a shrinkage parameter lambda, which shrinks some

coefficients of a regression model to zero, thus selecting only

those variables that are useful for prediction. The specific value

of lambda determines how many non-zero coefficients are

considered. Due to this shrinkage, coefficient estimates are

biased by design and p-values or confidence intervals do not

have reliable statistical properties (22). Therefore, we report

trace plots, showing coefficients of each variable for different
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TABLE 1 Characteristics of patients who suffered stab injuries between July 2015 and December 2021 at a Level I Trauma Center in Berlin,
Germany.

ISS Total 1–8 9–15 16–24 >24 p value

n (%) 258 (100) 155 (60.0) 64 (24.8) 28 (10.9) 11 (4.3)

Gender, n (%) 0.918

Male 235 (91.1) 142 (91.6) 58 (90.6) 25 (89.3) 10 (90.9)

Female 23 (8.9) 13 (8.4) 6 (9.4) 3 (10.7) 1 (9.1)

Age, years, median (IQR) 32 (23, 42) 32 (23, 43) 32 (22, 40) 34 (26, 44) 24 (21, 37) 0.530

Time of admission, n (%) 0.215

Daytime (6 a.m.–6 p.m.) 100 (38.8) 53 (34.2) 27 (42.2) 15 (53.6) 5 (45.5)

Nighttime (6 p.m.–6 a.m.) 158 (61.2) 102 (65.8) 37 (57.8) 13 (46.4) 6 (54.5)

Health insurance status, n (%) 0.217

Insurance cover 231 (89.5) 135 (87.1) 60 (93.8) 27 (96.4) 9 (81.8)

No insurance cover 27 (10.5) 20 (12.9) 4 (6.2) 1 (3.6) 2 (18.2)

Mental health condition, n (%) 0.227

Reported mental illness 45 (17.4) 21 (13.5) 15 (23.4) 7 (25.0) 2 (18.2)

No reported mental illness 213 (82.6) 134 (86.5) 49 (76.6) 21 (75.0) 9 (81.8)

Alcohol consumption, n (%) 0.224

Alcohol involved 54 (20.9) 31 (20.0) 11 (17.2) 10 (35.7) 2 (18.2)

Alcohol not involved 204 (79.1) 124 (80.0) 53 (82.8) 18 (64.3) 9 (81.8)

Injury mechanism, n (%) 0.330

Self-inflicted 48 (18.6) 25 (16.1) 16 (25.0) 4 (14.3) 3 (27.3)

Assault-related 210 (81.4) 130 (83.9) 48 (75.0) 24 (85.7) 8 (72.7)

Injured body region, n (%)

Head and neck With 53 (20.5) 32 (20.6) 12 (18.8) 7 (25.0) 2 (18.2) 0.918

Without 205 (79.5) 123 (79.4) 52 (81.3) 21 (75.0) 9 (81.8)

Thorax With 133 (51.6) 58 (37.4) 46 (71.9) 20 (71.4) 9 (81.8) < 0.001

Without 125 (48.4) 97 (62.6) 18 (28.1) 8 (28.6) 2 (18.2)

Abdomen With 89 (34.5) 46 (29.7) 23 (35.9) 13 (46.4) 7 (63.6) 0.057

Without 169 (65.5) 109 (70.3) 41 (64.1) 15 (53.6) 4 (36.4)

Spine With 9 (3.5) 3 (1.9) 3 (4.7) 3 (10.7) 0 (0) 0.123

Without 249 (96.5) 152 (98.1) 61 (95.3) 25 (89.3) 11 (100)

Limbs With 108 (41.9) 76 (49.0) 20 (31.3) 10 (35.7) 2 (18.2) 0.024

Without 150 (58.1) 79 (51.0) 44 (68.8) 18 (64.3) 9 (81.8)

Number of involved body regions, n (%) 0.055

1 161 (62.4) 104 (67.1) 39 (60.9) 12 (42.9) 6 (54.5)

2–3 92 (35.7) 50 (32.3) 23 (35.9) 15 (53.6) 4 (36.4)

4–5 5 (1.9) 1 (0.6) 2 (3.1) 1 (3.6) 1 (9.1)

Type of injury, n (%) < 0.001

Superficial 64 (24.8) 44 (28.4) 13 (20.3) 5 (17.9) 2 (18.2)

Penetrating 236 (91.5) 134 (86.5) 63 (98.4) 28 (100) 11 (100)

