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Abstract

Polytrauma (PT) is a life-threatening disease and a major global burden of injury. Mesenchy-

mal stromal cells (MSC) might be a therapeutic option for PT patients due to their anti-

inflammatory and regenerative potential. We hypothesised that the inflammatory response

of MSC is similar after exposure to selected trauma-relevant factors to sera from PT patients

(PTS). Therefore, we investigated the effects of a mixture of defined factors, supposed to

play a role on MSC in the early phase of PT. Additionally, in a translational approach we

investigated the effect of serum from PT patients on MSC in vitro. MSC were incubated with

a PT cocktail in physiological (PTCL) and supra-physiological (PTCH) concentrations or

PTS. The effect on gene expression and protein secretion of MSC was analysed by RNA

sequencing, ELISA and Multiplex assays of cell culture supernatant. Stimulation of MSC

with PTCH, PTCL or IL1B led to significant up- or downregulation of 470, 183 and 469

genes compared to unstimulated MSC at 6 h. The intersection of differentially expressed

genes in these groups was very high (92% overlap with regard to the PTCL group; treated

for 6 h). Cytokine secretion profile of MSC revealed that IL1B mimics the effect of a more

complex PT cocktail as well. However, there was only a minor proportion of overlapping dif-

ferentially expressed genes between the MSC group stimulated with early times of PTS and

the MSC group stimulated with PTCH, PTCL and IL1B. In conclusion, the effect of sera from

PT patients on MSC activation cannot be simulated by the chosen trauma-relevant factors.

Furthermore, we conclude that while IL1B might be useful to prime MSC prior to therapeutic

application, it might not be as useful for the in vitro study of functional properties of MSC in

the context of PT.
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Introduction

Polytrauma (PT) patients suffer from at least two significantly injured body regions and at

least one physiological problem [1]. PT is a life-threatening disease and a major global burden

of injury [2]. Mortality of multiple injured patients is composed of early mortality (due to e.g.

heamorrhagic shock) and late mortality (due to e.g. host defence failure) [3,4]. Complications

of PT patients might be sepsis, multiple organ dysfunction syndrome (MODS) or multiple

organ failure (MOF) which rise due to ischaemia/reperfusion injuries systemic inflammation,

metabolic acidosis, or infections [4,5]. Mesenchymal stromal cells (MSC) might be a causal

therapeutic approach to improve regeneration and to reduce morbidity and mortality of PT

patients [6–8]. MSC are multipotent, plastic-adherent and have a fibroblast-like shape [9].

They express cluster of differentiation (CD)105, CD73 and CD90 and do not express CD45,

CD34, CD14, CD11b, CD79A, CD19, human leucocyte antigen (HLA)-DP, HLA-DQ and

HLA-DR [9]. They are used in clinical trials for various diseases due to their ability to migrate

to the site of injury, multi-potency (replacement therapy), paracrine effect and immunomodula-

tion (regenerative therapy) [10]. Previous publications showed that MSC, stimulated with pro-

inflammatory molecules such as interleukin 1 beta (IL1B), tumor necrosis factor (TNF) or a

mixture of trauma-related factors, enhanced the expression of adhesion molecules, anti-inflam-

matory and anti-fibrotic molecules like TNF alpha-induced protein 6 (TNFAIP6) and thereby

increased their therapeutic potential [8,11–14]. MSC cultured in growth medium with 10%

serum from stroke patients were activated and had a higher expression of vascular endothelial

growth factor and fibroblast growth factor2 (FGF2) compared to MSC cultured in growth

medium with 10% serum from healthy persons [15]. After performing rat experiments, Moon

and colleagues recommended culturing of MSC with serum from stroke patients as a promising

preconditioning method to increase the therapeutic effect of MSC in stroke patients [15].

Previously, we used bone marrow-derived MSC which were expanded according to GMP-

standardized protocols and xenogenic-free medium [16]. These cells already revealed thera-

peutic effects in pre-clinical studies of blunt chest trauma [17], wound healing [11] and long

bone defects [18] and translationally were used in clinical trials for bone regeneration (clinical-

trials.gov, NCT02751125, NCT02065167 and NCT01842477) [19].

We hypothesised that the inflammatory response of MSC is similar after exposure to

selected trauma-relevant factors to sera from PT patients (PTS). Therefore, we investigated the

effect of a mixture of factors (IL1B [20], interleukin 6 (IL6) [20,21], complement component

3a (C3a) [22–24], complement component 5a (C5a) [23], high mobility group box 1

(HMGB1) [25,26], thrombomodulin (THBD) [27,28], thrombopoietin (THPO) [29]), playing

a role in the early phase of PT or acute respiratory distress syndrome (ARDS), on MSC. We

used both, a physiologic (present in PT or ARDS patients) and a supraphysiologic concentra-

tion of the mentioned factors. Previous studies from Hengartner and colleagues showed that

the effect of stimulation of MSC with IL1B mimics the effect of a mixture of pro-inflammatory

factors on MSC [8], thus stimulation of MSC with IL1B alone was included in our comparative

analysis. Additionally, we investigated the effect of PTS on MSC responses.

Stimulation of MSC with inflammatory cytokines or PTS might be a promising precondi-

tioning method to increase the therapeutic effect of MSC in PT patients.

Material and methods

Polytrauma patients

Sera from PT patients were obtained in accordance with the Declaration of Helsinki, with

approval of the Ethics Committee of Ulm University (PT patients: vote number 244/11 and
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94/14), and with informed consent of the patients (age: 49 years, 33 years, 47 years, 49 years,

26 years). The inclusion criterion for the study was an Injury Severity Score� 32. After admis-

sion to hospital (0 h) blood was taken from patients at certain points of time (0 h, 4 h, 12 h, 24

h, 48 h, 120 h, 240 h), then the blood clotted at 4˚C for 2 h. Afterwards, tubes were centrifuged

at 1560 g for 10 min and the serum was stored in 0.5 ml Safe-Lock tubes at -80˚C.

Serum from healthy volunteers and AB-serum

As a control for cytokine measurement, healthy volunteers (age: 22 years, 24 years, 30 years, 49

years, 52 years) had donated blood. The study was done in accordance with the Declaration of

Helsinki, with approval of the Ethics Committee of Ulm University (vote number 209/17) and

with informed consent of all volunteers. Their blood was treated as described above. AB-

serum consists of 20 individual sera (3 females, 17 males, age of volunteers: mean = 33 years,

range = 19–60 years).

Isolation, characterization and cultivation of MSC

Human MSC were obtained from bone marrow aspirates (iliac crests) of healthy volunteers.

Declaration of consent of healthy donors was obtained according to the Declaration of Hel-

sinki and collection of this material has been approved by the Ethics Committee of Ulm Uni-

versity (Ethical approval numbers: 32/10, 24/11) and with informed consent of all volunteers.