Thoracoabdominal 170 (65.9) 78 (50.3) 56 (87.5) 25 (89.3) 11 (100)

Organ 111 (43.0) 23 (14.8) 52 (81.3) 25 (89.3) 11 (100)

CT scan, n (%) 0.002

Performed 223 (86.4) 124 (80.0) 62 (96.9) 27 (96.4) 10 (90.9)

Not performed 35 (13.6) 31 (20.0) 2 (3.1) 1 (3.6) 1 (9.1)

Trauma team activation, n (%) 0.007

Yes 211 (81.8) 117 (75.5) 60 (93.8) 25 (89.3) 9 (81.8)

No 47 (18.2) 38 (24.5) 4 (6.2) 3 (10.7) 2 (18.2)

(Continued)
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lambda values. To identify a single model, a suitable value for

lambda was determined via cross-validation. The identified

model was then used to predict admission to ICU, and

sensitivity, specificity, and total accuracy of this prediction

were assessed as well as the area under the receiver operating

characteristic curve (AUC). Since multivariable regression

methods require non-missing data on all variables, a subset of

patients with most complete data (n = 66) was used and only

variables with less than 120 missing values were considered for

variable selection.

It should be noted that the models were purely explorative

and should be used to identify potentially predictive factors for

future research rather than serve as a final predictive model.

Additionally, longitudinal changes of CrP, hemoglobin,

erythrocyte, leukocyte, and platelet counts, total bilirubin,

ALT, AST, creatinine, urea, CK, INR, and aPTT were recorded

for 21 days following admission and the day of discharge.

To compare daily CrP values between patients with

different injury characteristics, patient cohorts were compared

according to (i) penetrating injuries, (ii) thoracoabdominal

injuries, and (iii) organ injuries to those without, as well as in

(iv) patients who were admitted to ICU to those who were not.

Where less than four data points were available per group, no

statistical tests were conducted.

For Spearman correlation, LASSO regression, and

longitudinal laboratory parameter analyses, 26 patients were

excluded. These included 18 patients who left the hospital

against medical advice, five patients who died in hospital due

to their injuries, and three patients who were initially transferred

to specialized medical departments for further treatment.

A two-tailed p-value <0.05 was considered statistically

significant. Data analyses were conducted using SPSS 26.0

(IBM, Chicago, USA) and Prism V.9.0 (GraphPad, California,

USA) and R version 4.1.2 [for LASSO analysis: package

glmnet (23)].
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Ethics

Prior to study initiation, ethical approval (EA1/082/20) was

obtained from the local ethics committee, Ethikkommission

Charité – Universitätsmedizin Berlin.
Results

Descriptive data of stab injury patients

Between July 2015 and December 2021, 258 stab injuries were

identified (23 women, 235 men) with a median age of 32 years

(interquartile range (IQR) 23; 42). Most stab injuries occurred

between 6 p.m. and 6 a.m. (61.2%) and were due to interpersonal

conflicts (81.4%), whereas 18.6% were self-inflicted. In 17.4% of

sustained stab injuries, mental illness was recorded, and in 20.9%

elevated blood alcohol levels or obvious alcohol intoxication

were present.

The trauma team was activated in 81.8% of cases, and 70.9% of

patients underwent surgery. More than half of the patients (51.6%)

sustained a thorax injury, whereas the limbs and abdomen were

affected in 41.9% and 34.5% of cases, respectively. Most patients

presented with penetrating injuries (91.5%), and 43.0% sustained

organ injuries (Figure 1A; Table 1). The detailed distribution of

cases according to ISS is provided in Table 1.
Annual and seasonal differences in
monthly stab injuries between 2015 and
2021

We recorded significantly more monthly stab injuries in

2021 compared to 2017 (p = 0.040) and 2018 (p = 0.011)

(Figure 1B). Most stabbings occurred during spring, summer,
TABLE 1 Continued

ISS Total 1–8 9–15 16–24 >24 p value

Surgery, n (%) < 0.001

Yes 183 (70.9) 94 (60.6) 54 (84.4) 24 (85.7) 11 (100)

No 75 (29.1) 61 (39.4) 10 (15.6) 4 (14.3) 0 (0)

Massive transfusion, n (%) < 0.001

Yes 11 (4.3) 0 (0) 0 (0) 6 (21.4) 5 (45.5)

No 247 (95.7) 155 (100) 64 (100) 22 (78.6) 6 (54.5)

Blood product, n [median (range)] -

Red blood cell (RBC) units 25 [6 (1, 46)] 3 [3 (1, 8)] 8 [1 (1, 6)] 8 [11 (2, 14)] 6 [12 (2, 46)]

Fresh frozen plasma (FFP) units 18 [10 (2, 72)] 2 [5 (3, 6)] 4 [5 (2, 7)] 5 [15 (14, 19)] 7 [10 (3, 72)]

Platelet units 4 [7 (2, 14)] 0 [0 (0, 0)] 0 [0 (0, 0)] 2 [6 (2, 9)] 2 [9 (4, 14)]

Length of stay, days, median (IQR) -

Length of hospital stay 4 (3, 7) 3 (2, 4) 6 (5, 8) 10 (8, 14) 10 (3, 15)

Length of ICU stay 0 (0, 2) 0 (0, 0) 2 (0, 3) 3 (2, 7) 3 (0, 11)
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and autumn, whereas significantly fewer cases were seen during

winter (spring vs. winter, p = 0.001; summer vs. winter, p =

0.003; autumn vs. winter, p = 0.002) (Figure 1C).
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Correlations between laboratory
parameters and clinical outcomes and
predictive variables for ICU admission in
penetrating injuries

We next analyzed how injury severity and routine laboratory

parameters correlated with length of hospital and ICU stay and

number of surgeries in patients with penetrating stab injuries

(n = 213). The median time from admission to first blood

samples was 35 min (IQR 28–41 min) for blood hematology,

biochemistry, and coagulation samples and 10 min (IQR 10–18

min) for venous blood gas samples.

Number of organ injuries, number of pathological CT

findings, number of pathological findings in all imaging

modalities combined, and ISS were all moderately to highly

positively correlated with length of hospital and ICU stay (r =

0.513–0.805, p < 0.001 for all) (Figure 2A).

Further, AST (D), CK (D), peak CrP, and CrP (D) (Figure 2C)
were all moderately positively correlated with length of hospital

stay (r = 0.510–0.690) and erythrocyte count (D) (Figure 2B),

peak CrP, and CrP (D) (Figure 2C) were also moderately

positively correlated with length of ICU stay (r = 0.510–0.558).

The strongest positive correlations were observed between

ISS and hospital stay (r = 0.805) and AST (D) and ICU stay
B CA

FIGURE 1

Annual and seasonal differences in monthly stab injuries.
(A) Characteristics of included stab injuries divided by
penetrating vs. superficial, thoracoabdominal vs.
musculoskeletal, and organ injuries vs. non-organ injuries.
Numbers in brackets show the number of cases included in
statistical analysis (for details, please see Materials and Methods).
(B) Monthly stab injury cases between 2015 and 2021. Individual
data points represent the number of stabbing cases per month
for indicated years. (C) Monthly stab injury cases between 2016
and 2021 divided by seasons. Individual data points represent the
number of stabbing cases per month for indicated seasons. Data
are presented as median box plots with interquartile range and
whiskers from minimum to maximum.
B
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FIGURE 2

Correlation matrix showing Spearman’s rank correlation coefficients and Least Absolute Shrinkage and Selection Operator (LASSO) plots
showing regression coefficients for patients who suffered penetrating stab injuries. Correlation strength is indicated by color scale on the left.
Correlations between three different outcome parameters (length of hospital stay, length of ICU stay, and number of surgeries) and (A) injury
specifics, (B) routine hematology and coagulation, and (C) serum biochemistry and venous blood gas laboratory parameters for penetrating
injuries (n = 213). Multivariable LASSO trace plots indicate potentially predictive sets of variables for (D) ICU admission (yes/no). (E) Receiver
operating characteristic (ROC) curve for the LASSO model of ICU admission (yes/no). Youden’s cutoff indicates the optimal cutoff based on
sensitivity (Sens.) and specificity (Spec). (F) Further LASSO trace plots for length of hospital stay, (G) length of ICU stay, and (H) number surgeries.
Grey dotted line displays optimal lambda value calculated via cross-validation. AUC, area under the curve.
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(r = 0.690). For all reported r-values >0.3, p-values were <0.01.

Negligible to weak correlations were observed between all

assessed parameters and number of surgeries.

For admission to ICU (yes/no), LASSO regression analyses

selected the following predictive variables when shrinkage

parameter lambda was set to 0.027 (determined via cross-

validation): pH (admission) (coefficient = -0.213), aPTT (D)
(coefficient = 0.219), ISS (coefficient = 0.479), lactate (admission)

(coefficient = 0.594), K+ (D) (coefficient = 0.657), and erythrocyte

count (D) (coefficient = 0.696) (Figure 2D).