Isolation, characterization and expansion of MSC were performed according to standardized

GMP-compliant protocols as described previously [16]. The MSC used in the presented study

were manufactured according to GMP standards in the context of the validation for the clini-

cal trials MAXILLO1 (EudraCT No.: 2012-003139-50, NIH identifier No: NCT02751125),

ORTHO1 (EudraCT No.: 2011-005441-13, NIH identifier No: NCT01842477), ORTHO2

(EudraCT No.: 2012-002010-39, NIH identifier No: NCT02065167), OrthoUnion (EudraCT

No.: 2015-000431-32, NIH identifier No: NCT03325504), and MaxiBone (EudraCT No.: 2018-

001227-39). The starting material and MSC, repectively, were characterized for the following

parameters: donor gender, donor age, volume of aspirate, white blood cell count and mononu-

clear cell count of bone marrow-aspirate and expanded MSC, clonogenicity of bone marrow-

aspirate and expanded MSC, doubling time, number of population doublings, seeding and

harvesting parameters (e.g., harvesting density), viability, identity (expression of CD105,

CD90,CD73, major histocompatibility complex class I), purity (expression of CD3, CD34,

CD45, major histocompatibility complex class II), karyotyping, adipogenic, chondrogenic and

osteogenic differentiation capacity. All these information, together with the specifications for

the clinical trial MAXILLO1, the validation of eight further MSC preparations and eleven clini-

cal doses of MSC for application in the trial MAXILLO1 are published by Rojewski et al [30].

The information on each single MSC preparation is added as supplemental file to this publica-

tion [30].

For in vitro experiments cryopreserved MSC were used at passage two. MSC were cultured

in Alpha minimum essential medium (MEM; Lonza, Verviers, Belgium) supplemented with

8% platelet lysate (PL; Institute for Clinical Transfusion Medicine and Immunogenetics Ulm,

Ulm, Germany) L, 1 international units (IU) per ml heparin (ratiopharm GmbH, Ulm) until

they were used for in vitro experiments.

Exposure of MSC to a mixture of cytokines and to serum from polytrauma

patients

MSC, derived from one female donor and two male donors, were harvested and 2.5 x 104 cells

were seeded per cm2 for RNA sequencing and cytokine analysis in supernatant fluids. After
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overnight incubation, the medium was exchanged. S1 Table depicts the two experimental

approaches in detail. There were several experimental treatments:

1. Alpha MEM supplemented with 8% PL, 1 IU/ml heparin

2. Alpha MEM supplemented with 20% AB-serum (Institute for Clinical Transfusion Medi-

cine and Immunogenetics Ulm, Ulm, Germany)

3. Alpha MEM supplemented with 20% AB-serum with addition of IL1B

4. Alpha MEM supplemented with 20% AB-serum with addition of PT cocktail high (PTCH)

5. Alpha MEM supplemented with 20% AB-serum with addition of PT cocktail low (PTCL)

6. Alpha MEM supplemented with 20% PTS from various points of time (0 h, 4 h, 12 h, 24 h,

120 h, 240 h).

MSC were cultured in these different media for 6 h (PL, AB, PTCH, PTCL, IL1B and PTS

group) or 24 h (PL, AB, PTCH, PTCL and IL1B group). For statistical reasons the second

approach was carried out twice (technical replicates). The PTCH consisted of 10 ng/ml IL1B

(PeproTech, Hamburg, Germany), 10 ng/ml IL6 (BIOMOL, Hamburg, Germany), 500 ng/ml

C3a, 100 ng/ml C5a (both Calbiochem, Darmstadt, Germany), 60 ng/ml HMGB1, 300 ng/ml

THBD, 450 pg/ml THPO. The PTCL consisted of 300 pg/ml IL1B, 300 pg/ml IL6, 500 ng/ml

C3a, 10 ng/ml C5a, 10 ng/ml HMGB1, 100 ng/ml THBD, 150 pg/ml THPO [20–29]. To inves-

tigate the IL1B-dependent effects, MSC were stimulated with 10 ng/ml IL1B separately.

After incubation time, cell culture supernatants were collected and frozen at -70˚C for fur-

ther analysis. Cells were washed once with phosphate buffered saline (PBS), harvested and

stored at -70˚C until ribonucleic acid (RNA) isolation.

RNA sequencing. RNA isolation and RNA sequencing of coding RNA of MSC were per-

formed by the Core Facility Genomics of the Ulm University Medical Center, Germany. Crite-

ria for differential analysis with DESeq2 [31] (IL1B/PTCH/PTCL/PTS-stimulated MSC versus

MSC cultured in AB-serum) were a fold change of at least three for up or down regulation, a

false discovery rate less than 0.001 and a read count of at least 10 for the respective target gene.

To compare differential gene expression of MSC stimulated with IL1B, PTCH or PTCL and

differential gene expression of MSC stimulated with PTS, read count was not considered. The

heat map was generated by variance-stabilizing transformation correlation and hierarchical

cluster analysis by Ward’s method. Intersections of differentially expressed genes were visual-

ized by VennMaster [32,33]. Overrepresentation of a gene list in Gene Ontology and KEGG

pathways is defined by a False Discovery Rate< 0.05 in the corresponding Fisher’s exact tests.

Proliferation of MSC stimulated with serum from polytrauma patients. 200 cells were

seeded in 96-well plate. After overnight incubation, the medium was exchanged. The experi-

mental treatments included:

1. Alpha MEM supplemented with 8% PL, 1 IU/ml heparin (positive control)

2. Alpha MEM supplemented with 20% AB-serum (control)

3. Alpha MEM (negative control)

4. Alpha MEM supplemented with 20% PTS from various points of time (0 h, 4 h, 12 h, 24 h,

48 h, 120 h, 240 h).

All experimental treatments were performed in triplicates. Medium was exchanged after 4

days. Proliferation assay was stopped after cell growth for 7 days, adherent cells were washed

once with PBS and stored at -70˚C. MSC were lysed and stained using CyQuant Cell

Mesenchymal stromal cells in trauma
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Proliferation Assay Kit for cells in culture (Thermo Fisher Scientific, Waltham, Massachusetts,

USA) according to manufacturer’s instructions. A cell standard with 0 to 5 x 104 cells (frozen

on the first day of the experiment) was pipetted into the same plate. The plate was measured

with bottom optic settings by the Polarstar Omega Reader (BMG Labtech GmbH, Ortenberg,

Germany; 485/520 nm).

Analysis of serum from healthy volunteers and polytrauma patients, AB-serum and cell

culture supernatants. Sera were analysed by Human Cytokine/Chemokine Magnetic Bead

Panel (undiluted samples) and Human Albumin enzyme-linked immunosorbent assay

(ELISA) Kit (assay sensitivity: 1.5 μg/ml; 1:10000-diluted samples; Abcam, Cambridge, UK)

according to manufacturer´s instructions.