With these predictive variables, a binary logistic regression

model predicting ICU admission had a sensitivity of 73.9% (95%

confidence interval [58.7%, 95.7%]), a specificity of 100%

[76.5%, 100.0%], and a total accuracy of 81% [69.8%, 92.1%].

The AUC was 0.889 [0.810, 0968] (Figure 2E). Thus, prediction

by this model was statistically significantly better than random.

In the trace plot, it can be seen that other parameters became

dominant with smaller values of lambda. For instance,

hemoglobin (D) was the largest negative coefficient for lambda

values close to zero (Figure 2D).

For length of hospital stay the variable ISS, for length of ICU

stay hemoglobin (D), and for number of surgeries male gender

were the largest coefficients for lambda values close to zero

(Figures 2F–H). Details on LASSO-selected variables and their

coefficients can be found in Table 2.
Correlations between laboratory
parameters and clinical outcomes and
predictive variables for ICU admission in
thoracoabdominal injuries

Next, we assessed patients who suffered penetrating injuries

that affected thoracoabdominal cavities (n = 151).

Number of organ injuries, number of pathological X-ray

findings, number of pathological CT findings, and number of

pathological findings in all imaging modalities combined, ISS

(Figure 3A), AST (D), peak CrP, and CrP (D) (Figure 3C) were
moderately to highly positively correlated with length of hospital

stay (r = 0.529–0.821). Similarly, number of organ injuries,

number of pathological CT findings, and number of

pathological findings in all imaging modalities combined, ISS

(Figure 3A), hemoglobin (D), erythrocyte count (D) (Figure 3B),
peak CrP, and CrP (D) (Figure 3C) showed moderate to high

positive correlations with length of ICU stay (r = 0.520–0.821).

The strongest positive correlations were again observed between

ISS and hospital stay (r = 0.821) and between peak CrP and ICU

stay (r = 0.573). For all reported r-values > 0.3, p-values were

<0.01 and only negligible to weak correlations were observed

between all assessed parameters and number of surgeries.

For admission to ICU (yes/no), LASSO regression analyses

selected variables pH (admission) (coefficient = -0.079), aPPT

(D) (coefficient 0.175), male gender (coefficient = 0.478), lactate
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(coefficient = 0.562), erythrocyte count (D) (coefficient = 0.564),

ISS (coefficient = 0.589), and K+ (D) (coefficient = 0.592) when

shrinkage parameter lambda was set to 0.034 (determined via

cross-validation) (Figure 3D).

The binary logistic regression model predicting ICU

admission had a sensitivity of 79.1% (95% confidence interval

[62.8%, 93%]), a specificity of 100% [81.2%, 100.0%], and a total

accuracy of 84.7% [72.9%, 93.2%]. The AUC was 0.901 [0.825,

0.977] (Figure 3E). Thus, prediction by this model was

statistically significantly better than random (Figure 3D).

For length of hospital stay the variable ISS, for length of ICU

stay self-inflicted injuries, and for number of surgeries

hemoglobin (D) were the largest coefficients for lambda values

close to zero (Figures 3F–H). Details on LASSO-selected

variables and their coefficients can be found in Table 2.
Correlations between laboratory
parameters and clinical outcomes and
predictive variables for ICU admission in
organ injuries

When only analyzing patients who suffered organ injuries (n =

97), length of hospital and ICU stay showed moderate positive

correlations with ISS (Figure 4A), hemoglobin (D), erythrocyte
count (D), peak platelet count, platelet count (D) (Figure 4B),

myoglobin (D), AST (D), and peak CrP (r = 0.505–0.644)

(Figure 4C). The strongest positive correlation was again observed

between ISS and hospital stay (r = 0.644) and between erythrocyte

count (D) and ICU stay (r = 0.526). For all reported r-values > 0.3,

p-values were <0.01. Again, only negligible to weak correlations

were observed between all assessed parameters and number

of surgeries.

For admission to ICU (yes/no), LASSO regression analyses

selected variables pH (admission) (coefficient = -0.064),

leukocyte count (D) (coefficient = 0.088), male gender

(coefficient = 0.454), K+ (D) (coefficient = 0.502), creatinine

(D) (coefficient = 0.643), and erythrocyte count (D) (coefficient =
0.911), when shrinkage parameter lambda was set to 0.048

(determined via cross-validation) (Figure 4D).

The binary logistic regression model predicting ICU

admission showed a sensitivity of 92.1% (95% confidence

interval [71.1%, 100%]), a specificity of 100% [75.01%,

100.0%], and a total accuracy of 93.5% [76.1%, 100%]. The

AUC was 0.941 [0.884, 1.000] (Figure 4E). Thus, prediction by

this model was statistically significantly better than random. In

the trace plot, it can be seen that other parameters became

dominant with smaller values of lambda. For instance,

hemoglobin (D) was the largest coefficient for lambda values

close to zero (Figure 4D).

For length of hospital stay age, for length of ICU stay

hemoglobin (D), and for number of surgeries erythrocyte

count (D) were the largest coefficients for lambda values close
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TABLE 2 LASSO-selected predictive variables with corresponding coefficients (n = 66).

Penetrating injuries Thoracoabdominal injuries Organ injuries

CU
ission
s/no)

Length of
hospital
stay

Length of
ICU stay

Number of
surgeries

ICU
admission
(yes/no)

Length of
hospital
stay

Length of
ICU stay

Number of
surgeries

.034 0.311 0.329 0.150 0.048 1.497 0.987 0.212

.478 – – – 0.454 – – –

– – – – – – 0.080 –

– – 0.350 – – – 0.282 –

.589 0.277 0.410 0.050 – 0.061 – 0.153

– – 0.003 0.008 – – –

.564 0.015 0.019 0.153 0.911 – – 0.069

– – – 0.007 0.088 0.017 0.181 0.003

.175 0.026 – – – – – –

– – – – 0.643 – 0.201 –

.592 – 0.096 – 0.502 – – –

0.079 -0.056 -0.097 – -0.064 -0.033 – –

.562 – – – – – – –

M
ale

itzke
e
t
al.

10
.3
3
8
9
/
fi
m
m
u
.2
0
2
2
.9
5
9
14

1

Fro
n
tie

rs
in

Im
m
u
n
o
lo
g
y

fro
n
tie

rsin
.o
rg

229230
ICU
admission
(yes/no)

Length of
hospital
stay

Length of
ICU stay

Number of
surgeries

I
adm
(ye

Lambda (shrinkage
parameter)

0.027 1.231 0.647 0.150 0

Selected variables (effect size)

Gender (male) – – – – 0

Age – – 0.052 –

Injury
mechanism (self-
inflicted)

– – – –

ISS 0.479 0.061 0.188 0.109 0

Hemoglobin (D) – – – –

Erythrocyte
count (D)

0.696 – – 0.112 0

Leukocyte count
(D)

– 0.123 0.045 –

aPTT (D) 0.219 – 0.044 – 0

Creatinine (D) – – – –

K+ (D) 0.657 – – – 0

pH (admission) -0.213 – -0.106 – -

Lactate
(admission)

0.594 – – – 0
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to zero (Figures 4F–H). Details on LASSO-selected variables and

their coefficients can be found in Table 2.
Longitudinal development of daily CrP
levels in penetrating, thoracoabdominal,
and organ injury cases and in patients
admitted to ICU

As a next step, we assessed the longitudinal development of

CrP values following stab injuries over time in different

patient cohorts.

When assessing all patients (superficial and penetrating

injuries combined; patients excluded for correlation and

LASSO regression analyses were also excluded here), an

increase in CrP levels was observed between admission and

day 4. Values then peaked between days 4 and 6 before slowly

decreasing again (Figures 5A, B).

When comparing patients with penetrating injuries to those

with superficial injuries, CrP levels were significantly higher in

the penetrating group on day 3 following admission (p =

0.005) (Figure 5C).

Comparing patients with thoracoabdominal injuries to those

without, CrP levels were again significantly higher on day 3
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following admission (p = 0.041) and on the day of discharge (p =

0.014) (Figure 5D).

CrP values were also significantly higher on days 2 (p =

0.046), 3 (p < 0.001), and 4 (p = 0.003) following admission, as

well as on the day of discharge (p = 0.001) in patients with organ

injuries compared to those without (Figure 5E).