Supernatants were analysed by Human Cytokine/Chemokine Magnetic Bead Panel (assay

sensitivity for IL10: 1.1 pg/ml; IL6: 0.9 pg/ml; C-X-C motif chemokine ligand (CXCL) 1: 9.9

pg/ml; C-C motif chemokine ligand (CCL) 2: 1.9 pg/ml; vascular endothelial growth factor

(VEGFA): 26.3 pg/ml). Assay procedures were performed according to manufacturer´s

instructions (Merck Millipore, Molsheim, Germany). Analysis was performed with the Liqui

Chip device (Qiagen, Hilden, Germany) and Bio-Plex Manager Software (Bio-Rad Laborato-

ries GmbH, Munich, Germany). TNFAIP6 ELISA was performed as previously described [8].

Alpha MEM without and with supplementation was measured on every plate and used as a

control. Samples were diluted 1:30 with blocking buffer and measured in duplicates. Analysis

of ELISA was performed with Polarstar Omega Reader, MARS Omega Data Analysis 1.11 and

linear regression.

Statistics

Results are shown as mean ± standard deviation (SD). It was assumed that all cytokine concen-

trations are normally distributed. Statistical significance was calculated by one-way or two-

way analysis of variance (ANOVA) or student’s t-test, with correction for multiple compari-

sons (Bonferroni’s multiple comparison test was berformed by GraphPad Prism 7 (GraphPad

Software, Inc., La Jolla, California, USA) and Holm-Bonferroni-correction was performed by

the Institute of Medical Systems Biology). Threshold for significant difference was probability

(P)< 0.05, P< 0.01.

Results

IL1B stimulation as an in vitro model for polytrauma

To determine the effect of IL1B, PTCH and PTCL on the gene expression of MSC, RNA

sequencing was performed. Cell culture medium supplemented with AB-serum was used in

these experiments, although cell culture expansion medium was supplemented with PL. MSC

treated with PL, IL1B, PTCH or PTCL for 6 h or 24 h were compared to MSC in cell culture

medium supplemented with AB-serum. Fig 1 shows that the similarity of the gene expression

of all samples was very high (> 99%) and that the impact of the individual cell preparation was

stronger than the impact of PL supplementation compared to AB-serum supplementation

after 6 h of cell culture (see Fig 1A). Fig 1B depicts that the impact of stimulation with IL1B

was stronger than the impact of the individual cell preparation (S1 Dataset: Raw data Figs 1, 2

and 4).

Fig 2A also reveals that the effect of medium change is negligible after an incubation time of

6 h. Only 31 genes were differentially expressed in the PL group compared to the AB group.

Furthermore, the total number of differentially expressed genes after 6 h was higher than after

24 h, regardless of the treatment. Therefore, we decided to use the 6 h-measurement for the

PTS-MSC-experiments. The stimulation of MSC with PTCH had the strongest effect on gene

Mesenchymal stromal cells in trauma
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expression regardless of the incubation time. Fig 2B depicts the intersections of differentially

expressed genes of the three groups of stimulation (IL1B, PTCL, PTCH) at 6 h. The overlap of

the set of differentially expressed genes in the IL1B and PTCH group was 87% (with regard to

the PTCH group) and of all three groups 92% (with regard to the PTCL group, S1 Dataset:

Raw data Figs 1, 2 and 4).

Polytrauma induces pro- and anti-inflammatory pathways

The levels of inflammatory factors and albumin in AB-serum, sera of healthy volunteers and

PT patients were investigated by Multiplex assay or ELISA (Fig 3A). In general, AB-serum had

similar cytokine levels as sera from healthy volunteers. The serum albumin level was signifi-

cantly reduced in PT patients compared to healthy controls, especially 5 d and 10 d after PT (5

d and 10 d: 69%, P<0.05). As expected, the IL6 (47-fold, P<0.01), IL10 (25-fold), CXCL1

(4.6-fold, P<0.01) and CCL2 (14-fold, P<0.01) level in serum from PT patients at admission

to hospital (0 h) was higher compared to serum from healthy volunteers.

Fig 3B shows that the effect of PTS on proliferation of MSC depends on time after admis-

sion to hospital and the individual patient. One-way ANOVA (with correction for multiple

comparisons) revealed a significant increase (P = 0.02) in proliferation of MSC by stimulation

with PTS0h compared to negative control (MSC in Alpha-MEM alone, S2 Dataset: Raw data

Figs 3 and 5).

Fig 1. Heat map (A) depicts the clustering of MSC cultured in 8% platelet lysate- (PL, n = 3) or in 20% AB-serum-supplemented Alpha MEM

medium (AB, three biological replicates and two technical replicates) for 6 h. Heat map (B) depicts the clustering of MSC cultured in 20% AB-

serum-supplemented medium without (AB) and with 10 ng/ml interleukin 1 beta (AB+IL1B, n = 3) for 6 h and 24 h.

https://doi.org/10.1371/journal.pone.0216862.g001
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Sera from polytrauma patients modify gene expression profile of MSC

To validate the hypothesis that IL1B stimulation might be an in vitro model for PT, MSC were

stimulated with sera from PT patients and gene expression was analysed and compared to the

gene expression of MSC after IL1B stimulation.

Fig 2. (A) Differentially expressed genes depending on the type of treatment. Unstimulated MSC cultured in AB-serum were compared to MSC cultured

in AB-serum with polytrauma cocktail low (PTCL, n = 3) or polytrauma cocktail high (PTCH, n = 3) or 10 ng/ml interleukin 1 beta (IL1B, n = 3).

Additionally, MSC cultured in AB-serum were compared to MSC cultured in platelet lysate (PL, n = 3). Genes in MSC were either downregulated (-) or

upregulated (+) compared to cell culture in AB-serum. Furthermore, numbers of differentially expressed genes after 6 h and 24 h of cell culture are

depicted. (B) Intersections of differentially expressed genes of the PTCH, PTCL and IL1B groups 6 h after stimulation of MSC, visualization by

VennMaster.

https://doi.org/10.1371/journal.pone.0216862.g002
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Fig 3. (A) Analysis of cytokines in serum from healthy volunteers (control; n = 5), in AB-serum (n = 1) and in serum from polytrauma (PT) patients (n = 5).

Mean and SD are shown. Cytokine levels in serum from PT patients were compared to cytokine levels in serum from healthy volunteers. Statistical significance

was assessed via student’s t-test (with correction for multiple comparisons), � P< 0.05. IL6: interleukin 6; IL10: interleukin 10; CXCL1: C-X-C motif

chemokine ligand 1; CCL2: C-C motif chemokine ligand 2. (B) Effect of serum from PT patients on proliferation of MSC. Three MSC preparations and five

individual sera from PT patients were used (randomized combination). Serum was collected from PT patients 0/4/12/24/48/120/240 h after admission to

hospital. MSC cell count was determined by fluorescence intensity and compared to cell growth in Alpha-MEM without (negative control) or with supplement

(positive control).

https://doi.org/10.1371/journal.pone.0216862.g003
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A total of 538 genes were differentially regulated by stimulation of MSC with trauma factors

(IL1B, PTCL, PTCH) compared to AB-serum after an incubation time of 6 h. In contrast to

that a total of 141 genes were differentially regulated by stimulation of MSC with PTS (points

of time: 0/4/12/24/120/240 h after admission to hospital) compared to AB-serum. The com-

parison of Figs 2A and 4A illustrates that the total number of differentially regulated genes

were at least 2-fold higher after stimulation of MSC with IL1B, PTCL and PTCH compared to

stimulation of MSC with PTS (points of time: 0/4/12/24/120/240 h after admission to

hospital).