Finally, in patients admitted to ICU, CrP levels were

significantly higher on days 4 (p = 0.033) and 5 (p=0.031)

following admission and on the day of discharge (p = 0.040)

compared to patients who were not admitted to ICU (Figure 5F).
Longitudinal development of daily
laboratory parameters in stab
injury patients

To illustrate the longitudinal development of routine

laboratory parameters in stab injury patients, we provided an

overview for the most relevant parameters, obtained from all

patients (superficial and penetrating injuries combined; patients

excluded for correlation and LASSO regression analyses were

also excluded here).

The longitudinal development of hemoglobin and

erythrocyte count over time followed a reversed hockey stick
B

C

D E

F G H

A

FIGURE 3

Correlation matrix showing Spearman’s rank correlation coefficients and Least Absolute Shrinkage and Selection Operator (LASSO) plots showing
regression coefficients for patients who suffered thoracoabdominal stab injuries. Correlation strength is indicated by color scale on the left.
Correlations between three different outcome parameters (length of hospital stay, length of ICU stay, and number of surgeries) and (A) injury
specifics, (B) routine hematology and coagulation, and (C) serum biochemistry and venous blood gas laboratory parameters for penetrating
injuries (n = 151). Multivariable LASSO trace plots indicate potentially predictive sets of variables for (D) ICU admission (yes/no). (E) Receiver
operating characteristic (ROC) curve for the LASSO model of ICU admission (yes/no). Youden’s cutoff indicates the optimal cutoff based on
sensitivity (Sens.) and specificity (Spec). (F) Further LASSO trace plots for length of hospital stay, (G) length of ICU stay, and (H) number surgeries.
Grey dotted line displays optimal lambda value calculated via cross-validation. AUC, area under the curve.
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pattern, with physiologically high values at admission, followed

by a marked decrease on days 1 and 2 and a stable plateau phase

until day 21 (Supplementary Figure S1A). Both hemoglobin and

erythrocyte count levels were lower on the day of discharge

compared to admission.

Leukocyte and platelet counts followed an S-curve over time

(Supplementary Figure S1B). Compared to admission, leukocyte

levels increased on day 1, then decreased until day 5, and

increased again until day 10, before decreasing again until day

21. Platelet levels decreased on day 1 compared to admission but

followed a similar pattern to leukocyte counts over time

(Supplementary Figure S1B).

Longitudinal development plots for total bilirubin, ALT,

AST, creatinine, urea, CK, K+, hemoglobin, erythrocyte,

leukocyte and platelet counts, INR, and aPTT can be found in

Supplementary Figures S1C–F.
Discussion

In this retrospective study, annual and seasonal differences

in stab injury incidences were assessed at an urban Level I

Trauma Center. We further investigated how routine laboratory

parameters in stab injury patients correlated with and predicted
Frontiers in Immunology 10
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ICU admission, length of hospital and ICU stay, and number of

surgeries performed during admission.

We found that number of organ injuries, the number of

acute pathological findings in several imaging modalities, ISS,

and D values for AST, CK, and CrP correlated moderately to

highly with hospitalization length. Only negligible to weak

correlations were observed between assessed parameters and

number of surgeries. Further, we identified ISS, pH, and lactate

at admission, and D values for aPPT, K+, and erythrocyte count

as predictors for ICU admission in patients suffering penetrating

stab injuries.

ISS and new ISS (NISS) are widely used to predict mortality

and morbidity in patients suffering multiple trauma, and both

scores correlate with length of hospital stay (24) and can predict

ICU admission (25). In this study, we confirmed that ISS may

also predict ICU admission and length of hospital stay in

patients suffering stab injuries as a higher ISS was associated

with longer hospitalization.

The study period in the present study covered more than 20

months during the COVID-19 pandemic (2020/2021), a period

that was, to our knowledge, previously not evaluated regarding

stab injuries.

Several studies assessed stab injury incidences during the

COVID-19 pandemic, and most found a rise in penetrating
B

C

D E

F G H

A

FIGURE 4

Correlation matrix showing Spearman’s rank correlation coefficients and Least Absolute Shrinkage and Selection Operator (LASSO) plots
showing regression coefficients for patients who suffered organ injuries. Correlations between three different outcome parameters (length of
hospital stay, length of ICU stay, and number of surgeries) and (A) injury specifics, (B) routine hematology and coagulation, and (C) serum
biochemistry and venous blood gas laboratory parameters for penetrating injuries (n = 97). Multivariable LASSO trace plots indicate potentially
predictive sets of variables for (D) ICU admission (yes/no). (E) Receiver operating characteristic (ROC) curve for the LASSO model of ICU
admission (yes/no). Youden’s cutoff indicates the optimal cutoff based on sensitivity (Sens.) and specificity (Spec). (F) Further LASSO trace plots
for length of hospital stay, (G) length of ICU stay, and (H) number surgeries. Gray dotted line displays optimal lambda value calculated via cross-
validation. AUC, area under the curve.
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injuries during the first months of 2020 (4–9), but not all (26,

27). Conversely, it was reported that during the first months of

the COVID-19 pandemic, crime rates, including assault,

decreased globally (28).

We found that stab injuries significantly increased in 2021,

i.e., in the later phase of the pandemic and after most COVID-

19-related measures had been lifted in Germany. This is

congruent with studies demonstrating that several

psychological effects occurring after crises (posttraumatic stress

disorder, anxiety, fear, and anger) may only be observed with a

certain delay (29, 30). A study from Mexico showed that assault

and battery numbers decreased in the beginning of the COVID-

19 pandemic but increased again when national lockdowns were
Frontiers in Immunology 11
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lifted (31). Congruently, data from the UK showed a return of

penetrating injury numbers to pre-pandemic levels, following an

initial decline during the first months of the COVID-19

pandemic (27). In line with our findings, observations from

natural catastrophes showed a link between length of exposure

to natural disasters and increased violence (32, 33), which may

explain why significantly more stab injuries were seen during the

later phases of the COVID-19 pandemic, in 2021.

We further found that stab injuries occurred less often during

winter than during other seasons. This is concordant with data

from Ho et al., who reported a positive association between warm

weather and penetrating trauma (34). A study from the UK

demonstrated that stabbings in young adults mainly occurred
frontiersin.or
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FIGURE 5

Longitudinal development of daily CrP levels in patients who suffered stab injuries. (A, B) Values for all patients who suffered stab injuries.
(C) Comparison of CrP values between penetrating and superficial injuries during hospitalization. (D) Comparison of CrP values between patients with
and without thoracoabdominal injuries, (E) between patients with and without organ injuries, and (F) between patients who were admitted to ICU and
those who were not. Physiological CrP concentration: <5 mg/l. Data are presented as median box plots with interquartile range and whiskers from
minimum to maximum and in (B) as median line with 95% confidence intervals displayed as error bands. CrP, C-reactive peptide.
g
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after midnight (35). In accordance, we showed that over 60% of

stab injury patients were admitted between 6 p.m. and 6 a.m.

From a clinical and surgical perspective, changes in blood

composition are of particular interest in patients suffering

penetrating organ injuries. Platelet dysfunction following

trauma has previously been linked to increased mortality (36,

37), however, to the best of our knowledge, stab injury-

associated thrombocytopenia has not yet been investigated.

In the current study, we found D platelet values, which take

admission values into account, to be positively correlated with

length of ICU stay for patients who suffered organ injuries.

Due to blood loss and dilution following intravenous fluid

administration, platelet counts may be reduced in patients

suffering stab injuries. In severely injured patients, early

administration of platelets is therefore advised, as it was

shown to improve hemostasis and reduce mortality (38).

For patients with penetrating and thoracoabdominal

injuries, aPTT (D) was identified as a predictor for ICU

admission. While previous research showed that among other

coagulation parameters, aPTT increased significantly during the

first hours following trauma (39, 40), we could show that

increased aPTT (D) values may also predict ICU admission in

stab injury patients.

These data underline the importance of monitoring changes

in platelet levels and coagulation parameters at and during

admission to initiate and adjust early interventions and to

avoid prolonged hospitalization.

The acute-phase protein CrP rises in response to trauma and

tissue injury. Both penetrating injuries and surgeries disrupt skin

barriers and cause an instant and delayed immune response (12).

While admission CrP values were generally within the

physiological range, we saw that peak CrP values correlated

with length of hospital (r = 0.605) and ICU stay (r = 0.558) in

patients suffering penetrating stab injuries. Correlations were

similar for D values.

In penetrating trauma, prophylactic antibiotic treatment is

commonly employed to prevent and treat infectious

complications, and strong evidence exists for prophylactic

antibiotic treatment for chest wounds that require tube

thoracostomy (41).

During the first days of admission, we observed that patients

with penetrating stab injuries showed higher CrP values than

those without . This also appl ied to pat ients with

thoracoabdominal injuries, organ injuries, and patients who

were admitted to ICU. Similarly, CrP values at discharge were

still significantly higher in patients with thoracoabdominal

injuries, organ injuries, and ICU admission than in

those without.