Fig 4B illustrates the intersections between the PTS groups and the IL1B, PTCL and PTCH

group. There is at least one gene in 70 of the 512 possible intersections of the differentially

expressed in group IL1B, PTCL, PTCH, PTS0h, PTS4h, PTS12h, PTS24h, PTS5d and PTS10d.

In terms of the stimulation of MSC with PTS, the early times of PTS (0 h, 4 h, 12 h and 24 h

after admission to hospital: six common differentially expressed genes) have the most similar

effects on gene expression. The intersection of all times of PTS includes three genes. The PTCL

group do not have common differentially expressed genes with the PTS groups. The IL1B

(PTS12h: 1) and PTCH group (PTS0h: 1; PTS10d: 3) only have few common differentially

expressed genes with the PTS groups. The intersection of all nine groups (IL1B, PTCL, PTCH,

PTS0h, PTS4h, PTS12h, PTS24h, PTS5d and PTS10d) includes twelve common genes (S1

Dataset: Raw data Figs 1, 2 and 4).

In a further analysis we combined the amount of differentially expressed genes in the IL1B,

PTCL and PTCH group at 6 h to a set of genes in a cocktails group (541 genes). The in vitro
model aims to analyse the effect of the early stage of trauma on MSC, therefore we combined

the amount of differentially expressed genes in the PTS0h, PTS4h and PTS12h (PTS early

group: 119 genes) and compared these genes to the cocktails set of genes (Fig 4C). The inter-

section of both sets includes 43 differentially expressed genes (S2 Table), which were assigned

to signalling pathways (S3 Table). The set of differentially expressed genes of the cocktails

group includes therefore 498 genes (S4 Table shows the assigned pathways) that were not part

of the set of differentially expressed genes of the PTS early group. Furthermore, there are 76

genes that were part of the PTS early group but not of the cocktails group.

Trauma-related factors and sera from polytrauma patients modify

secretion profile of MSC

Cell culture supernatant of unstimulated and stimulated (IL1B, PTCH, PTCL, PTS) MSC were

analysed by Multiplex assays 6 h and 24 h after stimulation (Fig 5, S2 Dataset: Raw data Figs 3

and 5) in parallel to the RNA sequencing of the MSC. The pro-inflammatory cytokine level of

IL6 (PTCH: 4.2-fold, P<0.01; PTCL: 4.3-fold, P<0.01) and the level of chemokines like

CXCL1 (PTCH: 8.4-fold, P<0.01; PTCL: 6.6-fold, P<0.01) and CCL2 (PTCH: 2.0-fold; PTCL:

1.9-fold) was higher in the PTCH and PTCL group compared to the unstimulated group at 6

h. However, the release of the anti-inflammatory cytokine IL10 was similar in untreated and

stimulated cells. VEGFA level in cell culture supernatant of IL1B and PTCH stimulated cells

Fig 4. (A) Numbers of differentially expressed genes depending on the type of treatment after 6 h of incubation. Unstimulated

MSC cultured in AB-serum were compared to MSC cultured in serum from polytrauma patients (received at different times

after admission to hospital). Genes were either downregulated (-) or upregulated (+) compared to cell culture in AB-serum.

(B) Intersections of differentially expressed genes of the PTCH, PTCL, IL1B and PTS (different times) groups 6 h after

stimulation of MSC, visualization by VennMaster. PTS: polytrauma serum; PTCH: polytrauma cocktail high; PTCL:

polytrauma cocktail low; IL1B: interleukin 1 beta. (C) Intersection of the total quantity of differentially expressed genes from

the comparisons culturing of MSC in AB-serum alone versus stimulation with PTCH, PTCL or IL1B (541 genes in the

cocktail-set) and PTS (times: 0 h, 4 h, 12 h; 119 genes in the PTS-set) 6 h after stimulation, visualization by VennMaster.

https://doi.org/10.1371/journal.pone.0216862.g004
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was significantly higher in the IL1B (1.9-fold; P<0.01) and PTCH (P<0.01) group compared

to the unstimulated group at 24 h.

Cytokine secretion of PTS-stimulated MSC differed from trauma cocktail-stimulated MSC

(Fig 5). MSC reduce (PTS0h: 60%; PTS4h: 71%; PTS12h: 74%) their IL6 release and increase

(PTS0h: 116-fold; PTS4h: 26-fold; PTS12h: 11-fold) their IL10 release after stimulation with

early times of PTS compared to AB-serum treated MSC after 6 h of incubation. Furthermore,

the levels of VEGFA- and CXCL1 in cell culture supernatant of MSC were significantly

reduced after stimulation with PTS (4 h-24 h) compared to AB-serum treated MSC.

Discussion

PT is associated with a high rate of complications during the hospital stay and after discharge

[3]. Meduri and colleagues showed that high levels of IL1B and IL6 in plasma from ARDS

patients predict a poor outcome in ARDS patients [20]. The role of inflammatory mediators in

course of PT is described in many publications [4,8,20,21,34,35]. The intravenous administra-

tion of MSC may ameliorate the dysregulation of the immune system, reduce apoptosis,

improve regenerative processes and prevent complications after PT. To investigate the role of

MSC in PT we analysed the gene expression and cytokine release of MSC after stimulation

with IL1B, mixtures of trauma-related factors (PTCH, PTCL) and PTS. The reference group

was MSC that were treated with serum from healthy donors (AB-serum group). In three inde-

pendent experiments we could show that the number of differentially expressed genes in the

IL1B group is similar to the number of differentially expressed genes in the PTCH group. The

overlap of differentially expressed genes is about 90%. The intersection of differentially

expressed genes in the PTCH group and the IL1B group contained among others C3a, IL1B,

IL6, CXCL1, CCL2, CXCL8, FGF2, matrix metallopeptidases (MMP) 1, MMP10, interleukin 1

receptor antagonist (IL1RN) and TNFAIP6. This concordance is confirmed in the literature.

Hengartner and colleagues investigated the effect of single factors and a mixture of inflamma-

tory factors (IL1B, IL6, CXCL8, C3a and C5a) in physiological concentration on MSC [8].

They performed a quantitative real-time PCR gene expression array after 24 h of incubation

and showed that stimulation of MSC with IL1B has similar effects in comparison to stimula-

tion of MSC with a mixture of inflammatory factors on the expression of MMP1, immuno-

modulatory proteins like TNFAIP6, chemokines and cytokines [8]. Hengartner and colleagues

came to a similar conclusion although they used a different composition of trauma-related fac-

tors in cocktail, method to analyse gene expression, criteria for differential gene expression

analysis and cultivation protocol for expansion of MSC. Furthermore, previous literature indi-

cated that physiological and supra-physiological concentration of IL1B induced almost the

same genes in the array thus no concentration-dependent effect could be detected [8]. We

observed a larger number of differentially expressed genes in the PTCH group compared to

the PTCL group. This could indicate a concentration-dependent effect of the selected trauma-

related factors.