High CrP concentrations (values higher than 75 mg/l at ICU

discharge (42–44) and hospital discharge (45)) were reported as

predictors of poor clinical outcomes and increased readmission

rates in critically ill patients including multiple trauma, burns,
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and open heart surgery patients. However, conflicting evidence

suggests that CrP values at ICU discharge are unrelated to

readmission rates or death (46, 47). Therefore, determining

the right time point to discharge a patient requires thorough

and repeated clinical assessments in addition to CrP monitoring

and must be decided individually.

However, if stab injury patients fall into one of the

aforementioned categories (penetrating, thoracoabdominal,

organ injuries, or ICU admission), inflammation and sepsis

markers including CrP and procalcitonin shall be monitored

in addition to the patient’s clinical state (48, 49). Further, early

admission of prophylactic antibiotics should be considered to

potentially reduce hospitalization time.

Tissue damage or hemorrhagic shock commonly cause

hyperkalemia in trauma patients (50, 51). Importantly,

hyperkalemia is associated with acute kidney injury following

severe trauma (52). In our study population, we were able to

identify K+ (D) as a predictor of ICU admission in all assessed

patient groups (penetrating, thoracoabdominal, and

organ injuries).

Hemorrhagic shock and infectious complications can

further trigger and exacerbate trauma-related acute kidney

injury (53), and elevated CK levels, mainly due to muscle

injury, compromise kidney function additionally (54). In line

with these findings, we identified creatinine (D) as a predictor of
ICU admission in patients suffering organ injuries and CK (D)
correlated with length of hospital stay in patients suffering

penetrating stab injuries.

Data from the ongoing UK-based Activation of Coagulation

and Inflammation in Trauma (ACIT) study showed that

trauma-induced acute kidney injury occurred in more than

10% of multiple trauma patients (n = 1,410) (55). Therefore,

monitoring and treating acute kidney injury by avoiding fluid

volume deficit, nephrotoxic agents and by facilitating blood

pressure support may decrease the risk of complications and

mortality (53, 56). Fluid overload, which may worsen acute

kidney injury, shall be avoided simultaneously (57, 58).

Prehospital lactate levels were previously shown to predict

resuscitative care in trauma patients and may be used to aid

triage of normotensive trauma patients (59). High lactate and

low pH additionally predicted 72 h mortality in multiple trauma

patients (60). Coherently, we identified increased lactate and low

pH levels at admission as predictors of ICU admission in

penetrating and thoracoabdominal injury patients following

stabbing trauma.

Last, we identified D values of AST to positively correlate

with length of hospital stay in patients with penetrating,

thoracoabdominal and organ injuries. Previously, liver

transaminase levels were shown to predict liver injury

following blunt and penetrating trauma (61, 62).

Our data indicate that even in the absence of organ injuries,

monitoring liver and kidney function and adjusting treatment
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algorithms early on may help to avoid prolonged hospitalization

in stab injury patients.

This study has several limitations. First, this is a retrospective

single-center study conducted at an urban Level I Trauma

Center, which only allows limited generalization of the

findings, especially regarding other geographical regions and

countries. These results may also not translate to rural or remote

areas where transfers to Level I Trauma Centers commonly

cause delayed admissions. These findings should thus be

corroborated by further prospect ive studies from

different regions.

Second, the presence of non-medical factors that may have

affected ICU admission and discharge could not be taken into

consideration in this study (e.g., bed availability due to COVID-

19 patients).

Third, due to the observational character of this study, we

identified correlations and predictors but can only speculate

about causality. Due to the exploratory nature of this study,

confounding factors were not included in the analyses and

study design.

In summary, we provide solid evidence that routine

laboratory parameters have a predictive strength for outcome

parameters in patients who suffer stab injuries. Monitoring

specific laboratory parameters in stab injury patients may help

to identify risk groups and adjust treatment algorithms early on.
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SUPPLEMENTARY FIGURE S1

Longitudinal development of daily laboratory values in stab injury patients.
(A) hemoglobin/erythrocyte count, (B) leukocyte count/platelet count,

(C) total bilirubin/ALT/AST, (D) creatinine/urea, (E) CK/K+, and (F) INR/
aPTT. Data are presented as median box plots with interquartile range and

whiskers from minimum to maximum. ALT, alanine transaminase; aPTT,
activated partial thromboplastin time; AST, aspartate transaminase; CK,

creatine kinase; INR, International Normalized Ratio.
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