Serum albumin level was significantly reduced in PT patients compared to healthy controls,

probably due to fluid resuscitation. Despite the high variability between the different PTS and

the limited number of samples, trends could be observed. PT patients revealed increased

serum level of IL6, IL10, CXCL1 and CCL2 at the admission to hospital (0 h). The study of

Sapan and colleagues included 54 PT patients and investigated the dysregulation of the

immune system of PT patients by determining the ratio IL6/IL10 in plasma by ELISA and

messenger RNA expression [35]. Disproportional amounts of IL6 and IL10 are a predictor for

the development of multiple organ dysfunction syndrome and death [35]. In line with this

publication we observed an early increase of pro- and anti-inflammatory mediators, which
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supports the idea that both the systemic inflammatory response syndrome and the compensa-

tory anti-inflammation response syndrome developed simultaneously [36]. Even though the

size of patient collective, sample material and analysis method differed between the present

study and the study of Sapan and colleagues, both showed a systemic increase of IL6 and IL10

in PT patients.

There were several studies showing a proliferation-enhancing effect of pro-inflammatory

cytokines like IL6 and IL1B on MSC [13,37,38]. Therefore, we investigated the effect of PTS on

the proliferation of MSC. We did not observe significant difference between the cell counts of

MSC cultivated in Alpha-MEM supplemented with AB-serum or PTS. Limited amount of

patient samples might be the reason. However, the proliferation-enhancing effect of the PT

sera might also be depend on cytokine pattern of the patient [13,37,38] which in turn is related

to the severity of the disease [20] and disease progression after admission to hospital (forma-

tion of sepsis, MODS and MOF).

To validate the stimulation of MSC with IL1B as an in vitro trauma model, we compared

the set of differentially expressed genes of IL1B group with the set of differentially expressed

genes of PTS group. Stimulation of MSC with PTS regulated different genes compared to stim-

ulation of MSC with IL1B or a mixture of factors (PTCH, PTCL). This might be due to differ-

ent composition (factors and concentration of factors) of PTS, PTCH and PTCL. Our mixture

of cytokines is based on literature about ARDS, lung injury and severely injured patients.

However, the five PT patients described here might have had different individual injury pat-

terns compared to the patients described in literature [20–29]. The intersection of the PTS

early group and cocktails group included genes which are involved in inflammatory pathways

(e.g. cytokine-cytokine receptor interaction, chemokine signalling pathway; IL6, CXCL8,

CCL2, CXCL1) and cell adhesion (e.g. cell adhesion molecules; intercellular adhesion molecule

1). These genes are upregulated after stimulation of MSC with IL1B as previously described

[8,13]. The IL1 effects on gene expression were mediated by the NF-κB, c-Jun N-terminal

kinase, and the p38 MAPK pathways [39]. In contrast to the PTS early group, MAPK signalling

pathway seems to dominate in the cocktails group. Responsive genes are CCL2, IL6 and

CXCL8. Analysis of cell culture supernatant after stimulation with PTS or trauma-related fac-

tors (IL1B/PTCH/PTCL) also demonstrated these different effects. Of note, stimulation of

MSC with IL1B, PTCH and PTCL significantly increased the release of pro-inflammatory

cytokines (IL6), chemokines (CXCL1) and growth factors (VEGFA), whereas stimulation of

MSC with PTS reduced the release of pro-inflammatory cytokines (IL6), chemokines (CXCL1,

CCL2) and growth factors (VEGFA) and significantly increased the release of the anti-inflam-

matory cytokine IL10. The reason for the different outcome might be that we could not detect

IL1B in serum from PT patients and other factors such as glucocorticoids, stress hormones or

catecholamines might dominate the effect of PTS on MSC. Furthermore, IL6 level in PTS (0

h– 24 h) was higher than in serum from healthy volunteers, but cell culture supernatant from

MSC treated with PTS (0 h– 24 h) had a lower IL6 concentration compared to cell culture

Fig 5. Cytokine analysis of cell culture supernatant from MSC. Left column: Cells were cultured in medium supplemented with 20% AB-serum with or

without (-, three biological replicates, 2 technical replicates) addition of trauma factors (interleukin 1 beta (IL1B, n = 3), polytrauma cocktail high (PTCH,

n = 3), polytrauma cocktail low (PTCL, n = 3)) for 6 h or 24 h. Statistical significance was assessed via two-way ANOVA (with correction for multiple

comparisons). Right column: cells were cultured in medium supplemented with 20% AB-serum (three biological replicates, 2 technical replicates) or

serum from polytrauma patients (PTS) taken at certain times (0 h, 4 h, 12 h, 24 h, 48 h, 120 h, 240 h; three different MSC preparations and sera from five

different patients were used for each point of time) for 6 h. Cytokine levels of cell culture supernatant from PTS-treated MSC were compared to cytokine

levels of cell culture supernatant from AB-serum-treated MSC. Statistical significance was assessed via student’s t-test (with correction for multiple

comparisons), � P< 0.05. IL6: interleukin 6; IL10: interleukin 10; VEGFA: vascular endothelial growth factor-A; CXCL1: C-X-C motif chemokine ligand

1; CCL2: C-C motif chemokine ligand 2.

https://doi.org/10.1371/journal.pone.0216862.g005
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supernatant from MSC treated with AB-serum. This might be due to negative feedback loop

by IL6-mediated induction of suppressors of cytokine signalling [40].

The stimulation of MSC with IL1B, PTCH or PTCL led to a tendency towards an increase

of pro-inflammatory, pro-angiogenic factors (IL6, VEGFA) and chemokines (CXCL1, CCL2)

in supernatant from stimulated MSC compared to supernatant from unstimulated MSC. The

increase of these factors could not be observed in supernatant from PTS-treated MSC. In addi-

tion, IL1B-, PTCH- and PTCL-stimulation of MSC activate “pathways in cancer” (S4 Table).

These pathways were not activated by PTS-stimulation of MSC. The administration of IL1B-,

PTCH- and PTCL-primed MSC could therefore lead to negative effects in patients with a can-

cer predisposition. MSC might migrate to cancer cells after administration to the patient. They

might influence cancer stem cells, tumor growth, angiogenesis, metastasis in a reinforcing

way, and might induce resistance against anti-tumor-therapy by soluble factors, extracellular

vesicles and mitochondria exchange [41,42]. This should be kept in mind while thinking about

priming of MSC with IL1B for therapeutic application.

In contrast to that, the present data revealed that priming of MSC with IL1B may improve

the therapeutic effect of MSC by induction of cell adhesion molecules and anti-inflammatory

and anti-fibrotic molecules (ICAM1, MMP1, MMP10, IL1RN, TNFAIP6, VEGFA). However,

the PT patients included in our study did not reveal an IL1B driven inflammatory response.

Further studies are needed to show if stimulation of MSC with IL1B is a suitable in vitro model

for specific local inflammatory responses, such as acute heart injury.

Supporting information

S1 Table. Stimulation of MSC with trauma-related factors.

(PDF)

S2 Table. Gene intersection list.

(PDF)

S3 Table. Overrepresentation Analysis, Part 1.

(PDF)

S4 Table. Overrepresentation Analysis, Part 2.

(PDF)

S1 Dataset. Raw data Figs 1, 2 and 4.

(XLSX)

S2 Dataset. Raw data Figs 3 and 5.

(XLSX)

Acknowledgments

This work is part of the thesis of Elisa Maria Amann from the University Ulm. We appreciate

the excellent technical assistance of M. Winkelmann. We appreciate the excellent technical

assistance of Core Facility Genomics and Core Unit Bioinformatics at Ulm University.

Author Contributions

Conceptualization: Elisa Maria Amann, Markus Thomas Rojewski, Rolf Erwin Brenner, Mar-

kus Huber-Lang, Hubert Schrezenmeier.

Data curation: Elisa Maria Amann, Alexander Groß.

Mesenchymal stromal cells in trauma

PLOS ONE | https://doi.org/10.1371/journal.pone.0216862 May 14, 2019 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216862.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216862.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216862.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216862.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216862.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216862.s006
https://doi.org/10.1371/journal.pone.0216862


Formal analysis: Elisa Maria Amann, Alexander Groß, Hans Armin Kestler.

Funding acquisition: Markus Thomas Rojewski, Markus Huber-Lang, Hubert

Schrezenmeier.

Investigation: Elisa Maria Amann, Alexander Groß.

Methodology: Elisa Maria Amann, Alexander Groß, Hans Armin Kestler, Rolf Erwin Brenner,

Markus Huber-Lang.

Project administration: Elisa Maria Amann.

Resources: Miriam Kalbitz, Markus Huber-Lang, Hubert Schrezenmeier.

Software: Alexander Groß, Hans Armin Kestler.

Supervision: Markus Huber-Lang, Hubert Schrezenmeier.

Visualization: Elisa Maria Amann, Alexander Groß.

Writing – original draft: Elisa Maria Amann.

Writing – review & editing: Elisa Maria Amann, Alexander Groß, Markus Thomas Rojewski,

Hans Armin Kestler, Miriam Kalbitz, Rolf Erwin Brenner, Markus Huber-Lang, Hubert

Schrezenmeier.

References
1. Pape HC, Lefering R, Butcher N, Peitzman A, Leenen L, Marzi I, et al. (2014) The definition of poly-

trauma revisited: An international consensus process and proposal of the new ’Berlin definition’. J

Trauma Acute Care Surg 77: 780–786. https://doi.org/10.1097/TA.0000000000000453 PMID:

25494433

2. Haagsma JA, Graetz N, Bolliger I, Naghavi M, Higashi H, Mullany EC, et al. (2016) The global burden of

injury: incidence, mortality, disability-adjusted life years and time trends from the Global Burden of Dis-

ease study 2013. Inj Prev 22: 3–18. https://doi.org/10.1136/injuryprev-2015-041616 PMID: 26635210

3. German Trauma Society (DGU) (2017) TraumaRegister DGU—Annual Report 2017. Sektion NIS of

the German Trauma Society (DGU) / AUC -Akademie der Unfallchirurgie GmbH. Available: http://www.

traumaregister-dgu.de/fileadmin/user_upload/traumaregister-dgu.de/docs/Downloads/TR-DGU_

Annual_Report_2017.pdf.

4. Keel M, Trentz O (2005) Pathophysiology of polytrauma. Injury 36: 691–709. https://doi.org/10.1016/j.

injury.2004.12.037 PMID: 15910820

5. Rotstein OD (2003) Modeling the two-hit hypothesis for evaluating strategies to prevent organ injury

after shock/resuscitation. J Trauma 54: S203–S206. https://doi.org/10.1097/01.TA.0000064512.

62949.92 PMID: 12768126

6. Huber-Lang M, Wiegner R, Lampl L, Brenner RE (2016) Mesenchymal Stem Cells after Polytrauma:

Actor and Target. Stem Cells Int 2016: 6289825. https://doi.org/10.1155/2016/6289825 PMID:

27340408

7. Wiegner R, Rudhart NE, Barth E, Gebhard F, Lampl L, Huber-Lang MS, et al. (2017) Mesenchymal

stem cells in peripheral blood of severely injured patients. Eur J Trauma Emerg Surg.

8. Hengartner NE, Fiedler J, Schrezenmeier H, Huber-Lang M, Brenner RE (2015) Crucial role of IL1beta

and C3a in the in vitro-response of multipotent mesenchymal stromal cells to inflammatory mediators of

polytrauma. PLoS One 10: e0116772. https://doi.org/10.1371/journal.pone.0116772 PMID: 25562599

9. Dominici M, Le BK, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et al. (2006) Minimal criteria for

defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position

statement. Cytotherapy 8: 315–317. https://doi.org/10.1080/14653240600855905 PMID: 16923606

10. Squillaro T, Peluso G, Galderisi U (2016) Clinical Trials With Mesenchymal Stem Cells: An Update. Cell

Transplant 25: 829–848. https://doi.org/10.3727/096368915X689622 PMID: 26423725

11. Qi Y, Jiang D, Sindrilaru A, Stegemann A, Schatz S, Treiber N, et al. (2014) TSG-6 released from intra-

dermally injected mesenchymal stem cells accelerates wound healing and reduces tissue fibrosis in

murine full-thickness skin wounds. J Invest Dermatol 134: 526–537. https://doi.org/10.1038/jid.2013.

328 PMID: 23921952

Mesenchymal stromal cells in trauma

PLOS ONE | https://doi.org/10.1371/journal.pone.0216862 May 14, 2019 15 / 17

https://doi.org/10.1097/TA.0000000000000453
http://www.ncbi.nlm.nih.gov/pubmed/25494433
https://doi.org/10.1136/injuryprev-2015-041616
http://www.ncbi.nlm.nih.gov/pubmed/26635210
http://www.traumaregister-dgu.de/fileadmin/user_upload/traumaregister-dgu.de/docs/Downloads/TR-DGU_Annual_Report_2017.pdf
http://www.traumaregister-dgu.de/fileadmin/user_upload/traumaregister-dgu.de/docs/Downloads/TR-DGU_Annual_Report_2017.pdf
http://www.traumaregister-dgu.de/fileadmin/user_upload/traumaregister-dgu.de/docs/Downloads/TR-DGU_Annual_Report_2017.pdf
https://doi.org/10.1016/j.injury.2004.12.037
https://doi.org/10.1016/j.injury.2004.12.037
http://www.ncbi.nlm.nih.gov/pubmed/15910820
https://doi.org/10.1097/01.TA.0000064512.62949.92
https://doi.org/10.1097/01.TA.0000064512.62949.92
http://www.ncbi.nlm.nih.gov/pubmed/12768126
https://doi.org/10.1155/2016/6289825
http://www.ncbi.nlm.nih.gov/pubmed/27340408
https://doi.org/10.1371/journal.pone.0116772
http://www.ncbi.nlm.nih.gov/pubmed/25562599
https://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
https://doi.org/10.3727/096368915X689622
http://www.ncbi.nlm.nih.gov/pubmed/26423725
https://doi.org/10.1038/jid.2013.328
https://doi.org/10.1038/jid.2013.328
http://www.ncbi.nlm.nih.gov/pubmed/23921952
https://doi.org/10.1371/journal.pone.0216862


12. Fan H, Zhao G, Liu L, Liu F, Gong W, Liu X, et al. (2012) Pre-treatment with IL-1beta enhances the effi-

cacy of MSC transplantation in DSS-induced colitis. Cell Mol Immunol 9: 473–481. https://doi.org/10.

1038/cmi.2012.40 PMID: 23085948

13. Carrero R, Cerrada I, Lledo E, Dopazo J, Garcia-Garcia F, Rubio MP, et al. (2012) IL1beta induces

mesenchymal stem cells migration and leucocyte chemotaxis through NF-kappaB. Stem Cell Rev 8:

905–916. https://doi.org/10.1007/s12015-012-9364-9 PMID: 22467443

14. Menard C, Pacelli L, Bassi G, Dulong J, Bifari F, Bezier I, et al. (2013) Clinical-grade mesenchymal stro-

mal cells produced under various good manufacturing practice processes differ in their immunomodula-

tory properties: standardization of immune quality controls. Stem Cells Dev 22: 1789–1801. https://doi.

org/10.1089/scd.2012.0594 PMID: 23339531

15. Moon GJ, Cho YH, Kim DH, Sung JH, Son JP, Kim S, et al. (2018) Serum-mediated Activation of Bone

Marrow-derived Mesenchymal Stem Cells in Ischemic Stroke Patients: A Novel Preconditioning

Method. Cell Transplant 27: 485–500. https://doi.org/10.1177/0963689718755404 PMID: 29774769

16. Fekete N, Rojewski MT, Furst D, Kreja L, Ignatius A, Dausend J, et al. (2012) GMP-compliant isolation

and large-scale expansion of bone marrow-derived MSC. PLoS One 7: e43255. https://doi.org/10.

1371/journal.pone.0043255 PMID: 22905242

17. Amann EM, Rojewski MT, Rodi S, Furst D, Fiedler J, Palmer A, et al. (2018) Systemic recovery and

therapeutic effects of transplanted allogenic and xenogenic mesenchymal stromal cells in a rat blunt

chest trauma model. Cytotherapy 20: 218–231. https://doi.org/10.1016/j.jcyt.2017.11.005 PMID:

29223534

18. Brennan MA, Renaud A, Amiaud J, Rojewski MT, Schrezenmeier H, Heymann D, T et al. (2014) Pre-

clinical studies of bone regeneration with human bone marrow stromal cells and biphasic calcium phos-

phate. Stem Cell Res Ther 5: 114. https://doi.org/10.1186/scrt504 PMID: 25311054

19. Gomez-Barrena E, Rosset P, Gebhard F, Hernigou P, Baldini N, Rouard H, et al. (2018) Feasibility and

safety of treating non-unions in tibia, femur and humerus with autologous, expanded, bone marrow-

derived mesenchymal stromal cells associated with biphasic calcium phosphate biomaterials in a multi-

centric, non-comparative trial. Biomaterials.

20. Meduri GU, Headley S, Kohler G, Stentz F, Tolley E, Umberger R, et al. (1995) Persistent elevation of

inflammatory cytokines predicts a poor outcome in ARDS. Plasma IL-1 beta and IL-6 levels are consis-

tent and efficient predictors of outcome over time. Chest 107: 1062–1073. PMID: 7705118

21. Bouros D, Alexandrakis MG, Antoniou KM, Agouridakis P, Pneumatikos I, Anevlavis S, et al. (2004)

The clinical significance of serum and bronchoalveolar lavage inflammatory cytokines in patients at risk

for Acute Respiratory Distress Syndrome. BMC Pulm Med 4: 6. https://doi.org/10.1186/1471-2466-4-6

PMID: 15315713

22. Zilow G, Sturm JA, Rother U, Kirschfink M (1990) Complement activation and the prognostic value of

C3a in patients at risk of adult respiratory distress syndrome. Clin Exp Immunol 79: 151–157. PMID:

2311295

23. Burk AM, Martin M, Flierl MA, Rittirsch D, Helm M, Lampl L, et al. (2012) Early complementopathy after

multiple injuries in humans. Shock 37: 348–354. https://doi.org/10.1097/SHK.0b013e3182471795

PMID: 22258234

24. Modig J, Samuelsson T, Hallgren R (1986) The predictive and discriminative value of biologically active

products of eosinophils, neutrophils and complement in bronchoalveolar lavage and blood in patients

with adult respiratory distress syndrome. Resuscitation 14: 121–134. PMID: 3027805

25. Cohen MJ, Brohi K, Calfee CS, Rahn P, Chesebro BB, Christiaans SC, et al. (2009) Early release of

high mobility group box nuclear protein 1 after severe trauma in humans: role of injury severity and tis-

sue hypoperfusion. Crit Care 13: R174. https://doi.org/10.1186/cc8152 PMID: 19887013

26. Yang R, Harada T, Mollen KP, Prince JM, Levy RM, Englert JA, et al. (2006) Anti-HMGB1 neutralizing

antibody ameliorates gut barrier dysfunction and improves survival after hemorrhagic shock. Mol Med

12: 105–114. https://doi.org/10.2119/2006-00010.Yang PMID: 16953558

27. Ware LB, Fang X, Matthay MA (2003) Protein C and thrombomodulin in human acute lung injury. Am J

Physiol Lung Cell Mol Physiol 285: L514–L521. https://doi.org/10.1152/ajplung.00442.2002 PMID:

12754194

28. Sapru A, Calfee CS, Liu KD, Kangelaris K, Hansen H, Pawlikowska L, et al. (2015) Plasma soluble

thrombomodulin levels are associated with mortality in the acute respiratory distress syndrome. Inten-

sive Care Med 41: 470–478. https://doi.org/10.1007/s00134-015-3648-x PMID: 25643902

29. Hobisch-Hagen P, Jelkmann W, Mayr A, Wiedermann FJ, Fries D, Herold M, et al. (2000) Low platelet

count and elevated serum thrombopoietin after severe trauma. Eur J Haematol 64: 157–163. PMID:

10997881

Mesenchymal stromal cells in trauma

PLOS ONE | https://doi.org/10.1371/journal.pone.0216862 May 14, 2019 16 / 17

https://doi.org/10.1038/cmi.2012.40
https://doi.org/10.1038/cmi.2012.40
http://www.ncbi.nlm.nih.gov/pubmed/23085948
https://doi.org/10.1007/s12015-012-9364-9
http://www.ncbi.nlm.nih.gov/pubmed/22467443
https://doi.org/10.1089/scd.2012.0594
https://doi.org/10.1089/scd.2012.0594
http://www.ncbi.nlm.nih.gov/pubmed/23339531
https://doi.org/10.1177/0963689718755404
http://www.ncbi.nlm.nih.gov/pubmed/29774769
https://doi.org/10.1371/journal.pone.0043255
https://doi.org/10.1371/journal.pone.0043255
http://www.ncbi.nlm.nih.gov/pubmed/22905242
https://doi.org/10.1016/j.jcyt.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29223534
https://doi.org/10.1186/scrt504
http://www.ncbi.nlm.nih.gov/pubmed/25311054
http://www.ncbi.nlm.nih.gov/pubmed/7705118
https://doi.org/10.1186/1471-2466-4-6
http://www.ncbi.nlm.nih.gov/pubmed/15315713
http://www.ncbi.nlm.nih.gov/pubmed/2311295
https://doi.org/10.1097/SHK.0b013e3182471795
http://www.ncbi.nlm.nih.gov/pubmed/22258234
http://www.ncbi.nlm.nih.gov/pubmed/3027805
https://doi.org/10.1186/cc8152
http://www.ncbi.nlm.nih.gov/pubmed/19887013
https://doi.org/10.2119/2006-00010.Yang
http://www.ncbi.nlm.nih.gov/pubmed/16953558
https://doi.org/10.1152/ajplung.00442.2002
http://www.ncbi.nlm.nih.gov/pubmed/12754194
https://doi.org/10.1007/s00134-015-3648-x
http://www.ncbi.nlm.nih.gov/pubmed/25643902
http://www.ncbi.nlm.nih.gov/pubmed/10997881
https://doi.org/10.1371/journal.pone.0216862


30. Rojewski MT, Lotfi R, Gjerde C, Mustafa K, Veronesi E, Ahmed AB, et al. (2019) Translation of a stan-

dardized manufacturing protocol for mesenchymal stromal cells: A systematic comparison of validation

and manufacturing data. Cytotherapy.

31. Love MI, Huber W, Anders S (2014) Moderated estimation of fold change and dispersion for RNA-seq

data with DESeq2. Genome Biol 15: 550. https://doi.org/10.1186/s13059-014-0550-8 PMID: 25516281

32. Kestler HA, Muller A, Gress TM, Buchholz M (2005) Generalized Venn diagrams: a new method of visu-

alizing complex genetic set relations. Bioinformatics 21: 1592–1595. https://doi.org/10.1093/

bioinformatics/bti169 PMID: 15572472

33. Kestler HA, Muller A, Kraus JM, Buchholz M, Gress TM, Liu H, et al. (2008) VennMaster: area-propor-

tional Euler diagrams for functional GO analysis of microarrays. BMC Bioinformatics 9: 67. https://doi.

org/10.1186/1471-2105-9-67 PMID: 18230172

34. Huber-Lang M, Lambris JD, Ward PA (2018) Innate immune responses to trauma. Nat Immunol 19:

327–341. https://doi.org/10.1038/s41590-018-0064-8 PMID: 29507356

35. Sapan HB, Paturusi I, Islam AA, Yusuf I, Patellongi I, Massi MN, et al. (2017) Interleukin-6 and interleu-

kin-10 plasma levels and mRNA expression in polytrauma patients. Chin J Traumatol 20: 318–322.

https://doi.org/10.1016/j.cjtee.2017.05.003 PMID: 29221655

36. Cavaillon JM, Annane D (2006) Compartmentalization of the inflammatory response in sepsis and

SIRS. J Endotoxin Res 12: 151–170. https://doi.org/10.1179/096805106X102246 PMID: 16719987

37. Bigildeev AE, Zezina EA, Shipounova IN, Drize NJ (2015) Interleukin-1 beta enhances human multipo-

tent mesenchymal stromal cell proliferative potential and their ability to maintain hematopoietic precur-

sor cells. Cytokine 71: 246–254. https://doi.org/10.1016/j.cyto.2014.10.018 PMID: 25461405

38. Matsumura E, Tsuji K, Komori K, Koga H, Sekiya I, Muneta T (2017) Pretreatment with IL-1beta

enhances proliferation and chondrogenic potential of synovium-derived mesenchymal stem cells.

Cytotherapy 19: 181–193. https://doi.org/10.1016/j.jcyt.2016.11.004 PMID: 27979606

39. Weber A, Wasiliew P, Kracht M (2010) Interleukin-1 (IL-1) pathway. Sci Signal 3: cm1.

40. Alexander WS (2002) Suppressors of cytokine signalling (SOCS) in the immune system. Nat Rev

Immunol 2: 410–416. https://doi.org/10.1038/nri818 PMID: 12093007

41. Papaccio F, Paino F, Regad T, Papaccio G, Desiderio V, Tirino V (2017) Concise Review: Cancer

Cells, Cancer Stem Cells, and Mesenchymal Stem Cells: Influence in Cancer Development. Stem Cells

Transl Med 6: 2115–2125. https://doi.org/10.1002/sctm.17-0138 PMID: 29072369

42. Della Corte CM, Fasano M, Papaccio F, Ciardiello F, Morgillo F (2014) Role of HGF-MET Signaling in

Primary and Acquired Resistance to Targeted Therapies in Cancer. Biomedicines 2: 345–358. https://

doi.org/10.3390/biomedicines2040345 PMID: 28548075

Mesenchymal stromal cells in trauma

PLOS ONE | https://doi.org/10.1371/journal.pone.0216862 May 14, 2019 17 / 17

https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/bioinformatics/bti169
https://doi.org/10.1093/bioinformatics/bti169
http://www.ncbi.nlm.nih.gov/pubmed/15572472
https://doi.org/10.1186/1471-2105-9-67
https://doi.org/10.1186/1471-2105-9-67
http://www.ncbi.nlm.nih.gov/pubmed/18230172
https://doi.org/10.1038/s41590-018-0064-8
http://www.ncbi.nlm.nih.gov/pubmed/29507356
https://doi.org/10.1016/j.cjtee.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29221655
https://doi.org/10.1179/096805106X102246
http://www.ncbi.nlm.nih.gov/pubmed/16719987
https://doi.org/10.1016/j.cyto.2014.10.018
http://www.ncbi.nlm.nih.gov/pubmed/25461405
https://doi.org/10.1016/j.jcyt.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27979606
https://doi.org/10.1038/nri818
http://www.ncbi.nlm.nih.gov/pubmed/12093007
https://doi.org/10.1002/sctm.17-0138
http://www.ncbi.nlm.nih.gov/pubmed/29072369
https://doi.org/10.3390/biomedicines2040345
https://doi.org/10.3390/biomedicines2040345
http://www.ncbi.nlm.nih.gov/pubmed/28548075
https://doi.org/10.1371/journal.pone.0216862

